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Abstract

The EUROFAR (European Future Advanced Rotorcerafl}
project is.a cooperative program to study an advanced tilt rotor
aircraft for a primary civil application. ONERA is in charge of
the acrodynamic definition of the rotor.

After a preliminary «code validation and selection of
suitable airfoils; the RC3 rotor has been designed,; achieving a
good compromise between cruise efficiency ( = 0.83) and
hover figure ‘of merit (FM. = 0.80).. In parallel, a higher
performance RC4 rotor with reduced airfoil thickness at the
blade root has been designed; the RC4 rotor will be wind-
tunnel tested in order to check the ambitious goals of the
design, and to ensure the validation of the definition methods:

Some sensitivity studies have been performed around these
basic rotors ‘taking - into- account additional design constraints
and new dirfoils benefits: They will be. accounted for the
EUROFAR rotor final definition.
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Introduction

In spite of the extended capabilities of future helicopters, a
gap will remain between helicopters and fixed wing aircraft.
Today, the tlizrotor aircraft seems to be the most attractive
widy lo obtain vertical and short take-off and landing
(V/STOL), both capabilities associated with high speed in
cruise. The. tilt-rotor consists of an aifplane fuselage ‘with a
low-aspect ratio fixed-wing and wingtip-mounted ‘contra-
rotating rotors (Figure 1). A tilting system allows the aircraft
to- take off like an helicopter, ‘with the rotor disk being
horizontal,-and to fly like a propeller airplane, when the axis of
rotation is turned through 90",

In the United States, the XV15 demonstrated the
capabilities of tilt-rotor aircraft 4nd the V22-Osprey performed
its first flight in March 1989.

In Europe, Aérospatiale, Agusta, CASA, MBB and
Westland decided fo join and study the common EUROFAR
(EUROpean Future Advanced Rotorcraft) project. This
research and development program has been launched in 1987
{ll. In the preliminary three year feasability phase,
Aérospatiale, in charge of the aerodynamics of the rotor, asked
ONERA for the aerodynamic definition of the blade.

{*) Study sponsored by the DRET agency of the French Minisiry of Defence.
Copyright © 1990 by ICAS and ATAA. All rights reserved.
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Figure 1 : Model of the EUROFAR tilt-rotor aircraft.

The aim of this study is to draw an advanced rotor for a
primary civil application, which would have good performance
both in hover and in cruise flight (M = 0.50), with 30% thrust
margin in hover.

To satisfy these objectives, a twofold analysis is performed.
Starting with current design methods and available airfoils, a
reference rotor has been designed to be manufactured and
tested at the end of 1990. In parallel, different layout studies,
including new airfoil designs and method development, are
performed in order to refine the design. At the end, the design
methods, validated by comparison with wind-tunnel results,
will be used to draw the final rotor design.

In the first part of this paper, the aerodynamic design
methods will be presented, and a first validation of the codes
on the X910 and V22 proprotors will be shown.

Then, the general specifications will be recalled, and we
will describe the different iterations of the design phase which
led to the RC3 rotor definition (current EUROFAR reference
rotor) and to the RC4 rotor designed for performance tests.

The last part will be devoted to the analysis of the possible
evolutions of the design taking into account new constraints
and/or modified specifications together with the benefits of new
airfoils. )

Computation Methods

The basic method used for the EUROFAR proprotor design
is a curved lifting line method (LPC code). It was developed
during the CHARME operation [2-3] for definition and
performance computation of the HT3 transonic propeller with
twelve swept blades.

The aim of lifting line methods is to calculate the velocities
induced on the blades by the bound vortices (representation of
the blades) and by the trailing vortices (representation of the
blade wakes). These induced velocities are used to modify the
geometrical angle of attack of the airfoils by an induced angle
of attack correction, and to compute the real local relative
Mach number. As the analysis 'is performed on two-
dimensional airfoils, only the axial and tangential components
of the induced velocities are considered. When the angle of
attack and Mach number are known, the local lift and drag are
interpolated in an experimental 2D airfoils data base. This

procedure allows the compressibility and viscous effects to be
taken into account in the basical incompressible inviscid
method.

The originality of the LPC method is that the pitch A of
each trailing vortex is iteratively adjusted in order to match the
local velocity direction at its origin on the bound vortex. This
technique results in a set of two approximations of the local
circulation I', one depending upon the wake geometry and the
other upon the interpolated lift coefficient. An iterative
method (Newton method) is used to determine the radial
distribution of A that gives the equality of the two
approximations of the circulation.

In the past, the LPC code precision was assessed by
numerous cases of validation on propellers both on the overall
performance coefficients (y,t,m) and on the radial Ilift
distribution on the blades. The application of the LPC code to
cruise configurations, during which the proprotors operate as
propellers, did not raise any particular problem.

The application of the LPC code to the hover performance
computations was more difficult. Several difficulties had to be
overcome including :

e initialization of the thrust

coefficients.

o interpolation of airfoil polars in the neighborhood of and
beyond C(,,... associaled with difficulties of
convergence of the method.

e validity of the use of 2D polars at high lifL.

computations at high

The first problem is due to the fact that the iterative process
is initialized with a constant wake pitch A distribution. For
high thrust in hover, this initial distribution is too far from the
solution and the code diverges. A better initialization was
found by using the A distribution of a converged calculation
made at a lower thrust coefficient. This operating mode allows
the code to converge in many cases up to the maximum thrust
coefficient and requires less computational time when the
complete performance curve is needed.

The LPC convergence process was strengthened and the
interpolation routines were modified to avoid problems in the
neighborhood of the C;, . of the airfoils. However, the use of
2D airfoil polars at high lift is not validated. Several types of
polars were used for hover computations (see Figure 2). For
all types, the polars are the real experimental polars up to the
2D Cy - For angles of attacks higher than the C;, .. angle
of attack, different types of extrapolation were studied :

- Type 1 : a constant slope'of C; () curves.

- Type 2 : aconstant C; equal tothe Cp,

- Type 3 : the 2D stall behaviour and a prescribed curve
for high angles of attack.

For the three cases, the drag Cp, (o) remains unchanged.

The type 1 polars were only used with the initial code for
convergence convenience. It was obvious that it led to a
significant overestimation of the performance of the rotor for
high thrusts and is now disused. The use of type 2 and type 3
polars will be discussed further.
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Figure 2 : Polars extrapolations used for LPC calculations.

Rotor hover performance may also be analyzed by using a
blade element/momentum theory rotor apalysis program
(R85/HEL code from Aérospatiale). For cruise configurations,
the EULER 3D code [2] may be used, mainly 1o check the
definition.

In 1975 and 1976, Aérospatiale conducted wind-tunnel
tests in STMA on the X910 proprotor [4]. These tests included
cruise performance measurements {{or various advance ratios
A from 0.29 10 0.81) and pseudo-hover (with the (est section
obstructed or not by a tarpaulin). The X910 test results have
shown that this rotor equiped ‘with classical NACA04 airfoils
had good performance in cruise, but rather poor performance in
hover.

To investigate the case of proprotors fitted with advanced
airfoils, the ATB and V22 proprotors were considered [5-6].

Due to the lack of data on the aerodynamic characteristics of

the airfoils used on the ATB rotor, it was not taken into
account. The requirements and performance of XN airfoils
[7-8] were used to estimate their complete characteristics. The
data available in references [5-6] were used to draw an
approximate geometry of V22 rotor. Despite the uncertainties
on geometry and airfoils data, the V22 rotor constitutes an
interesting and important wvalidation case on a modern
proprotor.

X910 Proprotor
Cruise

Figure 3 shows the measured and computed performance
for cruise (advance ratio A = 0.81) and at a low forward speed
(A = 0.29). The measurements from the 1976 test campaign
are presented with and without spinner drag corrections. It can
be noticed that the correction is very large for A =0.81
{approximately 10 to 15 percent of the blade thrust).

i LPC calculation
0.08+ SR 7Y
0.06 4
0.04- _ .
With hub correction
- ——_ Without hub correction
.02+
X
1] (]

0.05 .10 0.15 0.20
Figure 3 : X910 proprotor in advance flight - thrust coefficient

versus power coefficient.

The LPC computations give correctly the variation of the
thrust coefficient © versus the power coefficient x for both
advance ratios. For the advance ratio A =0.81, the differences
between computation and experiment are very small compared
with the spinner drag corrections. In terms of efficiency, a
slight overestimation of the performance can be seen at A =
0.29 (Figure 4).

0.84" With hub correction
0.6 - Without hub correction
0.47 LPC catculation
------ Test
0.2
X
T ¥ T
0.05 0.10 0.15 0.20
Figure 4 : X910 proprotor propulsive efficiency versus power
coefficient.
Hover

Figure 5 compares the computation results (type 2 polars)
with the 1975 test results with a complete tarpaulin (V= 5
m/s). The comparisons are qualitatively good in spite of a
slight overestimation of the power coefficient x required for a
given thrust coefficient 7 at the higher thrust levels (T = 0.10).
Figure 6 shows the results expressed in terms of figure of merit
F.M. as a function of the thrust coefficient T. We can see that
the maximum hover figure of merit is correctly estimated, but
there are some minor discrepancies :

- the performance is underestimated at low thrust (v =
0.07)

- the rotor stall occurs earlier in the computation than in
the test (v = 0.10).
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Figure 5 - X910 proprotor in hover - thrust coefficient versus
power coefficient,
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Figure 6 : X910 proprotor in hover - Figure of Merit versus
thrust coefficient.

Calculations were made with the LPC code for three
different advance ratios. They are compared in figure 7 to
experimental data and Bell analysis [9). The LPC results are
for the three cases lower than the experimental data. However,
it must be pointed out that the test Mach numbers are not
known. The LPC calculations were run with Mach numbers
(M = 0.42 for A = 2.10) which may be higher than the test
values. Taking into account the uncertainties on geometry,
airfoil data and tests conditions, the calculated efficiencies
seem satisfactory.
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Figure 7> V22 proprotor in advance flight - Propulsive
efficiency versus power coefficient.
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Hover

The hover performance was compuied with the two types
of polars (types 2 and 3 of figure 2). Figure 8 shows that the
computed figure of merit obtained with the limited polars (type
2) is in rather good agreement with the experimental data for
the range of operational thrnst. As for X910 rotor, the
performance is underestimated at low thrust coefficients. The
use of type 3 polars leads to an underestimation of the
performance for all the thrust coefficients,

F.ML
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Cy {a) polars { Type2-—~—1 LPC calculation

Type 3—~~~J
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Figure 8 : V22 proprotor in hover - Figure of Merit versus
thrust coefficient.

Code validity

The LPC code developed for the definition of propellers
also appears well suited for the computation of proprotors
propulsive efficiencies when operating in airplane mode.

Despite some differences between experiments and
computations on the hover figure of merit curves, the
agreement is rather good for hover operational conditions. It
has been noted that for low thrust level, the figure of merit is
lower in the LPC calculation than in the experiment; this
general tendancy should not affect the EUROFAR rotor design
as these conditions are not considered in the optimization. For
high thrust levels, the simplicity of the LPC code is certainly
insufficient to describe accurately the blade stall. It is known
that these conditions are very difficult to compute. Recent
Navier-Stokes analysis on the V22 blade [10] has confirmed
that the separation of the flow on the inner part of the blade
appears later than predicted by a lifting surface code using 2D
airfoil data. In our case, the simple extrapolation techniques
used for 2D aerodynamic characteristics (type 2 or type 3)
seem to be precise enough for the estimation of the maximum
thrust coefficient.

The good sensitivity of LPC code for all design parameters
(chord and twist laws, airfoil distribution ...} associated with
the low-cost computing times (less than (0.5 second on a Cray
XMP computer) makes it a good tool for proprotor design. For
confidence, the final designs are verified with other codes of
EURQOFAR partners. In particular, the R85/HEL helicopter
code of Adérospatiale s used for hover performance
computations, and an EULER 3D code from ONERA for
cruise performance analysis.



EUROFAR Rotor Specifications

The three design objectives of EUROFAR proprotor are 2
high propulsive efficiency vy > 0.83 in cruise, a hover figure of
merit of (.78 and 30% thrust reserve in hover.

Based on the design objectives and in conjunction with
operational constraints, the main characteristics were selected
(diameter, tip speed, thickness constraints ..). The
specifications for the EUROFAR tilt-rotor aircraft led to
optimize the rotor under the following conditions :

Cruise
Altitude 7500 m ISA
Mach number 0.50
Tip speed 176 m/s
Advance ratio A . 0.876
Nominal thrust coefficient T : 0.032

Hover

 Altjtude 500 m ISA T+20°
Tip speed 220 m/s
Blade tip Mach number 0.63
Nominal thrust coefficientt : 0.108

The specifications given at ONERA by EUROFAR Rotor
Team are presented in Table 1. Some constraints exist on the
thickness in the inner part of the blade which are highly
dependent on hub technology ; these constraints have changed
during this preliminary design phase.

The number of blades, initially an optimization parameter,
was set at four.

Diameter

Number of blades
Stacking of airfoils
Pitch axis

11,21 m

3or4

25 % on the chord
25 % on the chord

Airfoils Existing families (to be defined)
Thickness Law To be optimized
Chord Law To be optimized
Twist Law To be optimized

Spinner Diameter 1m

Table 1 : EUROFAR proprotor specifications.

Considering the limited time available for the definition of
the rotor for wind-tunnel performance tests, the choice of
airfoils had to be limited to existing ones. Helicopter and
propeller airfoils as well as NACAG4 airfoils with thickness 1o
chord ratio between 8% and 30% were considered. Their
characteristics were examined after determining a proprotor
airfoil specification based on the preliminary rotor design made
by MBB. It appeared that the performance of NACA 64
airfoils was clearly tnsufficient for a high performance rotor.

The OA3xx and DMHx helicopter airfoils are well suited
for the vutboard part of the blade. As the use OA312 airfoil
starting at 0.50R was possible, the OA3xx family was chosen.
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As the existing 20% thick airfoil had too high a drag
coefficient Cr, for cruise, ONERA has quickly developed the
OH120 airfoil. The preliminary specifications set for the
design of this airfoil were used at the beginning of the rotor
study. The OH120 tests, performed in CEAT Toulouse wind-
tunnel, have confirmed that the aesrodynamic characteristics are
better than the specifications. In cruise conditions (M ~ 0.50 at
the blade root), the drag coefficient is maintained at a
reasonable level (€}, =~ 0.008). For low Mach numbers, the
OH120 airfoil has a high lift coefficient (Cy, . > 1.85) with a
maximum lift-to-drag ratio of 110.

For the inner part of the blade, airfoils with thickness to
chord ratios higher than 25% are necessary. The overview of
available airfoils has shown that none was satisfactory for
EUROFAR application. At the request of MBB, the DLR has
defined the KRx airfoils, with relative thicknesses from 25% to
28%. As the development was not achieved when most of the
present studies were done, we used a 28% thick airfoil with the
same aerodynamic characteristics as the XN28 airfoil used on
V22 proprotor (see Validation of LPC Code). In future studies,
the use of advanced thick airfoils will be considered.

Rotor Aerodynamic Definition

Historical Evolutions

The first geometry (RC1 rotor) was aimed at identifying the
performance level which could be obtained from the selected
airfoils. This three-blade rotor defined with OH120, OA 312
and OA309 airfoils, had a propulsive efficiency vy = 0.856 for
cruise and a hover figure of merit higher than 0.80. The thrust
reserve in hover was only 15% with respect to the nominal
thrust. As this rotor did not fully satisfy the aerodynamic
specifications, it was abandoned. However, the main
geometric characteristics of the RCx family (chord law, airfoils
distribution) were determined during this first siage.

The RC2 geometry was defined with new geometric
constrainis. The selection of the possible hub technologies led
to increase the blade root thickness and to set the number of
blades at four. A 284% thick airfoil was used at the blade root
to fit the thickness requirements and the rotor solidity o was
increased o rise the 30% thrust margin. The twist law was
adapted to keep the cruise performance o a good level () =
0.836). For hover, the figure of merit calculated with LPC
code, F.M. = 0.76, was lower than the design objective F.M. =
0.78. In contrary, the helicopter R85/HEL code indicated that
the figure of merit could be better (F.M. = (1.78}.

As the hover performance of the RC2 rotor was considered
insufficient, additional work was required to improve the figure
of merit without giving up the good propulsive efficiency in
crutse. For that, inboard chord was reduced and the twist was
optimized in a different way. With the RC3 geometry, the
hover performance was improved with a figure of merit F.M. =
0.80 higher than the objective (Figure 9). The propulsive
efficiency was preserved to a very satisfactory level np = 0.83.
This geometry was chosen for the reference EUROFAR
proprotor.

As the definition of an airfoil with a thickness to chord ratio



of 28% was not completed early enongh to allow the RC3 rotor
to be built for the SIMA wind-tunnel tests, ONERA defined
the RC4 rotor, mainly differing from the RC3 rotor by the use
of a 20% thick airfoil section at the blade root. The
performance of this rotor are superior to those of the RC3 rotor
(n =~ 0.84 and F.M. = 0.81).

n|Cruise
0.854
RC2 RC4
B~ Hover ,;Q
improvementw"rhinner airfoils
RC3
® V22
0.80+
Hover
] H
0.75 0.80 F.m.

Figure 9 : Cruise efficiency and hover Figure of Merit of
successive RCx rotor designs.

Description of RC3 and RC4 Rotors

In order to achieve a satisfactory cruise performance, it was
decided to use the lowest possible thickness in all points of the
blade. The optimized twist law implies low lift coefficients in
the inner part of the blade during cruise. Consequently, an
increase of the chord in this part of the blade mainly causes an
increase of the blade drag. For this reason, the chord was set to
the minimum value giving with a 28% thick airfoil the absoclute
thickness required. In the outer part of the blade, the chord
was ajusted so that the airfoils operate during hover as close as
possible to their maximum L/D ratio without excessive penalty
in cruise flight. The resulting geometry does not have a
constant taper, but a rapid variation of the chord around mid
span (Figure 10).

The trade-off between cruise and hover is achieved by
modifying the twist law. As it can be seen from Figure 11, the
optimized twist is more important and more regular for cruise
than for hover. In hover, the twist varies quickly near the root
of the blade and there is a very slow variation between (0.4R
and 0.9R; this kind of twist law gives very low propulsive
efficiency in cruise. As a simple interpolation of the twist
between cruise optimum and hover optimum resulted in low
cruise efficiency for the desired hover figure of merit, an other
approach was selected to find the *best compromise’.

The hover performance was obtained by the decrease of
twist evolution around 0.7R keeping the global twist law as
close as possible to the cruise optimum (in particular in the
inner part of the blade). Further improvement is obtained by a
decrease of the tip twist.

Figure 12 compares the twist of RC3 and V22 rotors. The
twist variations between 0.4R and R are about the same for the
two rotors. This is due 1o the decrease of the twist at the tip of
the RC3 blade, but we can see that in the outer part of the
blade, the twist variation is more important on RC3 rotor than
on V22 rotor, inducing a better cruise adaptation.
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Figure 11 : Twist law optimization examples.
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Figure 12 : Comparison of RC3 and V22 twist luws.



The twist law of the RC4 rotor is about the same as the one
of the RC3 rotor. It was adjusted to take into account the
change of root airfoil section and to distribute the performance
gains between cruise flight and hover.

In cruise conditions (M = 0.50, A = 0.876), the RC3 and
RC4 rotors have a propulsive efficiency higher than 0.83 at
nominal thrust (Figure 13). According to our computations,
they would be better than V22 rotor in the same conditions. In
hover (Figure 14), their figure of merit would be slightly lower
or equivalent to V22 one (F.M. 0.81). This good
compromise is obtained with a maximum thrust coefficient
much lower than V22 one.

n Design point
0.85-4
0.804
/// RC3
- —-= RC4 + {PCcalculation
0.751,-" e V22
[

0.025 0.030 0.035 0.040

Figure 13 : V22, RC3 and RC4 proprotors in cruise (M = 0.50,
A = 0.876) - Propulsive efficiency versus thrust

coefficient.
Design point
b

0.80+..— \'\\ 30 % thrust reserve
0.75+

- RC3

—— RCA } R85 calculation
0.70+

T
T ¥ T T

0.10 0.11 0.12 0.13 0.14
Figure 14 : RC3 and RC4 proprotors in hover - Figure of Merit

versus thrust coefficient.

Figure 15 shows the evolution of cruise performance of the
RC4 rotor versus the cruise Mach number at nominal rotational
speed. We can see that the RC4 rotor is perfectly well adapted
at the design point (M = 0.50, A = 0.876) for which it reaches
the maximum efficiency vy = 0.837. Further, the propulsive
efficiency of the rotor remains higher than 0.80 for Mach
numbers up to 0.60.

Figure 16 shows that the propulsive efficiency could be
improved by an increase of the advance ratio A which means a
reduction in helical tip Mach number at the fixed cruise Mach
number (M = 0.50). If the ratio €2-/€;, decreases from 0.80 to
0.70 (from A = 0.876 to A = 1.00), the efficiency is increased
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from v = 0.837 to the maximum value 1} = 0.857 ; in this case
the hover figure of merit remains equal to 0.806. If the ratic of
rotational speed in cruise and in hover £./8, remains
constant (Q, = Q. /0.8), the hover thrust reserve becomes
lower than the required 30% (dotted part of the F.M. curve in
Figure 17). Consequently, the RC4 rotor design helical tip
Mach number is the optimum value to satisfy the objectives for
the prescribed value of the ratio Q. /€2, = 0.80.

er . .
0.854 Design point
¥

0.80
0.75-

0.40 0.45 0.50 0.55 0.60 0.65 M

4 1 3 I A T
070 080 090 1 1.1 A

Figure 15 : Evolution of the RC4 proprotor propulsive
efficiency with advance Mach number (Q, = Cst,
Thrust/M* = Cst).

Cruise Hover

a4 F.M. } )
0.85 Design point
F.M. Qpy = Cst
0.80-
0.751
0.?0 0.80 0.70 Q/Qy
T T il T L
070 0806 090 1 11 A

Figure 16 : RC4 proprotor - Influence of rotational speed Q.
variation on cruise efficiency (M = 0.50, nominal
thrust).



Cruise Hover
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T ¥ ¥ H T Bl
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Figure 17 :RC4 proprotor - Influence of rotational speed
variation on cruise efficiency (M = 0.50, nominal
thrust) and hover Figure of Merit (Q/Qy = 0.80).

In conclusion, the RC3 and RC4 rotors have high cruise
efficiency associated with a good hover performance. Better
cruise efficiency can be obtained by a tip speed reduction , but
may result in drive system weight and in the engine working
further from its optimum. A complete trade-off study should
be performed, including blade iwist refinements, to evaluate
the real benefits.

Parametric studies

Many parametric studies were done to prepare the future
evolutions of the EUROFAR rotor :
increased thicknesses at blade root for a flexbeam
application on a composite gimbal rotor
rectangular blade studies for parametric investigation on
rotor behaviour (H-forces, autorotation)
- possible improvements and changes of trade-off.

Figure 18 gives the propulsive efficiency in cruise (M =
0.50 A = 0.876 at EUROFAR nominal thrust) versus the hover
figure of merit. It compares all these parametric investigations
to RC3, RC4 and V22 results.

The RCS rotor was designed for the flexbeam application in
order to have the same propulsive efficiency as the RC3 rotor.
The use of thick airfoils on an important part of the blade
results in an important decrease in hover figure of merit (AF.M.
=0.03).

The RCR rotor with rectangular blades, having the same
thickness-law and the same solidity as the RC4 rotor, also
shows an important loss of performance in the trade-off
diagram (AF.M. = 0.04). These two studies clearly show that
there is a great sensitivity on the hover figure of merit. A
better figure of merit could be obtained with thick airfoils
having a higher maximum Hift.
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Figure 18 : Sensitivity analysis - Cruise efficiency and hover
Figure of Merit.

Recent studies have been performed taking into account the
experimental characteristics of OH120 airfoil. Figure 18
shows that we can possibly expect an 0.5% increase in
propulsive efficiency with the same hover figure of merit, or
2% increase of cruise efficiency with less than 1% figure of
merit in hover (dashed lines corresponding to RC3MI1 and
RC4AM1).

As we said previously, all these studies were done using
mainly existing airfoils. For this reason, during cruise, the
drag coefficient Cj, is higher than 0.0085 on the main part of
the blade. To show the interest of new airfoils adapted to
proprotor application, some computations were done with a
constant drag fixed at C, = 0.008 all over the blade. It can be
seen on Figure 18 that this leads to a further improvement in
cruise efficiency between 1% and 2% (dotted lines
corresponding to RC3M2 and RC4M?2Z).

These examples show that there are still considerable gains
to be made with well adapted airfoils. Their development
would allow the design of rotors with high cruise efficiency (1
> (.85) in conjunction with the hover objectives (F.M. > 0.78
and 30% thrust reserve).

To show the influence of baseline geometry on parameltric
investigations, we have compared the influence of helical tip
speed on propulsive efficiency of the RC4 rotor (v = 0.837,
F.M. = 0.806) and of an improved RC4M2 design (n = 0.854,
F.M. = 0.800). On Figure 19, we can see thal there is less
improvement 1o expect from a tip speed reduction for the rotor
having the best cruise adaptation. On the other hand, the
maximum efficiency is obtained with a ratio Q. /82, = 0.74 for
the improved design instead of Q. /Q;, = 0.70 for RC4 rotor.

In conclusion, these parametric studies have shown the
general trends on rotor performance resulting from constraints
modifications in the rotor optimization. They will be
accounted for the next design of EUROFAR rotors.
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Figure 19 :Influence of helical tip speed on the RC4 and
RC4M1 proprotors propulsive efficiency in cruise
(M = 0.50, nominal thrust).

Conclusions

As the preliminary validation on the X910 and V272
proprotors had shown that the LPC Curved Lifting Line
method was a well adapted tool for the aerodynamic analysis,
this code was selected for the design of the EUROFAR
proprotor blade.

In order to achieve a high level cruise efficiency suitable
for the EUROFAR primary civil application, the best available
airfoils have been selected to tailor the blade design accounting
for good hover performance.

The resulting RC3 rotor performance is high with a cruise
efficiency n = 0.83 at Mach number M = 0.50, a hover figure
of merit F.M. = 0.80 and a 30% thrust reserve in hover flight.

In parallel, a model RC4 rotor has been designed to be
tested in hover on Aérospatiale test rig and in cruise in the
ONERA SIMA wind-tunnel. The test results will be used to
check the ambitious goals of the design, and to ensure the
validation of the definition methods.

Some sensitivity studies have shown that a significant loss
of performance could happen in the case of a blade root
thickening for technological reasons. On the contrary, major
gains are to be envisaged by using advanced airfoils currently
under development among the EUROFAR partners.

The future studies will integrate the informations from the
the wind-tunnel results and the benefits of new airfoils, to draw
a new reference rotor by the end of the EUROFAR preliminary
phase.
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