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ADAPTIVE ROTOR BLADE CONCEPTS
-DIRECT TWIST AND CAMBER VARIATION-

A. Buter, U.-C. Ehlert, D. Sachau, and E. Breitbach

German Aerospace Center (DLR), Institute of Structural Mechanics

L|I|en’rholplofz 7, 38108 Braunschweig, Germany

ABSTRACT

Applying adapftronics fo helicopters has a high
potential to significantly suppress noise, reduce
vibration and increase the overall aerody-
namic efficiency. Since the interaction of non-
stationary helicopter aerodynamics and elos-
tomechanical structural characteristics of the
helicopter blades causes flight envelope limita-
tions, vibration and noise, a good comprehen-
sion of the aerodynamics is essential for the
development of structural solutions fo effec-
tively influence the local airflow conditions and
finally develop a structural concept. With re-
spect to these considerations, this paper pres-
ents recent investigations on two different
structural concepts: the direct twist and the
camber variation concept.

The direct twist concept dllows to directly con-
trol the twist of the helicopter blades by smart
adaptive elements and through this to posi-
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fively influence the main rotor area which is the
primary source for helicopter noise and vibra-
fion. The concept is based upcn the actively
confrolled tension-torsion-coupling of the sfruc-
ture. For this, an actuator is infegrated within a
helicopter blade that is made of anisotropic
fibre composite material. Driving the actuator
resuits in a local twist of the blade tip, in such a
way that the blade can be considered as a
torsional actuator, Influencing the blade twist
distribution finally results in a higher aerody-
namic efficiency. The direct twist concept was
analytically modelled using an expanded VIas-
sov Theory before a proof-of-principle demon-
stration structure was manufactured. Subse-
quently, a Mach-scaled Bol105 model rotor
blade with an integrated piezoelectric actua-
tor was designed and successfully tested. Next,
small scale rotor tests and investigation of
thermal loads are planned.

The camber variation concept uses the experi-
ences gained in the design of the direct twist
concept to create a rotor blade, that will be
able to change the shape of its cross-section in
operation. This shape control approach uses
material  anisofropy (e.g.  tension-torsion-
coupling) to create a smooth aerodynamic
surface and to avoid the airflow disturbances

created by the leading or trailing edge flaps,
that have diready been investigated. First, @
structural model was numerically investigated
to identify the most influenticl paraometers of
this concept. From this model, the two-
dimensional surface quadlity of the deformed
rotor blade was extracted as a basis for aero-
dynamic calculations that are necessary to
derive the quanftity of deformation needed o
successfully delay aerodynamic stall onset. As
a next step, a proof-of-principle structural
demonstrator is presently being designed.

Both concepts were designed to be activated
using a piezoelectric stack-actuator integrated
at the blade tip. Since continiucusly integrated
piezo sheets promise a potential to increase
the concepts’ performance, thin  actuator
modules are currently under investigation.
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Present helicopter research mainly focuses on
the improvement of the aqerodynamic effi-
ciency and on the reduction of vibrations and
acoustic emissions. A direct approach is aiming
at the physical sources of these problems. This
can be reached by adapftive structural tech-
nology.
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Figure 1: Adaptive aerolastic system

In general, helicopter vibrations and noise exist
in all fight cases mainly due o the unsteady
working conditions of the blade. This results

Paper presented at the RTO AVT Symposium on “Active Control Technology for
Enhanced Performance Operational Capabilities of Military Aiveraft, Land Vehicles and Sea Vehicles”,
held in Braunschweig, Germany, 8-11 May 2000, and published in RTO MP-051.
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from inferactions between the highly non-
stationary aerodynamics induced by the ro-
tating rotor blades and special aerocdynamic
phenomena like the stall effect at the retreat-
ing blade and the tfransonic effect af the ad-
vancing blade. All these vibrations are of a
highly dynamic nature. The Blade Vortex Inter-
action (BVIl) phenomenon in descent flight is
extremely penalising as far as external noise is
concemed.

The comprehension of this relationship be-
tween the aerodynamic sources and the re-
sulting vibrations and noise is the basis for opti-
mally designed contfrol concepts. Special em-
phasis is placed on the optimisation of the
standard blade control and active control of
the blade deflection as the primary tools.

The different kinds of forces which are involved
in adaptive rotor dynamics are shown in figure
1. The triangle of forces describes the paossive
ceroelastic system. In the adaptive aeroelastic
system the cerodynamic, ineria and spring
forces are influenced by actuator forces or by
excited blade deflections.

All aerodynamic effects react highly sensitive
to smaill variations of angle of attack and inflow
velocity. Therefore, the main idec of the meas-
ures mentioned below, which aims at the re-
duction of vibrations and acoustic emission, is
to dynamically change the blade pitch (twist)
or the rotor biade characteristics. Different
means are considered for this, e.g. adaptive
blade twist, deformabile airfoil sections or addi-
fional frailing edge flaps.

2. OVERVIEW OF CONVENTIONAL AND ADAPTIVE CON-
CEPTS FOR VIBRATION AND NOISE REDUCTIONS

In general, control concepts can be divided
info two categories (shown in figure 2) de-
pending on where the control forces are intro-
duced. Category | includes all control con-
cepts that are based on biade actuations at
the blade root. This can be done by the use of
control rods or, alternatively, by designing an
adaptive blade root.

N |

Category | Category |l

Aerodynamically Efficient
Section

Root

Locations for the use of adaptive material
systems

Figure 2:

Current research on rotor dynamics has re-
sulted in the design and evaluation of two con-
trol concepts to counteract noise and/or vibra-
tion, which falls into category I. These concepts
can be superimposed on the cyclic blade con-
trol deflections: higher harmonic control (HHC)
and individual blade control (IBC). These addi-
tonal mechanisms are two possible ap-
proaches fo improve the aerodynamic effi-
clency and to reduce the vitration and noise
levels, respectively. HHC is principally based on
standard cyclic blade pitch changes using the
first rotor harmonic (rotation frequency) to
which higher harmonic control motions are
added. The angle of attack, the inflow veloc-
ity. and the blade deformations can be influ-
enced by these confrol motions,

IBC is similar to HHC, but the control forces are
individually applied to each blade, thus form-
ing a superposition fo the global cyclic blade
actuation.

By using the control concepts described
above, the whole blade is actuated at the
root. Aerodynamic reaction is induced after
the control forces have travelled through the
elastic structure of the blade. As the blade with
its high aspect ratio is a highly elastic system,
the aerodynamic forces are nonstationary and
dependent on the spanwise coordinate and
the blade motion. This requires control inputs of
a dynamic nature and the evaluation of this
system can be achieved only on the basis of
global aspects. The real efficiency of this con-
trol approach is not clearly assessable.

Category Il covers the aerodynamic efficient
blade tip section. Here, the concepts am at
the control of the aerodynamic forces which
interact with the blade motion.

One example which falls within category 1l is
the ftrailing edge flap (15). which is able fo in-
fluence lift and aerodynamic moments by flap
deflections, is a second concept. However the
efficiency of these flap concepts is question-
able in respect to long blades with low for-
sional stiffness. Additionally, blade torsion due
to the rudder moments and the additional vor-
tices caused by changes in the lift distribution
due fo the flop may lead to problems. The
trailing edge flap can be interesting for quite
rigid blades to create a more adequate lift
variation in oder to minimise the vibration and
also the noise. It is the so called Direct Liff Flap
Concept that has been studied especially by
ONERA in the co-operdtion on Acfive Blade
Concepts between France and German.



The second concept is the adaptive twist con-
frol. Investigations on this concept will be de-
scribed in detdil below.

The adapfive camber variafion investigates
active deformations of the cross-section on
rotor dynamics. The principle of this actuator
concept is presently being developed at the
DLR and will be described in detail below.

3. ADAPTIVE BLADE TwisT

In this concept, the rotor blade twist, especially
at the outer part of the rotor, can be achieved
by the following actuator principles:

¢ Torsion caused by a servo-flap (15)

¢ Torsion caused by 45° orientated tension
forces (15).(9),(3).(13).(2)

» Torsion due to torsion-warping-coupling (5)

+ Torsion due 1o torsion-tension-coupling (6}, (9)

3.1 Torsion caused by a servo-flap

According to this actuator concept, the flap
deflection should produce aerodynamic rud-
der moments leading to a torsional deflection
of the blade. This concept called servo-flap
concept is more adapted to blades with re-
duced torsional sfiffness. The efficiency of this
concept is qQuestionable in respect to the
change of the liffing force due to the flap de-
flection, which counteracts the lifting force
caused by the blade fwist (figure 4). Addition-
ally, two new vortices caused by the change in
the lift distribution due fo the flap may lead to
new BVI as well as the above mentioned frail-
ing edge flap.

flap vortex

flap vortex

tip vortex

Figure 4: Different approaches by using flaps

A further disadvantage of this concept for us-
ing aerodynamic forces is the non-stationary
character of the rotor aerodynamics. Constant
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flap deflections cause non-stationary rudder
moments which lead to non-stationary torsional
excitation of the rotor blade.

3.2 Torsion caused by tension forces
oriented at 45°

In this concept, shown in figure 5, torsional
moments caused by tension forces are utilised.
Thin-walled actuator materials like piezo-
ceramic plates or active fibers have to be im-
plemented in the skin of the rotor blade to ac-
tivate it.

Piezocerarnic or active fibers in 45° orientation
actuator forces

Figure 5:  Torsion induced by tension forces

The advantage of this simple concept, that
acts in the flux of work, is the good control
characteristic. However, the effects of cen-
frifugal forces and the blade flexions have fo
be taken info account to have access to an
efficient design.

One disadvantage of this concept is the insuf-
ficient damage tolerance behaviour.

3.3 Torsion due to torsion-warping-coupling

As shown in figure 6, the torsional deformations
of the rotor blade are caused by warping
forces.

Figure 6:

Torsion induced by warping forces

In comparison to the previously mentioned
concept, cylindrical actuators, for example
piezoelectric elongators (piezo-stacks) can be
used to induce warping. it is however neces-
sary to change the geometry of the rofor
blade cross section to readlise this warping-
torsion-coupling. The locally restricted effect of
the warping forces, the changes in the geome-
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try, and the installation space of the actuators
may cause problems for implementing this
concept into a rotor blade.

3.4 Torsion due to torsion-tension-coupling

In general, torsion-tension-coupling is an aniso-
fropic behaviour which appears in structural
components, It can be realised by orientated
stiffness. The anisotropic material behaviour
clearly has to be separated from the aniso-
tropic structure behaviour resulting from struc-
ture elements like ribs or stringers.

In this concept anisotropic material behaviour
caused by helical winding is illustrated in figure
7.

Anisotropic behaviour caused
by helical winding
7
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L Bladetwist

Figure 7. Adaptive blade twist

For practical redlisation, cylindrical actuators
like piezoelectric elongators (piezo-stacks) can
also be used. A disadvantage of this concept is
the high spanwise stiffness of the rotor blade
spar. Thus, an uncoupling layer between the
spar and the skin is needed. An octuator sup-
ported at the rotor blade spar generates the
axial forces. The principle of this actuater con-
cept is presently being developed at the DLR.
(10)-(12)

EXPERIMENTAL INVESTIGATIONS

The experimental investigation comprises three
steps.

First, structural investigations were performed
based on a representative model in which the
active part of the rotor blade is simplified by a
thin-walled, tension-torsion-coupled, rectan-

gular beam, that is structurally equivalent to a
model rofor blade of the Bo105 with a scaling
factor 2.54. The goals of these experiments
were to vdlidate the cdalculations and to
gather first experiences with the tension-torsion-
coupling and the resulling deformation be-
haviour. The results are valid for static and dy-
namic conditions. For the dynamic condition
excessive deformations near the blade reso-
nance frequency shall be utilised. Therefore,
the actuated blade section has to be properly
designed for these preconditions. This has been
demonstrated and verified in experiments (7).

In the second step the development of a suit-
able manufacturing technique, the realisation
of a simplified rotor blade with tension-torsion-
coupling and measurement of the deforma-
tion behaviour were investigated.

The technical challenge of the adaptive blade
twist concept is the high spanwise stiffness of
the rotor blade spar. Thus, an uncoupling layer
between the spar and the skin is required. For
these experimental investigations the skin of
the outer part of three model rotor blades was
manufactured of fibre composite material us-
ing the above mentioned tension-torsion-
coupling effect with different kinds of uncou-
pling layers between skin and spar.

Blade I: Uncoupling by rubber elements

(type a).
Blade II: Uncoupling by rubber elements

(type b).
Blade IlI: Uncoupling by friction.

The simplified cross-section is shown in figure 8.

110 mm ‘
: |
E oy
2 ‘
GFRP-spar ‘ skin with anisotropic
P foam | terial behaviour
{tension-torsion-coupling)
Figure 8:  Simplified cross-section.

Equal to the investigation of the boxbeam a
hydraulic tension proof machine was used to
induce the actuator forces. The twist distribu-
fion and the torsional movements at the blade
tip were measured for different harmonic ten-
sional excitations between 1 Hz and 25 Hz. The
experimental configuration and the results of
the experiments are shown in Figure 9a and 9b.



Figure 9a: Experimental configuration
{Blade Segment w. Tension-Torsion-Coupling).
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Figure 9b: Resulis from the dyn. tension test.

The right picture of figure 9a shows of Blade |

the measured deflections out of plane at 19 Hz.
It could be shown that for all uncoupled layers
linear twist distributions are excited.

Figure 9b shows the torsional deflection af the
blade ftip for different excitation frequencies
and actuator forces between +550N. The dif-
ferences in the torsional resonance frequencies
of the three blades are caused by stiffness
variations in the structures. Near the resonance
frequencies at 19 Hz resp. 21.5 Hz dynamic
forces of 650 + 550 N are required for a defor-
mation of + 3 degrees at the blade fip.

In the dynamic tension tests the inertial mass of
the hydraulic piston caused by the rotating
clamping of the fensional testing machine re-
duced these frequencies. Nevertheless, it
could be seen, that in case of harmonic exci-
tations the necessary actuator forces to
achieve a given angle of deflection are re-
duced in comparison fo static loadings.

For the third step an active rotor blade with an
integrated piezoelectric stack-actuator was
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build. The skin of this active model rotor blade
was manufactured of fibre composite material
using the tension-torsion-coupling effect with
one of the above menftioned uncoupiing layers
between skin and spar. The actuator is sup-

corted at the rotor blade spar and generates

axial forces at the blade ’np. Figure 10 shows
the active rotor blade segment with adaptive
blade twist,

In figures 11 the excited eigenmodes (1. Hap at
@ Hz, 2.Flap at 65 Hz and 1. Torsion at 113 Hz)
are shown. Near to the torsional resonance
frequencies at 113 Hz a deformation of + 1.5
degrees is possible. For the first flapwise mode
at 9 Hz deflections of +1.2 mm were measured.

j Mmmi Rmm B ade
YWW( £1.9" (Blade Tip)
g Frequency: 113 Hz

1. Torsion

Figure 11:

The first three mode shapes (3-dim).

To assess the influence of the aerodynamic,
small scale wind tunnel tests were made.

Figure 12 shows for different inflow velocities
the static deformations of the adaptive rotor
blade segment in the wind tunnetl.
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Figure 12: Static Blade Deformations.

The active rotor blade segment excited for
different inflow velocities with mono-frequent
excitations by 60% of the maximal actuator
power. In figure 13 the measurement resulfs are
shown. Due fo the positive aerodynamic stiff-
ness (aerodynamic neutral axis behind elastic
axis) the torsional deformation decreased by
the inflow velacity.
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Figure 13: Active Rotor Blade
(60% of the Actuator Power)

It could be demonstrated that actuator sys-
tfems based on smart materials are certainly
able to excite the structure at the required
frequencies and with suitable deformations. An
adaptive helicopter rotor blade based on the
adaptive blade twist concept could be real-
ised. Furthermore these results show that for the
rotating case the whole dynamic system has to
be optimised for an efficient, dynamic working
twist actuator,

With these experimental results it could be
shown that:

¢ an adaptive fibre composite rotor blade
based on tension-torsion-coupling can be
manufactured.

+ the uncoupling layer between skin and spar
is suitable to be used for fension-torsion-
coupling in rotor blades and

s Q piezoelectric stack actuator is suitable to
twist the blade. Near to the resonance fre-
quency deformation of £ 1.5 degrees are
possible. Therefore the actuated blade sec-
tion must be specially designed for this.

It could be determined that an adaptive blade
twist in the outfer part of the rotor is realisable
with a comparatively small effort and in its
range of application, depending on the form
of excitation, it shows to have a very great po-
fential. The redlisation of such a control con-
cept, that can go from a static up o a con-
frolled dynamic operatfion, is dependant on
the choice of the actugtor. In addition o the
demands which the operation puts on this ac-
fuator, the installation space, the power spe-
cific mass, and the duration of life are further
criteria which are decisive for the functionality
and efficiency of this drive. Moreover the vari-
ety of applications, the small torsional stiffness
and the small external forces (inertia force,
propeller moment and aerodynamic force) are
advantages, which make it attractive o inte-
grate the actuator in the aerodynamically effi-
clent outer part of the rotor. Beside these there
are, based on the underlying physics, a lot of
other advantages:

» |t is possible to influence the aerodynamic
forces at the outer part of the rotor. Distur-
bances induced by the flowfleld can be
compensated at the source.

e |15 has been shown in (14) that for vibration
reduction the damping of special blade
modes is important, The adaptive blade
twist allows active damping for important
blade modes.

 Active influence of the blade deflections
make it possible to reduce the dynamic stall
at the retreating blade.

¢ Using controllers adaptive aeroelastic sys-
fems without instability can be realised.

e There is no increase of the aerodynamic
drag. The actuator is completely integrated
in the rotor blade and causes controlled
changes of the blade twist.

4. ADAPTIVE CAMBER VARIATION

The structural concept for an actively control-
lable camber variation is based upon a 3-cell
blade design using tension-torsion-coupling
together with piezoelectric stack-actuators to
bend the cross-section about the blade axis. A



finite-element-model of an adaptive camber
rofor blade is used o perform a parameter
optimisation to maximise camber variation at
the blade tip. Both, geometric as weil as mate-
rial and manufacturing parameters are evalu-
ated.

In contrast to the active twist concepts the
adaptive camber concept dllows active
shape control for rotor blades. Furthermore, no
flaps or other moving parts are used so that the
cercdynamic surface in the deformed state
remains smooth without any gaps, edges, or
dents.

Since this concept has not yet reached the
same level of maturity as the adaptive twist,
research efforts currently follow a different op-
proach : prior to a detailed investigation of the
gerodynamic effects of an adaptive camber
variation first the exact shape of the deformed
rotor blade is o be evaluated. The aim is to
validate the expected surface quality of the
deformed rotor blade and to collect the nec-
essary data about the change of geometry
that is required for the subsegquent cerody-
namic calculations.

4.1

Structural Concept

undeformed
airfoil

.....
o

active cells
with opposite winding angles

Figure 14: Principle of the Adaptive Camber Varia-
tion

The adaptive camber rotor blade has a three-
cell cross-section that consists of carbon-glass-
fibre composites supported by structural foam.

The desired change of camber is achieved
using tension-torsion-coupling in the outer cells
that are activated by piezo-electric stack-
actuators intfegrated info the blade fip.

Manufacturing these active cells with helical
windings at opposite fiore angles leads to si-
multaneous upward or downward movements
of the blade’s edges. as shown in Fig. 14. The
resulting continuous change of the rotor
blade's camber c:’mnnhl\/ increases from zero atf
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the root to it's maximum at the fip.

4.2

The structural concept was investigated using
a three-dimensional parametric model de-
signed in a commercial finite-element code
ANSYS® 5.3 (see Fig. 15). Aerodynamic as well
as structural loads were not considered in the
design of this model, since only the deformed
airfoll’s surface quality was of inferest here. For
the same reason, neither spars nor ribs were
represented in the model rotor blade.

Finite-Element-Model

airfoil - NACA 23012

Figure 15: Finite Element Discretisation

Three different materials were used in the de-
sign of the ummerical model: Carbon-fibre-
composite, glass-fibre-composite and structural
foam.

The carbon-fibre-composite was used in the
helical winding layers of both active cells o
redlise the desired tension-torsion-coupling. This
composite consists of HM carbon fibre and
epoxy resin with 60% fibre volume fraction.

The outer skin of the model consists of glass-
fibre-composite made from glass fabric
(100 g/m?) oriented at 45°. Resin material and
fibre volume fraction were assumed to be the
same as in the carbon-fibre composite.

Foam cores were used in each of the three
~alle +4 crirusrt ey fibsres lvvsore e dy v imireees
LD W auppuu 11 IU (119 L luyc;lo i 1w uuuu,u fhe

tee the desired airfoil’s shape.

Loy ok e [y,

The monurdcwrmg procebs of a rotor biade
equipped with active camber variation was
supposed to begin with the active cells. First
the helical carbon-fiore unidirectional (UD)
layers were attached to the foam cores. Next
the two outer cells were connected o the
middie cell's foam core. Last the gloss-fibre
ayers were attached as the outer skin in order
to finish the rotor blade.
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This process is not suifable for the design of a
real rotor blade including structural and aero-
dynamic loads. Yet it was feasible for the proof-
of-principle demonstration sfructure, that was
required later to experimentally validate the
expected deformation properties of this con-
cept. The proposed manufacturing process
determined the composite lay-up for the
model, as it is shown in Fig. 16 for the model’s
cross-section,

alass-fabric £45°

carbon-fibre UD-layer
helical winding

Figure 16: Composite Lay-up

Geometric as well as material parameters
were considered in the evaluation of the
adaptive camber concept.

Three groups of parameters were evaluated:

+ the positions of the inner cell walls,
+ the fibre angles of the carbon-layers, and

+ the thickness of carbon- and glass-layers.

The inner cell walls” positions were given in per-
cent chord, ranging from 15 % to 70 % for the
front wall and from 35 % to 85 % for the rear
wall. These parameter boundaries were arbi-
trarily chosen in order to allow for a wide range
of possible cell wall position combinations. Fur-
thermore, the rear wall was locally restricted, so
that it was always positioned behind the front
walll. This precaution was necessary for the sub-
seguent automatic parameter optimisation.
The increment was set to 5% ¢ for both walls to
keep the number of wall position combinations
small.

The fibre orientation of the carbon-fibre layers
ranged from 0° to 45° in the leading edge cell
and from -45° to 0° in the trailing edge cell. An
angular increment of 5° was chosen for both
cells due to restrictions in manufacturing preci-
sion. The active cells’ orientation angles were
independend of each other.

The thickness of the carbon- and glass-fibre
layers varied from 0.2 to 5 mm for each layer
with a 0.2 mm increment according to manu-
facturing accuracy.

These seven parameters (2 cell wall positions, 2
fibre angles, 3 thicknesses) were investigated in
the following calculations to gather information

over the parameters’ influence on the maxi-
mum camber variation.

4.3 Evaluation

In each of the subsequent calculations a dif-
ferent set of parameter values was evaiuated
concerning the maximum change of camber,
the rearward position of this maximum, and the
angle of attack at element row 6 (as ilustrated
in Fig. 18). These data were exiracted from
nodal positions and displacements within each
program run and stored for later data proc-
essing.

The change of camber was calculated from
the difference between the mean lines of the
undeformed and the deformed rotor blade
model. Therefore, the mean lines had to be
extracted from the positions of FE nodes in
each program run.

25
_analytical

284 mean lines of
s NACA 23012
7]
£
E 10 |
g derived from

0.5+ nodal positions

00

0.0 02 04 06 08 1.0
chordwise position

Figure 17: Comparison of Mean Lines

To prove the feasibility of this approach, the
mean line of the NACA 23012 was derived from
the nodal positions in the FE-model and com-
pared to the mean line calculated from the
analytical formula. The maximum difference
was less than 0.1 % of the analytical mean line.
This accuracy was sufficient for the subsequent
parameter investigations.

201 - undeformed
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iy / .
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2 : ..
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Figure 18: Change of Camber



The difference between undeformed and de-
formed airfoll camber gave the change of
camber,

For the final evaluation of this change of cam-
ber only its maximum and the rearward posi-
tion of this maximum were used, see Fig. 18,

Since both leading edge and trailing edge of
the airfoil change their position when the
camber variation is activated, an influence on
the angle of attack was expected. For this rea-
son, the angle of attack was derived from the
displacements of the leading and trailing edge
nodes prior to the evaluation of the change of
camber. Afferwards, the coordinate system
was rotated to compensate for the calculated
blade twist before the change of camber was
evaiuated. In this way, the two degrees of
freedom camber variation and blade fwist
could be investigated separately.

In general, the deformed dirfoil’s shape would
be between two extremes. Case 1 has a rear-
ward position of maximum change of camber
between 45 %c and 50 %c and a positive an-
gle of aftack; case 2 has a rearward position of
maximum change of camber beyond 65 %c
and a negative angle of attack (Fig. 19).

Figure 19: Two General Deformation Modes

All three parameter groups proved to have
similarly great influence on the camber vario-
tion. Therefore, it was necessary to identify the
combination of parameters, that yielded the
largest change of camber.
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4.4 Opfimisation

Using the automatic opfimisation capabilities
of the FE-program, a parameter opfimisation
was performed. The thickness of the glass-
fabric layer was set fo 0.2 mm, all other pa-
rameters were free for variation within the
given limits.

For the opfimisation the resulting angles of at-
tack were restricted o positive values, the
rearward position of the maximum change of
camber was constrained not to exceed 60%
chord.

Under these conditions the maximum change
of camber reached 0.547% chord. This was
obtained from the following parameter combi-
nation :

front cell wall at 35% chord

rear cell wall at 55% chord

front carbon fibre orientation -20°
rear carbon fibre orientation 20°
carbon fibre thickness 2.0 mm

The maximum’s rearward position was 52,5%
chord, the angle of atfack in this case was less
than 0.01°,

To further increase the change of camber, it
would be necessary to allow rearward positions
beyond 60% chord and fo accept negative
angles of attack. This decision has o be taken
carefully with respect to the aerodynamic ef-
fects of such an airfoil variation.

4.5 Aerodynamic Effects of
Camber Variation

In order to assess the effects of the camber
variation on an airfoil’s aerodynamic perform-
ance, the stationary characteristics of the de-
formed dairfoil were calculated in 2D. Therefore,
the deformed airfoil shape calculated in the FE
environment was tfransfered to a CFD envi-
roment to derive the desired poiares.

Fig. 20 illustrates the changes in the lift coeffi-
cients ¢, as a function of the angle of attack
for the case 1 deformation of the NACA 23012,

Both, the effect of the camber plus the angle
of aftack and the effect of the camber only
were investigated. The frends given in Fig. 20
were derived by scaling the deformation from
the FE-calculations with a factor of 5, in order

1o illustrate the effect of the deformation qual-
ity.
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Figure 20: Aerodynamic Effects of Camber Variation

The camber variation concept proved to have
the expected surface gqualities in the deformed
state. Steps to be taken include the considera-
fion of thin airfoils (9% and less) to increase the
maximum change of camber. Next a demon-
stration sfructure is to be designed and manu-
factured. The goal is to experimentally validate
the deformation qualities and to investigate
the dynamic properties and deformation
guantities. As soon as the aerodynamic re-
quirements are investigated another demon-
stration  structure can be designed ond
manufactured taking into account the static
and dynamic structural and  aerodynamic
loads.

5. CONCLUSIONS AND QUTLOOK

It could be demonstrated that actuator sys-
tems based on smart materials are certainly
able 1o excite rotor blades at the required fre-
qguencies, so that a smart helicopter blade can
be redlised. At a lower level of maturity, a
structural concept to actively change a rotor
blade’s aerodynamic shape in  operation
showed to have great potential to increase
rotorcraft efficiency.

The solution of technicdl problems by means of
adaptive structural technology must continue
to be considered as a new field of research.
Furthermore, the adaptive structural technol-
ogy for helicopter applications Is highly infer-
disciplinary and requires a considerable
amount of research work. The comprehension
of helicopter dynamics and aeroelastic inter-
action with the integrated adaptive structural
technology is very important to reach an opti-
mised helicopter design. A detailed evaluation
of the effectiveness of this adaptive control
approach can only be made on the basis of

the understanding of the underlying physics.
Therefore this work will be accompanied

+ by investigations of alternative concepts of
integrated actuators based on piezo-
ceramic stacks, plates, films and fibres.

¢ by additional experimental investigations
with aerodynamic loads of wind funnel tests
in nonrotating and roftating cases and

¢ by investigation of full-scale applications.
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