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A rotor – body system with blades interconnected through viscoelastic elements is analyzed for response,
loads, and stability in propulsive trim in ground contact and under forward-� ight conditions. A conceptual
model of a multibladed rotor with rigid � ap and lag motions, and the fuselage with rigid pitch and roll
motions is considered. Although the interconnecting elements are placed in the in-plane direction, con-
siderable coupling between the � ap – lag motions of the blades can occur in certain ranges of interblade
element stiffness. Interblade coupling can yield signi� cant changes in the response, loads, and stability
that are dependent on the interblade element and rotor – body parameters. Ground resonance stability
investigations show that by tuning the interblade element stiffness, the ground resonance instability prob-
lem can be reduced or eliminated. The interblade elements with damping and stiffness provide an effective
method to overcome the problems of ground and air resonance.

Nomenclature
a = lift-curve slope, rad
CD = sectional drag coef� cient
CIB = damping coef� cient of interblade element
Cb = � ap blade root damping coef� cient
Cj = lag blade root damping coef� cient
e = blade hinge offset
FIB = interblade element force/ 4 2r pR Va b

h = offset from lag hinge to interblade element
attachment point

Ib = mass moment of inertia of blade at hinge
KIB = linear stiffness of interblade element
Kb, Kj = stiffness of � ap and lag root springs at hinge
MIB = mass of interblade element (m IB per unit

length)
Mj = lag root moment/IbV

2

Nb = number of blades
Re = � ap – lag structural coupling parameter
rhi,i61 = vector for interblade element between ith

and (i 6 1)th blades
aN = interblade spacing, 2p/Nb

ap, ar = fuselage pitch and roll angles
bi2 1, bi, bi1 1 = � ap angle of (i 2 1)th, ith, (i 1 1)th blades
g = lock number
m = advance ratio
m IB = interblade element mass parameter
j i21, j i, j i1 1 = lag angle of (i 2 1)th, ith, (i 1 1)th blades
ci2 1, ci, ci1 1 = azimuth angle of (i 2 1)th, ith, (i 1 1)th

blades
V = rotor speed, nominal
vh = interblade element stiffness parameter
vp, vr = body pitch and roll frequencies
vj 0, vb 0 = fundamental nondimensional lead – lag and

� ap natural frequencies in rotating
coordinate system
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¯ = nondimensional quantity, ( )/R

Ç = time derivative, ­( )/­t or ­( )/­c

Introduction

V ERY few rotor designs with interconnected rotor blades,
which are essentially adopted to improve the ground res-

onance characteristics of the helicopter, are currently in exis-
tence. Recently, the French helicopter industry tested rotors
with interconnected blades. Viscoelastic elements were used
as interconnecting elements. It was observed that these rotor
designs can lead to helicopters with good ground resonance
characteristics, decreased � ight loads, extended � ight enve-
lope, reduced weight and cross section, and lower vibrational
levels.1,2

Although there are some helicopters in existence with inter-
connected blades, hardly any literature is available on their
response, loads, and stability characteristics that is needed to
fully understand, evaluate, and exploit the potential of their
designs. The limited literature available3– 5 essentially il-
lustrate the advantages of interblade dampers for improving
ground resonance behavior with simple models. However,
the successful implementation of interblade systems in an
actual helicopter needs further studies of their effects on
the response, loads, and stability characteristics of the heli-
copter.

Recently, the governing equations for a conceptual model of
such a rotor having rigid blades with � ap – lag motions and
interconnected with viscoelastic elements were developed.6 Al-
though it is recognized that the rigid blade model is not suf-
� ciently representative enough for the computation of the re-
sponse and loads of the system, it can bring out some of the
qualitative differences between the interconnected and non-
interconnected con� gurations with the variation of interblade
element parameters. Using these equations, an isolated rotor
with interblade connections was investigated in hover and for-
ward � ight under moment trim conditions.7 This investigation
has brought out that interblade elements introduce nonlinear
coupling between � ap and lag motions of the blades, and that
this coupling becomes signi� cant in certain ranges of the in-
terblade element and rotor parameters. Extensive results on the
structural dynamics of the rotor, response, loads, and stability
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Fig. 1 Schematic of a) interconnected rotor blades with visco-
elastic elements and b) the rotor – body system.

of the rotor in � ight are presented with variation of interblade
element and rotor parameters.

In the present study, an interconnected rotor– body system
in ground contact and in air is investigated for the rotor re-
sponse and loads, and stability of the various rotor– body
modes under the variation of rotor, body, and interblade ele-
ment parameters.

Analytical Model
The conceptual model of an Nb-bladed rotor with intercon-

nected blades is presented in Fig. 1. The rotor blades are ide-
alized as rigid with � ap – lag motions executed about a coin-
cident hinge located at a distance e from the hub center. The
� ap and lead – lag motions are restrained at the hinge by root
springs of stiffness , respectively, as de� ned in Ref.K and Kb j

8. A viscoelastic element with axial stiffness KIB, mass per unit
length mIB, and viscous damping coef� cient CIB is connected
between the blades. The ends of the interblade element are
assumed to be hinged to the blades at a distance h from the
coincident hinge location. No additional degrees of freedom
are assigned to the viscoelastic elements. In addition, each ro-
tor blade is assumed to be connected to the rotor hub through
lag and � ap rotational dampers (not shown in the � gure) with
viscous damping coef� cients Cj and Cb, respectively. The rotor
aerodynamic forces are obtained from linear, incompressible

potential � ow, thin airfoil theory with the wake-model � ow
treated explicitly through a � nite state dynamic wake model.9

For the present investigation, the dynamic wake model is re-
stricted to consider three wake states. The fuselage is modeled
as a symmetric rigid body with two degrees of freedom cor-
responding to the pitch and roll motions executed about the
lateral and longitudinal axes of the fuselage. The c.m. of the
rotor– body system is assumed to be longitudinally offset from
the hub centerline by an amount XCG. While idealizing the
rotor– body system in ground contact, the contact stiffnesses
between the landing gear and the ground are represented by
rotational springs connecting the c.m. of the helicopter with
the ground. No offset between the aerodynamic center and the
c.m. of the fuselage is considered.

The basic governing differential equations of motion of the
rotor blade are obtained using the Lagrangian approach. In the
derivations, the governing variables and their time derivatives
are assigned a uniform order of magnitude «. The governing
equations are formed by retaining terms up to and including
order of magnitude «2. The resulting equations are extremely
lengthy when expressed in their explicit form. Since the man-
ual derivation of these equations is extremely dif� cult and
prone to human errors, a special purpose symbolic processor,
dynamic equations for helicopter interpretative models-version
2 (DEHIM-2) (Ref. 10) was used to derive the equations. In
the derivation of the governing equations, the basic inputs for
the symbolic processor are the transformation matrices corre-
sponding to the motions of the system and the helicopter � ight
velocity with respect to the reference coordinate system. With
user-described commands, the symbolic processor generates
the expressions for potential and kinetic energies, Rayleigh
dissipation functions, and virtual work of the system. Using
these, the governing equations of motion are derived through
the Lagrangian approach. The governing equations are non-
linearly coupled with periodic coef� cients, and they are given
next.

Rotor – Body Equations

The equations governing the � ap, lag, pitch, and roll mo-
tions of the rotor– body system are presented in a compact
symbolic form:

ÇM 1 (P 2 1)b 1 Zj 1 C b 1 M 1 M 1 M = Mbi i i b i b ,IN b,ST b,D a,bi

(i = 1, N )b

ÇM 1 Wj 1 Zb 1 C j 1 M 1 M 1 M = Mji i i j i j,IN j ,ST j ,D a,ji

(i = 1, N )b

M 1 M 1 M 1 M = Map ap,IN ap,ST ap,D a,ap

M 1 M 1 M 1 M = Mar ar,IN ar,ST ar,D a,ar

Symbolically, denote the inertial termsM , M , M , and Mbi ji ap ar

and denote the aerodynamic termsM , M , M , and Ma,bi a,ji a,ap a,ar

in the respective equations. Further, M , M , M , M ,b ,IN j ,IN ap,IN ar,IN

and representM , M , M , M , M , M , M , Mb ,ST j,ST ap,ST ar,ST b ,D j,D ap,D ar,D

the expressions that describe the terms arising in the � ap, lag,
and body motions because of the introduction of interblade
connecting elements. These expressions are very lengthy and
have numerous terms. They introduce coupling between mo-
tions of the different blades and the body through the mass,
stiffness, and damping parameters of the interblade element. A
typical intermediate expression for and that repre-M Mqi,ST qi,D
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sents the terms in the equations arising from the stiffness and
damping of interblade connections is given next:

DLK ­rpIB hi,i11
M = r ?qi,ST hi,i11HF GF G2I V L ­qb p i

DL ­rm hi,i2 1
1 r ?hi,i2 1F GF GJL ­qm i

C [rÇ ? r ] ­rIB hi,i1 1 hi,i1 1 hi,i11
M = r ?qi,D hi,i11H F G2 2I V L ­qb p i

[rÇ ? r ] ­rhi,i2 1 hi,i21 hi,i2 1
1 r ? (qi = b , j , a , a )hi,i21 i i p rF GJ2L ­qm i

where is the vector joining the interblade element attach-rhi,i61

ment points of the ith with (i 1 1)th and (i 2 1)th blades
given by

2¯r = h{(1 1 (ē/h))(1 2 0.5a )(cos(c ) 2 cos(c ))hi,i6 1 p i i6 1

2 22 a (b 2 b ) 2 0.5(b cos(c ) 2 b cos(c )p i i6 1 i i i61 i6 1

2 21 j cos(c ) 2 j cos(c )) 2 (j sin(c )i i i6 1 i61 i i

2¯ˆ2 j sin(c ))}i 1 h{(1 1 (ē/h))[(1 2 0.5a )(sin(c )i6 1 i61 r i

2 sin(c )) 2 a a (cos(c ) 2 cos(c ))] 1 (j cos(c )i61 r p i i61 i i

2 22 j cos(c )) 2 0.5(j sin(c ) 2 j sin(c )i6 1 i6 1 i i i6 1 i61

2 2 ˆ1 b sin(c ) 2 b sin(c )) 2 a (b 2 b )} ji i i6 1 i6 1 r i i6 1

¯1 h{(1 1 (ē/h))[a (cos(c ) 2 cos(c ))p i i61

1 a (sin(c ) 2 sin(c ))] 2 a (j sin(c ) 2 j sin(c ))r i i6 1 p i i i61 i61

ˆ1 a (j cos(c ) 2 j cos(c )) 1 b 2 b }kr i i i61 i61 i i6 1

L0 = 2h sin(aN/2) is the undeformed length of the interblade
element, Lp = , Lm = , DLp = Lp 2 L0, DLm = Lmu r u ur uhi,i11 hi,i2 1

2 L0. , and correspond to the unit vectors in the inertialˆˆ ˆi j k
coordinate system. These expressions are subsequently evalu-
ated to the speci� ed order of magnitude in the governing equa-
tions. The explicit description of the previous equations is
available in Ref. (11).

In� ow Equations

In the in� ow equations, the in� ow over the disc l(r̄, c, t)
is represented by a complete set of functions comprising radial
shape functions (r̄ ) where n = , ands s 2¯f [=P (n)/(n),j j (1 2 r̄ )Ï

are the normalized Legendre functions], azimuthal harmon-sP̄ j

ics cos(sci) and sin(sci) and the associated in� ow states, viz.,
the cosine-component states and the sine-componentsa (t)j

states , which act like degrees of freedom. Now, the in� owsb (t)j

can be expressed as

` `

s s sl(r̄, c, t) = f (r̄ )[a (t)cos(sc) 1 b (t)sin(sc)]j j jO O
s=0 j=s11,s1 3

The dynamic wake equations are given by

s 21 s 1 mc–[M ]{ Ça } 1 [V ][L ] {a } = {t }j c c j 2 n

s 2 1 s 1 msÇ –[M ]{b } 1 [V ][L ] {b } = {t }j s s j 2 n

In these equations, the linear operator [M ] denotes the apparent
mass matrix and is a pure diagonal matrix, and the operators
[Lc] and [Ls] denote the cosine and sine in� uence coef� cient
matrices, respectively. Closed-form solutions are available for
[M], [Lc], and [Ls]. On the right-hand sides of the equations,

and represent cosine and sine components of themc ms[t ] [t ]n n

pressure coef� cients or the in� ow forcing functions, respec-
tively. These functions are given for a rotor with Nb blades
by

1Nb 0¯1 P (n)n0c ¯t = L dr̄n iOE2p ni=1 0

1Nb m¯1 P (n)nmc ¯t = L cos(mc ) dr̄n i iOEp ni=1 0

1Nb m¯1 P (n)nms ¯t = L sin(mc ) dr̄n i iOEp ni=1 0

where L̄i = Li /raV
2R3 is the nondimensional blade sectional

circulatory lift per unit span.
The diagonal matrices [Vc] and [Vs] correspond to the � ow

parameters. The (1,1) element of [Vc] is given by VT =
, and all other elements of [vc] and [vs] are given2 2(m 1 l )Ï T

by V = [m2 1 (lT 1 . Here, lT represents2 2]l )l / (m 1 l )m TÏ
the total in� ow (freestream plus thrust-induced in� ow) and lm

represents thrust-induced in� ow CT/(2VT). For additional details
see Ref. 12.

Results and Discussion
The nonlinear equations of motion of the rotor – body system

are coupled with the equations of equilibrium of forces and
moments of the rotor– body in � ight and are solved under the
propulsive trim condition. Using the equations, the rotor– body
system trim and response parameters are iteratively computed
using the autopilot trim method.13 Stability investigations are
carried out with perturbed linear equations about the periodic
equilibrium state. The damping of the system is computed
from the eigenvalues of the Floquet transition matrix. The
modes are identi� ed based on the dominant multiblade � ap
and lag motions, and the body motions.14

The interblade element stiffness and mass parameters are
represented by nondimensional parameters vh {=KIBh2/IbV

2}1/2

and mIB {=MIBh2/Ib}, respectively. The interblade damping pa-
rameter zIB is represented in terms of percentage of the critical
damping based on the nonrotating lag mode frequency. The
baseline and range of variation of the parametric values used
in the investigation are given in Table 1. It may be noted that
the baseline corresponds to a noninterconnected rotor. When-
ever a parametric value other than that corresponding to the
baseline is used, its value is indicated in the � gure.

The discussion on response and loads corresponds to the
blade � ap and lag root moments, interblade element force, and
the lag moment distribution over the blade span with the var-
iation of interblade stiffness under various � ight conditions.
The discussion on stability corresponds to multiblade lag and
body mode damping with variation of interblade stiffness for
conditions of rotor– body system in ground contact and in
� ight.

Flap Response

Flap response in terms of � ap root moment with azimuth is
shown in Fig. 2 for Nb = 3 for different vh. Introduction of
the interblade element not only causes direct coupling between
the lag motions of the blades, but also causes coupling with
the � ap motions of the blades. With rotor coning, the interblade
element is compressed and the resulting force in the element
is a function of vh and Nb for a given cone angle.7

When the blade tries to � ap, a component of the force in the
interblade element tends to reduce the � apping motion, result-
ing in an apparent increase in � apping stiffness. As a conse-
quence, compared to the baseline case vh = 0, the � ap response
decreases in hover with an increase of vh. The trends of azi-
muthal � ap response in forward � ight with vh are very similar
to those of the baseline, except for their decreased magnitude
in most of the rotation.
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Table 1 Description of baseline parameters

Parameter Baseline Range of variation

Nb 3 3 – 6
Rotor solidity s 0.08 ——
g 7 ——
ē 0.0 ——
c.g. offset X̄c.g. 0.0 ——
Offset between rotor head and fuselage c.g.
h̄f

0.25 ——

Fuselage inertias
Ixx/Ib 6 ——
Iyy/Ib 25 ——
Ixz/Ib 5 ——

Nondimensional natural frequencies
Flap vb0 1.05 ——
Lag vj0 0.35 0.1 – 0.9
Pitch (ground resonance) vp 0.7 0.15 – 0.65
Roll (ground resonance) vr 0.8 0.25 – 0.75

Re 0.0 ——
Blade loading CT/s 0.1 0.0125– 0.1
a 2p/rad ——
Pro� le drag coef� cient of blade section Cd0 0.01 ——
Fuselage drag coef� cient f 0.0125 ——
m —— 0 – 0.4
Equilibrium condition Propulsive trim ——
Dynamic in� ow model 3 3 3 model ——
Nondimensional interblade parameters

Stiffness vh 0 0.0 – 2.0
Damping zIB 0 0 – 4% critical
Mass mIB 0 ——
Element attachment point from hinge h /Rb 0.1 ——

Fig. 2 Flap root moment with azimuth (vj0 = 0.35; Nb = 3).

Lag Response

The lag response in terms of lag root moments with azimuth
for a three-bladed rotor is shown in Figs. 3a – 3e for various
vh under hover and forward-� ight conditions. For m = 0 (Fig.
3a), collective mode response alone exists, and hence, the in-
terblade stiffness does not in� uence the root moments. In for-
ward � ight (Figs. 3b – 3e), for low vh, the lag moments are
very close to that of the baseline. For 0.8 # vh # 1.2, the
dynamic amplitudes of the moment signi� cantly increase com-
pared with case vh = 0.4. Between the results of the response
for vh = 0.8 and vh = 1.2, a phase shift of 180 deg is observed.
The lag regressive mode frequency of the rotor, when viewed
in the rotating coordinate system, has a value less than 1V for
vh < 1, and is greater than 1V for vh > 1.6,7 Since the dominant
excitation force is of 1V, the response will change phase by
180 deg when vh > 1. The high amplitude of the lag response
observed in the region 0.8 # vh # 1.2 is because of the prox-
imity of the lag mode frequency of the blade in the rotating
system with that of the dominant excitation force. With a fur-
ther increase of vh, although the dynamic amplitudes decrease
and are close to the magnitude of the baseline case, we observe
an increase of higher harmonic root moments.

Interblade Element Force

The variation of the interblade element force with azimuth
for various vh is shown in Figs. 3f – 3j for Nb = 3. In hover
(Fig. 3f ), although there is lag collective mode response, the
interblade element shows a force that is constant over the
azimuth. The interblade element force increases with vh. The
interblade element force varies with azimuth in forward � ight
(Figs. 3g – 3j), and its trend is dependent on vh. For low
vh (=0.4), the dynamic amplitude of the interblade element
force is quite small compared with that of vh = 0.8. Com-
pared to vh = 0.8, a substantial increase of the dynamic am-
plitude of the interblade element force is observed with a phase
shift of 180 deg for vh = 1.2. In the region 0.8 # vh # 1.2,
the increase in the dynamic amplitude of the interblade ele-
ment force is because of the increased lag response. With a
further increase of vh, higher harmonic force components be-
come signi� cant. The damping of the interblade element does

not result in appreciable changes in the interblade element
forces.

Lag Moment Distribution over Blade Span

The lag moment distribution over the blade in hover for any
vh will be the same as the baseline case because of the can-
cellation of the forces of interblade elements that are on either
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Fig. 3 Lag root moment and interblade element force with azimuth (vj0 = 0.35; Nb = 3).

Fig. 4 Blade lag moment with radial distance (vj0 = 0.35; Nb = 3).

side of the blade. The variation of lag moment over the blade
span is shown at different azimuthal locations for m = 0.2 in
Fig. 4 for Nb = 3. It is observed that the lag moment variation
over the blade span shows a signi� cant in� uence because of
vh at all azimuths. The lag moment increases gradually from
the tip, reaching a peak near the element attachment point, and
drops steeply beyond this point. The cases where large mo-
ments are observed near the attachment point for certain azi-

muth stations correspond to the cases of high interblade ele-
ment forces (0.8 # vh # 1.2, see Fig. 3). Compared to the
lag moment at the root, the moment near the attachment point
for certain azimuth stations can be several times higher.

Stability
Aeromechanical stability analysis constitutes the most im-

portant investigation of the rotor– body system. It is charac-
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Fig. 6 Lag collective, progressive, and body roll mode dampings at various rotor speeds (vp = 0.7; vr = 0.8) (rotor – body system in
ground contact).

Fig. 5 Lag, � ap, and body frequencies with interblade stiffness
(vp = 0.7; vr = 0.8) (rotor – body system in ground contact).

terized by the intense coupling between the rotor and body
modes leading to the phenomena of ground and air resonance.
The stability characteristics are governed by the blade � ap and
lag frequencies, body pitch and roll frequencies, location of
the c.g. of the body with respect to rotor hub center, � ight
conditions, etc. Here, the stability characteristics of the rotor–

body system are presented with a variation of the interblade
element and the rotor– body system parameters.

Ground Resonance

The results of stability for the rotor – body system in ground
contact are presented in Figs. 5 – 9.

Rotor Speed

Figure 5 represents the normalized frequencies of the � ap
and lag collective, regressive and progressive modes of the
blades, and the body pitch and roll modes with the variation
of vh at different rotor speeds. Figures 6 and 7 show the damp-
ing of the corresponding lag and body modes. For this study,
the rotor – body system parameters considered are vj 0 = 0.35,
Nb = 3, vp = 0.7, vr = 0.8, and Ct = 0.008. As expected, the
collective mode damping increases with rotor speed and is
least in� uenced by the variation of vh. The lag regressive mode
damping (Fig. 7a), which is the crucial modal damping of the
system, is found to be stable at all rotor speeds for all vh,
except for the case of VR = 100%. For this case, the lag re-
gressive mode, which is highly unstable at vh = 0, shows a
steep recovery to a stable mode as vh is increased to about
0.38. For vh > 0.38, the mode remains completely stable. From
Fig. 5, we correspondingly observe that the lag regressive
mode can have intense coupling with the body pitch mode in
the region 0 < vh < 0.3. Beyond vh = 0.38, another important
feature observed for this mode, at all rotor speeds (Fig. 7a), is
the steep decrease of damping up to a certain magnitude of vh

followed by an increase with further increase of vh. This fea-
ture is also observed for the isolated rotor case,7 and the reason
for this phenomenon can be traced to the coupling of the lag
regressive mode with the � ap regressive mode (see Fig. 5).
The lag progressive mode damping trends observed are similar
to those of the isolated rotor7 and the dip in the damping can
be traced to the coupling of the lag progressive mode with the
� ap progressive mode (see Fig. 5).

The body pitch mode damping (Fig. 7b) is stable for all rotor
speed cases throughout the range of vh. However, the 100%
rotor speed case needs special mention. At vh = 0, the pitch
mode is extremely stable in contrast to the high instability
exhibited by the lag regressive mode. In the region 0 < vh <
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Fig. 7 Lag regressive and body pitch mode dampings with rotor speed (rotor – body system in ground contact).

Fig. 8 Stability boundaries for lag regressive mode with body
pitch frequency (rotor – body system in ground contact).

0.38, the pitch mode damping shows a steep decrease while
still remaining stable, whereas the lag regressive mode damp-
ing increases steeply and � nally becomes stable around vh =
0.38, as discussed earlier. The pitch mode once again shows
an increase and decrease in damping in the region of vh = 1.8
because of its increased coupling with the lag regressive mode
(see Fig. 5). For cases of rotor speed VR < 100%, the increas-

ing and decreasing trends of pitch mode damping with vh can
be easily inferred from Fig. 5.

The body roll mode damping in general increases steeply in
the region 0 < vh < 0.8. With a further increase of vh, the
damping decreases and increases in certain regions of vh,
which are dependent on the rotor speed case. These trends of
damping can be traced to the increased coupling between the
body roll mode and the lag regressive mode (see Fig. 5).

Figure 7c presents the lag regressive mode damping with vh

and zIB = 4% at 100% rotor speed. With the introduction of
interblade damping, the lag regressive mode damping in-
creases, which leads to the shifting of the damping trends bod-
ily upward and toward the left of the trends of damping for
case zIB = 0%. This results in the mode becoming stable at a
lower vh than for case zIB = 0%, as well as in the increased
damping of the system in the region of vh > 0.38.

In the following text the results are presented for the VR =
100% case.

Stability Boundaries for Parameters vj0 and vh

As discussed earlier, the problem of ground resonance in-
stability in a helicopter can be overcome by the introduction
of interblade element stiffness. The vh required for this pur-
pose is essentially dependent on the lag, pitch, and roll fre-
quencies (vj 0, vp, and vr). It is of interest to obtain the usable
range of vh for which the rotor – body system is free from
ground resonance instabilities for a given set of parametric
values of vj 0, vp, and vr. For this purpose, a set of stability
boundary diagrams are generated wherein vh constitutes the
abscissa and one of the parameters vr and vj 0 constitute the
ordinate. Figure 8 shows the stability boundaries for parame-
ters vr and vh. In this study the rotating blade lag frequency
is � xed at vj0 = 0.35, whereas different plots are generated for
each assumed pitch frequency. It may be observed from the
� gure that beyond a certain value of vh (which depends on
vr), the lag regressive mode is completely stable for all vh.
For Nb = 3, Figs. 9a – 9f show the stability boundaries with
vj 0 and vh. For Figs. 9a – 9c, vp is varied with vr = 0.75,
whereas for Figs. 9d – 9f vr is varied with vp = 0.25. It may
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Fig. 10 Lag, � ap, and body frequencies and dampings in hover (Nb = 3).

Fig. 9 Stability boundaries for lag regressive mode with lag mode frequency (CT = 0.001) (rotor – body system in ground contact).

be noted that the various regions of instability seen in these
� gures essentially arise from the coupling between the lag re-
gressive and the body pitch or roll modes. The coupling is also
dependent on the number of blades in the rotor. The stability
boundaries for Nb = 3, 4, and 5 presented in Fig. 9g for vr =
0.75, vp = 0.45 show that there can be signi� cant differences
in the regions of instability because of the interblade spacing.
These � gures provide information to tune the frequencies of
the system for an interconnected rotor– body system to avoid
ground resonance instabilities.

Air Resonance

The results of the investigations on air resonance stability
of the rotor– body system with interconnected rotor blades in
hover and forward � ight are presented in Figs. 10 – 13.

Number of Blades and Interblade Element Damping

The damping of the lag and body modes are presented to-
gether with their frequencies in Fig. 10 for vj 0 = 0.35 for the
hover case. It is observed that the lag regressive mode damping
shows two dips in its variation with vh. From Fig. 10a, these
dips can be attributed to the increased coupling of the lag
regressive mode with the body roll motions. The lag progres-

sive mode also shows a dip in its damping variation with vh,
which can be attributed to the increased coupling of the mode
with the � ap progressive mode. The collective mode damping
does not vary with vh as expected. The body mode consists
of body roll and pitch motions coupled with � ap motions of
the blades. The damping is fairly constant over vh, except in
the region around vh = 1.1, where a mild dip in damping is
observed. This dip in damping is caused by the mode getting
further coupled with the lag regressive mode (see Fig. 10a).
Figure 11 shows the results of the analysis in forward � ight.
The trends of damping variation of all the modes are similar
to those of hover. However, they are modulated by the for-
ward-� ight aerodynamics, as seen, for example, at m = 0.4,
where even the collective mode damping is signi� cantly in� u-
enced by vh.

The variation of lag mode damping with vh for Nb = 3 and
4 is shown in Fig. 12 for m = 0.2, zIB = 0 and 4%. For Nb =
3 and 4, the trends of the lag collective, regressive, and pro-
gressive mode damping are similar to each other except for
the different locations of the dips in damping, which arises
from the parameter of interblade spacing.7 With the introduc-
tion of interblade element damping, for both Nb = 3 and 4, the
damping of these modes bodily move up, thus increasing their
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Fig. 11 Lag and body mode dampings in forward � ight (Nb = 3).

Fig. 12 Lag mode dampings with interblade element damping
(m = 0.2).

Fig. 13 Lag regressive mode dampings with blade root damping.

damping levels. The lag differential collective mode, typical
of even-bladed rotors, shows lower damping compared to other
modes in certain regions of vh for zIB = 0%. However, the
damping of this mode attains a higher level compared to the
other modes with zIB = 4%. This is because of the higher ef-
fectiveness of the interblade element damping for the lag dif-
ferential mode as compared to the other modes. This can also
be easily established by considering a simple linear rotor
model with lag motions alone.11

Effectiveness of Interblade Dampers

A study is made to compare the lag mode damping of the
system with Nb varied from 3 to 6 for two rotor– body ideal-
izations, one with interconnected dampers (no interblade ele-
ment stiffness), and the other with conventional dampers in-
troduced at the blade root between the rotor blade and the hub,
for various � ight conditions. It may be noted that the damping
moment for both the idealizations per unit lag angular velocity
is kept the same. This leads to the equivalent hub damper
parameter of magnitude zIB cos2(aN/2), and it should be noted

that the spanwise location of the interblade damper attachment
to the rotor blade is the same for all the rotors. The results
corresponding to the lag regressive mode damping for this
study are presented in Fig. 13.

For case Nb = 3, because of the increased effectiveness of
the lag damper connected between the blades, the lag regres-
sive mode damping is substantially higher than the case of the
blade-to-hub-connected damper. The increase in damping pre-
dicted for the interconnected damper system is close to those
computed using Ref. 4. As Nb increases from 3 to 6, the ef-
fectiveness of the interconnected rotor for lag regressive mode
damping decreases. For Nb = 6, the interconnected and non-
interconnected rotors have the same lag regressive mode
damping for the chosen geometry of the interconnected sys-
tem.
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Fig. 14 Lag regressive mode damping with equivalent system representation (vj 0 = 0.35; Nb = 3).

Equivalent System Representation

A study is made to assess whether the interconnected rotor
blade system can be represented by an equivalent noninter-
connected rotor system to obtain the crucial lag regressing
mode damping using existing computational tools developed
for noninterconnected rotor systems. Since the lag regressive
mode frequency is a prime parameter of the stability of the
system, the equivalent system can be represented by adjusting
the rotating lag mode frequency of the blade to give a lag
regressive (and also progressive) frequency equal to that of the
interconnected rotor system.

Figure 14a gives a comparison of the lag regressive mode
damping of an interconnected system with that of the corre-
sponding equivalent system for the ground resonance. For
small vh, the trends of damping predicted by the equivalent
system representation is close to that of the interconnected
system. However, the damping levels predicted by the equiv-
alent system can be substantially in error for vh > 0.4.

The damping variation of the lag regressive mode for the
interconnected rotor is compared with that of the equivalent
system in Figs. 14b and 14c in hover and forward � ight for
the air resonance. It is observed from the � gure that both qual-
itatively and quantitatively, the damping computed from the
equivalent system show gross variance from that of the inter-
connected rotor representation, more so at high vh and high
forward speeds.

Basically, the interconnected and noninterconnected rotor
systems are two different dynamic systems. However, for low
vh, the damping corresponding to the two idealizations are
close to each other, perhaps because of the feeble coupling
between the lag motions of the blade.

Conclusions
The in� uence of interblade connecting elements on a ro-

tor – body system in propulsive trim is studied for its response,
loads, and stability in ground contact and in forward � ight.
The interblade elements, though placed in the plane of rotation,
can yield signi� cant coupling between the � ap and lag motions
of the blade in certain ranges of interblade element stiffness.
Flap response (� ap root moment) decreases with an increase
of vh in all � ight conditions. This decrease can be traced to
an apparent increase of stiffness for � ap motion because of the

forces in the interblade elements. Lag root moments and in-
terblade element forces can be signi� cantly higher than the
baseline in certain ranges of vh. For certain ranges of vh, the
lag moment at the interblade attachment point can be several
times higher than the root lag moment.

When the noninterconnected rotor– body system is unstable,
it can be made stable by the introduction of interblade element
stiffness. The amount of interblade stiffness needed to be in-
troduced into the system depends on the number of blades in
the rotor, blade � ap and lag frequencies, and the body fre-
quencies. Signi� cant coupling is also observed between the
� ap and lag regressive modes in certain regions of vh, leading
to trends of decrease and increase of lag regressive mode
damping in these regions.

Air resonance studies show signi� cant couplings between
blade lag, � ap and body motions leading to dips in the trends
of lag regressive mode damping in certain regions of vh.

Interblade dampers are more effective than hub mounted
dampers for Nb # 6 at all � ight conditions. The equivalent
representation with noninterconnected rotor– body system is
valid for evaluating the lag regressive mode damping for low
vh only.
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