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INTRODUCTION 

The research for new airfoils has become essential to follow the helicopter 
technological improvements realized on the structure transmission assemblies 
and engines. A big effort made by AEROSPATIALE in this field has been 
materialized by practical achievements on the PUMA SA 330. The improvement 
resulting from the adoption of composite blades for which a new family 
of airfoils is used·, is shown on figure I. 

In addition, due to the improvements realized by the airfoil design methods 
developed particularly by ONERA and AEROSPATIALE, it is possible today 
to predict more accurately the aerodynamic characteristics of a new airfoil. 

The study of a new generation of helicopter blade airfoils has been 
started by ONERA at the request of AEROSPATIALE who stated the design 
objectives based on their knowledge of the rotor aerodynamic flow environ
ment. Therefore, the first part of this lecture describes how the first 
airfoil of this family : OA 209 was generated. The second part gives 
some indications on the gains anticipated on the rotor with this new air
foil and the first results obtained in flight on the "Dauphin " SA 360 
helicopter. 

l. DESIGN OBJECTIVES FQR HELICOPTER ROTOR AIRFOIL 

The drawing-up of design objectives for rotor airfoil requires a good 
knowledge of the rotor aerodynamic flow environment (and even aero
elastic behaviour in some cases), the detailed analysis of the missions 
to be performed by the helicopter under consideTation, knowing the 
limitations of the design methods applicable to airfoil in bi-dimensional 
airflow, and the test facilities in steady and unsteady conditions. 

As to the first point, the methods developed by ONERA as well as by 
AEROSPATIALE (ref. l, 2, 3) describe rather accurately the aerodynamic 
(and aeroelastic) behaviour of the rotor as long as the latter does not 
include excessively stalled areas or is not subjected to highly 
unsteady compressible phenomena at the blade tip. 
The model rotor experimentation in the large Sl Modane wind tunnel 
made it possible to obtain all the data on the blade load variation 
necessary to test these theoretical prediction tools (ref. 4 and 5). 

As far as the second point is concerned, our helicopters have been, 
so far, designed as multi-purpose aircraft, used both for military 
and civil operations. It is why, we attached a great importance to the 
increase of manoeuvrability and payload (increase of the maximum weight, 
reduction of the fuel consumption in cruising flight) and to the 
improvement of hover performance in altitude. 

Finally, as to the last point, the design objectives must be adapted 
to the capabilities of prediction tools in the aerodynamic airfoil 
performance field. For this reason, the unsteady criteria are eliminated 
and replaced by equivalent steady criteria (CL max., ~· Mach tuck 
etc; .. ). 
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The examination of figure 2 shows the stringent nature of the requirements 
for an airfoil or a helicopter blade outboard section (0.75 R- 0.9 R) 

- High CL max for M = 0.3 - 0.4 

- High ~ for CL .( 0.1 with a low CD level 

In addition, the selected airfoil must have a low drag coefficient for 
M = 0.6, C = 0.6 both in cruising flight (front and rear blade) and in 
hover fligkt (more especially when the rotor is heavily loaded). 

With the advent of the composite blade technology (fibreglass or carbon) 
the aerodynamicist can select an evolutive geometry and adapt the airfoil, 
at the best, to the considered blade spanwise section. So, one obtains the 
definition of an airfoil family, the technical specifications of which are 
derived from those of the main section but with more stringent requirements 
for one of the above points, taking into consideration the differences of 
local Mach or CL required (see fig. 2). 

In our case, the airfoil NACA 0012 being taken as reference, the following 
points have been retained as requirements 

Hover and level flight in altitude 

To reduce the airfoil power absorbed by the rotor, the airfoil lift-to
drag ratio shall be improved by 20 to 30 per cent for (CL = 0.6 -
M = 0.6). In addition, the Ct level for which the drag increases rapidly, 
must be increased by 0.2 to reduce the interference effect on the 
following blade generated by the previous blade tip vortex in hovering 
flight. 

Advancing blade operation 

It is neces$ary to extend the drag divergence Mach number at near zero 
lift coefficient in order to reduce the important drag due to the 
advancing blade on fast aircraft,. or to allow simultaneously a chord 
reduction and an increase of rotor r.p.m. on a slower aircraft. 

A gain of 0.05 Mach is to be aimed at, maintaining a comparable level of 
Cn before ·the divergence and a moderate increase of Cn beyond (Cn • 0.012· 
for Ct = 0 at M = 0.85). 

Retreating blade operation 

The rotor limits, especially in manoeuvres or in altitude are connected 
to Ct max for Mach values between 0.3 and 0.4. An increase of Ct max by 
0.3 is recommended to increase the maximum capabilities· of the rotor. 

Requirements on moments 

Contrary to other manufacturers (ref. 6, 7,· 8) we have stringent require
ments for the .value of Cmo since we have JcmoJ < 0.005. We feel that for 
relatively flexible blades, the torsion effect induced by a high Cmo would 

·be prejudiciable, associated with. a pitch link load increase which would 
penalize the control rods from the service life aspect. 
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In addition, as far as our light aircraft are concerned, the increase 
of the pitch link loads is detrimental in the "servo-off" mode and 
reduces the flight envelope with load factor, usually limited by the 
jack stall. Therefore, the value ICmol < 0.005 is considered as 
desirable and lcmol < 0.01 as essential for Mach numbers between 0.6 
and 0.8. In addition, "Mach-tuc)1" associated with the building-up of 
important shock waves on an airfoil should occur after the drag 
divergence Mach number. 

Technological constraints 

To obtain a sufficient torsional stiffness and a satisfying structural 
strength, the relative thickness has been fixed to 10 % + I %. 
Moreover, a 5 % trailing edge strip has been included in-the definition; 
this strip facilitates the bonding of the trailing edge and allows 
a possible adjustment of Cmo. 

2. ROTOR AIRFOIL DESIGN 

2.1. Introduction 

The aim for this airfoil design was to improve the performance 
of the conventional profiles, such as NACA 0012, in the three 
primary areas of interest for a helicopter main rotor blade, 
i.e. manoeuvres,hover and high speed advancing blade. However 
the main objective was to design an airfoil which was well
adapted to hover and high speed. 

Table I ·presents the design objections for this airfoil in the 
different flight areas 

Table I. Airfoil design objections 

Flight condition Quantity Design objections 

Hover CL/CD for 
M = 0.6 C1 = 0.6 72 

CL for Moo= 0.6 0.9 

0.85 

High speed 

I Cmo I " 0.01 

C1 max at M = 0.4 1.4 

Manoeuvres 
CL max at M = 0.5 1.3' 

~------------------------------------------ ----------------------
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Two methods can be used to design an airfoil : direct or inverse. 

The direct methods were mainly used until a few years ago. The idea 
is to modify the geometry of a well-known airfoil in order to 
improve the performance for a particular flight condition. 

The basic rules used for changing the shape are deduced from the 
test analysis of the NACA series profiles or from studies of 
the influence on the airfoil performance of individual variations 
in airfoil geometric parameters (thickness ratio, camber ... 
(ref. 9, 10). 

Table II gives examples of airfoils obtained by modification of 
some NACA series. 

Table II - Examples of airfoils designed by direct methods 

NACA Series Airfoils 

NACA OOXX NPL 9615, 9626' 9627' 9660, 
"ONERA NACA cambre" 

NACA 130XX v 13006- 0,7 

NACA 131XX SA 13109-1,58 -SA 13106-0,7 

NACA 230XX v 23010-1,58 

NACA 6 X series VRS - VR7 - VR8 - VR9 - HH01 
HH02 

More details on the shapes and performance of these airfoils can 
be found in the ref. 11 to 17. 

The main defect of the direct methods is that the improvement of 
the quality of an airfoil for a particular point (e.g. max) is 
usually accompanied by a deterioration of other characteristics 
(e.g. Cmo). 

The progress in fixed wing airfoil design methods made these last 
years brought to light new processes, including inverse methods, which 
are a great improvement over the direct methods (18). 

Hodograph techniques are described in (19, 20, 21) while ONERA and 
AEROSPATIALE prefer purely inverse methods (22, 23) where the 
prescribed velocity distribution on the airfoil is the input and 
permits a direct control of the aerodynamic coefficients(C1 , Co, Cm). 
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2.2. Airfoil design and performance 

The different steps of the design process are : 

- the choice of a prescribed velocity distribution 

- the calculation of the airfoil shape 

- the theoretical evaluation of the performance for all flight 
conditions. 

After these three steps, an experimental control is necessary, 
because the theoretical calculations are not able at the time to 
predict with a high degree of accuracy some aerodynamic coefficients, 
like the CL max or the MDD· 

The choice of the velocity distribution has been made at c1 ~ 0.6 

The different steps in this choice and the consequences on the 
performance and on the shape of the airfoil are described on 
figure 3. 

- To obtain an improvement of C /Co at M = 0.6 and CL = 0.6, the 
upper surface velocity distriBution has been chosen to have a 
constant level near M = I forM= 0.6 on the first 18 per cent, 
followed by a compression law deduced from boundary layer compu
tations. To maintain the level of lift, the lower surface velocity 
distribution differs also near the leading edge from those of a 
conventional airfoil (fig. 3a). 
This velocity distribution leads to a leading edge camber and 
to a nose-down zero lift pitching moment. 

- To reduce the Cmo, the lower surface velocity distribution is 
modified so as to increase the load in the first 25 per cent of 
the chord. 
The thickness of the leading edge decreases, with a possible 
deterioration of the performance for the low lift coefficient 
in high speed flight. The thickness ratio decreases also (Fig. 3b). 

- To have the thickness ratio required, a modification of the 
velocity distribution due to the thickness effect is made with 
a higher level on the aft part of the chord and a peaky effect 
near 30 % to reduce the ·velocity at the crest (Fig. 3c). 

The airfoil computed from this velocity distribution has been called 
OAI. Its contour is also drawn on figure 3. 

The performance of the OAI airfoil has been estimated in all flight 
conditions with a transonic viscous code described (ref. 24). 
The results indicated that the main objectives of table I could be 
reached with, however, a risk of boundary layer separation on the 
lower surface near the leading edge for low lift coefficients. 
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This airfoil haB been tested in two-dimensional steady flow in the 
ONERA 83 Modane wind tunnel. The global performance plotted on 
Figure 4, shows that for the ct max at M < 0.5 and for the Moo at 
low CL the improvements, compared to the NACA 0012 airfoil, are 
important. However the drag level at C1 ~ 0 and the Cmo are greater 
than expected (fig. 5). This is due to a laminar boundary layer 
separation on the lower surface near the leading edge, which can be 
seen on the pressure distributions for several Reynolds numbers 
(Fig. 6). So it was decided to modify the airfoil to avoid this 
defect. 

The modification of the zero lift velocity distribution is shown 
on figure 7. It consists of a lower surface peak level reduction 
and a new velocity distribution on the aft part of the airfoil, to 
keep a low Cmo. A trailing edge tab has also been included in 
the design. 

The airfoil obtained by the inverse computation from this new 
velocity distribution has been called OA 209. It was also tested 
in the ONERA 83 Modane wind tunnel. Its performance is shown on 
Figures 8 and 9 in terms of ct max at M ~ 0.5, MbO at constant ct 
forM> 0.5 and Cmo. 

The objectives of table I have been reached for the Moo at C1 = 0, 
which is 0.85- and for the Cmo which is very low, even for high 
Mach numbers. For hover conditions, the C1/Co at M = 0.6 and 
ct = 0.6 is .. 75, and !-to = 0.6 for ct = 0.8. 

For man~uvring flight, the c1 max is 1.27 at M = 0.3 and 1.21 at 
M = 0.4. These values of CL max are lower than those at the 
objectives, but remain important for a nine per cent thick airfoil. 

2.3 .. Comparison with other airfoil characteristics 

It is always difficult to compare results of airfoils tests which 
have been made in different wind tunnels and for various Reynolds 
numbers. However, if the aerodynamic coefficients can be affected 
by the test conditions, they provide a reasonable basis for compa
rison and discussion. 

Figure 10 shows the contours of the airfoils selected for this 
comparison. It includes airfoils of about the same thickness ratio 
than the OA 209 and whose test results are published. 

The comparison includes also the NACA 0012 because it was the basic 
profile for the design and it has been tested in the same conditions 
and in the same wind tunnel as the OA 209. 
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These airfoils are : 

- NACA profiles : NACA 0012 - NACA 63 A 009 - NACA 64 A 608. 

-profiles designed by Boeing Vertol from NACA series V (1.9) 
3009-1.25 , V23010-1.58 with a 3° trailing edge tab. 
VR8 with 0° trailing edge tab. 

-profiles designed by Dr. Wortman FX 69H - 098 
FX 69H - 090 

The values of the aerodynamic coetficients for these airfoils have 
been found in ref. 16 and 18. 

Figure II compares some of the main sectional characteristics for 
the different flight areas, which are : 

- Ct max at M = 0.4 and 0.5 
- Cmo 
- drag divergence Mach number MDD at CL ~ 0 
- drag coefficient at M = 0.6 and CL = 0.6 

The symmetrical NACA airfoils have poor maximum lift capability 
while the cambered 64 A 608 has high CL max and a low drag level 
at M = 0.6, but an unacceptable Cmo. 

-The V(1.9) 3009- 1.25 has relatively good characteristics in 
all the flight areas but a relatively high Cmo. A trailing edge 
tab for a zero lift pitching moment compensation will decrease 
the CL max by about 0.1. 

-The V23010-1.58 with a 3° TE tab has a high CL max at M = 0.4 
but not at M = 0.5 and the hover characteristics are poor. 

- The VR8 with a 0° TE Tab gives some improvements on the 
V23020-1.58 in hover and forward flight, but a tab deflection 
for Cmo compensation will cause deterioration of its performance 
in manoeuvres. 

- The FX 69H-098 and FX 69H-090, designed by Dr. Wortman, have a 
very good performance in hover but not for MDD and the Cmo is 
quite important. 

The OA209 airfoil gives a good compromise for all the flight 
areas, It has a high MDD and a very low Cmo. Its performance 
in hover and manoeuver is about the same as those of the other 
profiles, especially if we take into account the decrease of 
CL max due to a zero lift pitching moment compensation 1for the 
other airfoils, 
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Figure 12 from re£ .. 16, compares the characteristics of some air
foils on the basis of their maximum lift capability at M = 0.4 and 
0.5 and the drag rise after drag divergence which is defined by 
the Mach number where the zero lift drag reaches a value of 
Coo = 0.018. The comparison is also made on figure 12 on the basis 
of the Mach tuck - Mach drag divergence diagram for several rotor 
configurations and sections at 90 per cent span station. 

Figure 12 outlines the good compromise realised with the OA 209 
airfoil ; this constitutes a basic profile for the design of a 
family of rotor blade sections with a thicker section for inboard 
stations on the blade and a thinner section for the tip, it will 
be possible to design a blade with very high performance in all 
the flight areas. 

2.4. Comparison with theoretical predictions 

The theoretical evaluation of the performance of an airfoil needs 
transonic viscous computer codes and it is necessary to know with 
which degree of accuracy the evaluations are made. 

The computer code used by AEROSPATIALE and ONERA is described 
(ref. 24). It uses the Garabedian and Korn method for the non
viscous transonic flow analysis. The viscous effects are taken 
into account by the boundary layer displacement thickness added 
on the profile and computed by an integral method developed at 
ONERA. 

Figures 13 a, b, c show comparisons atM.= 0.3- 0.5, 0.6 between 
the S3 Modane tests and the calculations; For each mach number 
the curves CL - a, CL - Co, CL - Cm have been plotted. The agree
ment is good for all the aerodynamic coefficients, even for high 
lift coefficients. It can be outlined also that the pitching 
moment of the airfoil is always very low and that the aerodynamic 
center is about at 25 % of the chord. 

However this computer code is unable to compute configurations with 
boundary layer separation, so the CL max cannot be predicted with 
accuracy. 

Figure 14 shows comparisons in terms of drag coefficient versus 
Mach number for three levels of lift : CL = - 0. I, CL = O, 
CL = 0. I. 

The agreement is generally good but some discrepencies appear at 
high Mach number. The shock positions at the same levels of lift 
are also well-predicted (fig. 15). 

For the zero lift pitching moment coefficient Cmo (fig. 16), the 
theoretical evaluation gives values quite different from those of 
experiments for high Mach numbers due to differences of the 
pressure distribution on the aft part of the airfoil. 
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These comparisons between theory and experiment are generally good. 
So the combination of this direct code with the inverse one for the 
airfoil design are very efficient and useful tools for the aero
dynamicist. 

3. IMPROVEMENTS ANTICIPATED WITH THE OA 209 AIRFOIL 

Considering the compressible bi-dimensional results obtained in the 
S3 Modane wind tunnel, the analysis of the gains to be obtained with 
the OA 209 airfoil, has been made,using the simplified performance 
calculation method described in Ref. 3. 

The examination of Figure 17 shows that the use of the OA 209 airfoil 
enables the increase by about 10 % of the· rotor lift level which 
corresponds to a·maximum lift-to-drag ratio, and the stall limit 
inception by 5 %. Of course, these important gains are due to a lower 
drag level in the retreating blade disc area and to the increase of 
c1 max. 

The aRplication to·an aircraft, like the Dauphin SA 360, makes it possible 
to anticipate the following gains. 

Hovering.flight : the improvement obtained in the area M = 0.6, CL 0.6 
should allow a gain in take-off weight, at constant power, varying 
from 2 to 5 % according to the rotor-load level. 

Forward flight : the gain in power is 7 % in cruising flight at sea 
level and 12 % at 2000 m ; this is due to the increase of the drag 
divergence Mach number at a low C1 and to the drag improvement on the 
front and rear blade near the stall limit in altitude. In addition, 
the load level can be increased by 5 to 10 % taking into account the 
increase of the lift level permissible in forward flight as calculated 
above. 

In order to evaluate these gains, an experimentation has been made on 
a model rotor in the large S1 Modane wind tunnel. The two model rotors 
used were four bladed rotors having a 4 m diameter, 140 mm chord, and 
rotating ?t a tip speed of 210 m/s. The simulation made it possible to 
cover advance ratios from A = 0,2 to A= 0.5 corresponding easily to 
the actual helicopter flight envelope. The blades of the rotor No 5 
which was used as reference, were generated with NACA 0012, SA 13109 
BA1.58 and SA 13106-0.7 airfoils ; the rotor No 6 blades were generated 
with the OA 209 airfoil, 

As the SA 13109 BA 1.58 airfoil has characteristics similar to those of 
the NACA 0012 (ref. 15) as far as CL max and drag level at M = 0.6 and 
Ct = 0.6 are concerned, the comparison can be made only for conventional 
advance ratios in which the drag divergence Mach number influence is not 
significative. 
Both rotors were successfully experimented at A = 0.5 up to M = 0.92 
at the advancing blade tip, rotor 5 behaved better at high Mach number 
considering its lower thickness ratio at the blade tip. 
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Results mentioned on Figures 18 and 19 show clearly the improvement of 
the lift-to-drag ratio anticipated for high loads usually used on 
helicopter in altitude. This gain is maintained within the range of 
usual advance ratios (A= 0.2 to 0.4). 

4. EXPERIMENTATION IN FLIGHT (Full scale) 

In order to compare more directly and to check the gains on a full scale 
rotor, a set of experimental blade with a OA 209 constant airfoil was 
built for the SA 360 Dauphin. An experimentation in flight took place 
recently ; it enabled the comparison between the behaviour of the 
conventional rotor (NACA 0012) and that of the experimental rotor. 
Tests were performed on an aircraft flying in overload conditions with 
respect to the maximum weight of Dauphin. 

Although the experimentation was made partially, results were deemed 
very interesting. On the one hand the flight envelope in forward flight 
was largely increased, as shown on figure 20 where are grouped all test 
points obtained at maximum engine power for both rotors. The gain in 
weight is approximately of 10 % whatever the speed is. Figure 21 shows 
the gain in speed at constant power ; this speed gain varies from 
5 km/h to 50 km/h between sea level and 4000 metres. Considering the 
small number of test points, we tried to sum up the power gains obtained 
with the blades OA2 in the shape of the diagram "average CD vs CT/r;" 

(Fig. 22). This diagram shows the improvement brought by the rotor 
OA 209 especially at high load (CT/r; > 0.07). 

As far as hover performance is concerned,the test points performed in 
OGE. hover have shown a gain in take-off weight of 2 %. Therefore, it is 
to be expected that this gain will be higher in altitude. 

No abnormal feature was evidenced in the pitch link alternating loads, 
this is in accordance with the low value of the airfoil Cmo. 
The analysis of the fixed servo static loads showed a substantial 
reduction of the lateral stick force, which allows a larger flight 
envelope in the case of a light helicopter when a hydraulic failure 
occurs (fig. 23). 

The vibration level has been considered as being much better with the 
set of blades "OA 209" in forward flight in altitude and with a load 
factor (fig. 24), although the aircraft flew in overload conditions. 
This result is logical since the vibration level of a helicopter is 
usually affected when the rotor lift-to-drag ratio starts to 
decrease at high advance ratio or high loading. 

The conclusion of these partial tests can be summarized by the 
pilot's opinion : the change of airfoil should allow an increase of 
the aircraft weight by at least 10 % with a flight envelope identical 
to that of the conventional rotor, without affecting the comfort 
and the margins of the aircraft. 
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CONCLUSION 

The various tests carried out on the OA 209 airfoil both in wind tunnel and 
in flight lead to the following conclusions 

- The viscous transonic airflow computer codes used by ONERA and AEROSPATIA
LE give a correct estimate of the airfoil performance in steady airflow. 

- The OA 209 airfoil performance in steady airflow is definetely more 
important than that of the conventional airfoils. If compared to other 
new airfoils, presently known, this airfoil is considered as being a 
good compromise between alf the requirements relative to a section located 
at 75 - 90 % of the span. 

- The gains expected by the user of this airfoil on an actual blade have 
been confirmed by flight tests 

increase of the lift-to-drag ratio in hover 

increase of the flight envelope 

reduction of the vibration level and of pitch link loads. 

- The use of airfoils derived from OA 209 airfoil for the production of an 
evolutive blade should allow still more important gains in the complete 
flight envelope. 
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