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Abstract

The design of new helicopter airfoils is a challenging task. The individual blade sections undergo very different
flow conditions during the various flight regimes of the helicopter. In forward flight, the advancing side operates
in a transonic regime where potentially shock waves can occur, while on the retreating side little flow velocities
at high angle of attacks are seen up to reverse flow. In hover, the oncoming tip vortex of the previous blade
drastically influences the inflow on the rotor. Therefore, after a brief review of given design techniques, a novel
approach for airfoil designs is put forward. A surrogate based multi-objective approach including constraints
is utilized to concurrently optimize an airfoil for hover, retreating and advancing side flow, while also enforcing a
certain robustness as to not looking at single design points in these global flow regimes. Along with the estimation
of design targets, this 2D flow analysis-based framework allowed to optimize the airfoil design of an existing model
rotor blade. A comparison over a range of flight conditions of the rotor with and without the new airfoils proved
the validity of this approach.

Keywords: robust airfoil design, NACA23012, HART-II, OA209, multi-objective surrogate-based opti-
mization

1 INTRODUCTION

The design of airfoils for helicopters is a challeng-
ing task as the flow field around the rotor blades varies
greatly. In contrast to fixed-wing aircraft which deploy
slats and flaps to adjust the airfoil to the specific flight
condition, this sort of devices have not been estab-
lished yet on mass produced helicopters. Thus, rotor
airfoils must perform well in high speed transonic flow,
while also being able to still generate lift in almost in-
compressible flows.
A common approach for airfoil design is the two-

dimensional analysis to guide the designer towards a
better design through panel methods or Euler codes
coupled boundary layer analysis, such as XFOIL [1]
or MSES [2] by Drela. These tools allow the designer
to look at individual sections of the blade and tailor-
ing each one individually without requiring to take the
others into account with an acceptable computational
effort. The challenge for helicopter rotors is the de-
termination of the correct inflow states and selection
of the most vital ones for the design. Dadone [3] pro-
poses a set of rules for this, where the actual rotor
design shall be checked in various flow conditions in
order to arrive at a successful design. This is also re-
flected in the work by Thibert and Gallot [4], who come
up with a set of metrics and flow conditions to design
the OA209 airfoil. Generally, a reduction of the drag
coefficient for the airfoil is desirable, while at the same
time a certain maximum lift has to be ensured and the
pitching moment is to be limited to avoid structural fail-
ure of the rotor. Bousman [5] also derives recommen-
dations for rotor airfoil design based on findings with
a comprehensive code.
While the aforementioned design studies were car-

ried out manually, recent approaches take advantage
of numerical optimization procedures. While numeri-
cal optimization does not relief the airfoil designer of
understanding the physics, it may help finding an im-
proved design more quickly by performing parameter
studies in a smart way. The full topic of numerical op-
timization will not be covered here, but the reader is
referred to Martins and Ning [6]. The ingredients for a
numerical optimization of airfoils is a parameterization
technique, an numerical optimization algorithm, and a
simulation tool to compute the merits of the tried airfoil
designs.

Regarding parameterization techniques, numerous
approaches exist. Aside from splining techniques
such as Bezier, Cubic and NURB splines [7], Hicks
and Henne bump functions [8] as well as the CST pa-
rameterization by Kulfan [9] are often employed. They
specifically drive the upper and lower surface of the
airfoil. Opposing this, parameterization based on the
camberline and thickness distribution exist, with the
NACA 4 and 5 series parameterizations [10] being the
most renowned ones, but derivatives based on this
are given for example by Xiaoqiang et al. [11] or Allen
et al. [12]. PARSECby Sobieczky [13] falls in between
these two categories. For the optimization, a trade-off
has to be made between the number of parameters
employed and flexibility. With more parameters, the
cost of the optimization will grow, while on the other
hand a reduced number of parameters will limit the
optimizer in finding a good design. Song and Keane
[14] studied the effect of increasing parameters, while
Marinus [15] compared the effect of different param-
eterizations. Both cases also show that undesirable
shapes may be obtained if the optimization is too flex-
ible.



For the numerical optimization, two general routes
are either fast gradient-based optimization techniques
that find the next minimum quickly versus themore ex-
pensive heuristic evolutionary approaches that seek
the global optimum. The gradient based approaches
are often coupled with adjoint CFD solvers, which ef-
ficiently compute the gradient. One such example is
given by Ilic and Brezillon [16]. Lane [17] uses numer-
ical optimization to find a good airfoil shape using pre-
set pressure distributions known as inverse design.
On the other side is the application of evolutionary
algorithms often in conjunction with surrogate mod-
els to speed up the optimization effort. Obayashi and
Takanashi [18] utilize genetic optimization procedures
to optimize their pressure distribution to then arrive at
the final airfoil shape through inverse design. Koziel
and Leifsson [19], Leifsson et al. [20] employ variable-
fidelity techniques to further accelerate the surrogate
based optimization process of airfoils with global op-
timizers. Massaro and Andrea [21] optimize rotor air-
foils with artificial neural networks and genetic algo-
rithms. Fusi et al. [22] also employ variable-fidelity
methods and include uncertainty quantification tech-
niques to obtain robust rotorfoil designs that operate
well in multiple flight conditions.
Another way to obtain better airfoils is the direct 3D

approach, where the shape of the rotor is altered to
improve aspects of the rotor directly. Lee and Kwon
[23], or Choi et al. [24] simulate the rotor in hover and
calculate the gradient through the adjoint approach
to optimize the outer shape of the rotor including the
airfoil shapes. Rotor shapes in forward flight have
been optimized by Wang et al. [25], or Fabiano et al.
[26] using the unsteady adjoint formulation. While a
break-through by itself, it nevertheless requires a lot
of resources and therefore intermediate approaches
exist by Vu et al. [27], Vu and Lee, [28] or Allen et
al. [12]. They compute airfoil polars with a 2D anal-
ysis code and validate the gains of their designs with
their comprehensive codes. The adjoint based as well
as the simplified comprehensive code approaches de-
liver airfoils suited for the specific flight condition, yet
the versatility may suffer, as they are limited in the
number of flight conditions that can be investigated.
Ahuja et al. [29] and Mani et al. [30] optimize airfoils

for dynamic stall. While an achievement by itself, the
retrieved airfoils become noticeably thicker and there-
fore are less suited for transonic flow where shocks
may occur. Both works therefore conclude that their
findings need to be put into perspective and recom-
mend the application of multi-objective optimization
procedures to arrive at more robust airfoil designs as
Fusi et al. [22] propose.
DLR has contributed in various airfoil design activi-

ties. The recent airfoils designed for helicopter blades
have been the EDI-M109 and EDI-M112 airfoils, which
were developed jointly with IAG Stuttgart for Airbus

helicopters (back then Eurocopter) [31]. During the
assoziated project, inverse design competed with a di-
rect numerical optimization at specific flow conditions
and regular exchange between the participating par-
ties led to the final designs.
In the scope of the present research, this work aims

at a robust design technique based direct analysis
coupled with an optimization. Opposed to Fusi et al.,
who concurrently optimize their airfoil for the mean
and standard deviation in a single flow condition, here
multiple flow conditions are considered and the mean
for a range over lift coefficients is improved, as Fusi et
al. propose in the conclusions of their paper.

2 METHODOLOGY

The proposed optimization procedure consists of an
optimization strategy, a parameterization of for the air-
foil and a simulation approach. For this work, these
packages have been bundled together in a software
framework for evaluating various airfoils in different
flight conditions and efficiently extract high level goal
functions. These individual packages are explained
first before the actual optimization is presented.

2.1 OPTIMIZATION STRATEGY

The underlying optimization strategy is based on
the EGO algorithm by Jones et al. [32]. A design of
experiment is carried out, where random designs are
generated which are then evaluated with the simula-
tion. Afterwards, a Kriging surrogatemodel [33] is built
to approximate the functional behavior of the simula-
tion. This surrogate is evaluated a lot faster than the
simulation function and therefore enables the usage of
global optimization technique which would otherwise
be too expensive.
Here, the in-house Powerful Optimization Toolkit

(POT) [34] is employed. In contrast to the initial per-
ception by Jones et al. [32], it utilizes more recent
design of experiment techniques and chains multiple
optimization algorithms together to globally find the
optimal solution with an accuracy of local searchers.
Most noticeable, the Pareto front is searched using the
Differential Evolutionary algorithm by Storn and Price
[35], which has been extended to multi-objective prob-
lems using the sorting algorithm from the NSGA-II by
Deb et al. [36]. With further enhancements, multiple
goal functions as well as constraints can be handled.
A technique coined ’crashmap’ handles failing designs
without tainting the original surrogate models with ill-
posed penalty values.
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Figure 1: Example parameterization of NACA23012 airfoil using the modified IGP method. camber .p shows
the camberline control points and thick p. exemplary visualizes the thickness parameters
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Figure 2: Validation of the DSA-9A airfoil simulations for various grid densities. Drag has been integrated from
pressure only to match the experiment [37].



2.2 PARAMETERIZATION

While different techniques have been implemented,
in this work the Improved Geometric Parameterization
(IGP) proposed by Xiaoqiang et al. [11] is the under-
lying parameterization. It describes the airfoil through
a parameterization of the camberline and a thick-
ness distribution. The camberline is simply described
through a Bezier spline with four control points, of
which two control points may be freely moved in hor-
izontal and vertical direction. The thickness distribu-
tion is based on the polynomial function also applied
to the NACA 4 and 5 digit parameterizations [10]. Op-
posing the NACA parameterization, where only the
maximum thickness may be varied, the IGP sets all
five coefficients free. Through simple algebra they
transform these to four parameters, which represent
the nose radius of the airfoil ρ0, the maximum thick-
ness t and location of the maximum thickness xt as
well as the boat trailing edge angle βte, i.e. the angle
towards the closed leading edge. The beauty of this
is that intuitive parameters are given for the thickness
distribution.
The parameterization is somewhat modified as the

camberline is simply parameterized with a spline us-
ing five controls points with three free control points.
Since rotorcraft airfoils almost always feature a tab or
blunt trailing edge, a simple function is superimposed
to accommodate this. The thickness distribution is re-
placed with the tab thickness at an horizontal loca-
tion equal to the chord length minus the trailing edge
length. The camberline is then replaced with a linear
function that allows to specify the tab trailing edge an-
gle to further augment a potential reflex of the airfoils
as required to keep the pitching moment within limits.
In Fig. 1, the tabbed NACA23012 airfoil as found on

the HART-II rotor blade [38] is parameterized with the
given method. The thickness distribution matches ex-
actly due to the common definition, whereas a slight
deviation of the camberline leads to an offset in the
vertical direction towards the trailing edge and minor
differences at the leading edge. This offset maybe fur-
ther alleviated with more parameters for the camber-
line, but for these studies a total of five control points
(10 parameters) is found to be acceptable.

2.3 SIMULATION

For the airfoil simulations, DLR’s FLOWer code [40]
is utilized. The flow solver is a block-structured multi-
grid solver. The airfoil simulations have been carried
out using local time stepping with the SGS-Scheme
[41] performing two stages and running a three stage
multigrid cycle. The spatial discretization of the invis-
cid fluxes is based on the SLAU2 [42] scheme with a
third order reconstruction [43], [44], whereas the tur-
bulent fluxes used a first order reconstruction. The

employed turbulence model is the Spalart-Allmaras
[45] model. Transition is empirically predicted using
the AHD criterion [46]. If a shock wave was present
on either side of the airfoil, the transition location was
set to the minimum pressure location to avoid numer-
ical buffeting of the otherwise steady solution.
For the mesh generation, the in-house grid gener-

ator G3 is employed which is based on transfinite in-
terpolation [47]. A mesh sensitivity study of the ap-
plied O-grid has been carried with for the DSA-9A
airfoil and is compared against the wind tunnel test
[37], see Fig. 2. From the wind tunnel test matrix, two
transonic flow conditions are selected roughly corre-
sponding to the later used flow conditions for the op-
timization while while a low-speed flight condition is
selected where later on the maximum lift coefficient
is checked. The overall agreement with the wind tun-
nel is in good standing, yet towards larger lift coef-
ficients a greater offset to the experiment is noticed,
especially for the Mach 0.3 condition. On the CFD
side, it is observed that the SA turbulence model is
still very sensitive to the grid resolution near the stall,
while on the other side, in the wind tunnel the experi-
ment featured small dimensions and therefore block-
age effects could not be fully avoided. Given that in
the CFD setup, a plain free-stream airfoil is simulated
in 2D fashion versus (corrected) 3D flow in the closed
test section, the setup seems sufficiently reasonable
for optimization. Klein et al. [48] have performed anal-
ysis with FLOWer that demonstrated that using a 3D
setup will improve the correlation of (this) wind tunnel
and CFD simulations. Yet, for design purposes, these
setups would become to costly. From the investigated
grid densities, the 192x96 setup is utilized as a fair
trade-off between accuracy and speed. The drag and
moment prediction is already close to the finest mesh
result, while the too small maximum lift coefficient is
considered acceptable as the differences between air-
foils is captured.
For the later on applied rotor simulations, similar

CFD parameters are utilized. However, a dual-time
stepping approach is utilized along with the classi-
cal LU-SGS [49] scheme. The inviscid flux recon-
struction is increased to 4th order, whereas the SA
turbulence is enhanced through the rotation correc-
tion [50] and DDES [51] modifications. The simula-
tions are then coupled with the comprehensive code
HOST [52] by Airbus Helicopters to trim the rotor as
well as to account for deformation. In forward flight,
the Chimera technique is utilized and the ROTEST II
fuselage from the HART-II campaign is included [38].
In hover, periodicity is assumed and only a single
blade is simulated. Relatively coarse mesh setups
have been generated for fast turnaround times and
thus 2.2 million grid cells are used for the forward flight
setup, whereas 670 thousand grid cells are used for
the hover simulation. Nevertheless, when comparing
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Figure 3: Validation of the rotor simulations in different flight conditions against FTK wind tunnel campaign
results of the Bo-105 scaled rotor (aka HART-II) [39].
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the results against the wind tunnel data of the scaled
Bo105 rotor from the FTK campaign [39] in Fig. 3, the
setups achieve a fair degree of accuracy deemed suf-
ficient for checking the effect of modified airfoils.

3 OPTIMIZATION

3.1 TASK
The specified task is to improve the performance of

the Bo105 scaled rotor, here synonymously referred
to as HART-II rotor, by reducing the required power
in hover as well as in forward flight. For hover, a
thrust is set to cT = 5.5/1000 and forward flight it is
cT = 5.1/1000 with an advance ratio of µ = 0.3 as de-
sign conditions. One difficulty for the numerical opti-
mization of airfoils is the specification of critical design
conditions that represent the rotor flow. A simple es-
timation of the required lift coefficient cl is given by
6 · cT/σ [53]. For the here chosen thrusts that would
yield approximate lift coefficients of 0.43 and 0.40.
However, modern rotors do not employ a single air-
foil, nor is this brief representation sufficient to cover
the whole range of lift coefficients the rotor encoun-
ters. In order to estimate the lift coefficients from a
CFD simulation, the forces obtained from the simula-
tion are used to estimate the inflow using a local mo-
mentum theory for the specific segment and simplifi-
cations regarding the total velocity V of the section:

cl = czcosϕ − cxsinϕ (1)
ϕ = arctan(vi/V ) (2)

vi ≈−
v
¥
sinαq

2
±

√
|(
v
¥
sinαq

2
)2+

nbladesdFz

4Pρ
¥
rdr

| (3)

V ≈Wr+ v
¥
sinψ (4)

with cx,z the sectional coefficients in the rotating ro-
tor mast system, ϕ the estimate induced inflow angle,
vi the induced velocity, v

¥
the forward flight velocity,

nblades the number of blades, ρ
¥
the free-stream den-

sity, r the radius of the section, W the rotational speed
of the rotor and dFz/dr the sectional force in the rotor
mast direction. The results of the approximation are
shown in Fig. 4. On the one hand, it is seen that the
crude estimation for cl with 6 ·cT/σ would yield a good
average, yet the variation of the lift coefficient cl over
the radius as well azimuth in forward flight is rather
large. In hover, the incoming tip vortex from the pre-
vious blade causes a lowering of the lift coefficient on
the downwash side, whereas it causes an overshoot
on the upwash side. For the rotor in forward flight,
the tip on the advancing side produces close to no
lift, whereas the inboard retreating side sees lift coef-
ficients of over one.
From both these flight conditions it is deduced that

a rotor airfoil has to be designed for a very versatile

flow environment stressing the statements regarding
airfoil design by Dadone [3]. This is also a reason, why
mostmodern helicopters employmultiple airfoils to tai-
lor these to the specific needs. For this paper, three
airfoils are designed. The first design simply tries to
improve the NACA 23012 found on the HART-II rotor
by replacing it with an optimized 12% thick airfoil. The
second and third design are to be employed together
in a combination of 12% and 9% thick airfoils. While
thickness may be considered a design parameter, it is
fixed here as it is usually constrained from a structural
design perspective. Nevertheless, the combination of
a thin and thick airfoil is not uncommon and can be
found already on the 7A/D rotors [54], here 9% and
13% thickness. The general idea of employing thin-
ner airfoils towards the tip is to decrease compressibil-
ity effects, especially occurring on the advancing side
in forward flight. For a fair comparison, the 9% op-
timized airfoils are compared against a NACA 23009
airfoil with the same tab as found on the NACA23012
of the Bo105/HART-II rotor. The inboard airfoil runs
up to r/R=80% and is then linearly transitioned into
the outboard airfoil which then starts at r/R=90% and
remains constant up to the tip.

12% only Mach Re x 10
6 cl range

retreating 0.10 0.1 max
hover 0.65 1.9 0.2 ... 0.6
advancing 0.75 2.1 -0.2 ... 0.2
12% inboard Mach Re x 10

6 cl range
retreating 0.10 0.1 max
hover 0.52 1.5 0.3 ... 0.6
advancing 0.75 2.1 -0.1 ... 0.3
9% outboard Mach Re x 10

6 cl range
retreating 0.42 1.2 max
hover 0.65 1.9 0.2 ... 0.4
advancing 0.88 2.5 -0.2 ... 0.1

Table 1: Flight conditions for the various airfoil opti-
mizations.

The optimization of the individual blades is thus split
into looking at three different reference states that are
loosely defined as retreating side, hover condition and
advancing side and are listed for the three airfoil opti-
mizations in Table 1. For all optimization, the following
goal functions and constraints are imposed:

g1(⃗x) = cd,hover,mean (5)
g2(⃗x) = cd,adv,mean (6)
c1(⃗x) = cl,ret,max (7)
c2(⃗x) = |cm,hover|mean (8)

Basically, the average drag in the hover and ad-
vancing side condition is to be minimized while the
maximum lift coefficient is constrained as well as the



maximum absolute pitching moment. For the 12%
thickness optimizations, a lift coefficient of 1.2 is to
be reached, while it is 1.15 for the 9% optimization.
The pitching moment constraint is 0.015 for the 12%
only and 9% airfoil optimizations, while it is 0.02 for the
12% inboard optimization. For practical reasons, the
extraction of goal functions is achieved by running a
sweep over the angle of attack in each of the flight con-
ditions and then interpolate 1001 intermediate values
between the specified cl ranges using modified Akima
splines [55] to average cd and |cm|. For the extrac-
tion of cl,max, a simple 2nd order polynomial is placed
through the top three data points and through analyt-
ical derivation the peak value (and angle of attack) is
found. The extraction of the maximum cl and aver-
age drag cd,mean in hover is sketched in Fig. 5 for the
NACA23012. During the data generation with CFD, a
fixed number of iterations is run and the final conver-
gence checked. The data point is rejected if the den-
sity residual has not dropped by four orders of mag-
nitude. If for a given design, not enough data points
exist for a specified flight condition, e.g. a too strong
flow separation occurred and the requested cl could
not be reached, it is marked invalid and is not inserted
into the surrogate model, but marked as a failed de-
sign in the ’crashmap’.
The parameters altered by the optimizers in this

scenario are the nose radius ρ0, the location of the
maximum thickness xt , the boat trailing edge angle
βte, the horizontal location of the third camberline con-
trol point x3, the vertical locations of the second, third
and fourth camberline control points y1−3 as well as
the angle of tab θtab. The remaining parameters are
set to the values found for the fit of the NACA23012
for the 12% airfoils, and the thickness t is set to 0.09
for the 9% airfoil. The leads to a total of eight design
variables.

3.2 RESULTS

Since a multi-objective optimization is run, the
Pareto fronts of the individual optimizations are shown
in Fig. 6. The merits are scaled with respect to the re-
sults of the NACA23012 for the 12% optimizations and
to the results of the NACA23009 for the 9% optimiza-
tion. A general observation is that many tried samples
violate the constraints and checking the Pareto opti-
mal designs, most of them are close to violating the
constraints. Also seeing points close to the Pareto
front that seem to be Pareto optimal, but are disre-
garded due to constraint violations, leads to the con-
clusion that the optimization of rotor airfoils is very
constraint driven. The 12% only optimization found
20 Pareto optimal designs, the 12% inboard optimiza-
tion 11 Pareto optimal designs and the 9% outboard
optimization 49 Pareto optimal designs. The overall
number of tried designs is 1368, 1120 and 1351 re-
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Figure 6: Pareto fronts obtained from the sampled
designs. ”initial” and ”improvement” are samples from
the Design of Experiments and the single-objective
phase, the remaining samples are from the multi-
objective phase. Violators are designs where the con-
straints have been violated.
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Figure 7: Selected airfoil shapes from 12% only optimization
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Figure 8: Selected airfoil shapes from 12% inboard optimization
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Figure 9: Selected airfoil shapes from 9% outboard optimization



spectively.
The attainable merits for the 12% only optimization

are a drag reduction of up to 15.3% for the hover con-
dition and up to 13.2% in the advancing side condi-
tions. These numbers are 15.0% and 31.0% for the
12% inboard optimization and 27.3% and 28.8% for
9% outboard optimization. Unfortunately, these are
the numbers for one goal function of the anchor points
and they cannot be achieved concurrently, thus they
have to be traded in for one another.

3.3 SELECTED DESIGNS

From each optimization, three Pareto optimal de-
sign are chosen: the best hover design that still im-
proves over the reference airfoil, the best advancing
side design that still improves of the reference airfoil
and an intermediate airfoil subjectively identified as a
good trade-off design. In Fig. 7 to Fig. 9, the airfoil
shapes as well the camberline and thickness distri-
bution is plotted for these airfoils. For the 9% opti-
mization results, the OA209 airfoil designed by Thib-
ert and Gallot [4] is also plotted for reference. The
common trend among the optimized airfoils is that the
best hover airfoil features the greatest maximum cam-
ber, whereas the best advancing side airfoil the least
camber with the trade-off design in-between. The lo-
cation of the maximum camber is also further back for
the optimized airfoils in comparison with the reference
airfoils. The maximum thickness location remained
around x/c= 0.3 for the 12% airfoils, but moves back
for the 9% airfoils.
Moving over to the merits of these airfoils, in Fig. 10

to Fig. 12, the lift is plotted over the drag. For the
12% optimization, an overall improvement over a wide
range of lift coefficients is found for the optimized
shapes. The spread is little for the hover condition, but
a more noticeable variation exists for the advancing
side condition. Therefore, the best advancing side de-
sign is picked for further investigations on the Bo105
scaled rotor. For the 12% inboard optimization, the
opposite is observed, where a more noticeable im-
pact is seen in the hover condition, but a less pro-
nounced impact in the advancing side condition. The
reason for this are the different hover and cruise condi-
tions from the 12% only conditions and are more spe-
cific to only find a suitable design for the inboard sta-
tions. Moving over to the 9% outboard optimization
results, here a clear drag bucket build-up is seen for
the best hover and trade-off designs with only a mi-
nor perception of this effect for the advancing side de-
sign and almost non-existent for the reference airfoil.
The ranking of the airfoils then changes for the ad-
vancing side flight condition. Since the more specific
optimization of the 12% inboard and 9% outboard op-
timizations show distinct designs for the various flight
conditions, the selected trade-off airfoils are combined

for the evaluation on the reference rotor. In contrast to
the OA209 airfoil, which achieves quiet low drag co-
efficients in the hover condition, the trade-off design
and the best hover design pose more robust designs
for this flight condition as they offer this low drag over
a wider range of lift coefficients. This is equally true for
the advancing side condition, where all the optimized
airfoils prevail over the OA209 for all lift coefficients.
Going deeper into the detail on why these airfoils

improved, the pressure distributions from the selected
designs are shown from Fig. 13 to Fig. 15 for the mean
lift coefficient of the specific flow condition. For the
hover condition, a constant and low pressure gradi-
ent helps in delaying the transition onset on the upper
surface and thus improving the overall drag of the air-
foil. For the advancing side cases, the occuring shock
is the main driver and thus the optimizer tries to mini-
mize the intensity of the shock to reduce the dominant
wave drag. A potential seen for the parameterization
of all optimizations is the transition to the tab, which
may be accomplished more smoothly to avoid unnec-
essary kinks.

4 VERIFICATION OF ROTOR
PERFORMANCE GAINS

The designs obtained from the 2D optimization
proved their merits in their realm, yet they are to
be tested on the real rotor. Therefore, the two sets
of selected airfoils, the 12% only and the 12% in-
board with the 9% outboard airfoil, are compared
against the HART-II rotor, a modified HART-II rotor
with NACA23009 at the outboard stations, and amodi-
fied HART-II rotor with the OA212 and OA209 airfoils.
Later reflects slightly more recent airfoils, which are
publicly available. Note that the airfoils have been
aligned with their respective zero-lift angle-of-attack
to avoid optimizing twist through differently cambered
airfoils.
From these plots it is seen that exchanging the

NACA23012 at the tip with the NACA23009 brought
1.5% improvement of the Figure of Merit at design
thrust, whereas a power reduction of 1.0% is obtained
in forward flight at the design flight condition. Further
enhancing the HART-II rotor with the ONERA Airfoils
delivers 1.8% improvement of the Figure of Merit and
1.9% power reduction in forward flight over the HART-
II rotor. The gains are shifted for the 12% only op-
timized airfoil, which improves the Figure of Merit by
1.7% and reduces the required power in forward flight
by 7.2%. The gain is further enhanced in the design
flight conditions by 9/12% airfoil combination, where
the Figure of Merit is increased by 2.1% and a power
reduction of 8.6% is achieved in forward flight.
Additional observations are made: In hover, the im-

proved airfoils deliver more gains at greater thrusts,
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Figure 10: Goal function data of selected airfoils from 12% only optimization
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Figure 13: Pressure distribution of selected airfoils from 12% only optimization. Dashed lines represent laminar
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Figure 16: Rotor performance of the optimized airfoils
compared with reference airfoils.

while also being able to push the maximum computed
thrust, here simulated in steps DcT/σ = 0.02, one step
further. In forward flight, it is observed that all im-
proved airfoils improve over the range of advance ra-
tios, with the greatest gains at advance ratios around
µ ≈ 0.2. The reason that the perceived gains are
larger in forward flight than in hover are attributed to
the fact that the relative induced power in hover is
larger at higher thrusts than it is for the forward flight,
where the induced power is lowest at the intermediate
advance ratio of µ ≈ 0.2 for this rotor. The optimiza-
tion of 2D sections of the rotor firstly allows to reduce
the profile drag mostly associated with viscous forces.
In forward flight, the wave drag may be partially re-
duced by reducing and improving the thickness distri-
bution. However, the reduction of induced power may
mostly be achieved through altering the lift distribu-
tion, which is more easily achieved through a twist &
planform optimization. The gain of the 12% airfoil in
hover at higher thrust is attributed to the delayed stall

of the outboard station, which is the major driver to
reduce the Figure of Merit at higher thrusts [56]. The
stall behavior of the 9% airfoil is less suited in this flight
condition.

5 SUMMARY
In this paper:

• A brief overview of the design approaches to find-
ing new airfoil shapes have been reviewed along
with long standing guidelines.

• A new framework for the optimization is proposed
based on 2D numerical multi-objective optimiza-
tions. The major novelty is the application of
the multi-objective optimization paradigm includ-
ing aerodynamic design constraints to find de-
signs suited for the variety of flight conditions
a rotor blade section undergoes during opera-
tions. Minor adjustments to existing parameter-
izations were made to accommodate airfoil tabs,
but also the application of third order CFD sim-
ulations brought progress in the accuracy of the
results.

• The framework has been tested starting with sim-
ple but renowned and publicly available rotor and
airfoil designs.

• The subset of the obtained airfoils has been fur-
ther investigated in 3D rotor flow using coupled
CFD/CSD simulations to validate the benefit of
the 2D optimization for 3D rotor flows.

Findings from the investigations are:

• The design of a rotor airfoil is very constraints
driven. While already discussed by for example
Dadone [3] and by Thibert and Gallot [4] back in
the 1970s, the fact remains true today. Allow-
ing for greater margins for example in the pitch-
ing moment will allow to generate more lift with
less drag. Obviously, this will come at a price of
increasing the strength of the materials used on
the rotor.

• The obtained airfoil designs were also able to
surpass the designs by Thibert and Gallot [4].
One of the reasons is that a range of lift coeffi-
cients was required over a single lift coefficient.
This, however, seems to be a possibility that be-
comes possible with the advent of large high-
performance computing systems, which were not
available back in 1977.

• For improving hover performance, maintaining a
thicker airfoil over the whole blade proves bene-
ficial, while for forward flight where shocks may



occur, a slimmer airfoil will help to alleviate wave
drag

• The abstracted 2D flow conditions and optimizing
over a range of lift coefficients instead of a single
design point helped in delivering robust airfoils for
a wider range of flight conditions of the rotor.

This approach and research may be extended to
address:

• Inclusion of dynamic stall to avoid severe pitching
moment stalls.

• Extension and examination of the effect of airfoils
on rotor aero-acoustics.

• Potentially come up with an efficient 3D approach
that allows the concurrent investigation of flight
conditions. Preferably the planform & twist opti-
mization is already included.

While the extensions should be straight forward, it
is still a matter of resources and simulation efficiency
will remain a key concern in numerical optimization.
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