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Summary

The effects of dynamc stali lift and drag on the flap-lag stabihty of a hingeless rotor
are investigated, both experimentally and analytically. The emphasis is on the correiation
with measured regressing lead-lag mode damping levels of a soft-inplane, three-biaded
model rotor, operated untrimmed. The correlation covers a wide range of test conditions for
several values of rctor speed, collective pitch angle, shaft tilt angle and advance ratio It
includes cases thas vary from near zero thrust condition in hover to highly stalled forward-
fight conditions with advance rauos as high as 055 and shaft tilt angles as high as 20°
Both the experimental and anaiytical blade models represent a simple model of a hingeless
roter with ngd blades and spnng restrained flaplag hinges. The aerodynaruc
representation 15 based on the ONERA dyramic siall models comprising virtually
mdependent unified lift and drag models. The nonfineat equations ¢f blade motion and stali
dynamics are perturbed about 2 periodic forced response, and the damping 15 evaluated by
the Floquet eigenanalysis. In comparison to the linear and quasisteady stall zerodynamic
theones. the theory with dynammc st2ll lift and quausteady stall drag qualitauvely

improves the correlation. and adding dyvnamuc stall drag provides further quanttauve

improvement.




Notation

Unless otherwise stated, the symbols below are nondimensional
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Cs, G
Cds
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linear lift curve slope, rad™!

damping factor for dynamic stall drag

tlade semi-chord, (1/R)

blade chord, tn

arfoil sectional drag and lift coefficients

quasisteady stall drag coefficient

airfoil constant profile drag coefficzent

arrfoil bit coefficient at zero angle of attack

thrust coefficient

linear and quasisteady stail liit coefficient

nonrotating flap damping coefficient

norzotating lead-lag damping coefficient

airfoil drag force per umt leagth 1a the freestream direction, (1/p b Q°R?)
blade hinge offset, (1/R)

phase shift parameter for dynamic stall jift

phase shift parameter for dynamic stall drag

arrloads per un:t length in flap and lead-lag directions
bfr

reduced frequency. Fig 4

airfo:l Lift force per unit length normal to the freestream. {1/7 & Q°R?)
apparent mass ift normai to the chord hne, (1/0 5 Q*R%
number of blade segments

flap sufiness parameter

radial distance from rotor center, (1/R)

dynamic stall drag frequency parameter

23




Qs

a,

rotor radsus, n

apparent mass parameter, 7 .J°

resultant air velocity at a blade section, {1/QR)
lecal air velocities components in the rotor hub plane, (1/QR)
dynamic stall hit frequency parameter

lead-lag stiffness parameter

blade radial distance measured from the hinge, (1/R)
local blade-fixed coordinates

flap-iag stiffness parameter

blade airfoil section angle of atiack, rad

camber of the airfoil, rad

quasisteady stall angle, rad

shaft it angle, red

blade flapping angle, rad

lock number

arculation per unit length, UC,
Crrculaion-hke drag per umt length, UC:
width of the ith aercdynamic element

prich-rate coef€aient, redt

arrfoil rotation rate with respect to the airmass
blade lead-lag angle, rad

time delay parameter

to:al inflow ratio

blade pitch angle, rad

collecuive pitch angle, rad, deg¢

advance ratio

aegauve of lead-lag mode damping exponent, sec !
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cs rotor solidity

¢ blade section inflow angie, Fig. 2

v nondimensional time or blade azsmuthal position, rad
N frequency term due to blade hinge offset

Y rotating lead-lag frequency, (1/51)

“h ¥, nonrotating flap and lead-lag frequencies, (1/52)
0 rotor angular speed, redfsec

O ith blade segment

(), unstalled and stalled components

O My x and ¥ components

O d()/d®

) equilibrium state

{) perturbed state
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1. Introduction

Very little is known about rotor blade stability under dynamically stalled conditions
in forward flight. This 1s particularly true of leaddag or lag modes that are at best weakly
damped and for which current methods of predicting damping levels merit considerable
refinement. Given the complexity of the flow field of 2 rotor blade in dynamic stall, it is
mportant that analytical results are compared with a broad range of experimental data.
Accordisgly, the present study 1avestigates the effects of dynamic stall lift and dynamic
stall drag on the fiap-lag stability of an isolated lingeless rotor. The emphasis is on the
correlation of analytical leadlag damping results with experimental data from tests
performed on a three-bladed isolated model rotor in the U.S. Army Aeroflightdynamics
Directorate’s 7- by 10-foot (2.1 m by 3.0 m) wind tunnel (Ref.1). The experimentai model
represents a simple model of a hingeless rotor with ngid blades having spring restrained
flap ard lag lunges. This irtentional simphicity helps to focus the testing on the main topics
of mnterest, which are the forward fhght and dynamic stall aspects of the stability problem.
The structural details of the analytical model were chosen to coriespond as closely as
possible to the experimental model to remove possible sources of error in the correlation
The database compnses lag regressing mode damping and covers 2 wide range of test
conditions for vanous values of rotor speed (), collective pitch (4,), shaft angle {a.), 2nd
advance rtato (p) It 1ncludes cases that vary from near zero thrust cenditions in hover to
highly stalled forward flight conditions with advance ratios up to 0.55 and shaft ult angles
to 20°.

The present work orginated as part of a research program to validate new
analytical methods based on Floguet theory for predicting the effects of forward fight on
aeroelastic stability of rotorcraft. The work of Ref. 2 on flaplag dynamics of an i1solated
blade 15 a typical early application of Floguet theory to solve the penodic coefficient

equations that anse in forward fhight. Virtually no systematic correlations exist that
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address the validity of such Floquet theory, even though it 15 now ia relatively widespread
use. The Aeroflightdynamics Directorate undertook a carefully designed small-scale model
testing program to obtain data for such validauons. The results of the expenmental tests
are reported 1n Ref. 1, where the effects of periodic exaitations in forward flight presented
no particular pri  2m n exiracting lag damping from transient response data Comparisons
with theory are reported in Refs. 3 4. In Ref 3, the prediction is based on linear
quasisteady aercdynamic theory with a dynamic :nflew unsteady wake theory The results
were satisfactory only for very low values of collective pitch and advance ratio and 1t was
suspected that the effects of airfoil stall might be respensible. In an attempt to explain the
reasons for the poor correlation, the emphasis of the investigation shifted to the
examination of the influence of airfoil stall or forward flight aeroelastic stability Earlier
studies (e g. Ref 5), companng quasisteady aerodynamuc theory with expenimental data for
the hover fhight condition had shown that asrfoil stall strongly influenced flap-iag stability
in hover at high collective pitch angles and, fusthermore, that quasisteady nonlinezr airfoil
stall charactenstics could successfully account for these influences. Consequently, these
effects were included in the forward flight Bap-iag studies in Ref 4. For hover and very iow
advance ratios, the antiaipated improvements were largely realized, however, the results for
high advance ratios were poor and, paradoxically, 1n some cases even worse than the linear
theory correlation. As a result, the preseat investigation was undertaken and a nonlinear
dynamic stall theory was inciuded 1n the analytical predictions

Rotor blades in forward flight encounter a highly complex three-dimensional
unsteady flow field, which typicaily includes regions that for many operating conditions are
partly stalled. Several dynamic stall models have been developed and used to predict time
tustories as well as damping levels (Refs. 6-10). In this paper, the aercdynamic descniption
15 based on the ONERA dynamic stall unified hft and drag models (Refs. 6 and 7) The
nonhinear equations of blade and stall dynam.cc a.o perturbed about a penodic forced

tresponse to compute damping levels from the Floquet eigenanalysis The emphasis s on
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demonstrating the need fcr including dynamic stall in the prediction of lag damping, not on
the relative ments of different dynamic stall models or of the Floguet stabihity analysis vis-
a-vis other stability analysis methods. Given the breadth of the study, this correlaiton will
provide a reference companson with other correlation studies based on different approaches
to modeling dynamc stall and to predicting stability margins. It will also help clanfy the

effects of dynamic stall on the lag stability of isolated rotors.
2. Experiment and Da%a

A bnef account of the experimental model and database 1s given here (for details see
Ref. 1). To enable the use of a simple rigtd flaplag analysis for correlation, the three-
bladed rotor used flexures to simulate hinged blades with spning restraint and comncident
flap and lag h.nges, the effective lunge offset was G.11R. The untapered rotor blades had no
pretwist and were stuff relative to the flap and lag flexures so that the first flap and iag
modes essentially involve 6nl) ngid-body blade motions. Further, the design ensures a
rotating torsional frequency of at least 9/rev over the entire retor speed range tested and,
thus, virtually ehminates tke need to consider a torsional degree of freedom. While this
model 1s ot representative of an operational rotor system, it 15 suitable due to the desire to
restrict the scope of the physical phenomena beng studied for imtiai research
investigations  Future expenments should introduce the blade torsion degree of freedom.
The expenmental damping data used in the present correlation were obtained from two
rutor models of 1dentical design, Rotor I and Rotor II. For example, at the collective pitch
angle of zero degree, the damping data were obtamned from Rotors I and II, whereas, at the
collective pitch of three and six degrees, the data were acquired from tests on Rotor Ii.
Procedures were essentialiy the same for both the rotors Owing tu manufactunng
differences, the iag and tursion stiffnesses, noniotating flap and lag frequencies and

structural flap damping of the rotors differ shghtly, but these differences are too small to
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be significant. Thus, for the analysis, only the Rotor I properties were used {Table 1),
since, the bulk of higu advance ratio (z > 0.3) and high thrust ( C/os > 0.1) data refers to
model Rotor I(dotted lines in Fig. 1).

The model tested was a 63.84-in diameter three-biaded rotor mounted on a very suff
rotor stand so that the stability data were representative of an isolated rctor The rotor
had no cyclic pitch control, and collective pitch was set manuaily prior to each run At a
given advance ratio, rotor speed and collective pitch, the shaft tilt was the only means of
controiling the rotor. Thus, the rotor was operated untrimmed with a virtually unrestricted
ult of the tip-path plane. The lack of cyclic blade pitch control prevents trimming the rotor
tn arbatrarily chosen thrust, propulsive force, fiapping, or hub moment conditions, but it
does remove a poteatiaily serious source of friction damping from the system and ensures
high quality data (Ref. 1). The model was shaken in roll to excite the lag modes and then
locked up to record the iransient response. The frequency and damping data were then
obtained from the time histories via a moving block technique. In forward flight two rotor

) speeds were used (2 = 730 and 1000 rpm), corresponding to we values of 0 72 and 0 6i
Advance ratio, shaft tilt and collective pitch were varied to cover the test eavelope shown
m Fig 1. At each condition tested, at least two separate damping measurements were

obtained.
3.  Analytical Model

The mathematical model represents the structural simphaty of the experimental
model rotor, as an offset-hinged, ngid blade executing lag(inplane) and flap motions with
corncident spnng restrained flap and lag hinges. The hinge offset of 11 1% is accounted for,
m beth the rotor steady state and stability analvses. The rotor is untrimmed, with no
cyciic pitch (cyclic flapping present). At 2 given advance ratie, the collective pitch and

shaft tlt angles are the known control inpus parameters. The principal elastic axes of the




hinges do not rotate with biade collective pitch angle.

3.3  Dynamic Stail Modeling

The aeredynamic representation 1s based on the ONERA dynamuc stall models of
unsteady Lift and drag, which are wirtvally independent (Refs 6,7). With I represeating
the instantaneous arculation prowviding iift, and, ['4 representing the analogous arculation-

like drag counterpart, the stall dynamics begin wath the following representation .

F=T,+T, and Tg=Ty4+Tq, (1)

where subscnipts 1 and 2 indicate the hnear and the nonlinear {stalled) components,

respectively. For the local coordinates of Fig. 2, the cotresponding dynamic stall hft

components are modeled according to Eqs (2):

Ly = Ug{T1#T3) + Uy (Tg#ey) + Lo (22)
Ly = =Uy (T1+T2) + Ug(Ta,+T4,) (2b)
Lo = bs L,, (2¢)
Efy+ AT = A{aUycosa + UCy,) + 6b ¢ (2d)

BTy + 2dwk Ty + ©?(1+d%) T2 = — (1+6%) [ UAC,
+ e k(Tyoosa + Uysina) AC,

+ek -6—,'3% {Gycosa - Uysine) | (2)

where ', and T: represent circulation per um lengih for the hnear and stalled
contnbutions Moreover, the Larameters 5, ¢ and s denote the airfuil semichurd, Lnear hft

curve slope, and apparent mass term, respectively In Eq. (2d), the term UC_ accunnts for
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nonzero lift at zero angle of attack and the difference 1n maxamum hift at pos:tive and
negative angles of attack of the NACA 23012 airfoil section. The term ¢ signifies the airfoil
rotation rate with respect to air mass Therefore, ¢ must include all geometric rotations of
the arfoil, even 1f they come from sources other than blade pitch. For the rigié flaplag
motion of a rotor blade, ¢ = & + (1 + () sinf. In the absence of cyclic pitch 2 is zero;
hence, ¢ = (1 + £) sinf. Further, in Eqs. (2d) and (2e), k reflects an average of the reduced
frequency of the freestream, and coefficients A, 6, 17, d, and ¢ are the stall system
parameters. As shown in Fig. 3, AC; is the difference between the extrapulated linear lift
coefficient and quasisteady stall hft coefficient in the stalled region. The quasisteady stall

Iift coefficient, C.s, 1s approxamated by the following functions for angles of attack between

0° and 180°
Cix =Ca 0°< a € ag’ (2)
Cys = asinegs cosags + Cy a® < 2 < 45° (2g)
Cis = asinags cosags sin2a + Cy, 45° < a ¢ 135° {2h)
C:s = — @ sinags cosass + Cy 135° < a < (180—ax)° (21)
Cus = Cal (180-05)° € a ¢ 186° (2j)

In Egs. (2} to {21}, as 1s the quasisteady stail angle, and C;; the extrapolated haear lift

coefficient, which, following the unified lift theory, is

Cu = asinacosa + G, 0°<a¢180° (2%)

To ascertan the hift coefficient vaiues at negative angles of attack, a phase shift of 180° can
be applied to a. It i1s noted that the simplified quasisteady stail model incorporates
different maximum kft values at posiive and negative stall cor:ditions as expecied fur the
cambered NACA 23012 airfoil section, however, 1t does not include different positive and

aegative stall angles of attack.




As seen from Eqs. (2¢) to (2e), there are six coefficients of the dynamic stall lift

model, identified from wind-tunnel measurements, and for the 0A212 airfoil they are well
discussed 1n Ref. 6 It is instructive that £1s the only parameter 1n the dynamucs equation
of the unstalled drculation. Eq. (2d), that is dependent on AC, In a general sense

apphicable 10 a series of airfoils 1ncluding NACA 23012, & can be approximated as
§=dCafda—05e( 1+ 143 1AC,|) (21

In the above equation 0.5a term gives the same instantanecus step response (mormahzed
Isft), one-half the final value, as the Wagner (pitch) function. As emphasized in Ref. 6,
despite the differences in airfoils, such responses of normalized lift do exhibit qualitative
similanty. A further approximation of £ that appreciably simplifies both the trim and
perturbation analyses is to remove dependency on AC;, since €15 expected to primarily

infiuence the unstalled or linear circulation Ty, as typified by Eq. (2d). That is,
é = 8C,1/da — (af2} (2m)

Fig. 4 shows the effect of this approxumaticn on the dynaruc stali hift coefficient for
the NACA 23012 airfail, the expenmental data 1s from Ref. 11 at 1 = 108 Reynolds aumber.
Thus, Eq. {2m) provides a v1able approxsmation that 1s consistent with the classical hinear
unsteady lift theory. Also, it remeves the A" dependency of the unstalled arculation T,
In Fig. 4, the effects of further simplification in §, which neglects the second term mn Eq.
{2m), are also shown. It 1s seer that this approximation s also a reasonable alternative for
Jbtaning a qualitative trend However. 1t insiantanecusly gives the normalized hft
response that 1s equal to the final vaiue of the Wagner function and, thus, violates the time
delay m the classical hnear unsteady theory (Ref. 6). Hereafter, € accord:ng to Eq. (2m) 1s
used in the dynamc stall hft theory -unless noted otherwise (see Fig. 10, wiuch explores
sensitivity of lag damping to such change. in §).

As seen from Fig. 2, the resultant vefoaty U and the angle of attack a are given by
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U= fu; + U2 = fu; + U : a= arctan(Uy/U,) (3a)
where
Uy = ey cos( + cosB(14() =+ asin(p+() (3b)
U, = — e, sin( sinf + z8 + M cos? + psing cos($+() (3c)
Ux = U_ 0038, + U, sind, (3d)
Uy = U_ sin6, — U, cosfo (3¢)

The dynamic stall drag model follows the same analytical structure of the lift
model, except that the linear component g, in Eq. (1) does not involve an additional
state. The dynamic stall drag swtable for use in conjunction with ihe dynamic stall lift

model is formulaied according to the following equations:

Fa, = U Cq, {4a)
k2 T4, + 3gkTa, + fJ Tay = [ 13 U ACq + 4k Gyl (4b)

where ACy, as shown 1n Fig. 3a, indicates the difference between the constant profile drag
coefficient and the quasisteady stall drag coefficient, analogous to AC: ir Fig 3. The above
formulation of dynamic drag in terms of circulation-like drag variables attempts to
incorporate the unsteady wind-speed variaticns and the heaving motion of the airfoil,
analogous to the circulation lLift model.

For substall conditions with positive angles of attack (e g hover data in Fig. 1),

Refs. 1 and 12 suggest the following expression for the quasisteady stall drag.
Cas = 00079 + 17 a? (40

According to Ref. 1, Eq (4¢) 1s based on steady-bending-moment data from a test with the

blades similar t5 those used in the present test. However, the present test also includes
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stalled cases in forward flight, both with positive and negative angles of attack The
quasisteady stall drag data appropriate to the database of Fig. 1 are not available, ard the

present study uses the following equation :
Cas = 1.03 - (1.03-Cq,) c0s2{a+ac), —180° < a ¢ 180° (4d)

As seen from Fig. 5.there are quantitative differences between Egs. (4d) and (4c) for
moderate angles of attack. But over the large angle of attack of range Eq (4d) agrees well
with Eq. (4c), behaves smoothly for a complete sweep of angle of attack, and is, thus,
expected to be adequate in predicting qualitatively the principal effects of quasisteady stall
drag on lag damping.

For the ONERA 0A212 arrfoil, the dynamic stall lift parameters are well discussed
in Ref. 6. By companson, the dynamic stall drag model 1s still evolving, and its parameters

in Eq. (4b) are assumed to be:
a3 =032, ry,=02+0.1 AC}, and ¢;=—0.015 AC? (3)

3.2  Blade Equations

To implement the dynamuc stall hift and drag effects according to Eqs (2) and (4),
tne blade 1s discretized into N radial aerodynamuc elements, and the aerodynamic forces are
assumed to be constant in each element. Accordingly, the rigid flaplag equations take the

form :

B+ Cgh + sinfeos&(1+()° + wdsinfeos{ + (P-1)8 + Z(
) 1
=1 2 Fg 2, (63)
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523 + CCQ ~ 2sinfeosB{1+4)B + wicoshsing + WC+ 2B

X
= 5= cosf ZF(. 5 A (6b)

isy

In Eqgs. (6), Fﬁs and F(laxe the dimensionless airloads, acting at the ceater of the ith

element, perpendicular to the blade and, respectively, perpendicular and parallel to the
plane of rotation. Moreover, z; represents the radial location of the center of the ith
element from the blade hinge, and A; is the length of the ith element. The stiffness
parameters P, i¥ and Z in Egs. (6) are defined in Ref. 2. For this study, P = l+w‘§0, W=
ué ,and Z=0.
o
According to Eqgs. (2), (3} and (4), the flap and lag aerodynamic forces for a generic

ith blade element can be expressed as

Fg= [(Pe#T2) Up U, (Tag+Ta;) + Locosty . 7a)
Fe, ==[(FT) Uy + Uy (Tay3Ta)) + Losindy |, (7b)

3.3 Solution Scheme

Concerning trim and Floquet eigenanalysis, a few details are added here for
completeness. The roter is operated with specified control inputs for collective pitca angle
0, and shaft tilt &,. Since cyclic pitch inputs were not used, the rotor is not trimmed to 2
specified force or moment condition. The equilibium conditions are fourd by time
integration over several rotor revolutions until convergeace or response periodisity is
achieved. Determination of uniform steady inflow and thrust is based on the momentum
theory. It must be emphasized that the test conditions deviate significantly from typical
helicopter rotor operations (e.g. large negative thrust and coning, shaft tilt as high as 200

and advance ratio varying frem zero to 0.55). The stability margins or damping levels are




computed from a standard eigenanalysis of the Floquet tramsition matrix (FTM), which
was generated by a single-pass imtial vaiue code. Computational reliability is verified on
the basis of exgenvalue condition numbers and residual errors of eigenpairs (Ref. 13)

A consist. at perturbation scheme requires that all quaatities depending on angle of
attack be perturbed about a penodic forced response with equilibrium angle of attack &
For example, with @ = a — &, the corresponding perturbations in the circulation of the ith

element, AC; and ACq, are

2!5 = ru_f‘h (83)
T = Fy-Tx (8b)
AC,}

AC = (AC), + [a"glla a (8¢)

IAC; _ [9AC, 52AC;)

7e = oa]a+[da?jag (8d)

r

ACy = (ACa), + [3—%%4] a (8¢)

a

Though the required perturbation per se is fairly routine, Eqs. {83} and (8b) are mentioned
to emphasize the role of individual discretized elements, and Eqs (8c), (8d) and (8e) are
mentioned to emphasize the role of quasisteady stall lift and drag charactenistics It alsc
should be emphasized that the dynamic stall lift parameters §, w, d and ¢ n Egs (2), and
dynamic stall drag parameters rq and ¢, in Eg. {3) depend upon the angle of attack and

require perturbation.

If not stated otherwise the results in Figs. 6 to 17 are based on the baseline values
given in Table 2, and speaific additiunal values are so identified 1n respective Sgures The

lag damping predictiuns ate based un the umifurm steady wnilow The fullowing fuur theunes
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are examined. 1) hnear theory, a constant airfoil lift-curve slope and profile drag coefficient
w1th no reverse flow (Figs. 6-16) and with reverse flow (Fig 17), 2) quesisteady siall
theery, linear theory refined to include quasisteady nonlinear airfol lift and drag
charactenstics which include reverse flow effects (Figs. 3 and 3), 3) dynramic stall Lfi
theory, quasisteady stall theory refined to include dynamic stall lift, and 4) dynamic stell
theory, which includes dynamic stall hft and dynamuc stall drag charactenstics of the
airfoil. Given the extensive scope of the database represented 1n Fig. 1, only a portion of

the correlation is presented.

41  Forced Response

Figs. 6 and 7 show, respectively, the trim results of periodic fiap-response 3 and
angle of attack @ over one rotor revolution. All three collective pitch angles of the database
in forward fhight (alsc see Fig. 1) are considered for an advarce rato of 0 35 and shaft ult
angle of 20°. While Fig. 6 shows the flapping response from the hinear, quasisteady stall
and dynamic stall theorzes, Fig. 7 shows the angle of attack results from unly the dyaamic
stall theory for the three cuter blade elements. For brevity, & predictions from :he hnear
and quasisteady stall theones for the enuire blade are omutted Similarly, a predictions
from the dynarc stall theory for the two inner segments are amitted as weil, although the
inner segments expenence much higher angles of attack, they are 2erodynam:cally less
effective. As seen from Fig. 6, both dynamuc stall and quasisteady stall effects increase with
decreasing collective pitch for this high shaft ult case with a, = 20°. Also, as stall effects
increase the Linear theory 3 resuits deviate sigmficantly from those of the stall theones
The & predictions 1n Fig. 7 support the 3 predictions in Fig. 6, in which the maximum
magmtude of the local angle of attack & decreases substanualiy as cullective mitch
increases. Another feature ments speaal atteation . most of the blade expenences negauve
angles of attack @ with particularly large magmtudes for the zero coliective-pitch case. This

15 a result of the test conditions chosen for the expenimental mode!, which at zerc collective
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pitch argle and at high advance ratios experienced large negative angles of attack and
coring angles (Ref. 1). Since the blade airfoil is cambered, these negative angles of attack
stall conditions represent an unasual operating condition for the airfeil For the higher
ooliective pitch angles of 3° and 6°, the stall regions shrink noticeably on the retreating
blade, particularly near the blade-tip where & essentially remains unstailed, e g see Figs
7b and 7c for the outermost fourth and fifth elements.

The dynamic stall effects on the trim results are further pursued in Fig. 8, in whick
thrust levels C.l./as based on the linear theory are shown. Results for dynamic stall theory
{net shown) indicated that the hinear theory overpredicted CT/ as by about 25% for 0, = ¢°
at p=035 Nevertheless, Fig. 8 serves as a rough guideline in illustrating the
interdependence of thrust and stalled conditions For example, comparison of Figs ¢ and 8
shows that the quasisteady stall and dynamic stall effects are more pronounced at the high
thrust conditions. Regarding the database in Fig. 1, the tnm results in Figs 6, 7 and 8
show that dynamic stall should play a major role for the 0° cullective case. particularly for
the high-advance-ratio and.hngh«shafoh combinations. That role should be minor for

0, =3 and 6°, the higher the collecuve pitch, the less the dynamuc stall effects

4.2  Lag Damping Correlation

The following damp:ing predictions are based on the norlinear quasisteady drag
charactenstics usmg' Eq. (4d). Fig. 9 shows lag damp:ng versus rotational speed in hover
fur collective pitch angles 0, = 42 and &c. Here, the dynamuc stall effects are neghgible, as
determined from the stall angles based on the tnm values (langle of attack @) ¢ 12°) The
predictiuns cluster into two groups of hinear theory vis-a-vis the other three theones The
Linear theory is fairly adequate in the prediction of damping level trends, including the
reduction 1n damping level around 375 rpm, where the flap and lag {requencies coalesce.
However, the discrepancies between the data and the hinear theory cunsistently increase for

> 450 rpm. By cumpansun, the remaimng three theones provide excellent currelation
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throughout. The difference between the three stall theones and the linear theory is
pnmarily due to the nonhnear drag effects. Furthertnore, the difference between the
guasisteady stall theory and the dynamic stall theories is rather small overall, but
consistently increases with increasing collective pitch and rotational speed, 1t illustrates the
the linear unsteady lift effects, siace, stall is not an issue here.

The lag damping correlation in forward flight is treated in Figs. 10 to 17 for a
compiete range of advance ratio (0 < i€ 0.55) and coilective pitch angle (8, = 0°, 3° and
6°), with the shaft tilt angle os varying from 0° to 20°. Fig. 10 shows the effects of
simphfying ¢ according tc Eq. (2m) on lag mode damping, and, thus, it complements the
results 1n Fig. 4. The damping is presented versus advance ratio, the shaft angle a; = 16°
for both collective pitch angles of 0° and 3°, and a = 20° for collective pitch angle of 6°
The predictions are based on the dynamic stall lft theory for two representations of &
according to Eq. {21), and simplhification according to Eq. (2m). With increasing advance
ratio, buth predictions show the same trend of an 1mtial reduction 1n the damping followed
by an abrupt increase in the damping. That this trend 1s not sensitive to such changes in ¢
is ar appealing feature of the dynamic siall lift model.

Fig. 11 shows lag damping versss advance ratio for shaft tilt a5 = 0° and 4°, both at
0° collective pitch angle. For these shaft u:lt angles, the thrust levels [CT/a,; are very low
for all advance ratios with 3 maximum value of about 0.03 (see Fig 8a) This 1s well
reflected by the almost 1dentical predictions from all four theones for u < 04 At advance
ratios above 0.4, the linear theory predicts higher values than the stall theones, and this
deviation from the stall theories and the data increases with increasing advance raug On
the other hand, the quasisteady stall and dynamuc stall hift theones continue t. predict
almost 1dentical values for . > 04. This shows neghgible effects of dynamic stall hft,
inclading unsteady hift in substall for 0, = 0°. Further study shows that the deviation of
the hnear theory for p > 0.40 1s associated with very high lift predict:on due to the

assumption of constant lift curve slope and no reverse flow.




As seen from Fig. 12, the lag damping correlation 1s continued for 3° collective pitch
angle for three relatively low values of shaft tilt, a; = 0°, 4° and 8°. Here also the thrust
level IC.I/ os} 1s relatively low and it gererally decreases with increasing shaft ult (see Fig
8b). The data are available for the low advance ratio range, < 0.3, and zl! four theones
correlate well with data. Thus, for u < 0.3, the quasisteady stall, dynamic stall hit and
dynamuc stall theones predict essentially the same damping, and the hnear theory deviates
from these three theones manly due to nonlinear drag effects in substall. Thus. at low
shaft tilt angles treated in Figs 11 and 12, the quasisteady stall theory and the two
dynamic stall theories provide excellent correlation.

The damping correlation at relatively high shaft tilt angles, a5 = 8°, 12°, 16° and
26°, at 0, = 0°, is giver in Fig. 13. Up 0 advance ratio of about 0.2 ({C./as| < 0.06), the
predicted damping essentially remains constant, all four theories are virtually identical and
correlate wddl with the data. For advance ratio s > 0.25, the data show that the damping
increases rather abruptly, this abruptness being more marked with increasing shaft ult o
and advance ratio o Fig. 8a facilitates a better understanding of this abrupt and marked
increase 1t damping. It shows that the thrust level vanes from —0.07 at a5 = 8% to 0.23 at
a. = 20°, basically representing high negative thrust and highly stalled conditiens.
Surpnsingly, the hnear theory predicts this trend of abruptly and markediy increasing
damping. The quasisteady stall theory eventually predicis this peculianty, however, the
structure or pattern of this increase 1s different from that of the data, espeaally at shaft
ult angles of 16° and 20° for which quasisteady stall theory predicts muld instabihty and
then shows the abrupt increase. But inclusion of dynamic stall lift effects brings in
significant quantitative improvement 1n the correlation, more or less qualitative
improvement at high shaft tilts of 15° and 20°. Inclusior of dynamuc stall drag yields
further quantitative improvement. It must be mentioned that these improvements of
dynamic stall hft and Zynamic stall drag are coasistent in that the .mp:ovements increase

markedly with increasing advance ratio It must be noied however, that iverall, the linear
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theory gives the best correlation for the case of zerc collective pitch angle.

The correlation for 3° collective pitch angle 1s given n Fig. 14 for high shaft tilt
angles, as2 12°. The data shew the clear trend of siowly decreasing damping with
increasing advance rauio However, the linear theory 1s qualitatively imaccurate here,
pred:cting the opposite trend of rather rap:dly increasing damping with increasing advance
ratio. The other three thecnes cluster together and predict the trend of the data better. A
significant observation is that the three stall theories for high u and as combinations
{say p > 04 and a, > 14) predict an abruptly increasing damping, as do the linear theory
in general and the data in Fig. 13 for 6, = 0° 1n particular. In the absence of experimental
data at high p for 6, = 3°, it is difficult to judge the vahidity of the dynamic stall theory
here.

The cosrelation for the 6° collective pitch angle is shown in Fig. 15 for as = 20° and
1s qute ssmilar to that in Fig. 14 where the damping slowly decreases with increasing
advance ratio. This trend is weil predicted by the quasisteady stall, dynamic stall hift and
dynamic stall theories. In contrast, the linear theory 1s quahitatvely inaccurate. The
improvement over the linear theory by the quasisteady stall theory 1s significant and
reflects the nonlinear drag effects on lag damping. The dynamic stall theories dewviate
margirally from the quasisteady stall theory manly due to the unsteady hinear hift effects.
\With increasing advance ratio, particularly for » > 0.4, the dyramic stall Lift and dynamic
stall drag come into play. As in the previous case for d, = 3% 1a Fig 14, here also 1t 1s not
possible ta validate such high-advance-ratio predictions on the basis of test data.

To facilitate an overal! assessment of the adequacy of the feur theones for a wide
range of data in forward flight, Fig. 16 shows a summary of the correlation for the
collective pitch angles of 0°, 3° and 6° at high shaft tilt angles of 14° 14° and 20°,
respectively. The predictions of lLinear and quasisteady stall theonies are unsatisfaciory,
each providing good cerrelation for one or two cases and qualitatively inaccurate prediction

for the remaining cases. For example, the linear theory gives good correlation for the case
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of zere collective pitch angle, Fig 15a. But for 3° and 6° coilective pitch angles, Figs. 16b
and i6c, it predicts increasing damping with increasing advance ratio which 1s qual.tatively
inaccurate in comparison with the test data In contrast, quasisteady stall theory gives
good correlation for collective pitch angles 0, = 3° and 6°. However, for 4, =0°,
quasisteady stall theory 1s both quantitatively and qualitatively naccurate. On the other
hand, the dynamic stall lift theory provides the crucial correction for 4, = C® and gives
fairiy accurate prediction in ali three cases. In other words, quasisteady stali theory refined
te include dynamic stall consistently provides the best correlation for the broadest range of
experimental data. Furthermore, it should be noted that the linear theory in highly
separated flow conditions, for the collective pitch angle of zero degree at hugh shaft tilts,
provides surprisingly adequate correlation.

The summary results in Fig. 16 may alsc be interpreted 1n terms of the vanation of
thrust level with advance ratio. In Fig. 162, C,r/as varies from roughly 0 to —0.1 over the
advance ratio range of 0 to 0.4. In Fig. 16b, C,/os varies from 0.025 to —0.045, and in Fig.
16¢ from 0.05 to —0.05 Therefore, Fig 16a changes from jow thrust to high negative thrast
with significant airfol stall. Fig. 16b changes from moderate positive thrust tc mederate
negative thrust with moderate stall, and Fig. 16¢c changes from fugh positive to moderate
negative thrust with similarly moderate airfoil stall.

With respect to the effect of rotor thrust level and advance ratio on theoretical
predictions of leaddag damping, the following observations can be made. For both hinear
and nonlinear theones, the basic trend 15 for damping to increase with advance ratic after
an intermediate reduction 1n damping from the nonlinear theories. This basic trend can be
interpreted as the result of two effects known to influence the leaddag damping. 1} the
effect of thrust variativn with advance ratio and 2) periodic coefficient effects duc to
advance ratio The basic difference between the hinear and nonhinear theory is that the
ronlinear theory predicts that the damping decreases before the in.reased trend takes

place. This imitial decrease 1n the damping 1s related to the reduced hift predicticr by the
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stall theories. Comparing the nonlinear stall theories, it is interesting that the effect of
dynamic stall in forward flight teads to offset the large influence of quasistatic stall on
lead-lag damping, although this compensation is small for hover and low advance ratios.
From Fig. 16a (also Figs. 13), it is scen that the earlier-used conventional linear
tkeory, Ci = a a, provides a very satisfactory correlation at 9, = 0°. This adequacy of the
linear theory for the highly stalled conditions is surpsrising and merits reassessment. As
noted earlier, this linear theory assumes a constant liftcurve slope which predicts
unrealistically high iift at large incidence and, also excludes reverse flow effects, an
exclusion that further augments over-prediction of hft. The linear theory was refined
according to Eq. (2k), C)a asinacose, to account for the large angles of aitack and
reverse flow effects, henceforth referred to as the refined linear theorr. Accounting for
reverse flow according to Eq. (2k) may not be the most accurate way, but, it does
incorporate the correct sign reversal in the lift and also predicts a mote realistic lift
{see Fig. 3). Fig. 17 compases the the refined linear theory with the linear theory, which
assumes a constant lift-curve slope and no reverse flow. While the solid lines in Figs. 17
correspond to the refined linear theory, the broken lines correspond to the linear theory
without reverse flow effects, as used in Figs 9 to 15. The three cases are 1dentical to those
in Fig. 16. It is seen from Fig 17 that the refixed lincar theory qualitauvely alters the
damping predictions. For example, at zero collective pitck, Fig 17a shows that the refined
linear theory fails to capture the increasing damping-evel trend of 1he test data for high
2dvance ratios. In fact, it shows decreasing damping in contrast to the predictions from the
linear theory without reverse flow. Fig. 17b also shows the sigmficant eifects of large
cidences, but, sigmficantly enough, the refined linear theory predictions are closer to the
test data. For the case of 0, = 67 at shaft tilt of 20°, Fig. 17¢ shows that both the versions
of the linear theory fail to capture the trend of the test data adequately. Overall, Fig. 17
demonstrates thas even she refined lirear theory is not viable at high advance ratics when

the biade encounters high angle< of intidence. Moreover, the seeming adequacy of the iinear
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theory without reverse flow for the 1solated case of zezo degree collective pitch 1s erronecus.

The relative prediction capabilities of tke various theones may be summanzed. The
linear theory 15 successful when the rotor thrust level is low, 1.e., when both the collecuve
pitch and advaace rain, are low {as in Fig. 16a) or when a combination of lugh collective
pitch offsets a high shafi angle (as in Fig. 16c at an advance ratio near 025). The
quasisteady stall theory is adequate when thrust level 1s moderately high and advarce ratio
1s low {as 1% hover, Fig. 8, and F1g 16¢ at icw advance ratio). It 1s interesting to note that
a aatinuous shift between these two conditions 1s exhibited in Fig. 16c where quasisteady
stali successfully predicts the increased damping compared to linear theory for hugh thrust
in hover, but the two predictions begin to merge near an advance ratio of 0.23 when airfoil
stall effects vamsh as the thrust level drops to zero. Finally, the dynamic stall theory is the

most effective theory when bath the thrust level and the advance ratio are laige.

5. Condlusions

The detailed analytical investigations ard correlation of lag damping with the
experimental data lead to the following major findings :
1; Convenuunal Floquet analysis with ONERA umfied dynamic stall hift and drag mudels
provide 2 wviable approach for predicting lag-mode damping in stalled furward flight
conditions.
2j Tur low-advance-ratio cases {u ¢ 020), the nonhnear substall ift and manly drag
charactenstics of the airfoil section sigmficantly improve the correlatiun with the luw-
Reynolds-number model test data, confirming earher analytical and expernimental
investigations restricted to hoveriag conditions
3) The hinear theory with constant Liftcurve slope is not reliable except when the rutor
thrust is iuw Its seemung adequacy for the collective patch of zero degree is errunevus. due

to neglecting the effects of large angies of attack and reverse flow Overall, the refine




—~20 —

linear theory. accounting for the large angies of attack and reverse flow effects,
quahtatvely differs from the hnear theory without refinements, but 1t 1s also found to be
inadequate except wken the rotor thrust is low.

4) Thke quasisteady stall theory is a significant improvement over the linear theones,
without ard with refinements, when the advance ratio is low. However 1t overpredicts the
effect of stzll at higher advance ratios.

5} Overall, the dynamic stall hft theory provides significaat and consistent quantitative
and qualitative improvement over the quasisteady stall theory and 1s found to be viable for
the entire database

6) Dynamic stall drag generally provides further quantitative improveraent.

7) The lack of sufficient expenimental data for high thrus:, and moderate-to-high advance
ratio vonditions himits the ability to fully evaluate the complex character of the prediction
methods. Furthermore, the low Reynolds number, and the negatively stailed corditions of

the cambered airfoil should be removed in future experimental 1nvestigations.
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Table 1 : Experimental Model Rotor I Properties

Number of blades

Aizfoil section

Hover blade-tip Mach number at 1000 rpm
Hover blade-tip Reynolds number at 1000 rpm
Rotor radius, in

Blade chord, in

Radia! lecation of the center of flexures, in
Radial location of the blade center of mass, in
Mass outboard of the flexure ceater, slugs
Flap/lag inertia about fiexure center, slugs-tn?
Torsiona! inertia, skgs-in’

rlexure assembly flap stiffness, in-Ibf red
Flexure assembly lag stiffness, in-B/rad
Flexure assembly torsional stifiness, in-1bf rad
Norrotating flap frequency, Kz

Nonrotating lag frequency, Hz

Nonrotating torsion frequency, H:
Norrotating flap damping. sec™

Norrotating lag damping, sec

Blade pretwist

3
NACA 23012
0.25
240,000
31.92
1.65
3.55
11.10
0.013
1.8
0.00294
66.0
2810
215.0
3.09
6.98
149
-~0.15
~-909
0.0




—24—

Table 2 : Baseline Pamne‘.exs‘

Lift curve siope, g, r-d”! 5.73
Lock number, 7 (based on ¢=5.73 ) 7.54
Profile drag coefficient, Cy4, 0.0079
Camber of NACA 23012 airfoil, ac 1.5°
Lift coefficient at a=0°; Cy, 0.15
Quasisteady stall angle of NACA 23012 airfoil, ays £32°
Rotor solidity, o5 0.0494
Nondimensional hinge offszt, e, 0.111
Nondimensional blade root cutout 0.186
Rotor speed, Q 1000 rpm
Number of blade segments, N 3
Apparent mass quantity, s 0.0

L]
Other structural parameters corresponding to the expenmental rotor are given «n Table 1.
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Fig. 8 . Thrust Levels in Forward Flight for Varying Shaft Tilt
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