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Rotor/Fuselage Vibration Isolation Studies by
a Floquet-Harmonic Iteration Technique
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The equations of motion for the coupled rotor/isolator/fuselage dynamical system are formulated for the
prediction of vibrations in helicopters during forward flight. Using a combined Floquet theory/frequency-re-
sponse technique, the equations are solved to predlct the v1bratory loads at the various locations of the heli-

81

copter. In addition, the influence of the isolator on the hub and blade loads is establlshed

Nomenclature
A = area
Cao = drag coefficient of blade
Cr = damping constant of isolator system
C = lift-curve slope ’
Cu = aerodynamic moment coefficient of airfoil
Curx = rolling-moment coefficient
Cuy = pitching-moment coefficient
Cr = thrust coefficient
D = fuselage drag force
K; = spring stiffness of isolator system
Kg = root spring stiffness in flap, representing blade
stiffness '
K; = root spring stiffness in lead lag, representmg
blade stiffness
K, © = root spring stiffness in torsion, representing
blade stiffness ' '
L, = distance between pivots
L, = distance between outer pivot and isolator mass
M, = mass of blade
Mg = mass of fuselage
My = mass of rotor hub
M; = isolator mass
Mg = flap moment
M; = lead-lag moment
M, = torsional momient
N = number of blades

l

force vector

generalized coordinate vector

moment vector

rotor radius

= perturbational motlon of fuselage center of
gravity

= perturbational motion of hub center

= time

[

i
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Ve = forward velocity of helicopter

w = weight of helicopter

o = attitude angle of helicopter

i} = flap angle of blade

Bo,81c,01s = flap angles, collective and cyclic modes,
respectively

¢ = lead-lag angle for blade

0y = blade collective pitch

0ic,01s = cyclic pitch components of blade

A = total inflow

Ai = induced inflow

u = advance ratio

PA = density of air

¢ = torsional deformation for blade

¥ = azimuth angle of blade, = Q¢

Q = rotor frequency

2] = angular velocity of blade

Superscript

) - = nondimensional time derivative

Introduction

T is well known that helicopters are plagued with vibra-

tions. The various sources of vibration are the rotors, en-
gine, and transmission system. Of these, the primary source of
excitation is the main rotor system which operates in a com-
plex aerodynamic environment. The rotor blade loads are gen-
erated by an interaction of the physical quantities associated
with the aerodynamic, inertial, and structural properties of the
blade. These vibratory loads are transmitted to different parts
of the fuselage through a complicated load path and cause
discomfort to the pilot and crew, equipment deéterioration,
fatigue damage to the structure, and increased maintenance.
The adverse effects of these v1bratory loads increase with in-
creases in forward speed of the helicopter and also the cumula-
tive fatigue damage to the structure increases with higher uti-
lization of the vehicle. As a resuit, these vibratory loads restrict
the operation and eff1c1ency of the vehicle.

The demand for increasing hehcopter usage for passenger
transportation and the demand for high-speed maneuverabil-
ity helicopters for defense have underlined the need for vibra-
tion reduction, Vibration reduction can be achieved in a num-
ber of ways. In Ref. 1, Loewy has presented an extensive re-
view of the different techniques of vibration reduction in heli-
copters. Vibration reduction devices are classxfled into four
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general categories: 1) absorbers,>* 2) blade design optimiza-
tion,>7 3) isolators,®1° and 4) higher harmonic control.!*-13

Stringent requirements for lower vibrations and penalties in
cost and weight have increased the interest in the development
of improved vibration reduction methodologies. It is observed
that there is hardly a rotorcraft that did not exhibit excessive
vibration during initial flight. Sometimes the helicopters have
had their flight envelopes reduced because of excessive oscilla-
tory loads.!¢ In addition, the vibration level often is very sensi-
tive to even a small variation in the dynamic parameters of the
blade. A vibration reduction program based entirely on exper-
iment will be very expensive. However, if the oscillatory loads
are predicted accurately, then the cost and time involved in
reducing these vibrations to the specified levels can be mini-
mized. Therefore, for the successful design of an efficient
vehicle, it becomes essential to develop a theoretical capability
for the prediction of oscillatory loads during helicopter flight.
A proper treatment of this problem requires a mathematical
model representing the dynamics and aerodynamics of the
coupled rotor/fuselage system and also a suitable mathemati-
cal technique for the analysis of the coupled rotor/fuselage
system. :

In the past,-1? the equations of motion of the coupled
rotor/fuselage dynamical system were developed and the vi-
bratory response was predicted by using a harmonic balance
technique. However, it must be mentioned that the harmonic
balance technique gets quite involved in the algebraic manipu-
lations, particularly for coupled systems. In Ref. 20, Stephens
and Peters have critically analyzed the procedures for solving
the coupled rotor-body system, namely, the coupled ‘‘rotor-
body iteration”’ technique and the ‘“fully coupled equations”
approach. Based on an example problem, the authors have
shown that the coupled rotor-body iteration technique can
sometimes lead to lack of convergence. On the other hand, the
fully coupled equations approach does not suffer from the
deficiencies of the rotor-body iteration scheme.

In the present paper, a combination of the Floquet theory/
frequency-response technique is used to solve the coupled ro-
tor/isolator/fuselage dynamical problem for the prediction of
helicopter vibrations. It may be noted that this technique es-
sentially falls under the category of a coupled rotor-body iter-
ation scheme, mentioned in Ref. 20.-In employing this tech-
nique of combined Floquet theory/frequency response, no ap-
proximation is made in the response evaluation of the rotor
blade. In this technique, the blade equations are solved in the
time domain, whereas the hub/fuselage/isolator response
equations are solved algebraically in the frequency domain.

The major objectives of the present study are as follows:

1) Development of the complete set of dynamical equations
of motion representing the coupled rotor/isolator/fuselage
system in forward flight. ' _

2) Application of a combination of Floquet theory/fre-
quency-response technique for vibration analysis of the heli-
copter in forward flight. '

C.G OF THE FUSELAGE

Fig. 1 Model of rotor/isolater/fuselage system.
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3) Prediction of the vibratory loads at certain critical loca-
tions, such as blade root, rotor hub, fuselage c.g., etc.

4) A fundamental understanding of the effects of the isola-
tor on the blade and fuselage loads.

Equations of Motion

The equations of motion are derived for the coupled rotor/
isolator/fuselage dynamical system shown in Figs. 1 and 2.
Figure 2 gives the details of the idealized dynamic antiresonant
vibration isolation (DAVTI) type of vibration reduction device
used for the present analysis. The spring and dashpot combi-
nation acts as an isolator and the pivoted mass acts as an
absorber. The upper mass My simulates the rotor hub system
and the lower mass My simulates the fuselage. The isolator
mass M; displacement is a function of the displacements of
upper and lower masses. The important assumptions made in
the development of the equations of motion of the coupled
rotor/isolator/fuselage system are the following:

1) The blade is assumed to be rigid, with root springs simu-
lating the fundamental frequencies in flap, lag, and torsional
degrees of freedom. "

2) Fuselage is assumed to be a rigid body.

3) Two-dimensional quasisteady aerodynamics is used for
aerodynamic loads determination.

4) Uniform inflow model is used.

The equations of motion of the individual blade are derived
in a manner similar to that detailed in Ref. 21. Since a rigid,
offset-hinged, spring-restrained model of the blade is used, the
equations of motion for the blade are obtained by enforcing
moment equilibrium at the root of the blade. The blade equa-
tions of motion can be written in symbolic form as

Flap:

Mg+ Qr,+Qa,+Qp,=0 0))
Lead lag:

Mi+ Q1 +Q4,+0p,=0 )
Torsion:

M+ Qp,+Q,,+0p,=0 3)

where Mg, M, and M, are the restraining root moments due
to the root springs, and Q;, @4, and Qp are the inertia, aero-
dynamic, and damping moments due to blade motion.

' The blade loads, which are functions of both the blade and
the hub motions, contain all harmonics of the rotor rotational
frequency. These individual blade loads combine at thé rotor
hub, resulting in the cancellation of some of the harmonics and
addition of other harmonics. As a result, the vibratory hub
loads have frequencies that are integer multiples of the blade
passage frequency (i.e., nNQ, where 7 is the harmonic number
=1,2,3,. . .; N the number of blades; and Q the rotor speed).
These rotor hub loads are used for the development of the
coupled rotor hub/isolator/fuselage dynamical equations of
motion. ‘ )

FUSELAGE

Fig.2 Rotor hub/isolator/fuselage dynamical model.
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With vibration isolation considered only in the vertical di-
rection, the dynamical equations of motion for the coupled
rotor hub/isolator/fuselage system can be written as

MyRy + MiIL}Ry /L — MLy(Ly+L)Rp/LE + IRy /LE

—IRp/LE + CI(RH _RF) + Ki/(Ry—Rp) = Py O]

MRr + ML+ Ly?Ry /L — MiLy(L, + L) Ry /L}

+ IRp/LE — LRy /LE + C{(Rr—Ry)
+ Ki(RF—Rp)=0 5)

In Eq. (4), Pz represents the hub load in the vertical direc-
tion; it may be noted that this hub load is a function of fuse-
lage and blade degrees of freedom. Details of the derivation of
the equations of motion are available in Ref. 22.

Method of Solution

The coupled rotor/isolator/fuselage dynamical problem is
solved in two stages. In the first stage, the trim or equilibrium
state of the helicopter is evaluated for a given flight condition;
in the second stage, the response of the coupled dynamical
system is determined. A brief description of these two stages of
the analysis is provided next.

Trim or Equilibrium State Solution of the Vehicle

In the trim analysis, the force and moment equilibrium of
the complete vehicle together with the moment equilibrium of
the individual blade about its root in lag, flap, and torsion are
enforced. This type of trim usually is denoted as propulsive
trim. A propulsive trim analysis simulates the free-flight con-
dition of the helicopter and involves the calculation of blade
control settings as well as the vehicle attitude for a prescribed
flight condition.

Figure 3 shows the various forces and moments acting on the
vehicle. The trim solution is evaluated from the vehicle and
blade equilibrium equations, which are as follows:

Vehicle equilibrium:

Pz — Wcosa —Dsine=0  (vertical direction) 6)

Py + D cosa — Wsine=0  (longitudinal direction) (7)

Qyr + CyypAVIR/2 =0 (pitch moment about

c.g. of the vehicle) 8)
Oxr + CryxpaAVZR/2 =0 (roll moment about

c.g. of the vehicle) (¢)]

Py

FUSELAGE AXIS
PARALLEL TO
THE HUB AXIS i

Fig. 3 Longitudinal forces and moments for trim analysis.
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Blade equilibrium:

27
S (flapping moment equation) dy = 0 (10)
0
27
(flapping moment equation) cosy dy =0 ¢8)]
0
2r
(flapping moment equation) siny dy = 0 12)
0

The total inflow A, through the rotor disk, is given as®
A=)\ + utana (13)
where \; is the induced inflow given by
N =Cr/ [NP?W] (14)

. For a given helicopter weight and a given forward speed
(advance ratio, p), the set of Eqs. (6-14) is solved by an itera-
tive numerical method to obtain the different trim parameters,
such as the pitch settings 6y, 8¢, and 6,5 of the blade, the
vehicle pitch attitude «, and the inflow ratio A. The various
steps involved in the iterative procedure are outlined next.

For a given set of parameters of the vehicle, the rotor and
the flight conditions, initially 6y, 6,c, 8,5 (the blade pitch set-
tings), and o (the vehicle attitude), are assumed.

1) From the inflow equations [Eqs. (13) and (14)], the in-
flow ratio A is computed by an iterative numerical method.

2) Using the blade flap equilibrium equations [Egs. (10-
12)], the blade flapping coefficients 8, 81c, and 8,5 are evalu-
ated.

3) Substituting the values of \, By, Bic, Bis, and « in the
vehicle vertical equilibrium equation [Eq. (6)] and also in the
vehicle pitching and rolling moment equilibrium equations
[Egs. (8) and (9)], the blade pitch settings 8y, 8¢, and 6,5 are
determined.

4) Using the vehicle longitudinal equilibrium equation [Eq.
(7], the attitude angle, «, of the vehicle is calculated, by an
iterative numerical technique.

Steps 1-4 are repeated until convergence is achieved for the
independent trim parameters 8g; 0;¢, 0,5, and o to the desired
level of accuracy. It may be noted that, in the trim procedure,
only flap degree of freedom of the blade is considered and also
only the fundamental harmonic (first harmonic) components
of the flap angle are included. The implication and limitations
of using only the fundamental harmonics of flap motion will
be explained in the section providing the results.

Response Analysis

The dynamical equations of motion for the response analy-
sis consist of two sets of equations. One involving the blade
motion and the other dealing with the hub/ fuselage motions.
The equations of motion follow.

Blade motion:

M) {G} + [Cle{q) + [Klglg) = {Q} 1s)

Here [C], and [K], are functions of time.
Hub/isolator/fuselage:

R R o R o S O I
[]FRF []FRF+[]FRF_0 (16)

In the blade equation given by Eq. (15), the forcing vector
{ Q1] is a function of the control setting angles, 8, f1c, and 0;5,
advance ratio y, inflow ratio A, the hub motion Ry and Ry,
and the azimuthal angle ¢, and in the hub/lsolator/fuselage
equation given by Eq. (16), the forcing vector {Pz 0} is a
function of the blade motion 3,8, control setting angles 6y, 8;¢,
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0,5, inflow ratio \, advance ratio yx, the hub motion Ry,Ry,
and the azimuthal angle ¥. Since the blade equations are in a
rotating frame, they are differential equations with periodic
coefficients. The hub/isolator/fuselage equations are in a non-
rotating inertial frame; hence, they are differential equations
with constant coefficients. The solution method used for solv-
ing the set of equations is a combined Floquet theory/fre-
quency-response technique. In this technique, the blade re-
sponse is evaluated using Floquet theory and the hub/fuselage
equations are solved using the frequency-response technique.
The iterative procedure involved in this type of technique is
that, first, by assuming the fuselage motion to be zero, the
blade equations are solved for their response. Using the hub
loads corresponding to this response, the fuselage equations
are solved for fuselage/hub response. With this new set of hub
response, the blade equations are again solved. This procedure
is continued until convergence is achieved. The details of the
procedure followed for response analysis are explained next.

The method of solution for the blade equations, using Flo-
quet theory, adopted in this paper, essentially follows the pro-
cedure of Ref. 24, Rewriting the blade equation given by Eq.
(15) in the state-variable form, one may get

g} =L {aW)) + (QW)] an
where
)
B
¢
=< ¢ >
{aW)} 8
[y
\¢J
and
—[M1;'(Cl, —[ML;‘[K]q]
L =
[L()] [ U] (0]

Since the system is periodic (of period 27)

QW) =1QW+2m} and [LWI=[L{+27)]

From Floquet-Liapunov theory, the unique periodic solution
of Eq. (17) is given by

v
tath)) = [¢(¢)]<L[4’(S)]“{Q(S)} ds

27
x {n-@en}-een] L [2©)]~'{0()) ds> as)

J. AIRCRAFT

In Egs. (18) and (19), [®(y¥)] is the transition matrix defined by

2 = [LWI2E)]

and
[®O0)]=11]

On comparison of Eqgs. (18) and (19), it is clear that Eq. (18)
corresponds to the general solution of the nonhomogeneous
equation [Eq. (15)], with the initial condition

27
O {[I]—[‘I’(Z‘lr)]}_1[‘1>(27r)]§0 [2()]7'{Q(s)} ds (20)

The procedure adopted for the evaluation of the periodic
steady-state solution of the blade equation is explained in Ref.
24, which is provided below for convenience.

1) The initial condition {q(0)}, given by Eq. (20), is first
evaluated using the transition matrix at different instants over
a complete cycle (27) and the transition matrix at the end of the
cycle [#(27)]. This matrix is evaluated using the approximate,
semianalytical method?® (Hsu’s method), based on the fourth-
order approximation of the matrix exponential. For evaluation
of the initial condition, the complete cycle is divided into 52
equal intervals and the integration is done by an ordinary
summation,

2) With the initial condition {g(0)}, computed as described
in step 1, the blade response equations given by Eq. (17) are
integrated numerically using a fourth-order Runge-Kutta
scheme. The integration is performed with a constant step size
that is also identical to the step size used in evaluating the
transition matrix.

3) Convergence of the method is checked by comparing
the response obtained in subsequent revolutions with the ini-
tial conditions, i.e., compare {g(y=0)} with {g(¥=2%)],
fg(¢=4m)}, and {g(¥=6m)].

4) After evaluating the blade response, the hub and fuselage
equations given by Eq. (16) are solved by frequency-response
analysis in the following manner.

Assuming the exciting force Pz to be of the form

Py = Pyelt Q1)

where Py is a constant, the response solution for Eq. (16) can

be written as
R Ry) .
(o) = Ll
Ry Ry

where Ry and Ry are complex guantities.
Substituting Eqs. (21) and (22) into Eq. (16), the hub and
fuselage response may be written as

The general solution? for any nonhomogeneous equation, {RH/ f’z} N iMODHN eilor+ o )} 23
such as Eq. (17), can be written as R:/P, - MODjyy ei@!+sr) 23)
¥
{a)} =121 {q0)} + [‘I}(\/z)]jo[é(s)]“l{Q(s)} ds (19 where the moduli
r "
o ) {K,—wz(Mp+M1(I+L2/L1)2+II/L12)}2+ {Clw}Z/ [{wZ<MFMH+MH{MI(I+L2/L1)2+II/L12} | (24)
HN =
|+ Mp{M{Lo/L + 1/ + MiTi/L) — Ky (M + My + M) + { = CroolMyr + My + M) 2]
r R
‘oD . {O)2<MIL2/L1(I+L2/L1)+II/L12—KI}2— {wa}z/[{wZ(MHMF+MH{M1(1+L2/L1)2+I’/L12} (25)
N = 3
o+ Mp{M{@o/LiY + B/LE) + My /LY ~ KiMyg + My + M) + { = Cro(Myy + My + M)} 2]
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and the respective phase differences are given as
dy=¢1—¢ and ¢p=¢,— ¢
tan¢ = - C]Q}(MF +MH +M1>/ [w2<MHMF

+ My SMI+Ly/L 2+ I,/le}
+ Mp MI(Lz/Ll)Z + I]/le}
+ M]I]/L12> —K1<MH +MF+M1>]

tang; = Cyw/ [K, — M+ My + Lo/ L) +I,/L12)]

tang; = Cro/ [ = {HML/ LI + Lo/L) + 1/LR) - K1}

Treating the sine and cosine components of the excitation
force as acting separately, from Eq. (23), one can write the

ROTOR/FUSELAGE VIBRATION
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velocity and acceleration components of the hub and fuselage
as

RH = MODHN(—pNZC sinN¢ +I~)st COSN¢)N

+ MOD g n(— Pynze Sin2NY + Pynzs Cos2NY)2ZN - (26)
RF = MODFN( —PNZC sinN\L + PNZS COSN¢)N
+ MODgn(— pz;vzc SIN2NVY + Pzst COSZN\I/)ZN (27)

Ry = MODyn(— Pz cosNY — Pyzs sinNy)(NY?

+ MODHZN( - pZNZC COSZN\[/ - PZNZS SIHZNII/)(ZN)Z (28)
RF = MODFN( _pNZC COSN¢ _PNZS SInN\b)(N)Z

+ MODFZN( - pZNZC COSZN![/ - pZNZS Sln2N¢)(2N)2 (29)

Reap 6, , B, B, o<,
VEHICLE AND ISOLATOR PARAMETERS

A AND OTHER ROTOR.

I

ASSUMER =0 . R
H

«0
=

COMPUTE TL (V1. (QUY))

]
COMPUTE [ h(y) )
TRUE l
¥ T
i
COMPUTE ¢ ¢(0) ) FROM EON. (20)
]

(B ) = (9t

LBy ) = (BRWTY ) BY R.K. INTEGRAT{ON GET THE RESPONSE (8 (¥))
FALSE L 1
1S(plam ) = (Btor
COMPUTE P (') AND HARMONIC CONTENTS OF P,
COMPUTE R %) AND R, )

FALSE

CHECK FOR CONVEROGENCE OF NTH AND
2NTH HARMONIC CONTENTSOF P,

COMPUTE R_ (Y1« R_(¥) o R_ (%)

1

STOP

Fig.4 Flowchart for evaluation of response.
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where MODyy and MODy, )y are given by Eq. (24) for o =NQ
and w=2NQ, respectively (N being the number of blades).
MODgy and MODp,y are given by Eq. (26) for « =N and
w=2NQ, respectively. Pnzc, Pnzs, Pinzc, and Pynzs are the
Nth and (2N)th harmonic contents of the excitation force P,
acting at the center of the hub. Using the solution of flap
response of the blade, calculated as explained in step 3, the hub
vertical force Pz over one revolution, due to all the blades, is
evaluated. By performing a Fourier series expansion of Pz, the
Nth and (2N)th harmonic components Pnzc, Pnzs, Pinzc,
and P,nzs are obtained. With these harmonic contents, the
time response of the hub and fuselage is determined using Eqs.
(26-29). With these new values of the response of the hub and
fuselage, the solution procedure is repeated from step 1. Con-
vergence is checked for the Nth and (2N)th harmonic contents
of the excitation force P,. If the convergence is not reached,
with the new values of the hub response, steps 1-4 are re-
peated. A flowchart explaining the different steps involved in
the evaluation of the response is given in Fig. 4.

In the above procedure, it is important to recognize that we
are not really solving the hub and fuselage equation in the time
domain. Rather the solution in the time domain is evaluated
using the frequency-response expression. This type of com-
bined Floquet theory/frequency-response technique of solving
the coupled rotor/isolator/fuselage/dynamical problem has
not been tried and presented in the literature. The main advan-
tage of this new technique is reduced computation time in
solving for the response of the hub and fuselage.

Regarding the solution procedure for the response analysis,
it is important to mention here that in Ref. 20 the authors have
indicated that the rotor-body iteration scheme (as adopted in
this paper) can sometimes lead to a lack of convergence prob-
lems. The criterion for convergence is shown to be that the
ratio of hub mass to pylon mass (in the present case, the
fuselage mass) must be small compared to unity. Since this
criterion is satisfied for the data considered in the present
study, the coupled rotor/isolator/fuselage analysis did not
have any convergence problem.

It is also important to note that, as mentioned in Ref. 20,
one can adopt a fully coupled rotor-body solution technique
for this problem. There are two possible ways of solving the
fully coupled rotor-body equation: the harmonic balance

method!® and application of Floquet theory. In applying Flo-

quet theory, one must be careful to eliminate the singularities
in the matrix [/ —®(27)] in Eq. (18), which appear due to the
presence of rigid-body modes of fuselage. Otherwise, Floquet
theory solution for the response problem will diverge.

Results and Discussions

Vibration analysis is carried out for a four-bladed rotor with
zero precone. The chordwise offsets of the c.g. and the aero-
dynamic center from the elastic axis of the blade are zero. The
fuselage c.g. lies on the shaft axis.

The various data used in the present analysis are provided in
Table 1.

The vibratory loads at various locations in the helicopter are
evaluated using the dynamical equations of motion of the
coupled rotor/isolator/fuselage system. The solution proce-
dure adopted is a combination of Floquet theory and fre-
quency-response technique. The time-varying loads on the
helicopter are obtained for various forward speeds. Two sets
of cases are analyzed, and they correspond to 1) a system with
an isolator and 2) a system without an isolator. Based on these
studies, the influence of the isolator on the loads is established.

Trim Analysis

The results of the propulsive trim analysis are presented in
Fig. 5. The various trim parameters considered are the inflow
ratio (A), the collective and cyclic pitch angles (8o, 0,c, 915),
and the fuselage attitude («). The collective pitch angle of the
blade decreases initially and then increases with increases in
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Table 1 The various data used in this study are provided
below in nondimensional form

Lift-curve slope a 2%
Blade profile drag coefficient Cao 0.0079
Fuselage aerodynamic coefficients Cumx 0.0
Cmy 0.0

Density of air PA 1.225 kg/m
Solidity ratio o 0.1
Number of blades N 4
Lock number ¥ 12
Blade flap frequency (rotating) 1.1
Equivalent flat-plate area of

fuselage A/R? 0.037
Height of rotor hub above c.g.

of the helicopter ha/R 0.426
Offset between ¢.g. of the

helicopter and rotor hub h/R 0.0
Isolator pivot distance Li/Ly 0.08
Isolator spring stiffness Ki/MpQ2 130
Weight of the helicopter w 0.0032

pwRYQR)?

forward speed (u) of the helicopter. The initial reduction in 6,
is due to the increased mass flow through the rotor disk,
which, in turn, reduces the power required for the flight. How-
ever, at high forward speeds, although there is still an increase
in the mass flow rate, the power required to overcome the
vehicle parasite drag increases, which leads to an increase in
the collective pitch setting (6y). The total inflow ratio (A) also
follows a similar trend. The cyclic pitch angles 8;. and 6,5
increase with increases in forward speed, since they have to
compensate for the increasing roll and pitch moments, respec-
tively. As a result of increases in vehicle drag and pitching
moment with forward speed, the fuselage attitude () also
increases monotonically.

Response Analysis

The results for the response analysis are presented in Figs.
6-11. It can be seen from Fig. 6 that the behavior of the flap
response evaluated from trim analysis and from response anal-
ysis matches very well for forward speeds, p<0.2. (Note: In
trim analysis, only the first harmonic contents of the flap re-
sponse are considered.) For forward speed p=0.3, it is found
that there is a marked difference between the flap response
behavior obtained in trim analysis and that predicted in the
response analysis. It may be noted that, for proper treatment
of the problem, the blade response obtained from trim analysis
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Fig. 6 Comparison of flap response from trim analysis and response
analysis.
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and response analysis must be the same. Based on the present
results, it may be concluded that, for low forward speeds
(1 =0.2) an assumption of flap response having only the first
harmonic contents is a very good approximation. However,
for high speeds, higher harmonics of the flap response must be
included, even in trim analysis.

Figure 7 shows the variation of the blade vertical root shear
at different forward speeds. At p=0.1, the variation seems to
be primarily first harmonic; however, as the forward speed
increases, the contribution from higher harmonic contents be-
comes significant. The harmonic contents of the blade vertical
root shear are shown in Fig. 8. It is observed that, at p=0.3,
the second harmonic content becomes greater than the first
harmonic content.

" Figure 9 presents the variation of time-dependent hub verti-
cal load at different forward speeds. It can be observed that
thé hub vertical load increases significantly with increases in
forward speed. The amplitude of the load increases by about
800% for a forward speed change from g =0.1 to 0.3.

The influence of the isolator on the vibratory response of the
fuselage and hub is shown in Figs. 10 and 11. In these figures,
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Fig. 8 Harmonics of blade root shear at different advance ratios.
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Fig. 10 Influence of isolator on harmonics of fuselage response.

the fourth and eighth harmonic contents of the response of the
hub and fuselage are indicated for two cases: without an isola-
tor and with an isolator. It can be seen from Fig. 10 that the
g levels at the fuselage c.g. increase with increases in forward
speed. With the inclusion of the isolator, the fourth harmonic
content of the fuselage response is almost eliminated. In addi-
tion, the eighth harmonic content is also reduced by about
30%. It is observed that the eighth harmonic content of the
fuselage response is two orders lower than the fourth harmonic
content.

Figure 11 shows the harmomc contents of the hub accelera-
tion. It can be seen from this figure that the inclusion of the
isolator increases significantly the harmomc contents of the
acceleration. For example, at i =0.3, with the inclusion of the
isolator, the fourth harmonic content is increased approx-
imately eightfold and the elghth harmonic content by about
fourfold

Concluding Remarks

In the present analysis on the prediction and reduction of
vibration in helicopters, the complete set of dynamical equa-
tions of motion for the coupled rotor/ isolator/fuselage system
is derived. A combination of Floquet theory and the fre-
quency-response technique is applied for the solution of the
coupled rotor/isolator/fuselage problem. The effect of the
inclusion of the isolator on the various loads of the system is
studied. A summary of 1mportant observatlons of the present
study is as follows:

1) A combination of Floquet theory and the frequency-re-
sponse technique is applied successfully for solving the cou-
pled rotor/isolator/fuselage dynamical problem. In this tech-
nique, the rotor blade equations having periodic coefficients
are solved by Floquet theory in the time domain, whereas the
hub/isolator/fuselage response equations are solved alge-
braically using the frequency-response method.

2) In trim analysis, for low forward speeds (1<0.2), the
assumption of a flap response, cons;stmg of only first har-
monic contents, is a very good approximation. However, for
high forward speeds, for a proper treatment of the problem,
higher harmonic contents of the flap response must be consid-
ered in trim analysis.
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Fig. 11 Influence of isolator on harmonics of hub response.

3) The blade loads and blade response increase with in-
creases in forward speed of the helicopter. With increases in
forward speed, the second harmonic content of the blade ver-
tical root shear becomes more and more significant, and it is
observed that at 4 =0.3 the second harmonic content is more
than the first harmonic content.

4) The hub loads increase significantly with increases in
forward speed. When the forward speed of the helicopter is
increased from u =0.1 to 0.3, the peak-to-peak variation of the
time-dependent hub vertical load is increased by about 800%.

5) Inclusion of an isolator between the hub and the fuselage
reduces the fuselage vibratory loads and increases the hub
loads significantly.
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