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ABSTRACT

Reduced-order aerodynamic models are tools that may
be conveniently applied in a wide range of research and
design applications in the aeronautical and mechanical
fields. This paper presents aeroelastic applications of a
Reduced-Order Model suited for the description of the
linearized unsteady aerodynamics of helicopter rotors in
arbitrary steady flight. It is defined in terms of multi-
blade coordinates and allows the derivation of state-
space aeroelastic operators that are useful for stability
analysis and aeroservoelastic applications. An aerody-
namic solver has to be applied to get a set of harmonic
responses from which the aerodynamic ROM is identi-
fied. In this paper, the state-space aeroelastic model
of a four bladed hingeless soft-inplane helicopter main
rotor in forward flight is derived, through harmonic so-
lutions predicted by a potential-flow Boundary Element
Method solver. It is applied to the analysis of the aeroe-
lastic stability in several flight conditions, and the cor-
responding results are compared with experimental and
numerical data available in the literature. These corre-
lations validate the proposed procedure as suitable for
the identification of state-space rotor aeroelastic models.

LIST OF SYMBOLS

A; = amplitude of i-th multiblade force

A =multiblade state-space constant matrix
A;, G, H, R =matrices of the rational approximation
Cr = thrust coefficient

E =aerodynamic matrix

M =vector of multiblade aerodynamic forces

G =unit source solution

M; = amplitude of j-th multiblade
coordinate

r =additional multiblade aerodynamic

states
t =time
b'¢ =observer position
xM =multiblade coordinates
y =source position
z =aeroelastic multiblade state variables
0; = phase of i-th multiblade force
0o, 0., 0, = pitch control settings
I = advance ratio
%) =velocity potential
w =angular frequency

INTRODUCTION

The aim of this work is the application of the aerody-
namic Reduced-Order Model (ROM) presented in Ref.
[1] for the aeroelastic stability analysis of a hingeless
helicopter rotor in forward flight. From the proposed
reduced-order aerodynamic modeling, the formulation
of rotor aeroelastic problems in state-space form may
be obtained. It is particularly convenient for the stabil-
ity analysis, in that allows the eigenanalysis and hence
the evaluation of aeroelastic dampings and frequencies.
Furthermore, it is an important tool for aeroservoelas-
tic applications aimed at the design of controllers for
stability augmentation and alleviation of responses to
external perturbations (e.g., atmospheric gusts).

In the past, reduced-order models for the aerodynamic
loads arising on helicopter rotors have been developed
by Peters and his co-workers (see for instance, Refs.
[2, 3, 4]). These are based on the finite-state approx-
imation of the wake inflow and have inspired the work
of many of the researchers interested in rotor aeroelastic
analyses. In these formulations the aerodynamic loads
are obtained coupling blade sectional load models with
wake vorticity effects and are strongly dependent on the



wake shape. Several formulations of different complex-
ity have been developed in the last years, taking into
account wake distortion effects (see, for instance, [5] and
[6]).

The approach introduced in Ref. [1] yields the identifi-
cation of a linear aerodynamic ROM for the perturba-
tion analysis of helicopter rotors in forward flight, de-
fined in terms of multiblade coordinates. It is based
on rotor harmonic responses obtained through a time-
marching aerodynamic solver, and the ROM derived is
a constant-coefficient differential model relating multi-
blade rotor coordinates to the generalized aerodynamic
forces in the multiblade frame [1]. The expression of
the ROM is the result of the rational approximation of
the matrix collecting the multiblade transfer functions
determined through the harmonic responses [7]. From
this point of view, the proposed method is inspired to
the fixed-wing, finite-state formulations investigated by
Vepa [8], Edwards [9], Roger [10], and particularly to
that applied by Karpel [11]. It is worth pointing out
that the accuracy of the identified aerodynamic ROM
depends on the accuracy of the aerodynamic solver ap-
plied for the harmonic responses and, if allowed by the
solver capabilities, may take into account complex aero-
dynamic effects with inclusion of wake roll-up and blade-
vortex interactions.

Here, the aerodynamic ROM for the hingeless, four-
bladed helicopter main rotor examined in Refs. [12, 13]
is identified, starting from the aerodynamic harmonic
responses predicted by a potential-flow, Boundary Ele-
ment Method (BEM) solver. The helicopter rotor state-
space aeroelastic model is obtained by coupling the aero-
dynamic ROM with a flap-lag-torsion structural dynam-
ics model derived from the differential equations in Ref.
[14], through application of the Galerkin approach [15].
Then, the rotor frequencies and dampings are evaluated
by the eigenanalysis of the aeroelastic operator. In or-
der to assess the accuracy and reliability of the proposed
approach for the stability analysis of a realistic heli-
copter rotor configuration, these results are compared
with experimental and numerical data available in the
literature [12, 13], and the corresponding correlations
are presented and discussed in the Numerical Results
section.

PROCEDURE FOR IDENTIFICATION OF ROM

In this Section an outline of the aerodynamic ROM iden-
tification procedure for rotors introduced in Ref. [1] is
provided.

The state-space, perturbation aeroelastic modeling of
helicopter rotors in forward flight is mathematically de-
scribed by means of periodic-coefficient differential equa-
tions. Mainly, this is due to the periodicity of the blade
relative wind, the cyclic pitch control and the rotor-
disk inflow distribution generated by the wake vorticity
[16, 17]. These equations may be applied for the lin-
earized stability analysis around a periodic equilibrium
condition and the aeroelastic spectrum may be evalu-
ated exactly by means of the Floquet theory. However,
the application of this theory (or the improved Fast-
Floquet and Generalized-Fast-Floquet theories [18]) re-

quires the evaluation of a number of responses to state
perturbations that may be computationally expensive
and, further, the interpretation of the frequencies and
eigenmodes is a difficult task [16, 17]. For this reason,
the application of the multiblade coordinates transfor-
mation [16], followed by the constant-coefficient approx-
imation of the corresponding aeroelastic equations has
been successfully introduced in the past for flight config-
urations with low and low-mid advance ratios (approx-
imately, for x4 < 0.3) [17]. In this form, the representa-
tion of the rotor aeroelastic behavior is well suited for
standard eigenanalysis and for aeroservoelastic applica-
tions. As a consequence, this approach is widely used
for helicopter rotor aeroelastic analysis (especially in the
context of multidisciplinary optimization processes and
preliminary design).

The effectiveness of the constant-coefficient approxima-
tion of the aeroelastic system written in multiblade co-
ordinates has inspired the aerodynamic ROM presented
in Ref. [1]. It yields the multiblade aerodynamic loads
as explicit, constant-coefficient, differential forms of the
multiblade coordinates, through the following three-step
identification procedure:

Evaluation of multiblade frequency response functions
This is the key point of the procedure, which is in-
spired by the fact that the state-space relationship be-
tween perturbation multiblade coordinates and multi-
blade loads, under constant-coefficient approximation,
is a constant-coefficient, linear, differential form. In the
frequency-domain, it is represented by a transfer func-
tion that, at a given frequency, may be identified from
the frequency response through amplitude and phase of
the output with respect to those of the (same frequency)
input (indeed, single-harmonic inputs yield multi-harmo-
nic outputs only in periodic-coefficient and /or nonlinear
differential forms). The evaluation of the multiblade fre-
quency response functions is obtained as follows: (i) a
time marching aerodynamic solver is applied to evalu-
ate the (generalized) multiblade aerodynamic loads due
to single-harmonic small oscillations of each multiblade
coordinate; (ii) the contributions having the same har-
monic of the input are extracted from the responses;
(iii) the corresponding frequency-response complex val-
ues are determined, and (iv) the process is repeated
for a discrete number of frequencies within an appro-
priate range, so as to get an adequate sampling of the
frequency-response functions.

Hence, as required, the procedure applied is such that
only the constant-coefficient, linear(ized), portions of
the differential form relating perturbation multiblade
coordinates and multiblade loads are retained.

Rational matrix approximation

The frequency-response functions evaluated from the
harmonic responses are collected into an aerodynamic
matrix, E(s), which in turn is approximated in ratio-
nal form. Specifically, the aerodynamic matrix, E(s),
relating the vector of the frequency-domain multiblade
coordinates, XM, to the vector of the frequency-domai
nmultiblade aerodynamic loads, £ , is approximated as

E(s)~s°Ay+sA; +Ag+H[sI-G] 'R (1)



through a least-square procedure assuring that the iden-
tified complex poles have (stable) negative real parts.
Matrices Ao, A1, Ay, G,H and R are real, fully pop-
ulated matrices. The inclusion of the rational contri-
butions is suggested by the shapes of the frequency-
response functions evaluated, which are not expected
to be well approximated by polynomial forms due to
the influence of the wake unsteady vorticity (theoretical
models show that it is responsible for the transcendental
terms appearing in the sectional aerodynamics transfer
functions [19, 20, 7]).

Identification of the differential model

Transforming back into time domain the approximated
rational expressions identified above, the aerodynamic
ROM is obtained in terms of the following differential
form relating multiblade coordinates to multiblade aero-
dynamic loads

£ (1) AoxM 4 A M 4+ AgxM 4 Hr
i = Gr+RxM (2)

where r is the vector of the additional aerodynamic
states (in the multiblade-variable space, under constant-
coefficient approximation) associated to the poles of the
rational approximation. Note that the accuracy of the
final identified ROM in predicting perturbation aerody-
namic loads depends on the accuracy of the aerodynamic
solver applied to evaluate the harmonic responses.

Remarks on the numerical identification of fre-
quency response functions

In the identification procedure of the transfer functions,
some crucial issues have to be taken into consideration,
in order to avoid inaccuracies or mistakes.

For a given j-th perturbation harmonic multiblade co-
ordinate input of frequency wy about a given periodic
equilibrium motion

xﬁw = M; cos(wy t) (3)
with small amplitude, M}, the aerodynamic solver com-
putes the corresponding multiblade aerodynamic loads.
Then, for A; and 6; denoting, respectively, amplitude
and phase of the wg-harmonic component of the multi-
blade response f, the corresponding frequency response
function, E;;(wg), is determined as

Re[Ejj(wy)] = (Ai/M;) cos(6;)
Im[E;j(wr)] = (Ai/M;)sin(0;)

Note that extracting from the perturbation output only
the contribution having the same harmonic of the input
implies that, as mentioned above, a linearized, constant-
coefficient approximation of the relation between per-
turbation multiblade quantities is pursued (indeed, in
nonlinear and/or periodic-coefficient relations a single-
harmonic input yields multi-harmonic outputs).

The harmonic components are obtained through a Fast
Fourier Transform (FFT) algorithm, taking care of the
following issues: (i) the period examined by the FFT
starts after that the rotor wake is fully developed (and

transient response is finished); (ii) in order to avoid leak-
age effects, the period examined has to be an integer
multiple of the period of the input harmonic; (iii) al-
most periodic loads might arise because of the intrinsic
periodicity of the aerodynamic system, and hence the
leakage avoidance is assured if, in addition, the period
examined is wide enough (a numerical convergence anal-
ysis has shown that the length of the period examined
equal to thirty periods of the input harmonic is suitable
for the problem analyzed in this work); (iv) the time
interval of the time marching solution is chosen so as
to have an integer number of time steps falling into the
examination period.

Remarks on rational matriz approximation

In expressing the aerodynamic matrix in rational form
the identification of the poles is a key point. Indeed,
more sets of poles could provide mathematically equiva-
lent rational approximations of the aerodynamic matrix,
and an inappropriate choice of the one to be applied
could invalidate the realistic simulation of the aeroelas-
tic system. In particular, realistic aerodynamic poles
have to be stable with suited margin of stability, and
this constraint has to be included in the least-square
approximation procedure. Unstable poles would clearly
represent an unrealistic aerodynamic behavior (an im-
pulsive blade motion would generate indefinitely grow-
ing aerodynamic loads), but the same would occur for
poles close to the imaginary axis, in that making aerody-
namics prone to resonance. This problem is illustrated
in Figs. 1 and 2 that present the aeroelastic eigenvalues
derived from the proposed approach for two different
sets of aerodynamic poles (yielding very similar ratio-
nal matrix approximations), concerning a four-bladed,
hinged, flap-lag rotor in forward flight at p = 0.16.
Specifically, Fig. 1 shows that the rational approxima-
tion with a subset of aerodynamic poles lying on the
imaginary axis yields an aeroelastic spectrum with some
of the aerodynamic eigenvalues (i.e., associated to aero-
dynamic eigenvectors) that are unstable, while Fig. 2
demonstrates that imposing a margin of stability to the
poles of the rational form, the corresponding aerody-
namic eigenvalues are all stable. Furthermore, compar-
ing Figs. 1 and 2 shows that the (critical) structural
eigenvalues are barely affected by the stability margin
of the poles of the rational form, and are stable in both
cases. Therefore, having a set of poles too close to the
imaginary axis may be misleading in terms of interpre-
tation of the aeroelastic stability of the system, while
making the resulting aeroelastic state-space represen-
tation unsuitable for time-marching predictions and/or
aeroservoelastic applications.

THE AERODYNAMIC SOLVER

In this work, the aerodynamic solver applied to compute
the harmonic responses required in the ROM identifi-
cation procedure is based on the BEM formulation for
potential flows presented in Ref. [21].

For ¢ denoting the velocity potential function (i.e., such
that the velocity field is given by v = V), this BEM
formulation stems from the potential-field solution for
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Figure 1. Aeroelastic eigenvalues due to inappropri-
ate poles placement.
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Figure 2. Aeroelastic eigenvalues due to appropriate
poles placement.

the arbitrary motion of a lifting body obtained through
the following boundary integral representation

p(x,t) = /SB (giG—wgg) dS(y)

0G
- Ap(xrp,t —T) a*dS(Y) (4)
Sw n

where Sp denotes the body surface, and Sy denotes
the zero-thickness wake surface where the vorticity gen-
erated by the body remains confined. In addition, G =
—1/47||x—y|| is the fundamental solution of the Laplace
equation, 0/0n = n-V with n denotes the outward unit
normal to the body surface, whereas Ap(xrg,t — 7) is
the potential discontinuity at the trailing edge location
where the wake point was released at the delayed time
t — 7. Furthermore, the application of the body surface
impermeability condition yields the boundary condition,
Op/On = vp - n, where vp denotes the velocity of the
body surface points. For x approaching Sp, Eq. (4)
yields an integral equation which may be used to obtain
the values of ¢ on Sp [21]. Equation (4) is solved numer-
ically by boundary elements, i.e., by the discretization
of Sp and Sy into quadrilateral panels, assuming ¢,
Op/On and Agp to be piecewise constant (zero-th order

BEM), and imposing that the equation be satisfied at
the center of each body element (collocation method).

Once the potential on the body surface has been deter-
mined, the Bernoulli theorem yields the pressure distri-
bution, and hence the aerodynamic forces acting on it
may be evaluated. This aerodynamic formulation may
be applied both with prescribed wake shapes and for de-
forming free-wake analysis. In the free-wake approach,
the shape of the wake is obtained as part of the so-
lution. Indeed, once ¢ on the surface is known, the
application of the gradient operator to Eq. (4) yields
an integral representation of the velocity field. Thus,
at each step of the time-marching procedure, the wake
points are moved accordingly to the local velocity field
and the shape of the wake is continuously renewed.

For the evaluation of the multiblade-space harmonic re-
sponses to be processed in the ROM identification pro-
cedure, first the rotating blade coordinates are derived
from the harmonic input multiblade coordinate, then
the aerodynamic solver yields the corresponding gen-
eralized aerodynamic forces in the rotating frame, and
finally the multiblade generalized loads are determined
by application of the multiblade transformation.

NUMERICAL RESULTS

In order to assess the accuracy and reliability of the
finite-state aeroelastic modelling derived by combining
the presented ROM procedure with the BEM aerody-
namic solver outlined above, the stability of a realis-
tic helicopter rotor configuration in forward flight is
examined. Note that the accuracy of the ROM aero-
dynamic approach in rotor aeroelastic applications has
been widely discussed in Ref. [1], for advance ratios in-
cluded in the range 0 < p < 0.26. The numerical appli-
cations concern the soft-inplane, hingeless, four-bladed
rotor with torsionally soft blades, that has been experi-
mentally investigated at the AFDD [12]. The untwisted
blades have length R = 1.143m, NACA 0012 airfol sec-
tions, chord ¢ = 0.08636m, and precone angle equal to
2° (a detailed description of the structural properties
are available in Refs. [13, 12]). A critical structural
damping of 1% is included in the analysis, according to
the measured structural damping [12].

In this work, the rotor blade structural dynamics is de-
scribed through a beam-like model. It is based on the
nonlinear bending-torsion equations of motion presented
in Ref. [14], that are valid for straight, slender, homoge-
neous, isotropic, nonuniform, twisted blades. Retaining
second order terms after the application of an ordering
scheme that drops third-order terms not contributing
to damping, and assuming radial displacements as sim-
ply geometric consequences of the transverse bending
deflections [22], the final form of the dynamic system
is a set of coupled nonlinear integro-partial differential
equations having as unknowns in-plane and out-of-plane
displacements of the elastic axis, along with the cross-
section elastic torsion. It is suitable for describing the
response of beam-like structures undergoing significant
deflections. The space discretization of the equations
is performed through the Galerkin method, based on
elastic deformations described as a linear combination



| Present data | Ref. [12]

[lmm)] 1st flap 0.16/rev 0.15/rev
2nd flap 1.01/rev 1.0/rev
1st lag 0.507 /rev 0.5/rev
1st torsion 2.2/rev 2.3/rev

Table 1. Nonrotating vibration natural frequencies.

| Present data | Ref. [12]

[lmm] 1st flap 1.15/rev 1.13/rev
2nd flap 2.92/rev 2.9/rev
1st lag 0.71/rev 0.71/rev
1st torsion 2.42/rev 2.56/rev

Table 2. Rotating vibration natural frequencies.

of suitable linearly independent shape functions that
satisfy the geometric homogeneous boundary conditions
corresponding to the structure constraints; in our prob-
lem dealing with hingeless blades they are chosen as
the bending natural modes of a cantilever beam [15].
Applying the constant-coefficient multiblade transfor-
mation to resulting ordinary differential equations lin-
earized about a given equilibrium state, and coupling
them with Eq. (2) (where the generalized forces are
those obtained from projection of the sectional aero-
dynamic loads onto the shape functions used in the

Galerkin approach) yields the following perturbation state-

space aeroelastic representation
z=Az (5)

where z is the vector of the multiblade state variables

(structural coordinates plus additional aerodynamic states),

while A is the constant aeroelastic state matrix.

First, the structural dynamics solver is applied to assess
the number of shape functions to be used in the aeroe-
lastic analysis. To this aim, the nonrotating and ro-
tating natural frequencies of vibration evaluated by the
numerical solver mentioned above are compared with
those presented in Ref. [12] (with the rotating ones re-
lated to the nominal rotor speed). Tables 1 and 2 show
the comparison between the two set of data, with the
present numerical prediction carried out using four in-
plane bending modes, two out-of-plane bending modes
and one torsion mode (note that nonrotating frequencies
from Ref. [12] have to be considered affected by a slight
uncertainty in that derived from a fan plot). Because
of the satisfactory agreement observed in these tables,
all the aeroelastic results that will be presented in the
following have been obtained through this set of shape
functions.

The rotor aeroelastic stability analysis has been per-
formed for 0.04 < p < 0.2537, considering the trim
data condition presented in Ref. [13] and given in Table
3. The equilibrium deformation of the rotor has been
obtained using in the aeroelastic solver a quasi-steady
aerodynamic model with Drees static inflow (this im-
plies that the aerodynamic solver used in ROM proce-
dure is different from that used in the identification of

M ‘ 00 ‘ 90 ‘ 95 ‘ C(T
0.04 | 5.86 | 1.495 | —1.359 | 0.00376
0.1 5.72 | 1.154 | —1.942 | 0.00429

0.2028 | 5.94 | 0.195 | —3.491 | 0.00339
0.2537 | 5.95 | 0.081 | —3.79 | 0.00252

Table 3. Rotor trim data.

the steady-state equilibrium configuration).
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Figure 3. Undeformed wake

~\._—

Figure 4. Deformed wake

Two different prescribed wakes have been used in the
BEM solver applied for the evaluation of the perturba-
tion responses. One is that depicted in Fig. 3 which is
defined as the (undeformed) surface swept by the blade
trailing edge during its motion (only one blade wake
is depicted, for the sake of clarity), while the second
(deformed) ome is illustrated in Fig. 4 and has been
obtained through the free wake BEM solver at the ro-
tor trim condition. This approach is motivated by the
significant computational time saving that is obtained
with respect to that required by perturbation analysis
performed using a free wake algorithm. However it is
expected that the wake deformation due to the small
perturbations applied in the identification of the trans-
fer functions would yield negligible effects.



Transfer functions

Now, some of the transfer functions appearing in matrix
E for the problem under examination are shown. Con-
sidering the flight condition corresponding to advance
ratio 4 = 0.2028, Figs. 5 and 6 depict, respectively,
real and imaginary parts of the transfer functions be-
tween the collective generalized first flap force and each
multiblade perturbation. These figures show a regular
behavior of these transfer functions and a very satisfac-
tory approximation through the rational form applied
(see Eq. (1)). These comments remain valid for the rest
of the transfer functions not presented here, and also
for those determined by the deformed prescribed wake.

The effects of the two different wake shapes consid-

BEM +
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Real Part of Transfer Functions [N]

Figure 5. Real part of collective first flap force trans-
fer functions

5000

-5000

-10000

-15000

Imaginary Part of Transfer Functions [N]

0 0.5 1 15 2 2.5 3
Frequency [1/rev]

Figure 6. Imaginary part of collective first flap force
transfer functions

ered on the transfer function relating collective first flap
perturbation to collective generalized first flap force are
depicted in Figs. 7 and 8. More appreciable differences
appear between the predicted real parts of the trasfer
function, but for the case examined the influence of the
wake distortion is not crucial and the overall behavior
is very similar.
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Figure 7. Real part of the transfer function between
the collective first flap perturbation and collective
first flap force. Undeformed vs. deformed wake.

04 Ur;deiorrr:edwak:a A

a Detormed wake
-2000 n .

T
=

-4000 | s .
-6000 A .
-8000 & .

-10000 | . .

-12000 + & .

-14000 | &n .

-16000 1 1 I I 1
0 0.5 1 1.5 2 2.5 3

Frequency [1/rev]

Collective flap --> Collective flap [N]
B
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tween the collective firts flap perturbation and col-
lective first flap force. Undeformed vs. deformed
wake.

Stability analysis

Next, the aeroelastic state-space form derived in this
work has been applied to examine the aeroelastic sta-
bility of the model rotor considered. Aeroelastic damp-
ings and frequencies have been determined through a
standard eigenanalysis of the system in the form of Eq.
(5). For p = 0.2028, the rotor aeroelastic eigenvalues
of the first lag, flap and torsion modes, given by the
ROMSs based on undeformed and deformed wake shapes,
as well as those given by the quasi-steady aerodynam-
ics with static inflow are depicted in Fig. 9. It shows
that the frequencies predicted by the two models are
slightly different, while flap and torsion mode dampings
are significantly dependent on the aerodynamic solver
applied. The wake shape affects the flap and torsion
scissor eigenvalues, as well as the torsion low-frequency
cyclic mode. A zoom of the lag eigenvalues is depicted
in Fig. 10: dampings evaluated through the ROM-BEM
solver are higher than those obtained from the strip-
theory approach combined with the static inflow. This
means that from the point of view of the stability anal-
ysis, the simpler aerodynamic model yields conserva-



tive aeroelastic predictions. It is worth noting that in
analysing phenomena where a crucial role is played by
the coupling between flap rotor modes and airframe (as
in rotorcraft-pilot coupling problems, for instance) the
differences appearing in Fig. 10 imply that the different
aerodynamic solvers considered could give considerably
different aeroelastic predictions.
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Figure 9. First lag, torsion and flap aeroelastic eigen-
values. ;1 = 0.2028.
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Next the critical lag dampings for 0.04 < p < 0.2537
obtained from measurements [13], from dynamic wake
inflow model [13] and from the aeroelastic state-space
models presented here are compared in Fig. 11. The
present BEM-ROM model predicts critical dampings that
are quite close to those determined experimentally, with
a level of accuracy that is comparable to that observed
for the simulations based on the dynamic inflow mod-
elling [13]. According to Fig. 10 the differences between
the damping predictions based on the undeformed and
the deformed wake shapes are quite small. The results
from the quasi-steady aerodynamic model with static
inflow shows significant underprediction of the critical
dampings. The differences between these results and
those from the BEM-ROM solver highlight the impor-
tance of including the influence of the unsteady wake
vorticity in the aeroelastic stability analysis.
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Figure 11. Low-frequency cyclic lag dampings.

The present approach seems to be unable to capture the
decrease of critical damping occurring at higher values of
the advance ratio. Enhanced aeroelastic stability anal-
yses could be obtained by introducing in the solution
process the rotor steady equilibrium deformations deter-
mined from the BEM solver, to replace the present ones

(predicted by the simpler quasi-steady aerodynamic model).

CONCLUSIONS

A reduced-order aerodynamic model suited for deriv-
ing the state-space aeroelastic equations of helicopter
rotors in arbitrary steady flight has been applied to a
four bladed hingeless, soft-inplane helicopter main ro-
tor in forward flight. This methodology is applicable
to aeroelastic systems expressed in terms of multiblade
coordinates, under the constant-coefficient approxima-
tion (typically acceptable at low- and mid-advance-ratio
flights of rotors having more than two blades). The
state-space rotor aeroelastic model has been obtained
from the application of the ROM as derived from a po-
tential aerodynamic BEM solver. The effect of the wake
shape used in the aerodynamic solver (undeformed and
deformed from free-wake analysis of the steady equilib-
rium configuration) has been investigated. This analy-
sis shows that for the cases examined its influence is not
considerable in terms of critical dampings predictions,
but might become important in the analysis of phenom-
ena where strong coupling between rotor and airframe
arises. The comparisons with experimental data and
dynamic wake inflow results available in the literature
demonstrate that the presented ROM-BEM solver crit-
ical lag damping predictions are satisfactorily accurate.
However, the slight decrease of critical dampings occur-
ring at higher values of the advance ratio is not captured.
Future enhancement of the aeroelastic solver may be ob-
tained by considering in the stability analysis procedure
rotor steady equilibrium deformations predicted by a
solver based on the BEM aerodynamics.
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