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1} Inlroduction:

A major Improvement to future helicopters Is
going towards ever Increasing speeds. EUROCOPTER
FRANCE's research work in this area has met success
with the High Speed Dauphin. But, introducing such
high performance helicopters must go beyond
record breaking and fake crews' and passengers'
comfort infe account.

Many vibratlon control systems have been
developed to counter the N-pertev loads
transmifted by the rotor to the structure. However,
very litle altention was pald to other rofor hamonic
frequencles transferred to the structure only in case
of blade dissimllorities. Most efforts have been
focused on the stabliity problems induced by blade
dissimilarities as proved by the papers referred to
herein (Ref 1, 2, 3).

- Higher spseds and higher loads on blades
comblned with the search for a better comfort will
tead to the sfudy of loads other than N-perrev and
not only stabliity problems. o

Although small, these harmmonic loads can
become a concern for passengers through fuselage
structural  response, vibratlon  control  systems
resonant requencies and beating phenomenon.

This paper describes the resulfs obtalned by ECF
on non isotroplc rotors with two complementary
computation codes.

The first code - RNLU - Is an analytical mode! of
the rotor which enables o simulation of defects on
blades for a timmed helicopter in hover and In
forward flight. This model saves calculation time for
rotor balancing simulation and provides evidence
that balancing o blade In hover may not be
enough to cancel loads In forward flight. Comrecting
defects in hover may even Induce additional loads
in forward flight.

A more sophisticated model - R85 - was used to
confim and extend the study of non isotroplc rotor.
Loads are calculated for each individual blade and
are then combined to provide the total dynamic
loads on the rotor hub for afl harmonics.

The most important findings with this code relate
to the way various defects generate loads with
various phases, which may thus combine to obtain
very different rotor hub loads depending on the
reiative blade posttions on the rotor head.

2) Blade balanclng industricl method:

Blade dissimilariies can be Induced by
manufacturing erors or varous damages. Although
produced on an Iindustrial basls, composite blades
vastly rely on workers' figour and skili to ensure the
required quality. Many Inspections are made at
each manufacturing stage (welght, mechanical
properties, mold  temperature, holographic
Inspection . . ). Each blade is stiit slightty different
from the others and cannot be fitted fo the dlreratft
before belng balanced.

Blade defects may be of different types : welght,
spanwise and chordwise c.g. position, spanwise
welght diskibution, alrfoli shape, blade twist, leading
and fraling edge shape. Al can have
consequences on the dynamic behaviour.
Therefore, a short presentation of blade balancing
may be useful prior to the presentation of work on
rotor anlsofropy.

First, all blades must have the same first moment
of inertia, This adjustment is made on a balance and
must be very accurate to obtalin the same
centrifugal force for all blades. Adjustment weights
are added to the blade tip dlong the pltch cods (26%
chord).

The blade is then tested on a rotor dynamic
balancing stand. This rotor uses three blades ( even
for four-bladed helicopters) : the blade to be
balanced, a maoster blade and a companion
blade. The master blade Is representative of the
‘average* production blade. Hs role as reference
makes it very valuable and it must be protected
from rain and dust. The companion blade Is less
important, it Is used 1o check possible changes in
the rotor behaviour,

The goal Is to obtdin, for all blades, the same
track (height Hg) and control loads (pitch moment
My) for the whole plich range through pitch rod
length, tim tabs and dynamic welghts (figure 1).

G.17-1



blade l..{e

tracking

A

A\

biade to be
balanced

move
f the weighls

E

change ~

lenglh

of pitch - \

rod reference

biade

> Piteh
Low .
: High
piteh pitch
Control loads
A P
"
tab btade to
deflection be balonced

&

= 4
reference @ o >
blade
. pitch
>
Low pitch \
move
High Lhe weights
pitch
Figure 1: Blade frack and balance on
balance stand

At low pitch, the pitch rod tength Is adjusted so
that the tested blade has the same track s the
others. This change In blade angle-of-atiack is
caled Al Track Is then recorded af high pltch.

Also ot low pitch, the tdm tab s deflected to
obtain the right control loads. Tab deflection has
dmost no direct consequences on it but i twists
the blade and changes the pitch thus plaving on
control loads (nose down for downward tab
deflection).

At high pltch, the dynamic welghts are moved
to get the same blade tracking and conirol loads.
Dynamic weights are placed ot blade ftip
symetrically to the pltch axis. Weights produce a
plich-proportional moment due 1o the centifugal
forces on them (nose down moment for welghts
moved forward) (figure 2). At fow plich, the
centriifugal forces are aimost parallel to the blade
and do not generate any phching moments,

b cantifugot
force

mf me s
mi = ma

Figure 2: Centrifugal forces on blade tip weights

Perfect adjustment Is seldom achleved but a
compromise on alf parameters enables to get all the
blades in a very namow window as concems frack
and loads whatever the plich. Despite the
accuracy of these tests, minor cotrections o pitch
rod length and tab deflection are stilt necessary on
the alrcraft due to the rotor hub and in order to

“obtain a satisfactory compromise between hover

and forward flight (which cannot be simuiated on
the stand).

3) Description of anglviicol model:

In order to improve ouwr understanding of
balancing problems related to the main rotor, an
onaiytical mode! of the helicopter has been
developed.

This model is infentionally simplified and does not
take Into account dll dynamic and aerodynamic
interactions on the aircraft.

First, an Isolated non ksotfropic rotor model was
developed. An analytical mode! of the dlrcraft
fuselage was then added to simulate the
configurations used for rofor balancing {(alrcraft on
ground, in hover and at high speed). This mods!
resutted in the RNU calculation cede. This program
provides the 1-per-rev loads genercated on the rotor
head due to anisotropy.
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The following hypetheses have been made.

Fuseloge

- Aerodynamic efforts on fuselage fimited
to drag:

- Inclined rofor hub (angle yq)

- Alreraft pitch (1) and roli (@ ) attitudes
taken info account

- Tait rotor efforts limited to thrust

Ya

Figure 3: Alrcraft affitude

Rotor
- Rigid blades

- Pitch, flappling and drag hinges
concentrated ot a single location

- Center of gravity and thrust center offsets
disregarded

- Twisted blades

- Blade aerodynamics simpiified:
Liftt and drag coefficlents are
constant since stall effects are not
considered and fthe effect of Mach
number on lift coefficient is also
disregarded.

- The pitch-fiapping link Is notf modelized

- Pitch, flapping and drag angles are
described using Coleman transform

6 = o+ Bic.cos¥ + Gis.sin

B == Bo+ Pic.cos¥ + Bissin ¥
8= So+ Sic.cos¥ + dis.sin'¥

>

Figure 4: Angle definifion

The system of equctions {0 be solved, for
describing a flight configuration includes 11 non
linear equations with 11 unknowns:

{(p, 7,60, 81¢, 615, Bo, Prc, Prs, 8o, Sic, bis }

Arst, we find the rotor titt angle, then the inflow
ratio Is evaluated by MEUER-DREES formutation and
the systern of non tinear equations Is solved using ¢
modified Newton method.

After solving the problem, the loads on the rotor
head are calculated by adding the contribution of
each blade. The rotating load modulus and phase
generated by one or several defects i obtalned.

R85 computations validate this new code. The
main discrepancy relates to the lateral balance
parameters at high speed {Bis,0ic, Mx,Fy}. This is
partly explalned by the important pitch on blades at
this speed which would lead to use o red! polar with
the it coefficlent depending on the angle of
attack. Moreovet, since laterdl rotor fiopping & low,
the system of equations Is poory conditioned
despite the use of dimensiontess parameters.

The onalylical formulation and the R85
numerical simulations provide very similar results.

Defect simulations

RNU allows to simulate the following
characteristics for each blade
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- blade welght

- blade first moment of inerica

- blade second moment of inedia

- static stiffness of lead lag damper

- tab deflection

Several computations (figuwe 5 and &) show
simulations of such defects. The first figure shows
calculations in hover and the second in high speed

level flight .
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Figure 6: One per rev loads for severat defects in
high speed flight

All these defects induce a one-per+ev rotating load
whose modulus and phase depend on the type of
defect.

Blade welght defect

A blade welght difference Am(@ on blade T
induces load Fin fixed coordingate system.

F=e.Am(i).Q%cos(yi) (1)
e: rotor eccentriclly

£: rotation speed
The load vector Is along the faulty blade.
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ﬂm@m&n@@e@g@@q
This ctefect is similar o the above defect
F=Ams(i).£2% cos(yi) @

Ams(i}: first moment of inertia
difference on blade *i"

The load vector is along the faulty blade. For this
defect, as for the previous one, the modulus of the
one-perrev load does not depend on  flight
conditions. Formulas (i) ond (2) confim the
simulations of figures 5 and 6. The imbalance
depends only on rotor 1otation speed which s
constant.

second maornent of inertia defect

Cur mode! assumes the same lift for each
blade., When the second moment-ofineria s
different on a blade, the coning angle Is modified in
order to obtaln the requlred Hiff. Blode fracking is
disturbed.

The resulting load Is:

= ABo| 20 _ B o 2 R cos(ui
F -A,Bo.[ R ].p.a.c.ﬂ .R°.cos{yi)

8o: collective pitch

~ Bw: total twist on blade
Ao: Inflow ratlo
Bo: collective fiap

For this defect, the generated imbalance s
dlong the faully blade. The modulus of the load
depends on many parameters { Ae, 8w .80 ) and
hence on fiight conditions.

Static stiffness of the lead4ag dampet

When the damper siiffness Is different, the
corresponding blade drag is modified by Ad().
Blade drag angle Is o linear functon of the rotor
power.

F = ASo(i).ms.Q%.sin(y:)

The imbalance is generated with a ©t/2 phase
lsad. This defect generates the most significant one-
pertev load. That Is why Eurocopter requires from
teaddag dampers manufacturers a very high level
of quality and espscially o small scatter on damper
statfic stiffness. Moreover, the modulus of the load
increcases raplidly with the helicopter speed, while, as
shown on figure 7, the phase does not depend on
this parameter.

15O 90°

IS0 270°

Figure 7: Cne per rev load versus azimuth and
speed

Iah deflection

Influence of tab deflection Is redlized through
modification of the blade angle of aftack. A
moderate deflection of tab (about 3" generates o
significant load.

The phase of the load generated depends on
the deflection and on fiight conditions as well. The
difference on figures § and 6 between hover and
high speed level flight Is about 10°.

When several blades show defects, the resufting
imbalance s very close fo the sum of loads from
each individual defect.

For example, figwe 8 ilustrates the loads
obtalned with a blade having weight and static
stitfness of the leadHag damper defects, compared
to the oddifion of boih defects considered
separctely.

Mass defect on one biade
Static stiffness of the lead-lag domper
Simuldation with both defects

Figure 8: Combination of weight and
first moment of inertia defect
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Balancing the rofor is achieved by adding
weights on sleeves, For blade weights and first
moment of inertia defects, rotor setting remains
correct for ail flight conditions.

The other three defects studied are difficuit to
balance because the generated load changes with
helicopter speed and power.

Figure 9 shows an exampie for a static stiffness
defect of a lead lag damper. The modulus of the
one-perrev load s plotted as a function of the
advance ratio. The ofor has peen balonced in
hover for o given power. For other advance ratios
the rotor presents phase- and modulus-changing
loads.

Load (N)

' " MU (Advonce ratio)
Lead lag damper defect

------- Welght correction in hover of lead lag
damper defect

Figure 9: Influence of welght correction on
one pet rev loads

In hover, for a different alrcraft weight, the
Imbalance reappears. This example explalihs that for
problems related to lead lag dampers, the rotor
tuning depends ¢n power and advance ratio.

4) Rotor balgncing on gireraft:
Balancing the rotor on a helicopter requires 3 to

4 well defined alrcraft configurations and two
accelerometric measurermnents,

Typically the 4 configurations are:

- on the ground

- in hover, in and out of ground effect
- high speed level fiight

- high speed tum,

Both accelerometers are mounted In the
fuselage or on the maln gearbox, depending on the
dircraft: one vertical and the other lateral.The first
cne being more Indicative of a frack problemn and
the second of g balance problem.

The thvee ways to balonce the aircraft are:
length of pitch chonge rod, tabs and weights on
otar slgeves,

Track tuning offen reguires some compromise
between hover and forward flight.

Balancing also requires compromise, a perfectly
hover-bolanced rotor may cause problems in
forward flight since ali defecls are corrected by
weights but all type of defects do not create the
same imbalance for the whole speed range.

This balance methodology is well adapted to
current helicopters. For future high speed and low
vibration dircraft, we should analyse whether this
methodology is to be improved.

£ humercal modet:

The dynamic response of the rofor under
cerodynamic excitations is oo complex for belng
fully Investigated by analytical calculations,
Therefore, the anisotropy study Is also conducted
with a numerical model which takes the following
phenomena into account

- non linear aerodynamic forces : stall and
compressibliity effects, non uniformity of
inflow velocity distibution (including wake
effects orinteractions with the fuselage).

- the elastic response of the blade due fo :

its local mass and stiffness characteristics in flap,
lag and torslon as well as the local offsets of
elastic centers (and center-of-gravity) which
govem ihe blade coupling.

EUROCOPTER FRANCE started the development
of a general aeroelastic rotor model in 1985 (so-
called R85 model) which s stil golng ahead
(References 4 and §).

This code was developed fo predict the
response of a rotor and the loads Induced In aff
fight conditions. B Is based on an energefic

formulation (AGRANGE equations) coupling
aerodynamic (2D . dirfoll  ¢haracteristics)  with
elastictty (beam theory). H# uses ol  rotor
characteristics  (structural,  gedmetdical  and

cerodynamical propertles of the hub and the
blades) to compute aerodynamic and dynamic
properties  (simulction, performance, toads and
stabifity studies).

The results have been wvalidated by test
campaigns In ONERA's wind tunnels as well as durng
flight tests. Figure 10 represents the correlatlons on
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flatwise bending moments  calculated  and
measured on the expermental SA34¢ GAZELLE (with
2 MEER DREES and METAR inflow models : ifting line
theory).
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BOO | 3004 /‘\
! \
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Figure 10: SA 349/2 Fiat wise bending moment
distribution (flight test)

ROTOR DYNAMIC BEHAVIOUR

As a fist step In the study of anisotropy,
calculations were run assuming the foliowing points :

- the induced velocities are not affected by the
rotor nor-sotroplc behaviour (MEIJER DREES
model without wake effacts).

- the effect of the hub motion Is disregarded (the
rotor head Is considered as fixed).

Calculations are applied to each kind of blade
(as far as structural and geometrical properties are
concemead : stiffness and mass distribution or twist
ond dirfoll characterstics) which leads to know the
loads transmitted by this blade to the rofor head.
The fotal loads are obtalned by adding each blade
contribution.

Figures 11 and 12 show the Inplane shear forces
(in rotating coordingate system) transmitted by the
reference blads to the blade attachment (Fy). All
computations presented are applled t¢ o 4 bladed
fully articulated rotor of a 4 ton class helicopter
(DAUPHIN successon.

As shown In figure 12 | in plane shear forces
increase versus speed and decrease when
harmonic increases.

Figure 11: Rotating axes

Fy 4 v
(m 3ne - F@
259
A PO CUED =2 =
5o P P e

P P LR
% ! } s
2 3 4 5 N/REV

Figure 12: In plane force Fy versus speed in
rotating axes (harmonic content)

NON ISOTROPIC CALCULATIONS

The rotor behaviour has been studied for saveral
defects and different filght configurations (from
hovering conditlons to high speed filght).

For Isotropic rotors, only the N-pertev loads do
not cancel in fixed coordinate system (N : number
of blades) but for non<sctropic rotors all harmonilcs
can be Injected into the airframe.
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in fact, the N-perrev loads are generated by
the addition of the comresponding stresses on each
blade while the loods ot other hamonics are
generated by their differences.

Calculations have been run for the following
defects :

- defect of blade weight balanced with a
blade-tip weight (fo ensure the rght first
moment-of-nertia) : A

- lead-Hag dampaer stiffness (with elastomeric
dampers) : B

- blade flapping stitfness : C

- blade torslonal stlffness : D

- chordwise center of gravity offset : &

Mixing o faulty blade with 3 reference blades
generates additional dynamic loads with specific
modulus and phases af each hamonic for each
defect. The In plane-shear forces for harmonics 3-
and 5pertev (n fixed coordincte system) are
shown In figures 13 and 14 for flight speeds ranging
from 200 to 325 kph.

SPEED

200 knfh |
250 km/h |
275 kefh
300 km/h
325 knfh ;

!
&

>
O
b

! <¥§D %CGS
B
—

[
&)
Z

Figure 13: Lateral forces in fixed axes generated by
each defect

In the case descrbed, the deficient blade is in
posttion 4 on the rotor head (see figure 15),

1 S/REV] L {SIND shu
B fo o 250 kmfh !
: Lo 175 kmfh i
P¢ 315 kmful
i i { i i i [ i
{ l : { ! ! | {
. " ; i COs,
A
E N (1 ON;
Figure 14: Laterdl forces in fixed axes
generated by each defect
2.,
WIND ==>
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v——

ANISOTROPIC ROTOR

Figure 15: Anisotropic rotor

The load levels at 3- and S-pertev in fixed axes
are small when compared with the comesponding
foads at 4-pertev (twenty timas smaller for realistic
defacts) but thelr effect on the vibration level can
be significant. : '

Indeed the MGB suspension systemn response Is
designed to fifter the main rotor excliation
fraquency (N per rev), Hs response on other
frequencies may be Important In particular with
resonating devices whose resonant frequency could
be close to a rotor harmonic (see figure 16).
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Figure 14: Suspension response

The resulting vibration levels through the airframe
can become similar to the N-pertev vibration levels
aond their associafion produces a bedating
phenomenon af a low frequency which can be
disturbing for the crew (figure 17 ).

I =

- " ki

Figure 17: Beating phenomenon

The global loads can be Imporfant or close to
zero depending on the relative positions of the
faulty blades on the rotor hea. For example, fo fit
simitar blades facing each other on the hub will fead
to cance! dll uneven harmonlcs. The behaviour of
these blades Is then ihe same as a two-bladed

rotor.

To ilustrate the association of several defects,
figure 18 shows the hub loads obtained at 300 kph
with E defect on blade 4 and C defect on the four
different blades. .

g21%
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2
Z

8

Pl ”

T & 3

Fgure 18 ’’’’’’ force In fixed axes.
£ and C defects combinations.

For E blade In position 4, adding the C defect on
the same blade generates anlsotropic loads about
3 to & fimes iarger than the loads obtalned with the
C blade in posttion 2.

in this case, N-1- and N+I-pertev loads add or
cancel for the same defect position, But defects
can add for a given hamonic ond cancel for
another,

Mixing the A and E defects does not allow to
minimize simultaneously the 3- and S-per-rev forces,
Reducing the 3-per-rev response leads to increase
S-per-rev loads (figure 19).

G17-9



Te 1 P
vl

A4

XE3

At i
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E and A defects combinations.

Mixing ol the blade defacts can produce
various loads depending on thelr relative setting.

Most  helicopter manufacturers care  malnly
tocused on rotor ond fuselage dynamics af N per
rev (N ; number of blades). This optimization seems
to be Insufficient for the future high-speed and low-
vibration alreraft due to anisofropic rotors. This study
shows that :

- The compromise requlired for the track and
balance of high speed totors can hardly be
achieved for dll fight configurations using -the
curent methodology.

- The non-sotropic rotors characteristics can affect
the suspension system tuning in order to avoid the
resononces for harmonics other than N-perrev,

- The bedating phencmenon can play a significant
role for the vibratory comfort of future helicopters.

- Mixing blades with siightly different characteristics
can produce varlous loads depending on thelr
relative setting.

For current helicopters the manufacturing blade
tolerances are sufficient but additional simulations
will help evaluate the influence of various defects
and define the improvements which will be required
for future hellcopters. The understanding of norn-
Isotropic rotor behaviour forms part of Eurocopter’s
research program and flight tests will be performed
with faulty blades In order fo validate the theoretical
prediction codes.
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