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Aeroelastic Analysis of Multibladed
Hingeless Rotors in Hover

Maeng Hyo Cho* and In Lee'
Korea Advanced Institute of Science and Technology, Taejon 305-701, Republic of Korea

The coupled flap-lag-torsion aeroelastic response and stability of multibladed hingeless rotors in the hovering
flight condition are investigated. The vortex lattice method, with a three-dimensional prescribed wake geometry,
is used for the prediction of unsteady airloads of multibladed rotors undergoing disturbed dynamic motions.
Interblade unsteady wake effects due to vortex-phasing phenomena beneath a rotor are numerically calculated by
the phase control of wake vortices shed from each blade. The aeroelastic equations of motion of the rotor blade are
formulated using a finite element beam model that has no artificial restrictions on the magnitudes of displacements
and rotations due to the degree of nonlinearity. Numerical results of the steady equilibrium deflections and the lead-
lag damping and frequency are presented for two-, three-, and four-bladed stiff-inplane roters, and are compared
with those obtained from a two-dimensional quasisteady strip theory with steady and uniform inflow.

Nomenclature

A = aerodynamic influence coefficient matrix

a = two-dimensional lift curve slope

c = blade chord length

Cdy = profile drag coefficient

G(qo0) = gyroscopic damping matrix in finite element
equation

M(qo) = mass$ matrix in finite element equation

mo = reference mass per unit length of blade

N, = number of blades

n = unit outward normal vector on the lifting blade
surface

P(qy) = internal elastic load vector in finite element
equation

P4(q0) = generalized aerodynamic load vector in finite
element equation

Pc(q0) = centrifugal load vector in finite element equation

qo = generalized nodal displacement vector at steady
equilibrium

q(t) = small perturbation about steady equilibrium
position gg

R = blade radius

14 = kinematic velocity due to the blade motions

w = induced velocity due to all wake vortices

r = bound vortex strength

Y = Lock number, 3agp,cR/mg

Pa = air density

¥ = dimensionless time, ¢

Q = rotor angular velocity

wr,wp, wr = nondimensional fundamental rotating flap,

lead-lag, and torsion frequencies, respectively

Introduction

O perform a more reliable analysis of rotor acroelastic stability,
the use of an advanced rotary-wing aerodynamics with a so-
phisticated structural model is required, because aeroelastic stability
is inherently a nonlinear phenomenon that involves structural, iner-
tial, and aerodynamic loads. Recently, considerable effort and sig-
nificant progress have been made with rotary-wing aeroelasticity.!
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Accurate modeling of the unsteady aerodynamic loads required for
the aeroelastic response and stability calculations especially contin-
ues to be one of the major challenges facing both the analyst and
the designer.

Inrealistic helicopter rotors, the aerodynamic environment of any
rotor blade is strongly influenced by the passage of vortices shed
from the preceding blades. A wake-excited flutter phenomenon was
observed in experiments performed for hingeless? and bearingless® -
rotor blades. It has been established that the three-dimensional he- .
lical wake geometry beneath a rotor and unsteady wake dynamics
effects are very important for aeroelastic stability of the rotor blade,
as well as the prediction of helicopter performance.

In recent years, the panel method* and the vortex lattice method’
for a three-dimensional prescribed wake geometry have been
successfully applied to the aeroelastic response and stability of
hingeless rotor blades in hover. Aeroelastic analysis® based on the
generalized dynamic inflow model,” including a three-dimensional
shed wake inflow, has also been performed. These studies have
showed improved prediction of the lead-lag damping values over the
full range of collective pitch angles, compared with results of two-
dimensional quasisteady aerodynamics. The blade structural models
used in these studies are conventional moderate deflection type beam
theories®® based on the ordering scheme that limits the magnitudes
of displacements and rotations. The nonlinear aeroelastic equations
of motion for these studies were formulated by Galerkin’s method,
based on the coupled rotating natural blade modes.

The finite element method has been extensively used in the rotary-
wing aeroelastic problems because it is difficult to apply modal
methods, such as Galerkin’s method, to nonuniform blades and
blades with complex root geometries. Furthermore, the finite ele-
ment method is very flexible, and the formulation can be easily ap-
plied to various rotor blade configurations. The aeroelastic stability
of rotor blades in hover has been investigated using the finite element
method based on large deflection type beam theories,'0~13 as well
as moderate deflection type beam theories, 416 However, the two-
dimensional aerodynamic strip theory was used in these analyses.

In the present paper, the aeroelastic response and stability of
multibladed hingeless rotors in hover are investigated using three-
dimensional unsteady aerodynamics. The present three-dimensional
aerodynamic model is the unsteady vortex lattice method represent-
ing alifting surface and its wake by a number of quadrilateral vortex-
ring elements. The three-dimensional wake geometry is prescribed
from the known generalized equations.'”!® The present method can
predict the unsteady airloads of multibladed rotors and the effect of
the interblade unsteady wake dynamics beneath the rotor blades on
the aeroelastic response. A finite element beam model,'® whichis not
based on an ordering scheme and includes all kinematically nonlin-
ear effects, is used in this analysis. Transverse shearing deformations
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and torsional warping effects are included in the formulation. The
steady equilibrium deflections and the lead-lag damping values and
frequencies are investigated for two-, three-, and four-bladed stiff-
inplane rotors, which consist of the cantilevered rotor blades with
uniform section properties. The results are compared with those ob-
tained by the two-dimensional quasisteady strip theory studied in
Ref. 20.

Unsteady Vortex Lattice Method

As the rotor blade moves, vorticity is created in the boundary
layers of the upper and lower surfaces, and vortices are formed
along the sharp edges. These vortices are shed and convected away
from the blade surface and constitute the wake. The wake beneath
the rotor in hovering flight contains two primary components. The
first is the strong tip vortex, which arises from the rapid rolling up
of the portion of the vortex sheet shed from the tip region of the
blade. The second is the vortex sheet shed from the inboard section
of the blade.

In the present three-dimensional aerodynamic model, a lifting
surface and its wake are discretized by a number of vortex-ring
elements with piecewise constant strength, as depicted in Fig. 1.
The tip vortex geometry is prescribed from Kocurek and Tangler’s
recirculation model'? and the geometry of the inboard vortex sheet
given by Landgrebe’s model®® is used.

In each panel of the blade surface, the leading segment of the
vortex ring is placed on the panel’s quarter chord line, and the col-
location point is at the center of the three-quarter.chord. line:
The boundary condition of no flow penetration on the lifting sur-
face should be satisfied at the collocation point of each panel where
the Kutta condition is satisfied implicitly. Thus, the following alge-
braic equations, in terms of the unknown circulation strength I" of
the bound vortex, can be obtained®':

[ANT}oige = {V -1} — (W n}yaie M

where [A] represents an aerodynamic influence coefficient matrix
due to the unit strength bound vortex of each panel of the blade,
V the total kinematic velocity including the local surface velocity
due to the elastic motion of the blade and the oncoming freestream
velocity due to the blade rotation, and W the total induced velocity
contributed by all wake vortices. After obtaining the bound vortex
strength T" of each panel at each time step, the local pressure dif-
ference can be computed by using the unsteady Bernoulli equation.
The resulting sectional unsteady lift, induced drag, and pitching mo-
ment distributions about the aerodynamic center are then obtained
by adding the contribution of the individual chordwise panels.

The motion of the multibladed rotor is generally described as a
whole in the nonrotating frame instead of representing the motion of
each blade separately in the rotating frame, since such a representa-
tion in the nonrotating frame simplifies both the analysis and under-
standing the behavior. To describe the motion of the rotor as a whole,
dynamic interblade or nonrotating modes are introduced in the he-
licopter rotor dynamics (for more detail, see Ref. 22). For example,
two-, three-, and four-blade rotors have two modes (collective and
differential modes), three modes (collective, cyclic advancing, and

Inboard
Vortex
Sheet

Roiled—up
Tip Vortex

Fig. 1 Numerical lifting surface and wake vortex panels.

cyclic regressing modes), and four modes (collective, differential,
cyclic advancing, and cyclic regressing modes) in the nonrotating
frame, respectively.

For an N -bladed rotor undergoing arbitrary transient motions, the
wake-induced normal velocity term in Eq. (1) can be rewritten as
follows:

(W nlyae = {W-n}g +{W-n}p +{W- n}p

+ o+ {W-nlpw-1 2

where R represents the reference blade, and P1, P2, ..., P(N—1)
represent the first, second, . . ., (N — 1)th preceding blades, respect-
ively. In the present analysis, the interblade phase difference of all
time-dependent shed vortices generated by the reference blade and
the preceding blades undergoing different dynamic motions is con-
sidered by controlling the phases of the normal vectors of each
panel on the blade surfaces, whereas interblade phase control was
performed by the introduction of a phase control matrix in Ref. 23.

The position and ‘orientation of the blade surface change from
one time step to the next and, therefore, the aerodynamic influence
coefficient matrix [A] should be recomputed at every time step. The
influence coefficient matrix, however, is computed only once for
the steady equilibrium shapes of the deformed blade and the wake
geometry because the unsteady motion of the blade is very small un-
der the present small perturbation assumption. The zero normal flow
boundary condition, however, should be updated at each time step.

The calculation of the steady loading is repeated until the con-
verged solution of the whole vortex system is obtained for given
blade configuration parameters, since the wake geometry is a func-
tion of the rotor thrust coefficient, number of blades, collective pitch
angle, and blade twist. The unsteady loading is calculated through
a time-marching solution procedure for small perturbed motions of

the blade about the steady equilibrium position.

Formulation and Solution Procedure

The blade structural model used in the present analysis is a finite
element beam model developed in Ref. 19. The aeroelastic stability
of hingeless rotor blades in hover, based on this model, has been
investigated using the two-dimensional aerodynamic strip theory in
Ref. 20. Thus, the following finite element equations of motion for
a hingeless rotor blade can be obtained in the matrix form (for more
detail, see Ref. 20):

M@)g +[G@lg + P@@) — Pclg) = P4(t, @) &)

To solve the governing equations of motion, the nonlinear steady-
state deformation ¢, due to steady aerodynamic loads and centrifu-
gal forces is first determined through the iterative Newton—Raphson
method. The aeroelastic stability of a rotor blade is commonly in-
vestigated by linearizing the dynamics of the rotor blade about the
nonlinear equilibrium position. The linearization of Eq. (3) cannot
be expressed in explicit form, however, as in the two-dimensional
aeroelastic analysis studied in Ref. 20, since the aerodynamic forces
and moment are complex nonlinear implicit functions of the blade
deformation and motion at each instant of time. Therefore, an ordi-
nary eigenvalue analysis for determination of the stability is not pos-
sible. Thus, the linearized perturbation equations about the known
equilibrium deflections g4 can be reduced to the first-order ordinary
differential equations of the following form:

N I N

where K = Kr — K¢; Kr and K¢ are the tangent matrices for P and
P, respectively; g is the perturbed blade motion; P, is the perturbed
load vector, which is calculated in real-time base from the input of 7.

This system can be integrated numerically in time for the proper
initial conditions of g, g, and P4. The initial value of g is taken
to be 10% of the equilibrium position gy (Ref. 4). The time is set
equal to zero at the initial perturbation, and the blade is set free to
move under the interaction of internal, inertial, and external aero-
dynamic loads. From the known values of the state vector and the
perturbed aerodynamic loads, Eq. (4) is numerically integrated with
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a fourth-order Runge—Kutta method. To obtain more accurate modal
damping and frequency, the initial perturbation of the blade is given
only in the particular mode of interest. Once the time histories of the
blade lead-lag, flap, and torsional deflections are known, the modal
damping and frequency of any desired mode can be determined
from a moving-block analysis.* To reduce the computational time
and the matrix size, a modal reduction through modal transforma-
tion is performed in the numerical integration procedure. Thus, the
time history is calculated at the modal space, and the seven rotating
normal modes? are used in this study.

Discussion of Results

Information for the Computation

In the present analysis, a simplified rotor blade with an untwisted
rectangular platform is used to investigate the effects of the three-
dimensional tip relief and the unsteady wake dynamics on the steady
equilibrium deflections, the lead-lag modal damping, and frequency
for multibladed rotors. Mass and stiffness properties-along the span
of the blade are assumed to be constant. The structural damping,
blade precone and droop, and the pitch flexure are neglected. The
chordwise offsets of the mass, tension, and aerodynamic centers
from the elastic axis are also considered to be zero. The following
configuration and operating condition parameters are used in the
calculations:

wWrp = 114, wy = 13, wr = 2.9
¢/R =0.09722, N, =2,3,4 &)
y = 6.308, ap = 2m, cq, = 0.01

In the present vortex lattice method (VLM), the lifting surface
is discretized by 6 chordwise x 14 spanwise vortex-ring elements,
and the root cutout is 10% of the blade radius, as shown in Fig. 1.
The dimensionless time step Ay is 10 deg and the position of the
rolled-up tip vortex is 60 deg. The wake is considered up to 720, 480,
and 360 deg of the blade rotation for two-, three-, and four-bladed
rotors, respectively, because the tip vortex geometry of Kocurek and
Tangler’s model!” is used.

To verify the present VLM, the spanwise distribution of the nor-
malized thrust loading for-a two-bladed rigid rotor is compared with
the experimental?® and panel method’s results* in Fig. 2. The present
VLM gives accurate results, including the three-dimensional tip-loss
effect. '

In the following discussion of the results, the bending deflections
in the lead-lag and flap directions are normalized with respect to
the blade radius, and the torsional deflection is given in degrees.
The lead-lag modal damping and frequency are normalized by rotor
angular velocity. The results are also compared with those obtained
from the two-dimensional aerodynamic strip theory. The induced
inflow in the strip theory is taken to be steady and uniform along
the blade span and equal to the value of nonuniform inflow given
by combined momentum/blade element theory at the 75% spanwise

x 1073
8
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Vortex lattice method (presgm)
©  Experiment (Ref. 25)
~—— Panel method (Ref. 4)

ac,
dr

r/R .

Fig.2 Spanwise thrust loading of a two-bladed rigid rotor, AR = 6.

station. Also, six four-noded beam elements are used, resulting in
108 degrees of freedom for the biade and providing reasonably good
convergence for both static and dynamic analyses.

Results

Figure 3 shows the equilibrium flap deflection at the blade tip for
the two-, three-, and four-bladed stiff-inplane rotors. The lower flap
deflections obtained by the three-dimensional theory (VLM) are due
to the three-dimensional tip loss effect. Note that as the number of
blades increases, the deflection decreases because of the decrease
in the thrust loading. The equilibrium tip lead-lag deflection is rep-
resented in Fig. 4. The agreement between the predicted lead-lag
deflections of two aerodynamic models is good at low collective
pitch angles since the same profile drag coefficient is used. A differ-
ence in the results, however, appears at high collective pitch angles,
since the two-dimensional theory gives overestimated induced drag.
As the number of blades increases, the lead-lag deflection also de-
creases as the flap deflection does. Figure 5 shows the equilibrium
tip torsion deflection for the two-, three-, and four-bladed rotors. It is
observed that the torsion deflections predicted by the present VLM
are about 30—40% of those given by the two-dimensional theory.
This is due to the three-dimensional aerodynamic tip effect, which
produces high nose-up pitching moment as discussed in Ref. 4. The
effect of the number of blades on the torsion deflection is relatively
small compared with two cases in the bending deflections.

The time histories of the lead-lag perturbed motions obtained
from an initial perturbation of the lead-lag direction are shown in
Figs. 6, 7, and 8 for the two-, three- and four-bladed stiff-inplane
rotors, respectively. The results for the dynamic interblade modes
(for example, collective and differential modes for two-bladed rotor)
using the present unsteady vortex lattice method (UVLM) are com-
pared with those given by the two-dimensional quasisteady aerody-
namics. Since the same structural model is used for both two- and
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Fig.3 Equilibrium tip flap deflection of two-, three-, and four-bladed
rotors.

0
§ —0.005
b
5]
2
°
©
o —0.01 .
_‘i’ ——i— Two-bladed rotor
'8 -------- Three~bladed rotor
2 ———— Four—bladed rotor
- a.-~0.015
=
2--D. theory
20.02 1 N 1 t L

o] 2 4 6 8 10 12
Collective pitch angle(deg.)

Fig. 4 Equilibrium tip lead-lag deflection of two-, three-, and four-
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Fig. 11 Lead-lag damping and frequency of a three-bladed stiff-
inplane rotor.
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Fig.12 Lead-lag damping and frequency of a four-bladed stiff-inplane
rotor.

three-dimensional aeroelastic responses and there exists no struc-
tural damping, the difference between the results is due to different
aerodynamic behavior. It is observed that as the number of blades
increases, the time responses of the interblade modes become vari-
ous and complex because of the interblade vortex-phasing effect of
time-dependent wake vortices shed from all blades. In any case, the
two-dimensional quasisteady aerodynamics gives inaccurate results
at high collective pitch angles. _
Predicted lead-lag damping and frequency for collective modes of
two-, three-, and four-bladed rotors are shown in Fig. 9. The results
of UVLM are obtained through a moving-block analysis, whereas
the results of two-dimensional quasisteady theory are based on the
eigenvalue analysis. At high collective pitch angles, it is shown
that the lead-lag damping values obtained by the three-dimensional
theory are about 40% of the damping obtained by the two-
dimensional theory. This overprediction of the lead-lag damping by
the two-dimensional aerodynamics is due to the lack of both three-
dimensional tip and unsteady wake dynamic effects. The lead-lag
frequencies obtained by two aerodynamic theories have a slight dif-
ference at high collective pitch angles, but those are almost identical.
The effect of the unsteady wake inflow dynamics due to the in-
terblade vortex-phasing phenomena on the lead-lag damping and
frequency are given in Figs. 10, 11, and 12 for two-, three- and four-
bladed rotors, respectively. It is found that time-dependent shed
vortices greatly affect the lead-lag damping of the hingeless stiff-

. inplane rotor in hover. In particular, the damping values for collec-

tive mode of the two-bladed rotor (Fig. 10) and differential mode
of the four-bladed rotor (Fig. 12) are very sensitive to the collective
pitch angles. The lead-lag frequencies, however, are not affected
significantly by the different unsteady wake inflow dynamics.

Conclusions

The aeroelastic analysis of multibladed hingeless rotor blades in
hover has been performed using the vortex lattice method with a re-
alistic wake structure that accounts for the three-dimensional aero-
dynamic tip relief and the unsteady wake inflow dynamics. The
aeroelastic equations of motion of the rotor blade are formulated
using a finite element beam model, where no restrictions are made
on the magnitudes of displacements and rotations but the strains
are assumed to be small compared with unity. The steady equi-
librium deflections, the lead-lag damping and frequency for two-,
three-, and four-bladed stiff-inplane rotors are compared with those
obtained from the two-dimensional aerodynamic strip theory. The
results show that the three-dimensional tip and realistic wake effects
greatly affect the steady equilibrium and the rotor stability. It is es-
pecially found that the unsteady wake inflow dynamics effect due
to the interblade vortex-phasing phenomena plays an important role
in the lead-lag stability of multibladed hingeless rotors in hover.
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