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Dynamic-Stall and Structural-Modeling Effects on Helicopter
Blade Stability with Experimental Correlation

Dinesh Barwey*
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The effects of blade and root-flexure elasticity and dynamic stall on the stability of hingeless rotor blades are
investigated. The dynamic stall description is based on the ONERA models of lift, drag, and pitching moment.
The structural analysis is based on three blade models that range from a rigid flap-lag model to two elastic
flap-lag-torsion models, which differ in representing root-flexure elasticity. The predictions are correlated with
the measured lag damping of an experimental isolated three-blade rotor; the correlation covers rotor operations
from near-zero-thrust conditions in hover to highly stalled, high-thrust conditions in forward flight. That
correlation shows sensitivity of lag-damping predictions to structural refinements in blade and root-flexure
modeling. Moreover, this sensitivity increases with increasing control pitch angle and advance ratio. For high-
advance-ratio and high-thrust conditions, inclusion of dynamic stall generally improves the correlation.

Nomenclature

Unless otherwise stated, the symbols below are nondimen-
sional.

a = linear lift curve slope, rad !

a,, a,, = damping factors in dynamic stall drag and
pitching moment models

b = airfoil semichord, 1/R

C,, C, = airfoil sectional drag coefficient and constant
profile drag coefficient

C,, C,, = airfoil lift and pitching moment coefficients

C.o = airfoil pitching moment coefficient at zero
angle of attack

C., C, = extrapolated linear lift coefficient and lift
coefficient at zero angle of attack

¢, c = airfoil chord, m; airfoil chord, 1/R

E, E, = phase shift parameters in dynamic stall drag
and pitching moment models

e = phase shift parameter for dynamic stall lift

e, = blade hinge offset for the spring model
(Fig. 2), /R

e, = length of the hub segment in modified model
(Fig. 3), /R

4 = bending-torsion coupling parameter associated
with the spring model

Kz, K, = root spring rates in flap and lag, respectively,
N-m/rad

K, = root spring rate in torsion, N-m/rad

k = bix

L = length of the blade from the point of support
(Table 1), m

L., L, = local aerodynamic forces (Fig. 5)

L, = apparent mass lift normal to the chord line,
(1/p..bQ2R?3)
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length of blade from hinge to tip (equal to
1 ~ ¢, for the spring model and 1 — e, for
the modified model)

aerodynamic pitching moment, (1/p.bQ?R*c)
noncirculatory aerodynamic pitching moment
per unit length, (1/p.b22R*c)

rotor radius, m

flap-lag structural coupling ratio (Fig. 1)
frequency parameters in dynamic stall drag
and pitching moment models

length of the root flexure (Fig. 3), 1/R
resultant air velocity at a blade section
(Fig. 5), VQR

axial deflection, 1/R

lag bending deflection, 1/R

flap bending deflection, 1/R
dynamic-stall-lift frequency and damping
parameters

radial distance measured from the rotor
center, 1/R

blade airfoil section angle of attack, rad
shaft tilt angle, rad

circulation per unit length, UC,
circulationlike drag per unit length, UC,
circulationlike pitching moment per unit
length, UC,,

= pitch-ratescoefficient, rad !

pitching moment parameter

airfoil rotation rate with respect to the airmass
prepitch of the root flexure, rad

collective pitch angle, rad

time delay parameter

advance ratio

air density, kg/m?

negative of lead-lag mode damping
exponent, 1/s

elastic twist, rad

elastic twist at the blade root in Fig. 2, rad
rotor angular speed, rad/s

a( Yo

quasisteady stall quantity

x and y components

unstalled and stalled components
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Introduction

REDICTION of helicopter blade stability is an involved

process, particularly in forward flight. The structural and
aerodynamic components of this process are inherently non-
linear and interdependent, and a balanced sophistication is
required in modeling both components. Moreover, though
major strides have been made in representing blade and root-
flexure structural dynamics, much of the present understand-
ing of aeroelastic stability is based on linear or quasisteady
stall aerodynamics. Indeed, only the barest beginnings have
been made in accounting for dynamic stall effects on aeroe-
lastic stability.’? The interaction between dynamic stall and
structural dynamics can differ significantly from the interac-
tion between linear aerodynamics and the same structural
dynamics. Thus, an analysis is needed that can systematically
isolate the influence of various modeling aspects of blade and
root flexure and flowfield on blade stability. Accordingly, the
present investigation focuses on isolating the influence of
quasisteady stall, dynamic stall, and blade and root-flexure
elasticity on blade stability in hover and in forward flight.
Given the complexity of such an investigation, correlating the
predictions with the test data on lag damping is a concomitant
of this investigation.

In the 1980s, the Aeroflightdynamics Directorate at NASA
Ames undertook two experimental investigations for the lag-
mode damping data of isolated rotors in hover? and in hover
and forward flight.* These data have found applications as
the benchmark database for validating several aerodynamic
theories ranging from linear quasisteady aerodynamics to three-
dimensional unsteady aerodynamics.’*>~7 The correlations with
the database of highly stalled forward-flight cases (advance
ratio as high as 0.55 and shaft tilt angle as high as 20 deg for
collective pitch angle 6, < 6 deg) are hitherto treated with
rigid-blade modeling with linear and quasisteady stall aero-
dynamics®¢ and with ONERA dynamic stall lift and drag mod-
els.! Also noteworthy is a related elastic-blade correlation?
that includes dynamic stall and dynamic wake effects; how-
ever, it uses only a lightly loaded section of the database of
Ref. 4 (0 = advance ratio = 0.45, shaft tilt = 10 deg, and
collective pitch angle 8, = 3 deg). Thus, the section of the
database with high-advance-ratio and high-thrust conditions
needs to be correlated by simultaneously refining the aero-
dynamics and structural dynamics models.

With this background, the present investigation is note-
worthy in the following respects:

1) The correlation covers a database that ranges from lightly
loaded hovering conditions to highly loaded, stalled forward-
flight conditions of high-advance-ratio and high-shaft-tilt com-
binations.*

2) The predictions use a spring-restrained rigid flap-lag model
and two elastic blade models, which differ in the simulation
of root-flexure elasticity. For each of these blade models, the
predictions are based on the following three theories: refined
linear theory, which accounts for large angle-of-attack and
reverse-flow effects on lift and has constant drag and pitching
moment; quasisteady stall theory, which includes the quas-
isteady stall lift, drag, and pitching-moment characteristics of
the airfoil section; and complete dynamic stall theory, which
includes ONERA stall dynamics models of lift, drag, and
pitching moment.

Thus, in summary, the correlation covers a broad range of
test data. The predictions are based on Floquet method for
perturbations about a periodic orbit and thus highly stalled
cases may need further research. Nevertheless, the compre-
hensive correlation should provide an improved understand-
ing of the strengths and weaknesses of predicting the stability
of an isolated hingeless rotor blade.

Identification of the Experimental Models

The correlation pertains to a three-blade isolated hingeless
rotor* blade that is soft in lag and relatively stiff in torsion
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Fig. 1 Exploded view of blade and flexure assembly.*

(with torsional frequency of at least 9/revolution). To facilitate
subsequent presentation of the correlation, we provide a brief
introduction to the database here. Figure 1 shows the struc-
tural details of the three-blade experimental rotor. The flex-
ure-blade assembly consists of two distinct segments: the root
segment or root flexure and the airfoil portion or blade seg-
ment. Because of the multicomponent features, the assembly
shows steep gradients in the mass and stiffness distributions
over a short span. On the other hand, the blade segment has
essentially uniform stiffness and mass distribution right up to
the blade tip. The rotor blades were untwisted and untapered.
The shear center, mass center, area center, and aerodynamic
center of the airfoil section were designed to be located at
the quarter-chord point from the leading edge. The rotor was
operated untrimmed with collective pitch 6, and the rotor
shaft angle o, as known control parameters for a given advance
ratio. Such features of blade design and rotor operation sim-
plify the prediction process and increase the reliability of the
database.

Description of Analytical Models

To investigate the sensitivity of damping predictions to blade
and root-flexure modeling, three generic blade models are
exercised. The first one is a rigid flap-lag model with root
springs, which was used earlier in Refs. 1:and 8 to correlate
with the lag-damping data of Ref. 4. The other two are the
elastic blade models, which are schematically presented in
Figs. 2 and 3. For convenience, they are referred to as the
spring model and the modified model.

Spring Model

The root-flexure elasticity is simulated by a set of three
linear, massless springs located at an effective hinge offset
from the rotor center. The blade is modeled as an isotropic
beam with uniform mass and stiffness properties. The blade
stiffness and mass properties and the flexure spring rates are
based on the values reported in Ref. 4. As shown in Fig. 2,
a generic material point on the elastic axis of the blade cross
section undergoes axial deformation u, in-plane bending de-
flection v, and out-of-plane bending deflection w. The blade
cross section also undergoes elastic twist ¢ and warping (not
shown).

Reverting to Fig. 1, it is seen that when the pitch change
takes place inboard of the root-flexure assembly, the root
flexure also rotates with the blade. This rigid-body rotation
of the root flexure introduces structural flap-lag coupling.
When the pitch change takes place outboard of the root flex-
ure, the principal axes of the flexure do not rotate, and hence
no structural flap-lag coupling is introduced at the root. The
analytical model of Fig. 2 simulates these cases by two sep-
arate pitch changes, one for root flexure, 6;, and the other
for blade, 6,. For a finite, nonzero value of 6, the flap-lag
spring system at the root rotates by that amount and intro-
duces flap-lag coupling in the reference direction (8, = 0 deg).
For 6, = 6, and 0 deg, the analytical model simulates, re-
spectively, the cases of full and zero structural flap-lag cou-
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Fig. 3 Schematic of modified model.

plings (& = 1 and 0) of the three-blade experimental rotor
shown in Fig. 1.

Figure 2 shows that the flap-lag spring system (K, K,) also
rotates by an amount that is the elastic twist that exists at the
root due to finite stiffness of the root flexure. This elastic
rotation of the flap-lag spring system introduces bending-tor-
sion couplings (pitch-lag and pitch-flap) due to root-flexure
elasticity. As will become clear in the sequel, these couplings
affect the lag-damping predictions.

To account for a wide spectrum of design features of the
root-flexure assembly, a scaling factor % can be applied to
the bending-torsion coupling terms, which originate because
of root-flexure stiffnesses with steep gradients. Although sim-
plistic, such a factor can provide a means of monitoring the
amount of the structural bending-torsion coupling due to root-
flexure elasticity. Physically, § calibrates the amount of “‘elas-
tic twist” that the flap-lag spring system undergoes due to
torsional flexibility at the root. For example, ¢ = 0 signifies
that the flap-lag spring system does not undergo any elastic
twist (in other words, ¢ = 0 suppresses the bending-torsion
couplings of the root flexure), whereas % = 1 signifies that
it undergoes full elastic twist that occurs at the root (i.e.,
% = 1includes fully the bending-torsion couplings of the root
flexure). In the present work the flap-lag-torsion analysis based
on the spring model is exercised with § = 0 and 1 to study
the effects of root-flexure couplings on lag damping. It is
important to mention that the factor ¢ does not affect the
bending-bending couplings since it is associated with the elas-
tic torsion of the flap-lag spring set. Moreover, the cases of
% = 0 and 1 are probably two extremes for the simulation of
bending-torsion couplings of the root flexure. This is because
the spring model does not incorporate the effects of distrib-
uted mass and stiffness properties in the root region. Rec-
ognizing these limitations of the spring model, we also in-
vestigate a modified model.

Modified Model

It replaces the point approximation of root-flexure elastic-
ity of the spring model by distributing its elasticity over a fi-
nite length that is representative of the physical length of the

root flexure. A schematic of this representation is shown in
Fig. 3.

Except for the root-flexure simulation, the other details of
this model are identical to those of the spring model. In Fig.
3, the first segment of the rotor blade (x = 0 to ¢,) is modeled
as infinitely rigid to simulate the highly stiff portion of the
rotor hub. It is equivalent to the effective hinge offset of the
spring model. The second segment, extending from x = e, to
e, + ry, simulates the distributed elasticity of the root flexure.
The mass and stiffness properties in the root segment are kept
uniform over its length. They are chosen so as to reasonably
match the fundamental, nonrotating bending and torsion fre-
quencies of the modified model to those of the experimental
model and thus to those of the spring model. It was observed
that the mass distribution in the root flexure had very little
influence on the frequencies, and hence the mass per unit
length in the root segment was taken equal to the correspond-
ing value for the airfoil segment. Finally, the third segment
(i-e., the airfoil segment ranging from x = ¢, + r,to 1) is
again modeled as an isotropic beam with uniform stiffness
and mass distributions as in the spring model. Similarly, as
in the spring model, the pitch angle of the root beam, 6;, can
be set independently of the collective pitch of the airfoil por-
tion to simulate the cases of R = 0 and 1 of the three-blade
experimental rotor of Ref. 4. It should be mentioned that the
frequencies of the modified model are sensitive to the root-
flexure length r, and the hub-segment length e,. However,
with judicious choice of these dimensions based on the ex-
perimental blade details, it is possible to reasonably match
the nonrotating and rotating frequencies of the first two flap-
bending, lag-bending, and torsional modes with those of the
spring model.

Dynamic Stall Loading

The aerodynamic loading is based on the refined linear
theory, quasisteady stall theory, and dynamic stall theory. To
alleviate ambiguity of nomenclatures and to facilitate discus-
sion of numerical results, these theories are summarized next
(for details such as assumed equations of quasisteady stall
characteristics, including the effects of airfoil camber, see
Ref. 8).

Refined Linear Theory

Its aerodynamic lift, drag, and pitching moment compo-
nents are

I') = a(U, + bé)cos a; I,=0

Fd] = UCy; Fd2 =0

I, = UC,, + 8,bé

This theory accounts for the effects on lift of large angles of
attack and reverse flow and has constant drag and pitching
moment.

Quasisteady Stall Theory

It comprises the quasisteady stall lift, quasisteady stall drag,
and the quasisteady stall pitching-moment characteristics of
the airfoil section, as shown in Fig. 4 for the airfoil section
of Ref. 4. Its components are

I, = a(U, + bé)cos a; r, = —UAC,
Iy = UCyy Ly, = —-UAC,
r,. = UC,, + 8,bé; r,, = —UAC,

where AC, is the difference between the extrapolated linear
lift coefficient and the quasisteady stall lift coefficient; see
Fig. 4a. Similarly, AC, and AC,, are the analogous differences
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Fig. 4 Aerodynamic coefficients.

between the constant values, C,, and C,,,, and the quasisteady
stall values, C, and C,,, for the drag and pitching-moment
coefficients; also see Figs. 4b and 4c.

Dynamic Stall Theory®—"

As a complete dynamic stall theory, it comprises all three
dynamic stall models of lift, drag, and pitching moment. These
models are based on the ONERA description of dynamic stall
unified lift, drag, and pitching moment. The lift-circulation
and circulationlike drag and pitching-moment variables of dy-
namic stall theories are as follows:

Dynamic stall lift:

k', + AT, = Xa(U, + bé)cos a + 8bé

kT, + 2dwkl, + w(1 + d)T,

= —w¥1 + d?) [UACZ + ek(U, cos o + U, sin @)AC,

. . IAC,
+ ek(U, cos & — U, sin a) o ]
Dynamic stall drag:
Ty = UCy

kT, + aktl, + ril, = —(r3UAC, + EkU,)
Dynamic stall pitching moment:
[, =UC, + §,bé
kTmz + a,,,k[",,,2 + 2L, = —(rZUAC, + E.kU,)
The various coefficients of the dynamic stall models (e.g., A,
8, w, a,, E,y 1, E,,, etc.) in the previous equations are de-

termined on the basis of wind-tunnel experiments for a given
airfoil .81
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Fig. 5 Schematic of blade aerodynamics.

The aerodynamic forces and pitching moment in terms of
the previous aerodynamic variables on a local airfoil section
are (see Fig. 5)

L =Ul +1,)+ U, +T,) + L
L =-U(,+T,)+ Ul +1,)

M = 2b[U(,, + I, )] + M,

where L,, L,, and M represent, respectively, the drag force
acting along the chord line, the nondimensional lift force act-
ing normal to the chord line at the aerodynamic center, and
the pitching moment about the aerodynamic center of the
airfoil; U, and U, are the local velocity components of the
resultant air velocity U in the local blade coordinate system;
that is, U, = U cos @ and U, = U sin «; and L, and M,
represent the noncirculatory lift and pitching moment, re-
spectively, that are functions of the airfoil rotation rate with
respect to the airmass &.

As seen earlier, the inclusion of dynamic stall into rotor
blade analysis involves additional differential equations and
introduces the so-called aerodynamic states in the formula-
tion. Specifically, in addition to nonlinear equations of mo-
tion, now there are three second-order differential equations
and one first-order differential equation for every spanwise
station.

Analysis

A brief account of the formulation and solution is included,
for details see Ref. 8.

The nonlinear elastodynamic equations of blade motions
are derived using Hamilton’s principle. The equations are
based on a second-order ordering scheme. The formulation
requires development of variational strain energy, potential
energy of root springs, kinetic energy, and virtual work of
nonconservative aerodynamic loading. The resulting system
consists of three second-order partial differential equations
(for flap, lag, and torsional motions) with periodic coefficients
in forward-flight conditions. The spatial dependency of the
equations is eliminated by a modified Galerkin’s technique
to yield a set of ordinary differential equations in nondimen-
sional time.

To apply Galerkin’s method, a set of orthogonal mode
shapes for flap bending, lag bending, and torsion is developed
that account for the root flexure and blade elasticity. They
are based on the equations of an uncoupled, nonrotating,
freely vibrating beam. For the spring model of Fig. 2, spring
restrained at one end and free at the other, it is a straight-
forward exercise. For the modified model of Fig. 3, symbolic
processor REDUCE is used to derive the bending modes of
a stepped beam with one end fixed and the other free (x =
e, and 1, respectively, in Fig. 3). To account for the discon-
tinuity in the stiffness distributions at the junction x = ¢, +
7, the bending displacements, bending slopes, bending mo-
ments, and shear forces are made continuous; similarly, the
twist and torsional moments are made continuous at the junc-
tion for the torsional mode shapes. The predictions use two
modes each for flap bending, lag bending, and torsion and
zero prepitch of the root flexure, i.e., 6, = 0 deg.

In the Floquet analysis, the time-dependent second-order

differential equations are analytically perturbed about a pe-
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riodic orbit to obtain linearized differential equations. A con-
sistent perturbation scheme requires that the dynamic stall
equations also be perturbed and linearized about the same
periodic orbit along with all of the coefficients and quantities
of the dynamic stall models of lift, drag, and pitching moment.
A numerical integration scheme that uses five elements of
equal length along the blade span is employed for evaluation
of the aerodynamic contributions. The periodic orbit is es-
tablished by a periodic shooting strategy. Damping levels are
determined from Floquet eigenanalysis.

Results

The predictions and correlations with the test data of the
experimental rotor* are voluminous. Therefore, an important
section of that correlation is presented with emphasis on high-
thrust, forward-flight regimes. Accordingly, in Figs. 6-10,
shaft tilt as high as 16 deg is selected and the flap-lag coupling
ratio ® = 0. Moreover, the advance ratio u varies from hover
to very high-speed conditions with u as high as 0.55, and two
values of collective pitch angle are selected for each sweep of
advance ratio. Reiterating, in Figs. 6-10, ® = 0, a, = 16
deg, 0 = n = 0.55; part “a” of each figure refers to 6, = 0
deg; part “b” refers to 6, = 3 deg, and the fundamental lag-
mode damping levels are plotted vs advance ratio.

In addition to the correlations based on the spring model
(Fig. 2) and the modified model (Fig. 3), Figs. 6-10 include
predictions based on simpler structural models as well. This
helps identify the effects of various modeling ingredients that
participate in the correlation, e.g., blade bending, root-flex-
ure bending, blade torsion, root-flexure torsion, etc. To fa-
cilitate subsequent discussion of results without any ambiguity
of terminology, a brief account of five structural models iden-
tified in Figs. 6—10 follows.

1) Rigid flap-lag analysis: This analysis and the results are
discussed in detail in Refs. 1 and 8. Results presented in those
references are used here for a comparative assessment of rigid-
blade vis-a-vis elastic-blade predictions.

2) Flap-lag analysis: It is obtained by suppressing the tor-
sional degrees of freedom from the elastic flap-lag-torsion
formulation of the spring model (Fig. 2). It represents an
improvement over the rigid flap-lag analysis by incorporating
elastic-bending effects. The root-flexure elasticity is simulated
by a set of flap-lag springs.
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Fig. 6 Structural modeling effects on lag-damping correlation in
forward flight with refined linear theory, «, = 16 deg (®, test data
at 1000 rpm; ——-, rigid flap-lag analysis; — - —, flap-lag analysis;
— — —, flap-lag-torsion analysis with G = 0; , flap-lag-tor-
sion analysis with § = 1; — - - - —, modified flap-lag-torsion analysis).
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at 1000 rpm; ———, rigid flap-lag analysis; — - —, flap-lag analysis;
— — —, flap-lag-torsion analysis with § = 0; , flap-lag-tor-
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3) Flap-lag-torsion analysis (¢ = 0): It represents an im-
provement over the elastic flap-lag analysis by incorporating
the elastic torsional degrees of freedom. However, the bend-
ing-torsion structural couplings (pitch-lag and pitch-flap cou-
plings) from root-flexure elasticity are ignored by assigning
the value zero to the scaling parameter 4.

4) Flap-lag-torsion analysis (¢ = 1): It fully accounts for
the bending-torsion couplings originating from the root-flex-
ure elasticity. Comparisons with the previous analysis with
% = 0 isolate the effects of bending-torsion couplings from
root-flexure elasticity.

5) Modified flap-lag-torsion analysis: It is based on the

~modified elastic blade formulation in which the root flexure
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is modeled as a short uniform beam (Fig. 3). The purpose is
to study the effect of distributed elasticity of root flexure as
compared with its point approximation; compare Fig. 3 with
Fig. 2. Tt was observed that the flap-lag analysis based on the
modified model (Fig. 3) is almost identical to that based on
the spring model (Fig. 2) for all three aerodynamic models,
and hence it is not separately exercised.

Refined Linear Theory

Figure 6 shows the lag-damping correlation based on the
refined linear theory. In Fig. 6a for 6, = 0 deg, the test data
show an almost constant damping level till an advance ratio
of about 0.25 and then a sharp increase in damping with
increasing advance ratio. For low advance ratios (u = 0.25)
with low thrust levels, the correlation between two flap-lag
analyses and test data is adequate. The rigid flap-lag analysis
shows a sharp decrease in damping for p > 0.40, which is in
contrast to the trend of the data. On the other hand, the flap-
lag analysis shows steadily increasing damping with advance
ratio, in general agreement with the data. At advance ratio
u > 0.35, the deviation of the rigid flap-lag analysis from the
elastic flap-lag analysis in Fig. 6a is due to flap and lag bending
effects. Though not shown, it was observed that the first flap-
bending, the first lag-bending, and the second flap-bending
effects are primarily responsible for this deviation. The di-
mensionless modal frequencies in Table 1 support these ob-
servations; the first and second flap modes with frequencies
of 1.105 and 3.41, respectively, are the closest to the lag
natural frequency of 0.604. All other bending mode frequen-
cies are well separated from the fundamental lag frequency.
Concerning torsion, though the second mode ceases to be an
issue (0.604 vs 27.94), the sensitivity of lag damping to bend-
ing-torsion couplings becomes an issue, as discussed next.

Figure 6a includes predictions from the modified flap-lag-
torsion analysis in which, as mentioned earlier, the root-flex-
ure elasticity is simulated by a short beam with uniform stiff-
ness distribution. It also includes predictions from the spring
model, that is, flap-lag-torsion analyses with § = 0 and 1. At
low advance ratios (u < 0.25), the predictions of all three
flap-lag-torsion analyses are fairly close because of relatively
low-thrust flight conditions. However, at higher advance ra-
tios the three analyses deviate quantitatively and qualitatively.
For example, with increasing advance ratio, the flap-lag-tor-
sion analysis of the spring model with %§ = 0 shows increasing
damping, whereas with § = 1 it shows decreasing damping.
Interestingly, the modified flap-lag-torsion analysis exhibits a
sort of average of the other two analyses (i.e., ¢ = 0 and 1)
of the spring model. These deviations, among three flap-lag-
torsion analyses, are because of the differences in simulating
bending-torsion couplings of the root flexure. They illustrate
the importance of root-flexure modeling on lag-damping pre-
dictions in forward flight, especially under high-thrust con-
ditions.

A comparison of the flap-lag analysis with three flap-lag-
torsion analyses in Fig. 6a shows that the torsional degree of
freedom has little impact at low-thrust conditions (u = 0.25).
Its influence, however, builds as the advance ratio increases.
Additional results (not shown) reveal that this buildup is pri-
marily due to pitch-flap and pitch-lag couplings of the root
flexure and blade. Overall, the flap-lag analysis and the flap-
lag-torsion analysis with § = 0 provide excellent correlation.

Table 1 Rotating frequencies for the experimental
rotor of Ref. 4*

Dimensionless, 1/Q)

Mode Flap Lag Torsion
First 1.105 0.604 9.166
Second 3.41 10.66 27.94
Third 7.96 33.67 45.82

*Uncoupled at §; = 6, = 0 deg from the spring model.



BARWEY AND GAONKAR: HELICOPTER BLADE STABILITY 817

By comparison, the other three analyses do not predict the
trend of the data of increasing damping with increasing ad-
vance ratio for the entire data range from hover to u = 0.4.
However, varying degrees of correlation from different models
perhaps indicate that correlation with a wider database (e.g.,
with the data for 6, = 3 deg) is required before we pass
judgment on the relative merits of these structural models.
This is done in Fig. 6b.

Figure 6b shows slowly decreasing damping data with in-
creasing advance ratio, which is in contrast to the trend of
the data in Fig. 6a. However, the predictions from the five
structural analyses in Fig. 6b for 6, = 3 deg are similar to
those in Fig. 6a for §, = 0 deg. Thus, the contrast in the trend
of the data for the two collective pitch angles merits further
interpretation of predictions from different structural analy-
ses. For 8, = 3 deg, the two flap-lag analyses (rigid and elastic)
are in contrast to the data even at low advance ratios (u <
0.25) as they both show increasing damping with increasing
advance ratio. At very high advance ratios, say u > 0.4, the
rigid-blade analysis shows a reduction in damping, but that
reduction is so delayed that it becomes almost qualitatively
inaccurate. The predictions from the flap-lag-torsion analysis
with ¢ = 0 again show sharply increasing damping with ad-
vance ratio throughout, which renders it qualitatively inac-
curate as well. Though not shown, it was found that the ne-
glect of bending-torsion couplings of the blade (conventional
blade pitch-lag and pitch-flap couplings) account for the dif-
ference between the elastic flap-lag and the elastic flap-lag-
torsion (4 = 0) analyses at low advance ratios (u =< 0.25).
The inclusion of bending-torsion couplings from root flexure
(% = 1) brings in qualitative changes in the predictions of
flap-lag-torsion analysis without these couplings (4 = 0). At
low advance ratios (i = 0.25), these root-flexure couplings
result in slightly higher damping, whereas at high advance
ratios the role is reversed, i.e., these couplings tend to reduce
the damping appreciably in comparison to the analysis with
% = 0. At high advance ratios, this reversal degrades cor-
relation for 6, = 0 deg (Fig. 6a) and improves correlation for
6, = 3 deg (Fig. 6b). Moreover, in Fig. 6b, replacement of
the point approximation of root-flexure elasticity in the flap-
lag-torsion analyses (¢ = 0 and 1) of the spring model by
root-flexure element as incorporated in the modified flap-lag-
torsion analysis brings in further quantitative changes in the
predictions and correlation. At low advance ratios, relative
to the predictions with this replacement, the flap-lag-torsion
analysis with ¢ = 1 slightly overpredicts lag damping, and
the analysis with ¢ = 0 slightly underpredicts. At higher
advance ratios the reverse is the case, but the under- and
overpredictions are far more pronounced. It is instructive to
mention that with § = 0.63 the flap-lag-torsion analysis of
the spring model provides predictions almost identical to the
ones from the modified flap-lag-torsion analysis for 6, = 0
and 3 deg for the entire data range. This value of 4 gives a
measure of equivalence between the spring model of Fig. 2
and the modified model of Fig. 3. It basically represents a
fraction of the actual elastic twist of the root that the flap-lag
spring system should undergo to yield comparable bending-
torsion couplings of the modified flap-lag-torsion model.
Overall, the predictions are unsatisfactory because each pro-
vides reasonable correlation for one case and poor correlation
for the other. For example, the flap-lag-torsion analysis with
4 = lisreasonable at 6, = 3 deg but qualitatively inaccurate
for 6, = 0 deg.

Quasisteady Stall Theory

The preceding correlation is further pursued by replacing
the refined linear theory by the quasisteady stall theory; the
same five structural analyses of Fig. 6 are used. In Fig. 7a for
6, = 0 deg, the two flap-lag analyses show good correlation
with the data for low-thrust conditions at low advance ratios
(p = 0.25). But for high advance ratios corresponding to high-
thrust conditions,' they show considerable divergence from

the data. Inclusion of elastic torsion (as represented by flap-
lag-torsion analysis with § = 0) into elastic flap-lag analysis
yields some quantitative changes that tend to somewhat im-
prove the correlation, particularly for u > 0.3. These changes
indicate the blade bending-torsion coupling effects. Inclusion
of root-flexure bending-torsion couplings (§ = 1) are seen to
provide almost qualitative changes in the predictions when
compared with the flap-lag-torsion analysis with ¢ = 0. For
example, the elastic flap-lag-torsion analysis (4 = 0) shows
severe loss in damping at high advance ratio; however, with
% = 1, that loss is much reduced. Similar to the refined linear
theory prediction in Fig. 6a, the modified flap-lag-torsion
analysis provides predictions in between the flap-lag-torsion
analyses with ¢ = 0 and 1; indeed, the flap-lag-torsion anal-
ysis with 4§ = 0.63 is found to be virtually identical to the
modified flap-lag-torsion analysis throughout. The quantita-
tive difference between the three elastic flap-lag-torsion anal-
yses again illustrates the sensitivity of lag damping predictions
to modeling the root flexure under stalled forward-flight con-
ditions.

The quasisteady stall theory for 6, = 3 deg is illustrated in
Fig. 7b. The rigid flap-lag and elastic flap-lag analyses provide
comparable predictions and yield reasonable correlations within
the data range, 0 = u =< 0.35. For very high advance ratios
(n > 0.4), both analyses show loss in lag damping, which is
beyond the data range. On the other hand, in comparison
with the flap-lag-torsion analysis with ¢ = 0, the analysis with
% = 1 at low advance ratios shows a trend of decreasing
damping with increasing advance ratio. The tradeoff for this
qualitative improvement is a slight quantitative degradation
in correlation, particularly at low advance ratios. The modi-
fied flap-lag-torsion analysis again yields predictions that are
in between the predictions of flap-lag-torsion analyses with
% = 0 and 1. At hovering and low-advance-ratio conditions,
the modified flap-lag-torsion analysis in Fig. 7b shows that
the flap-lag-torsion analysis with 4 = 1 has perhaps overes-
timated the effects of bending-torsion couplings of the root
flexure. This overestimation is evidenced by the fact that the
flap-lag-torsion analysis with ¢ = 0.63 (Fig. 2) simulates
throughout the modified flap-lag-torsion analysis (Fig. 3), as
was the case in Fig. 6b based on linear theory. Overall, Fig.
7 shows that the modified flap-lag-torsion analysis and flap-
lag-torsion analysis with § = 1 provide, at best, fair corre-
lation with quasisteady stall theory for both cases of database
with 6, = 0 and 3 deg.

Dynamic Stall Theory

Figure 8 is based on the dynamic stall theory. The predic-
tions in Fig. 8a for 0, = 0 deg and in Fig. 8b for 6, = 3 deg
are somewhat similar to their respective counterparts in Figs.
7a and 7b based on the quasisteady stall theory.

Figure 8a shows that at low advance ratios (u =< 0.25) the
differences among the five structural analyses are marginal.
Also, it shows negligible effect of torsion at low-thrust and
low-advance-ratio conditions. However, at high advance ra-
tios (u > 0.25), the flap-lag-torsion analysis with 6 = 1 shows
significant deviation from the rigid flap-lag analysis. This dif-
ference is partly due to blade bending (as shown by the dif-
ference between the elastic flap-lag and the rigid flap-lag anal-
yses) and partly due to blade torsion (as shown by the difference
between the elastic flap-lag analysis and the flap-lag torsion
analysis with ¢ = 0) and root torsion (as shown by the dif-
ference between the two flap-lag-torsion analyses from the
spring model in Fig. 2 with 6§ = 0 and 1). Similarly, the
deviation of the modified flap-lag-torsion analysis from the
two flap-lag-torsion analyses (%9 = 0 and 1) signifies the effects
of the point approximation of root flexure vis-a-vis the short-
beam approximation. It is remarkable that both the modified
flap-lag-torsion analysis and the rigid flap-lag analysis predict
similar trends of lag damping. Overall, the flap-lag-torsion

analysis with § = 1 gives very good correlation.



818 BARWEY AND GAONKAR:

The correlation in Fig. 8b for 6, = 3 deg shows that all
three elastic flap-lag-torsion analyses overpredict damping as
compared with the elastic flap-lag and rigid flap-lag analyses
for the entire data range. At low advance ratios much of this
overprediction was found to be associated with the quasi-
steady torsional effects that introduce pitch-lag and pitch-flap
couplings of the root flexure. At high advance ratios, the
reasons for this overprediction are difficult to isolate, and
research is continuing. At low advance ratios elastic flap-lag
analysis is fairly close to the rigid-blade analysis. For the entire
data range (0 = p = 0.35), although the rigid-blade analysis
is quantitatively closer to the data, it fails to predict the trend
of the data of decreasing damping with increasing advance
ratio. That trend is predicted by the flap-lag-torsion analysis
with G = 1 in spite of quantitative deviation.

Comparison of Aerodynamic Theories

Itis of interest to see the effects of acrodynamic refinements
for a particular structural model. For this purpose, Figs. 9
and 10 show the comparison of the three aerodynamic the-
ories—refined linear, quasisteady stall, and dynamic stall—
for 8, = 0 and 3 deg. These figures contain predictions that
are extracted from Figs. 6-8 corresponding to the two flap-
lag-torsion analyses of the spring model (with and without
bending-torsion couplings of the root flexure, i.e., 6 = 1 and
0, respectively) and the modified flap-lag-torsion analysis.

For 6, = 0 deg, Fig. 9a from the flap-lag-torsion analysis
with § = 1 shows that all three aerodynamic theories are
close to each other at low advance ratios due to low-thrust
conditions. For u > 0.25, with increasing thrust, the two stail
theories start to deviate from the refined linear theory, which
shows steadily decreasing damping in contrast to the trend of
the data. But the two stall theories show an overall increasing
damping trend in accordance with the data. These two stall
theories are identical up to an advance ratio of 0.30, and then
dynamic stall comes into play, which results in higher damping
from the dynamic stall theory as compared with quasisteady
stall theory. The quasisteady stall theory shows a loss in damp-
ing at # = 0.4 and then a sharp gain in damping. This loss
is absent for the dynamic stall theory, nor is it supported by
the data. When the bending-torsion couplings of the root
flexure are eliminated by setting 6 = 0, the resulting trends
of damping from the three aerodynamic theories are shown
in Fig. 9b. This elimination has significant impact on all three
theories at 8, = 0 deg. Each of the aerodynamic theories in
Fig. 9b with ¢ = 0 changes the general direction as compared
with those in Fig. 9a with ¢ = 1. For example, the refined
linear theory in Fig. 9b shows increasing damping trend in
contrast to its trend of decreasing damping in 9a. At very
high advance ratios, as shown in Fig. 9b for u > 0.45, the
two stall theories begin to show some recovery from the loss
in damping, but the recovery is well delayed with respect to
advance ratio.

Figure 9c shows the comparison of the aerodynamic the-
ories based on the modified flap-lag-torsion analysis. As dis-
cussed earlier, the aerodynamic theories in Fig. 9c represent
some average of their respective counterparts in Figs. 9a and
9b. Noticeable in Fig. 9c is a lack of excessive quantitative
deviation of the refined linear theory from the two stall the-
ories within the data range, p = 0.4

Similar effects of aerodynamic refinements for a collective
pitch angle of 8, = 3 deg are illustrated in Figs. 10a and 10b
for the flap-lag-torsion analyses with 4§ = 1 and 0, respec-
tively, and in Fig. 10c for the modified flap-lag-torsion anal-
ysis. As seen in Fig. 10a, the two stall theories show a slightly
decreasing damping trend for p = 0.25, and then the damping
somewhat levels off right up to the end of the data range at
@ = 0.35. The refined linear theory in Fig. 10a shows a small
gain in damping for the entire data range, (0 = p = 0.35)
and then shows a rapid loss in damping. The exclusion of
bending-torsion couplings of the root flexure, as embodied in
Fig. 10b, has the most significant impact on the refined linear
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theory, which shows sharp increase in damping with advance
ratio that is opposite to the trend of the data. The two stall
theories in Fig. 10b also differ from their counterparts in Fig.
10a quantitatively by showing a net increase in damping for
the entire data range. However, in the modified flap-lag-
torsion analysis of Fig. 10c this increase is almost absent. The
two stall theories in Fig. 10c show that damping slightly de-
creases for 0.0 = p = 0.25 in accordance with the data, which
shows consistently decreasing damping throughout. The re-
fined linear theory in Fig. 10c shows consistently increasing
damping, and as such it is qualitatively inaccurate. It is worth
mentioning that the differences between the two stall theories
and the refined linear theory in Figs. 10a, 10b, and 10c, at
low advance ratios, are caused by nonlinear drag effects owing
to the low-Reynolds-number condition of the test data.

Overall, the dynamic stall theory with modified flap-lag-
torsion and with flap-lag-torsion analysis that fully accounts
for bending-torsion coupling of the root flexure (4 = 1) pro-
vides good correlation for 6, = 0 deg and, at best, fair cor-
relation for 6, = 3 deg.

Conclusions

The correlation with the lag-damping database of Ref. 4
leads to the following findings:

1) The bending-torsion couplings due to root-flexure elas-
ticity have significant impact on the stability of the three-blade
experimental rotor of Ref. 4.

2) The predictions show sensitivity to structural refine-
ments, and this sensitivity increases with increasing pitch set-
ting and increasing advance ratio.

3) Despite the high blade torsional frequency, the torsional
degree of freedom has significant impact on the stability of
lag motion. At low advance ratios, it manifests mainly through
quasisteady bending-torsion (pitch-lag and pitch-flap) cou-
plings of the root flexure and blade. With increasing advance
ratios, because of increasing flowfield complexity, the inter-
action of quasisteady and dynamic torsion becomes increas-
ingly difficult to interpret.

4) Overall, the dynamic stall aerodynamic representation
and the structural representation based on the modified flap-
lag-torsion model (Fig. 3) as well as on the flap-lag-torsion
model with 4 = 1 (Fig. 2) give good correlation for 6, = 0
deg and, at best, fair correlation for 6, = 3 deg.
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