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STRATEGIES FOR DYNAMIC MOBELIZATION
OF A HELICOPTER STRUCTURE

Serge DURAND — Victor YANA

AEROSPATIALE, HELICOPTER DIVISION

ABSTRACT

The modelling of complex structures such as helicopter
fuselage is a key point since it is intended to achieve the
dynamic adaptation with respect to the main excitations, to
study the rotor-structure couplings and to make forced res-
ponse calcutations.

An efficient dynamic model of a helicopter structure is not
easy to define. This paper exposesa methodical approach
based on three precepts : dividing difficulties, correlating
the experience and simplifying the reality.

This methodical approach was successfully applied to the
ECUREUIL helicopter tail section. It 1ooks to be promising
for a quicker analysis and solution of the structural dyna-
mics problems.

INTRODUCTION

The reduction of vibrations on helicopters involves three
different actions :

1. Dynamic optimization of the rotor blades
2. Installation of efficient anti-vibration systems
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3. Dynamic optimization of the structure.

Constant improvements were already made by Aérospatiale
on the first two points during the last decade.

It is now possible to obtain a good dynamic adaptation
with respect to aerodynamic excitations.

As regards the rotor-structure interface, the various resona-
tor passive suspensions such as the SARIB and its derivatives
as well as the higher harmonic control Jook very promising.

The work performed on the third point did not lead to
results as satisfactory as for the first two points.

't was therefore necessary to make a special effori to deal
with the complex problem of the dynamic adaptation of
structures.

Considering the differences obtained during the previous
studies between the results from calculations and the re-
sults from tests, we re-examined our approach to the
problem.

Before coming to the heart of the matter, let us remind
which are the major problems encountered in structure
dynamics.



1 — STRUCTURE DYNAMIC PROBLEMS

A helicopter rotor is a powerful source of vibrations.

The harmonic excitations generated by the rotors lead to
mechanical vibrations which affect the comfort of the pas-
sengers and generate fatigue phenomena for mechanical
parts. Moreover, these excitations may result in dangerous
instabilities.

Being familiar with the dynamic characteristics of a rotor-
craft structure is one of the keys to solving the vibration

problems encountered on helicopters.

The main structural problems are :

1.2 — ROTOR/STRUCTURE COUPLING

Secondly, knowtedge of modal characteristics involves a
study of rotor/structure couplings.

This study is very important because the couplings could
result in dangerous instabilities,

For instance, the coupling between the first drag mode of
the soft-in-plane tail rotor blades and a mode which affects
the aircraft tail section.

In this instance, it is important to have a good model of the
tail section together with a simplified model of the front
section,
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Fig. 1 STRUCTURE DYNAMIC PROBLEMS

1.1 — DYNAMIC ADAPTATION

Firstly, DYNAMIC ADAPTATION of the structure as re-
gards excitations generated by the main and tail rotors.

ltis a RESONANCE STUDY.

Coincidence must be avoided between natural and excita-
tion frequencies. If there is coincidence, then the mode
shape must be examined to find out whether this mode is
really excited.

On a helicopter, the dominant excitation frequencies are
produced by the main rotor and the tail rotor. When
applicable, the excitation frequencies due to certain wea-
pon systems must also be added.

Dynamic adaptation not only concerns the overall aircraft
in flight but also the different optional equipment instalta-
tion configurations and also the hydroelastic problems
associated with structural fuel tanks.

Inaccuracy of the predicted stability depends, among other
things, on the quality of the modal computation.

1.3 — FORCED RESPONSE STUDY
The third main problem is the forced response study.

This computation is indispensable for dynamic optimization
of the structure.

It is also indispensable for aptimizing the setting of the sus-
pension between the rotor and the structure (e.g. SARIB),
particularly for excitations such as bending moments gene-
rating pitch movements and shear loads, which both have
significant effects on the cabin vibration level.

In paragraph b.2 it will be shown that by considering the
focation, the direction and the excitation fregquency, histo-
grams of the strain or kinetic energy distribution can be
drawn up for each finite element.
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The list of vibration problems encountered on a helicopter
structure shows how important it is to have a good dynamic
madel of the structure. We hope that this will be achieved
by using an appropriate strategy.

2 -~ STRUCTURE DYNAMIC COMPUTATION

The finite element method is currently used when designing
a structure as complex as that of a helicopter, from a dy-
namic standpoint.

The principle of this method is to use a discrete displace-
ment field with subregions and to reconstitute the complete
region using interpolation functions.

This is a discrete approach to a continuum problem.

The code used by the Helicopter Division was developed by
the University of Liege (Belgium} and is known as SAMCEF
*}.

The stiffness matrix K is obtained from the strength of
materials law, The mass matrix M is obtained from the solid
mechanic’s law. This matrix may be diagonal, a lumped mass
matrix, if the mass is distributed on the grid nodes, or a
consistent mass matrix if an interpolation function is used
to distribute the mass.

The damping matrix D is oblained from the energy dissipa-
tion law ; damping can be introduced in different ways
{proportionat, modal, per element, per dash pot).

The three main computations covered in dynamics are
modal analysis, harmonic analysis and transient analysis.

2.1 — MODAL ANALYSIS

This computation leads to the knowledge of the modal
scheme : natural frequency, mode shape and generalized
mass.

It consists in solving an eigenvalue problem in the form of :

[k]q: CJZ[M],?.

The originality of SAMCEF lies in the resolution method
used {Ref. 1) The Lanczos algorithm which works on
the complete system outside central memory and eliminates
the condensation stage, for a lower cost.

The method has been considerably improved to overcome
the standard defects of the algorithm :

— non-detection of rigid modes
rearthogonalization at each iteration

— skipping certain eigenvalues
restart procedure of the starting random vector

— appearance of spurious solutions
error bounds caicutation

{8} Systéme d'Analyse des Milieux Continus par Eléments
Finis {Continuous medium analysis system using finjte
elements)
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2.2 — HARMONIC ANALYSIS

Here it is a question of the forced response (i.e. after disap-
pearance of the response due to the initial conditions) 1o a
harmonic excitation calculated for a certain excitation
frequency.

The fundamental dynamic balancing equation is expressed
as

~? [/’_/]77 al'/b.]yf[l(_/] g="/o

where :

q : compiex displacements vector

F . excitation force

The solution is obtained by modal superposition {Ref. 2).

23 — TRANSIENT ANALYSIS

This analysis concerns a response to an excitation known in
time in a deterministic manner.

MG (D101, G ()+ (KT g (&)= F1E)

The solution is obtained by modal superposition or direct
integration {Ref. 2. ‘

3 -DYNAMIC MODELIZATION STRATEGY

An efficient dynamic model of the struciure is not easy to
define ; it is only with a certain amount of difficulty that
a working knowledge of the dynamic characteristics of heli-
copter structures has been obtained over the past ten years.

These difficulties stem mainly from problems inherent to
the modelization of junctions between the various substruc-
tures and their significant effect on modes as well as from
problems inherent to the characteristics of the new materials
used in the aeronautic field ; from problems inherent to
the fluid/structure interaction in structural fuel tanks that
take a significant amount of the overall helicopter volume,
and this mainly on small aircraft ; and finally from pro-
blems inherent to modular design of small aircraft, e.g.
bubble type cabin.

Difficulties encountered led us to adopt a systematic ap-
proach. Our strategy thus rests on three precepts :
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Fig. 2 DYNAMIC MODELIZATION STRATEGY

3.1 — DIVIDE DIFFICULTIES

Given the modular character of a helicopter fusetage, it can
be broken down into a certain number of substructures.

Dividing the difficulty consists in dealing with the follow-
ing problems separately :

1. Is the substructure correctly modelized ?

2. s the junction between different substructures correct-
ly modelized ?

For this, experimental correlations are performed without
reference to the boundary conditions then the links are
identified.

3.2 — CORRELATE WITH TEST

Experimental correlations are indispensable to obtain a
reliable finite elements dynamic model with which modifi-
cations can be suggested with a certain degree of confidence
during the development phase.

Experimental correlations are performed substructure by
substructure with a final correlation for the complete
structure.

The model is thus validated for each substructure indepen-
dentty from the links between substructures.

3.3 — SIMPLIFY REALITY

In spite of the increased power of computers, computation
times increase very quickly with the number of degrees of
freedlom, particularly in modal analysis when the resolution
of the eingenvalue problem (kg == w* Mq} takes three to
four times longer than the resolution of a linear system
(kg =T) in standard static analysis.

The constant concern of dynamics analyst shoult be the
minimization of the number of degrees of freedom {1} in a
given frequency bandwidth or for a given number of modes.

The action consists, from a grid which is tbo fine (e.g. a
grid designed for a static computation) in gradually redu-
cing the number of degrees of freedom by simplifying the
grid, until a significant natural frequency gap is obtained.
This action is of course only effective in a given frequency
bandwidth.

tt may be applied quite easily with the help of the facilities
provided by the GRATIS (2} automatic grid preprocessor
developed at Aérospatiale’s Marignane works.

The two-fold advantage of this precept is the reduction in
computer costs but also the model utilization flexibility in
particular for the forced response and parametric studies.

{1} For simplification purpose, degree of freedom is abbre-
viated as d.o.f.

(2} GRRATLILS. Générateur Rapide Automatique par
Technigue lsoparamétrique {lsoparametric Technigue
Fast Automatic Generator)
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4 — APPLICATION TO THE ECUREUIL
HELICOPTER TAIL SECTION

These strategies were applied to the tail section of the
ECUREUIL helicopter. This choice was dictated by the
availability of the elements for tests and mainly by the fact
that tail sections of helicopters excited both by the main
and tail rotors are at the centre of many dynamic problems.

4.1 — SUBSTRUCTURATION

UFPER VERTICAL FIN

TAIL BOOM CONE

== [

LOWER VERTICAL FIN

y

SUBSTRUCTURATION OF THE ECUREUIL
HELICOPTER TAIL SECTION

HORIZONTAL STABILIZER

Fig. 3

The tail section was divided into the followingsubstructures
in accordance with our strategies :

— Horizontal stabilizer

— Lower fin

— Upper fin

— Tail cone

4.2 — EXPERIMENTAL CORRELATION FOR THE
HORIZONTAL STABILIZER

For practical and test control reasons, the experimental
correlation was performed under «free-free» boundary
conditions,

£ 4

Fig. 4 : HORIZONTAL STABILIZER VIBRATION
TEST

It was decided that we should limit ourselves to the first
two natural modes,

Resetting was carried out by action on the Young's modu-
lus E and on the pressure coefficient 7.

The correlation is excellent both in mode shape and natural
frequency.

FIRET : "2 NODES” FLEXURAL MODE SEGOND : TORSIGNAL MODE

4:?{ // __::::_":;'

TEST: M0 My

COMPUTATION -
PRE-CORRELATION : 92 Hz
POST-CORRELATICN: £BS8 Hr

COMPUTATION @
PRE.CORRELATION : 523 H
POST.-CORRELATION @ 541 Hx

Fig. & CORRELATION OF THE FIRST TWO

MODES

The reset model will favour the action of minimizing the
number of degrees of freedom with other boundary condi-
tions.

4.3 — MINIMIZING THE NUMBER GF DEGREES OF
FREEDOM

Minimization was achieved under the boundary conditions :
usimply supported at tail boom junction pointsy nearest
reality. It should be noted that minimization is valid only
if it is achieved under realistic boundary conditions.

In fact, if minimization were achieved in «free-freen boun-
dary conditions, the final model could have proved not to
be satisfactory for the boundary conditions on aircraft.
Choosing the boundary conditions is therefore essential,
since accarding to the selection, a single area may contri-
bute to either the kinetic energy or the strain energy.

The minimized model includes 772 d.o.f. for an original
model of 1361 d.o.f.

NATURAL FREQUENCY

R .

BANDWIDTH REFEAENCE VALUES
OF INTEREST

Nz .

TORSIONAY MODE

FLEXURAL MODES

NUMBER OF D.O.F.

iZ 1068 1261
OFTIMAL MODELIZATION  AEFERENCE MODELIZATEON
#H THE FREQUENCY AFTER EXPERIMENTAL
BANDWIDTH OF INTEREST CORRELATION
Fig. 6 MINIMIZING THE NUMBER OF d.o.f.
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4.4 — ASSEMBLY AND LINKS PROBLEMS

After experimentally correlating (precept 2) and minimizing
each of the substructures (precept 3), they were assembled
to obtain a complete model of the entire Astar tail struc-
ture.

In accordance with our strategy, a tail boom assembly
modai identification test was conducted.

The correlation between the experimental and computed
modes may be examined.

The results are given in the first two columns of Figure

As a rule, the correlation is not very good for the modes in
general.

For exampile, the first vertical bending mode, computed at
10.3 Hz was found at 8.5 Hz by testing ; the third mode,
computed at 18.%5 Hz was found to be 16 Hz by testing.

When examining the shape of this mode (Figure 9} it is
noted that there is a very large movement of the fins.

Given that assembly modes are poorly correlated whereas

--those of the substructure correlate very well, the problem
can only be one of links. The difficulty has been divided
{precept 1). ‘

We have adopted a static approach to the problem of link
modelizations, based on two complementary techniques :

1} Fine modelization of the link areas from which a sim-
ple equivalent modelization is derived.

2) Obtaining equivalent modelization from static tests.

This approach is adopted with a view to simplifying reality
{precept 3).

We shall consider technique No. 2 using the example of the
tail boom/wall link.

In reality there is a certain flexibility in the clamping achie-
ved for the test.

In order to identify this fitting flexibility, which is as it
were a link stiffness, a static test was conducted and the
elastic lines were recorded using dial indicator gauges for a
vertical, then a lateral load at the end of the cone.

Fig. 7 TAIL CONE STATIC TEST

The deflections measured were greater than those computed
on the ¢as clamped» supposition.

When the measured deflection is subtracted from the com-
puted deflection, the difference is linear.

INITIAE
MODELIZATION

| STATIC DEFLECTION

DIFFERENCE BETWEEN EFFECTIVE
AND COMPUTED DEFLECTION

" CLAMPED " COMPUTED
GEFLECTION

] EGUIVALENT
MODELEZATION
AFTER STATIC TEST

IDENTIFICATION OF WALL-CLAMPING
FLEXIBILITY

Fig. &8 :

The slope value is the same for the vertical load test as for
the lateral 1oad test.

The difference CANNOT stem from an overall modelization
error le.g. too high a Young’s modulus) since the tail boom
has already been subjected to an experimental correlation
in modal analysis, under «free-freen» boundary conditions.

It can ONLY be a question of fitting flexibility.

It can be modelized simply by a flexural spring at the cone/
wall junction.

The junctioning conditions have also been modelized for
the stabilizer/cone, fins/cone and skid/lower fin junctions.

OVERALL RESULTS

Once the link stiffness has been readjusted the experi-
mental correlation is EXCELLENT in the selected frequen-
cy band (5 - 45 Hz), i.e. for the first eight modes, both in
natural frequencies and mode shape.

NOTE : For guantification of the difference between
measured and calculated mode shape through
single scalar

ABSOLUTE MEAN DEVIATION :

1 n
My = — EL; 9ij measured ~ 9ij computed
n o j=

STANDARD DEVIATION :

1 D )
a; —"'—'n—- ZM (qij measured — % computed)
|

where 9 is the jm component of mode Number i.
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NATURAL FREQUENCY { Hz )

MODE 3

MODE SHAPE COMPUTED COMPUTED
N BEFORE AFTER
EXPERIMENTAL SUNCTIONS JUNCTIONS
CORARELATION CORRELATION
DEV, DEV.
1. a5 103 14909 8.6 1%
2, 9.6 "7 1890 95 19
3 16. 185 1490 17. 650
4. 2.1 2.2 4% | 251 0.4 %0
5. non identifisd 205 - 28.1 -
6. 29.6 2.7 avie | 297 030
7. 33, 7 7o | 331 03%
8. 0.6 aut, 10.2%0] 423 649/

Fig. 9 :

MODE 1

COMPUTED MODE SHAPE

o= EXFERIMERTAL MODFE SHAPE

MODE 2

OVERALL RESULT BEFORE AND AFTER
JUNCTION RESETTING

X

Fig. 12

MODE 4

R

S

GOMPUTED FAEQVENGY = 17. Ha
EXFEAIMENTAL FREQUEHCY = 0. Hr

m— COMPUTED MCDE SHAPE
EXPERIMENTAL MODE $SHAPE

MODE SHAPE COMPARISON :

STANOARD DEVIAT:ON = 0.010
ABSQOLUTE MEAN DEVIATION = 0.002

COMPUTED MADE SHAPE
EXPERIMENTAL MODE SHAPE

L

~

hd

GOMPUTED FREQUENCY = 251Hz
EXPERIMENTAL FREQUENEY =261Hr

MODE SHAPE COMPARISON

STANDARD JEVIATION = 0,007
ARSOLUTE MEAN DEVIATION= 0.003

COMPUTEQ MODE SHAPE

NCH IDENTIFIED @Y EXPEAIMENTATION

.

COMFUTED FAEQUENCY = B8 K2

EXPEAIMENTAL FREQUENCY = 85 M1

MODE SHAPE COMPARLISON:

STANDARD DEVIATION =0.024
ABSOLUTE MEAN DEVIAT IGN=10 035

COMPUTED MODE SHAPE

= === EXPERIMENTAL MCDE SHAPE

Fig. 11

COMPUTED MODE SHAPE = $.5HT
EXPERIMENTAL MODE SHAFE — 9.8H:

MOODE SHAPE COMPARISON :

STANGARD DEVIATION =0.087

ABSOLUTE MEAN DEVTATION =0.032

LOMPUTED FREQUENCY 228.1H:

x

Fig. 14

MORE 6

e COMPUTED MODE SHAPE
—wum EXPERIMEMTAL WODE SHAPE

*

Fig. 15
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COMPUTED FREQUENCY =29.74H:

Z/ EXPERIMENTAL FREQUENCY=20.8H2

MODE SHAPE COMPARISON :

STANDARD DEVIATION = 0.03
£BSOLUTE MEAH DEVIATION= 0,107



— COMMUTED MODE SHAFE
==== EXPERIMENTAL MODE SHAPE

MODE 7

=TT

COMPUTED FREOVENCY =33 He
EXPERIMENTAL FREGUENCY=0.1Hz

MDDE SHAPE COMPARISON:

STANDARD DEVIATION = 0.008
ABSOLUTE MEAN DEVIATION = 4014

rr— COMPUTED MODE SHASE
EXPERIMENTAL MODE SHAPE

COMPUTED FREQUENCY ~4Z.3Ht
EXPENIMENTAL FREQUENCY =39.4He

MODE SHAPE COMPARISON

STANDARD DEVIATION = Q.28
ABSOLUTE MEAN DEVIATION = 0.013

Fig. 17

5 — VIBRATION PROBLEMS

5.1 — RESONANCE STUDY

We have a good model of the whole ECUREUIL tail section
for a wide frequency bandwidth.

For convenience and test control purposes, the modal tests
were conducted without the transmission assembilies.

By integrating tail rotor drive shaft, tail gearbox and tail
rotor to the model, the dynamic adaptation of this section
can be examined for excitation frequencies of 34 Hz (iail
roter unbalance} and 38.3 Hz [main rotor 6 {2).

TAIL ROTOR
GEAR BOX

DRIVE SHAFT
MODE N. NATURAL
MODAL FREQUENCY
ANALYSIS 6 26
7 30.2
GEAR BOX e T e
ATTACHMENTS :

RESONANCE STUDY OF THE ECUREUIL
TAIL SECTION

Fig. 18
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It can be noted that there are resonance hazards on the tail
rotor unbalance excitation.

Considering the density of modal base in this area, we stu-
died the modification possibilities using a forced response
calculation.

5.2 — FORCED RESPONSE STUDY

5.2.1 — Forced Response Strain and Kinetic Energy
Approach

This approach aims at reducing overall structure vibration
by taking into account the response participation of all
modes for a particular load application at a particular fre-
quency and during one period (Ref. 3 and 4).

It is assumed that the structural elements having the highest
value of strain or kinetic energy are indicative of the best
candidates for structural modification or mass displace-

ment. This method was developed by SCIARRA of BOEING
VERTOL.

The expression for the maximum damped forced response
element STRAIN energy within a period is :

s o = { G Kb 1 8 {57 e )51 6 40 6)7)

The expression for the maximum damped forced response
element KINETIC energy within a period is :

(B =247 M § M G 5 My BEM B M b 57 M )

Elements with the highest energies indicate those that are
the most responsible for the structural dynamic amplifica
tion.

The forced response strain energy approach gives direct
information at the specific excitation freguency of interest.

5.2.2 — Forced Response of the ECUREUIL Helicopter
Tail Section

The method exposed above will be a valuable aid to study
the problem regarding the tail section of the ECUREUIL
helicopter as excited by the tail rotor unbatance.

The unbalance excitation is still present on the aircraft
since balancing the ECUREUIL tail rotor is a particular-
ly delicate operation.

The unbalance excitation is simulated at tail rotor by the
exciting force forces and moments :

FY — FO . sin (S?.TR 1)
FZ = FO . sin {Qqgt— 1(/2)
with ‘QTR = Tail rotor circular frequency

Examining the histograms obtained by the «Forced Res
ponse Energy Method» shows that the elements of the
horizontal stabilizer-tail boom junction area represent 7 %
of strain energy.
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it seerns appropriate to reinforce this area, which was
achieved by replacing the material. The forced response
calculation at iso-excitation shows improvements. The
modification resulted in a 34 Hz vibration level as divided
by 1.6 at the tip of horizontal stabilizer. The total strain
energy was divided by 3.

The modification is embodied in production aircraft ; it
allowed improving the fatigue strength of the ECUREUIL
tail section,

Fig. 19 FORCED RESPONSE STUDY OF THE
ECUREUIL TAIL SECTION
CONCLUSION

The modelling of complex structures such as the helicopter
fuselages is a KEY point since it is intended to achieve the
dynamic adaptation with respect to the main excitations,
to study the rotor-structure couplings and to make forced
response calculations.

In the past, this type of modelling raised numerous diffi-
culties.

It was necessary to deal with the problem methodically.

We therefore wanted to establish a method based on three
precepts dividing the difficulty, correlating the expe-
rience and simplifying the reality.

Softwares were also developed to ease the analysis in forced
response mode.

We applied our approach to an example : the tail section
of an ECUREUIL.,

First, our modelling led us to a very good correlation bet-
ween natural frequency modes as measured and calculated
in a particularty rich mode base (nine modes),

Then, the quality of the mode base allowed us to make for-
ced response calculations and to find by the ¢Forced Res-
ponse Energy Methody a solution to aproblem of unbalance
excitation issued from the tail rotor.

The results look PROMISING,

They tempt us to apply our approach to the more ambi-
tious problem of the dynamic optimization of a complete
helicopter structure.

In this view, an appreciable structural weight saving can be
envisaged (from 2 to 5 %) owing to - for example - either
the elimination of structural reinforcements due to a poor
dynamic adaptation or the elimination of cabin anti-vibra-
tors then becoming of no use.

We can now envisage a quicker analysis and solution of the
structural problems encountered during the development
phase of a helicopter,

In this view, it should be noted that this general study of
the ECUREU!L tail section sub-structures will be used for
any similar aircraft for which the application is lighter since
it takes advantage of the experience acquired.

The progress made in the dynamic optimization of structu-
res owing to the strategy and the tools exposed above, asso-
ciated with the recent improvement achieved both in the
suspensions between the rotor and the structure and in the
dynamic optimization of the blades, would result, in a near
future, in a significant improvement of the vibratory level
on helicopters.
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SYMBOLS

~ Mo g w2 R

Stiffness matrix

Mass matrix

Damping matrix

Circutar frequency

Structural displacement response vector
Applied force

Time

Real component of element displacement’s res-
ponse vector

Imaginary component of element displacement’s
response vector

Eiement stiffness matrix

Element mass matrix

Strain energy

Kinetic energy

Superscripts

T

Matrix transpose

Time derivation
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