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ABSTRACT

A methodology is developed for predicting the
vibratory behaviour of a complete helicopter by
coupling a full aeroelastic rotor code with fuse-
lage modes. Applications are made on a simpli-
fied helicopter. Aircraft vibratory characteristics
are evaluated as a function of blade and fuselage
stiffness and the effect of fuselage excitation on
blade loads is calculated.

A first atternpt is made at reducing vibration lev-
els by tuning the fuselage modes through an op-
timisation procedure. Encouraging results show
the feasibility of the approach and call for further
research.

1. INTRODUCTION

Over the past few years the ONERA’s fully ae-
roelastic rotor code [5] has been successully val-
idated against a number of data bases. Iis
reliability now allows the study of the in-flight
vibrations of a complete helicopter. A methodol-
ogy for this is developed by coupling the code
with fuselage modes.

For a simple but realistic application, a hypothet-
ical helicopter is chosen closely resembling a 2
ton aircraft. The fuselage is simplified and de-
fined by beam type finite elements. Flight condi-
tions considered are hover and forward flight at
an advancd ratio of 0.34.

In order to evaluate the influence of the different
vibratory motions, overall aircraft vibration
characteristics are calculated step by step for in-
creasingly complex configurations going from
stiff blades on a fixed hub to soft blades on a
flexible fuselage. The effect of fuselage excita-
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tion on unsteady blade loads is also considered.
It is shown that induced stress levels may not be
negligible.

The ultimate objective of this ongoing research
programme is not merely to predict vibration
levels but also to reduce them. A minimisation
procedure is developed anf first attemps are
made at reducing pilot’s seat vibrations through
tuning fuselage modes. These give very encour-
aging results and show the feasibility of the ap-
proach,

2. THE HELICOPTER CODE

2.1 Conventional reference frame

The helicopter is placed in a galilean reference
frame having the x axis forward, the y axis to the
left and the z axis upward.

2.2 Kinematics

The ONERA aeroelastic helicopter code [5] is
based on a set of routines that calculate the con-
tribution of a blade element dm to the global
equations of a rotor. The blade is cantilevered at
the end of a series of transformations that con-
nect the blade root to the general galilean frame.
These transformaticas completely describe the
aircraft studied. They can be translations or rota-
tions and can be considered as degrees of free-
dom or not. A special transformation is used to
branch the series of transformations in order to
account for the n blades. The blades can be flex-
ible, their deformation being then projected on a
modal base. Fig 1 describes the system.

Many types of structure can thus be taken into
account: rotors mounted on an tilting body,
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Fig 1: Definition of the studied structure in ONERA helicopter code

guimbaled rotors (teetered rotors, universal
joints) or the classical hinged rotor. A projection
of the equations on a body modal bases is then
made, which accounts for all body deformations.

2.3 Equations

The equations are written in the general form:
M, §+B, q+K, qg=F +F,

where the subscript st stands for «structural» and
the subscript ae for «aerodynamic». The equa-
tions thus obtained can then be used for several
purposes: calculation of a periodic response,
time integration or stability.

2.4 Aerodynamics

Quasi-steady aerodynamics can be completed by
a linear unsteady option developed at ONERA,
as well as by two dynamic stall options [1 and 2].

Aerodynamic damping and stiffness matrices

70.2

can also be calculated but only with the quasi-
steady or linear unsteady options.

2.5 Induced velocities

The main induced velocity flow fields available
are those of MEIJER-DREES and METAR [4].
METAR which describes a prescribed wake re-
quires more CPU time and is not available for all
the options, but naturally it yields the better re-
sults.

2.6 Stability

The equations are linearized around a certain
trim and are completed by the aerodynamic
damping and stiffness matrices. Stability is giv-
en by the eigen values of

M-W g+ (B.s't + Bae) g+ (Kst + Kae) g = 0

An option is also available for stability in for-
ward flight using the Floquet analysis. The equa-
tion is integrated simultaneously over a rotor



Fig 2: Finite element model of the fuselage

revolution, followed by a treatment of the re-
sponse.

2.7 Periodic response

The variables are assumed to be periodic and are
expressed through Fourier series the coefficients
of which become the unknowns of the problem.
The solution is then obtained using a mathemat-
ical algorithm (HYBRD) that searches for the
roots of a set of non-linear equations of :

Msz'q+Bsz'ql+K.sr'q = Fst+Fae

Additional equations can be added to this set, in
order to account for control laws, aircraft trim,
etc.

For the in-flight rotor-fuselage coupling, an ad-
ditional feature had to be developed. In this case,
the fuselage vibration has to take into account
the 6 rigid body displacements. As a simple dis-
placement of the aircraft does not change its op-
erating conditions, the mathematical procedure
cannot find a value for it.

Artificial constraints had to be introduced in or-
der to keep the aircraft in its mean position.
These constraints restitute the forces and mo-
ments required to maintain this position. They
represent the weight of the aircraft, the aerody-
namic forces on the fuselage and on the tail and
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the action of the tail rotor.

Calculations are usually performed considering
the variables from one blade only, assuming that
the other blades have exactly the same behav-
iour. Nevertheless, a true multi-blade calculation
is possible and even necessary in the case of an
asymumetric hub such as a teetered rotors.

2.8 Time integration

The same set of equations can be solved step by
step using a mathematical tool (HPCG, but an
option with LSODI also exists). In this case, the
calculation has to be performed without external
trim. This option can show the effect of a pertur-
bation on the aircraft (turbulence, manoeuvres,
etc).

2.9 Optimisation

An optimisation tool for the rotor has also been
developed. It minimises a choosen penalty using
the classical mathematical procedure CONMIN,
each CONMIN iteration being a periodic re-
sponse calculation.

2.10 Exportation of the equations

The calculated equations can be saved and used
outside the code. This has allowed the calcula-
tion of the vibration of an aircraft subjected to a
random external excitation which will be pre-



Table 1: Free modes of the fuselage with no rotor

Displacement at the hub centre
Freq Mass
Mode (Hz) Damp. (mng) x(m) | y(m) | z(m) | Rotx | Roty | Rotz
forw’d | leftw’d | upw’d | (Rd) | (Rd) | (Rd)

Transl.before || 0.000 0. 1928, 0. 0. 0. 0. 0.

Transl.left 0.000 0. 1928. 1. 0. 0. 0. 0.

Transl.above || 0.000 0. 1928, 0. 1. 0. 0. 0.

Roll 0.000 0. 1607. . -1.77 0. 1 0. Q.

Pitch 0.000 0. 4784, 1.77 0. 0. 0. 1. 0.

Yaw 0.000 | 0. 4052. 0. 0. | o. 0. 0. 1.

Lateral.1 8.40 0.02 10000. | 0.0125 | -0.4179 | 0.0005 ; 0.0436 | 0.0098 | 0.1193
Vertical.l 13.22 0.02 10000. i} 1.1976 | -0.0006 | 0.3063 | 0.0010 | 1.7822 | -0.0148
Torsion. 1 1465 | 002 10000. [} 0.0979 | 0.7825 |-0.0446 | 0.2314 | 0:0681 | -0.1696
Lateral .2 18.04 0.02 10000. | 0.2932 | 0.7147 | -0.1045 1 -2.1695 | 0.2094 | -4.5596
Vertical 2a 19.07 0.02 10000. || 3.6073 | 1.6445 |-1.0423 {-1.2253 | 2.5231 { 1.2620
Vertical.2b 19.16 0.02 10000. || 5.8726 | -0.8008 |-1.6908 0.5903 | 4.1175 [-0.6128
Tail. Vertical.1 || 21.09 0.02 10000. |j 1.5160 | 0.1454 | 0.0911 [-0.1359| 1.1482 | 0.0417
Mast.Rol} 23.40 0.02 10000. 1}-0.1559 | 5.9723 | 0.0609 |-6.1019|-0.1052 | 0.3599
Lateral.3 24.73 0.02 10000. || 0.0070 | 0.8641 |-0.0335 | -0.6966 | 0.0429 | 1.0774
Opp.Tail/Mast || 25.05 0.02 10000. || 0.5915 | -0.0511 | -0.8189 | 0.0454 | 1.2587 | -0.0508
Vertical 3 30.82 0.02 10000, }} 1.7511 | ©.2191 | 1.1766 | -0.2019 | 1.1480 | -0.0333
Lateral.Cabin || 32.79 0.02 10000. {[-0.1051 | 4.8249 | -0.0733 -4.6207 | 0.0107 |-0.3950

sented later.

The equations have also been coupled with a
fixed wing aeroelastic stability code leading to
the prediction of the dynamic behaviour of a
complete tilt rotor aircraft.

3. THE AIRCRAFT AND FLIGHT
CONDITIONS

The present study was conducted on a hypothet-
ical helicopter that possesses all the characteris-
tics of a classical medium size aircraft, with a
total mass of 2164 kg.

3.1 Rotot

The rotor is made of three hinged straight blades
that are 5.25 meters long, flexible and dynami-
cally defined by their first 7 non-rotating canti-
levered modes. Their chord is 0.35m.

Their rotating frequencies are 2.43 and 30.6 Hz
for the first and second lead-lag modes, 6.62,
17.38 and 29.43 Hz for the first, second and third
flapping moides and 27.3 Hz for the torsion
mode.

The rotation speed of the rotor is 6.45 Hz.

3.2 Fuselage

The fuselage is modeled by beam elements that
were developed at ONERA in order to reproduce
correctly the low frequency behaviour of a real
helicopter {3]. It is made up of 234 nodes, 562
beams and 1390 degrees of freedom. Its geome-
try is shown in fig 2.

No fuselage or tail aerodynamics are taken into
account except for the total drag.

The fuselage modes are calculated using the
NASTRAN finite element code and neglecting
the rotor. This simplification is introduced be-
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Table 2: Complete helicopter natural frequencies in-flight

Hover Forward flight, V=72 m/s
Modal characteristics Name : . .
(body modes shaded) Snapshot eig. || Floguet analysis Snapshot eigenvalues
Fq(Hz) / Damp. || Fq (Hz) / Damp. Freq (Hz) / Damping
Iy 12356 | 0008 || @Q-2.56 | 0.005 || 2.53 ~->2.54 [0.008 --> 0.010
Blade lead-lag x 3 I | 271 | 0.006 2,71 0.006 2.70 0.009
0"yl 322 1 0007 || 270+Q | 0.004 || 3.21->325 | 0.-->0.016
10 649 | 0310 || 663-Q | 691 || 555->6.03 | 021->038
Blade flapping x 3 f] 6.63 | 0.287 6.63 0.287 || 6.48->6.80 | 0.14->0.27
'y || 649 | 0291 ||647+Q | 0.154 || 724 -->7.64 | 0.22-> 030
~ Lateral 1 - Fi |l 830 | 0020 || 837 | 0.002 839 20,0200
- Vertical 1 By | 1287 [ 0019 || 13, 02 0019 [/12.85 > 12.87 0018—->(}020
.Tor310n+Vcrtzcal 2b.__ B3 || 1439 | 0019 || 1447 | 0019 ||14.36--> 14.39 | 0. 018~—>0019
o Torsion 1| By | 1462 | 0,019 | 14.84 | 00019 ||14.61 > 1463 | - 0.019
. Lateral 2 + Body rolt | Fs | 1750 | 0.019 || - 17.68 0.018 |{17.49 --> 18.53 | 0.018 > 0.0_21
5 | 1773 | 0078 ||17.71-Q | 0.124 [[17.19 ->17.36 [ 0.101 --> 0.140
2nd blade flapping x 3 | fo || 17.98 | 0.075 || 17.98 | 0.074 [[17.76 --> 18.23 | 0.037 --> 0.100
' f'9 I 17.75 | 0.079 {1775+ Q| 0.058 || 17.47 --> 17.63 | 0.057 --> 0.124
“Vert2a + Lateral 2. | Fg . |[ 1824 | 0019 || 18.28 | 0.019 [[18.25->1826] 0019
MastRoll “ .| Fy || 2007 |1 0019 §| 2013 | 0019 | . 2008 | 0019 -~
“TailVertical L | Fg || 21.01 | 0020 || 2101 | 0020 || 2100 | 0020
© Lateral3 | Fo' || 24.69 | 0.020 | 24.69 | 0.020 2469 .| 0020‘..-
" Opposition Tail/Mast. | Frp || 24.95 | 0.021 || 2495 | 0.021 2494 < [ 0021
v || 26,14 | 0.194 |[26.13-Q | 0255 [|26.97 — 2736 [0.094 > 0.107
Blade torsion x 3 t 26.18 | 0.196 26.18 0.196 ||27.32-->2780|0.110 ->0.127
" || 26.15 | 0.192 ||26.14 + Q| 0.156 |[27.79 -->28.32 | 0.110 --> 0.217
£ || 29.43 | 0.087 [[2946-Q ] 0.111 [[29.17 -->29.21 [ 0.066 --> 0.171
3rd blade flapping x3 | f3 || 20.41 | 0.068 || 2942 | 0.070 [[29.31-->29.67 |0.042 --> 0.135
'3 | 29.45 | 0.087 {2943+ Q| 0.071 || Undecidable | Undecidable
Lateral Cabin Fip i 3027 | 0014 || 3072 | 0.017 [[30.24 -->30.27 ] 0.014 --> 0.015
Vertical 3 - Fio |l 3052 | 0035 || 30.60 | 0.035 |{30.57 -->30.68 | 0.026 --> 0.030
105 1 31.02 | 0.008 || 30.90-@ | 0.007 [[31.00-->31.09|0.007 --> 0.009
2nd blade lead-lagx 3 | llp || 30.86 | 0.003 || 30.87 | 0.006 ||30.86-->30.87 | 0.003 --> 0.004
11"y || 31.87 | 0.004 || 31.46+Q | 0.004 |I31.76 -->31.92 | 0,008 --> 0.009

cause the blade mass is not easily accounted for
through the hinges.

The calculated modes are listed in table 1. Three
modes were found in the vicinity of 3€ (19.35
Hz) which is the frequency of excitation by the
rotor. It will be shown later that considering each
blade individually by branching the rotor will
shift these frequencies,

The first 12 modes were retained for this study
(up to 5€2), in addition to the 6 rigid body modes.
It is difficult to give these modes descriptive
names. If one thinks of the helicopter as a simple
beam, one might expect basic modes such as sets
of vertical bending (first, second, third...), lateral
bending and fuselage torsion modes. In fact the
finite element calculation reveals several modes
sharing the same basic deflection pattern.
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For the sake of clarity, the first 4 non-rigid
modes were defined as Lateral.l, Vertical.l,
Torsion.1, Lateral.2. The next 3 modes have the
same basic deflexions and were named Verti-
cal.2a, Vertical.2b and VertTail. 1, since for the
last of these the tail movement is predominant.
The next mode has a rolling motion of the rotor-
shaft followed by a Lateral.3 mode. The follow-
ing mode has the shaft and the tail moving in
counter phase. The last modes kept are a Verti-
cal.3 mode and a lateral mode in which only the
cabin seems to move.

For the calculations, 2% of damping was as-
sumed for each flexural mode.

3.3 Flight conditions

The helicopter cruises at 72 m/s which corre-
sponds to an advance ratio of u=0.34. At this
speed, the pitch attitude of the aircraft is taken as
9 degrees nose-down.

The aircraft is force trimmed, that is to say that
the thrust of the rotor balances its weight and
creates a propulsive force of Cp/6=0.100. A zero
lateral force is assumed.

Calculations were carried out with quasi-steady
aerodynamics including a linear unsteady com-
ponent. The METAR prescribed wake was used.

4, CALCULATING THE AIRCRAFT MODES
4.1 Introduction

The aircraft has 18 degrees of freedom for the fu-
selage and 27 for the rotor (7 blade flexural
modes plus flapping and lead-lag, for each of 3
blades). Forty-five modes are thus expected to
be found, the first 30 of these are given in table
2. Calculations were performed in hover, with
zero pitch attitude, and in forward flight.

The modal characteristics of a complete aircraft
are not obvious to obtain. Periodic coefficients
are present in the forward flight equations, but in
fact, these already exist in hover because of the

mixture of the degrees of freedom rotating on the
rotor and those that are on the fuselage.

In the presence of periodic coefficients, the
FLOQUET theory is necessary to obtain
generalized modes. This method requires much
computing power and leads to results often
difficult to analyse.

A procedure has been suggested [8] where the
eigenvalues of the instantaneous equation at
each azimuth are determined. This is known as
the snapshot eigenvalue method.

4.2 Snapshot eigenvalues in hover

The frequencies and damping obtained for the
first 30 modes of the helicopter model are shown
in table 2. Body modes are shaded and blade
modes occur in groups of 3 close frequencies.

This last point can be understood if one remem-
bers that the rotor is supposed fixed at some azi-
muthal position (rotational effects still being
taken into account). For each blade mode, the
coupling with fuselage degrees of freedom
slightly shifts each of the triple rotor frequen-
cies, which then become distinct. Blade flap-
ping, for example, would lead to one rotor mode
coupled with the vertical vibration of the fuse-
lage, a second with pitch and a third with roll.

In the case of hovering flight, the symmetry of
the rotor causes the frequencies and dampings
not to depend on azimuth although the equations
have periodic coefficients. On the other hand,
the mode shapes vary with the azimuth angle.

Calculations show the body mode frequencies
and shapes close to those of the isolated fuse-
lage, although some of the couplings are difficult
to understand. There is also little change in the
damping.

Each blade mode branches into 3 as expected.
This effect is quite large in lead-lag. Lead-lag
damping is quite low and flapping is heavely
damped, as expected. Torsion damping is also
high due to unsteady aerodynamics.
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Table 3: Vibration at an advance ratio of 0.34

Table 3a
Configuration o Oc Bs Power
Stiff blades, cantilevered rotor 0.32°9 0.62° | -1.61° | 248 kW
Flexible blades, cantilevered rotor 1.53% | 0.24° | -1.77° | 246 kW
Flexible blades, stiff fuselage 1.53° | 0.24° | -1.77° | 246 kW -
Flexible blades, flexible fuselage 1.51° | 0.24° § -1.77° | 248 kW
Table 3b
Forces and moments at the hub
Configuration
Fx (3Q) | Fy (3£2) | Fz (3£2) | Rot Mt (2€2) | Mt link(2€2)
Stiff blades, fixed hub 329N § 376N | 546N 927 mN 225 mN
Flexible blades, fixed hub 422N | 103N | 3271 N 575 mN 170 mN
Flexible blades, stiff fuselage 365N T2N | 3214 N 237 mN 169 mN
Flexible blades, flexible fuselage || 845N | 332N | 3173 N 235 mN 167 mN
_ Optm’nsatlon ofl"z pxlot sseat. || 890N | 536N 3193N | 241'mN - | 169mN. -
Optimisation of I"pilot’s seat || 761N | 795N | 3163N | 229mN | 164 mN
Table 3¢
Maximum stress at the blade root
Configuration Chordwise | Vertical | Torsion | Flapping | Lead-lag
shear shear moment | moment | moment
Stiff blades, fixed hub 317N 781N -124 mN | -946 mN | -925 mN
Flexible blades, fixed hub 159 N 221N -112ZmN | -510mN | -890 mN
Flexible blades, stiff fuselage 163 N 217N 113 mN | -508 mN | -887 mN
Flexible blades, flexible fuselage 184 N 220N ~113 mN | -538 mN | -917 mN
Optimisation of T'z pilot’s seat 176 N 226N -114mN | -553 mN .| -952 mN-
" Optimisation of ' pilot’s seat - || 225N | 216N | -113mN | -518 mN | -977 mN
Table 3d
Acceleration at the pilot’s seat
Configuration
I'x/forw’d| Ty/left |Tz/upw’d| dI'z/dx db'z/dy
Flexible blades, stiff fuselage 006 mvs? | 024m/s? | 132m/s2 | 0.16 Rd/s® | 0.16 Rd/s?
Flexible blades, flexible fuselage 1.13 m/s2 1.75 m/s> 0.77 m/s2 | 3.16 Rd/s* | 1.07 Rd/s>
Optimisation of [z pilot’s seat . || 1.22m/s*> | 1.76m/s> | 0.12m/s> | 3,17 Rd/s? | 1.06 Rd/s?
Optimisation of T pilot’s seat || 0.1t m/s2 | 024m/s2 | 020m/s? | 020 Rd/s? | 0.58 Rd/s
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4.3 Floquet analysis in hover

In the case of a symmetrical rotor (more than 2
blades in hover), the use of multiblade coordi-
nates removes the periodic coefficients. This
change of variables plays the role of a Floquet
analysis.

The modes obtained using the multiblade coor-
dinates are now true modes for the fuselage de-
grees of freedom.

The rotor modes are still found by groups of
three: a collective (frequency ), a regressive (at
about -, Q=6.45 Hz) and a progressive {about
@+€2) mode. The shift in frequency obtained is
due to the fact that the vibration is considered in
the fuselage fixed reference frame.

In order to evaluate the snapshot eigenvalue
method, one must first make the appropriate
shift in the frequencies of the blade modes and
then compare the dampings expressed in shand
not in non-dimensional form as given here.

This manipulation is not very satisfactory, but it
can be seen that the modes obtained are quite
close to those given by the snapshot eigenvalue
method, both in frequency and in damping.
Thus, the snapshot eigenvalue method is usefuly
reliable. Some differences can nevertheless be
noticed, especially relative to the lowest fre-
quency blade flapping and lead-lag modes.

4.4 Snapshot eigenvalue in forward flight

Because of the periodic aerodynamic environ-
ment, the frequencies and damping calculated at
each azimuth now fluctuate, Their range of val-
ues is shown in table 2.

The blade modes show quite large oscillations.
Nevertheless, the average value of their damping
remains of the same order as in the case of hover.

The results obtained in hover are thus reasonably
reliable for forward flight. The biggest differ-
ences with hovering conditions being the shift in
frequency of two of the blade first flapping fre-
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quencies and the increase in the torsional fre-
quencies which are not understood.

4.5 Floquet analysis in forward flight

The use of multiblade coordinates is not suffi-
cient to suppress the periodic coefficients caused
by the aerodynamics. A true Floquet analysis has
to be performed. This has been attempted but the
difficulties in time integration with the 6 zero
frequency modes of the aircraft (some stiffness
had to be introduced) and the complexity of the
response have not yet been resolved.

The snapshot eigenvalue method is therefore the
only available tool at present.

5. VIBRATION OF THE AIRCRAFT

5.1 Characteristic behaviour

The general vibration of the aircraft in forward
flight (72 m/s) has been studied for conditions,
where the number of degrees of freedom is in-
creased step by step.

Tables 3 summarize the results. There are 3 com-
ponents in 3£ of the forces at the hub centre in
the x-axis, the 2€) component of the rotor rotat-
ing moment, the moment at the pitch link (table
3b) and the resulting acceleration at the pilot’s
seat (table 3d). The maximum stresses during a
cycle, at the blade root, is also shown (table 3c).

Fixed Hub : The results show that the stiff blade
calculations lead to the larger hub loads, except
for the vertical force component at the hub cen-
tre (table 3b). This shows that blade softness
generally reduces hub loads.

In fact, the helicopter with soft blades flies with
different pitch controls (table 3a) because the
blade torsion (dynamically) changes the acrody-
namic angle of attack.

Stff fuselage : Allowing the rigid body move-
ments of a stiff fuselage further reduces the forc-
es at the hub centre, by 20 to 50%.
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Fig 3: Response to a white noise excitation of the helicopter fin.
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Table 4: Optimised fuselage frequencies

Fuselage modes Origina} Optimisa.tion Optirnistation

frequencies | Acc. z pilot Acc. pilot

Lateral.l 7 840 Hz 840 Hz 10.0% Hz
Vertical. 1 8 13.22 13.36 12.54
Torsion.1 9 14.65 14,85 12.86
Lateral.2 10 18.04 18.28 14.43
Vertical.2a 11 19.07 20.11 15.26
Vertical.2b 12 19.16 19.71 15.33
Tail, Vertical. 1 13 21.09 20,78 25.31
Mast.Roll 14 23.40 22.55 28.00
Lateral.3 I5 24.73 24.73 19.78
Opp. Tail/Mast 16 25.05 25.06 30.05
Vertical.3 17 30.82 30.82 24.65
Lateral.Cabin 18 32.79 32.80 26.23

Flexible fuselage : Taking into account the flex-
ure modes of the fuselage increases the stresses
to levels exceeding those of the fixed hub (table
3c). The dynamics of the fuselage do not act in
the right direction here. The fact that the lateral
rather than the vertical accelerations at the pi-
lot’s seat are increased shows that the main prob-
lem originates from the rotating moment on the
hub, rather than the vertical effort.

The larger amplitude of vibration of the fuselage
logically comes from the {5, f¢, f7 and fg modes
whose frequencies are in the neighbourhood of
the excitation at 3€2.

5.2 Forced response

Sinusoidal excitation : A sinusoidal excitation
was applied to the fuselage in order to check its
vibration sensitivity. The excitation was applied
sideways on the helicopter fin and could simu-
late an aerodynamic excitation.

The generalized force generated by this excita-
tion was introduced into the right hand side of
the general equations of the system:

aWtZXl

M“-('j-FB q+Ksr+ae'q - 861

st+ae

in which, 1t must be remembered, all the matri-
ces have the periodicity Q.

If the excitation frequency of the tail is , it is as-
sume that the vibration of the aircraft can be
wriften in the general form:

n kmu.r

g=Y Y gy cos ((O+kQ)1+¢)
i=lk=-k,,
If the highest frequencies are neglected (that s,
the highest values of k), the above equations re-
duce to a linear system, the unknowns of which
are the variables ¢, and @y,

The response of the fuselage due to an excitation
at frequency  1is then a set of sinusoidal oscilla-
tions at frequency lo+k€ll, k taking all the inte-
ger values between £k .
Random exgitation : In order to simulate the re-
sponse to a white noise excitation, the different
amplitudes of vibration calculated are summed
for a wide range of excitation frequencies.

The spectra of the 3 components of the hub reac-
tion generated by the random excitation between
1 and 40 Hz are shown in fig 3, together with the
frequencies calculated in table 2. They correlate
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well with the different resonance peaks ob-

served.

The fuselage modes (f1, £2, £3, 4, £5, {7) excited
by the fin can be seen together with the blade

Acc X (m/s2) | +1. Acc X (m/s2) [ +1. Acc X (m/s2) [ +1.
Re Re Re
+1. +I1. ?) +l't.
Im Im Im
AccY (m/s2) | +1. AccY (mis2) |+1. AccY (m/s2) [ +1.
Re Re Re
" AM4 I A { -
+1. +1, +1.
im Im im
Acc Z (m/s2) |+1. Acc Z (m/s2) [ +1. Acc Z (m/is2) [ +1.
Re o ‘ Re : Re )ﬁ/g .
+1. & +1. +1,
Im Im tm
Original Optirhisation Optinfisation
fuselage Acceleration z pilot Acceleration pilot

lead-fag (111 and 1I2).

Fig 4: Acceleration at the pilot’s seat
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It would normally not be logical to obtain such a
large response in blade lead-lag. In this exercise,
lateral movements of the fin are strongly cou-
pled with blade lead-lag because the calculation
fixes the rotation speed of the rotor and thus any
movement in yaw is directly transferred to the
rotor. In a real aircraft, the two would be coupled



through the stiffness and damping of the trans-
mission and much of it would be filtered out.

In addition to the mode resonances, secondary
peaks can be observed, (named f1°, {3’ f4°, etc,
the prime here stands for a component of a mode
at its frequency plus or minus 32, a component
which is generated by the periodic coefficients
on the fuselage at 3Q2).

Other resonances are due to the blade’s progres-
sive (noted 111+ and 112+) and regressive modes
{noted 111- and 112-). As already discussed these
modes are not separated by exactly €.

It should be kept in mind that the total in-flight
hub reaction is the sum of these spectra and of
the discrete peaks at nQ of the in-flight forced
response vibration.

6. VIBRATION MINIMISATION
6.1 Introduction

As the ultimate objective 18 not only to predict
vibration levels but also to reduce them, two
simple optimisation exercises were undertaken :
minimising the z acceleration at the pilot’s seat,
then the overall pilot’s seat acceleration.

Minimisation needs the relaxation of some pa-
rameters. As a first step, it is not practical to iso-
late parameters relative to the fuselage geometry
or to mechanical properties, although this will be
done in the future. The object of the present ex-
ercise is simply to test if some gain can be
achieved by tuning the fuselage. Thus a very
simple approach has been chosen : the fuselage
mode shapes were supposed constant, but their
frequencies were used as the variable parame-
ters. The mode shapes may effectively not be too
dependant on the fuselage characteristics. The
drawback of such a procedure is that it may lead
to a stiffening of certain modes which is incon-
sistent with the softening of others.

Nevertheless, this analysis is of interest as it
evaluates the sensitivity of fuselage vibration

levels to natural frequencies.
6.2 Procedure

Fuselage modes in table 4 are labelled 7 to 18,
the numbers 1 to 6 being reserved for the rigid
body degrees of freedom on which no optimisa-
tion is possible. The non-rigid mode frequencies
were left {ree to move within plus or minus 20%
of their original values.

In order to study the general vibration of the hel-

_1copter, the resulting acceleration of the pilot’s

seat in the three coordinate directions at the fre-
quency 32 is reported in fig 4. The circled points
represent the amplitade and phase resulting of
optimised vibration level in the complex plane.
The vibration is decomposed into 18 vectors (or-
dered from the first to the last) which correspond
to the contribution of each fuselage mode. The
larger contributions have their mode number
noted in the figure,

All the vibration parameters of the helicopter are
also shown in table 3-D.

6.3 Minimisation of the z accelerationof the pi-

lot’s seat

The optimum set of fuselage frequencies is re-
ported in table 4. The minimum of the vertical
acceleration of the pilot’s seat has been obtained
with a small variation in the frequencies of the 4
fuselage modes which are in the neighbourhood
of 3Q2 (modes 11 tol4).

Fig 4 shows that the general vibration of the hel-
icopter is not changed and that the small shifts in
frequency are sufficient to close the z vibration
vector and bring it to a near zero value.

6.4 Minimisation of the overall pilot’s seat ac-
celeration

Table 4 shows that the optimizer acts here on all
the modes and nearly all of them are pushed up
toward the 20% limit allowed. This modified fu-
selage may be very difficult to build.
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However, the result is very attractive, Accelera-
tions are greatly reduced, especially in the x and
y directions. On the average the fuselage compo-
nents of vibration are reduced and table 3d
shows that the acceleration derivatives in the x
and vy directions are also considerably reduced
which ensures a low vibratory level in the entire
helicopter cabin.

Except for mode 16, the low vibratory level was
obtained by pushing the frequency away from
the 3Q excitation, which is not too surprising.

Mode 18, which has the highest frequency intro-
duced in the calculation, is still present with
quite an large component. Therefore the re-
sponse obtained may be somewhat different if
more modes were used.

As in the z acceleration minimisation, the lateral
hub load at 3 is doubled.

6.5 Conclugion

The first minimisation shows that little change in
the fuselage mechanical properties can bring a
local improvement.

The second minimisation shows that a much im-
proved vibratory level can be obtained with
greater structural changes, without any apparent
penalty. However, the new fuselage thus defined
may be unrealistic and more research is needed.

7. CONCLUSIONS

The present study of the vibrations of a complete
helicopter required the development of a meth-
odology where an aceroelastic rotor code is cou-
pled with fuselage modes. Resolving this system
poses difficult computational problems. Never-
theless, calculations for a simplified helicopter
lead to the following general conclusions :

+ the flexural modes of the fuselage have a large
influence on rotor hub reactions and on fuse-

lage vibrations;

» the analysis of the overall aircraft modes shows
that the snapshot eigenvalue method gives a
good insight into the modal characteristics.
However, a reliable Floquet analysis would
be an useful and more accurate tool;

» forced excitation of the fuselage shows that sig-
nificant response on the hub and blades can
be expected;

* first attempt at minimising helicopter cabin vi-
brations through the tuning of fuselage modal
characteristics give very promising results.

Flight test measurements are now required to
validate the codes and the methodology used.
Studies of realistic optimisation procedures of
helicopter vibrations will then be undertaken
with direct action on fuselage structural proper-
ties.
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