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ABSTRACT 
A collaborative research on optimization of a main rotor blade for helicopters by JAXA, ONERA and DLR is underway. As 

a first step, blade optimization method with five design variables is explored by dealing with hovering conditions. Optimizations 
and simulations are carried out by each agency with their own analysis codes and these results are cross-validated. This paper 
presents an overview of the project and an interim report on the results obtained so far. 
 
 
1. Introduction 

Helicopter blade design has advanced dramatically over 
the past decade with the rise of optimization tools. The three 
organizations, JAXA, ONREA and DLR, have been 
engaging in the research and development of the blade 
optimization methodologies based on multi-fidelity 
analytical tools for multi-objectives. A collaborative study is 
currently underway to share knowledge and 
recommendations for best practice guidelines on single- and 
multi-objective optimization methods for aerodynamic and 
acoustic design as applied to rotor design. As the phase I of 
this trilateral study, we compared and verified the multi-
fidelity analytical tools and the optimizers in each agency. 

In the field of high-fidelity aerodynamic rotor blade 
optimization, there are currently two major routes observed: 
The first approach relies on gradient based optimizations, 
where the computational fluid dynamics (CFD) solution is 
adjoint to cost-effectively retrieve the flow gradients. Recent 
examples are given by Fabiano and Mavriplis 1) and Wang et 
al. 2). Both of these examples optimize the HARTII rotor 
using 95 and 79 design variables. As opposed to the gradient 
based approach, which may be difficult for multi-objective 
optimization, the surrogate based approach allows handling 
multiple functions independently of each other. The idea of 
the surrogate model is to approximate the simulation code 
through simple mathematical relations. This allows us to 
quickly search the optimal location in the surrogate model to 
find the optimum. Often, this approach is applied iteratively, 
where the surrogate model is successively improved by 
adding more samples to it. This is the fundamental idea of 
the EGO algorithm 3). All three partners have applied their 
versions of this approach in the past and thus these are briefly 
reviewed for the second optimization approach. 
 In JAXA, optimization studies of blade shape have been 
conducted basically based on high-fidelity CFD last few 
years 4) 5) 6). Thanks to the Kriging surrogate model, 
optimizations have been successful with a small number of 
simulations necessary. Most recently, JAXA has improved 
blade designs in forward flight with high advance ratios 
using numerical optimization. 7) 

Since the last decade, ONERA has developed 

aerodynamic optimization procedures including low fidelity 
and high fidelity, thanks to the development of surrogate 
models based on Kriging and Co-Kriging methodologies.    
ONERA and JAXA set up their own optimization procedures 
based on Kriging methodology conducting CFD calculations 
for a hover configuration 4). More recently, for an advancing 
flight configuration, Bailly 8) has shown the importance of 
taking into account three-dimensional unsteady effects to 
correctly design a complex geometry blade planform (with 
sweep evolutions), thanks to Co-Kriging method used in the 
optimization procedure. This methodology appeared very 
efficient to design a realistic blade, with a limited number of 
CFD computations (based on CDS/CFD coupling). 

On the DLR side, aerodynamic rotor optimization using 
high-fidelity CFD dates back to the works by Imiela 9). He 
was among the first to perform fluid-structural coupled 
simulations during the optimization and proved that a 
different rotor may be obtained if not considered. This 
approach has been successfully applied Imiela and Wilke 10). 
As the overall computational cost of the optimization is still 
high despite the acceleration using surrogate models, Wilke 
11) adopted a methodology to incorporate data from 
simulations of different fidelities to accelerate the approach, 
which could reduce the cost of the optimization by up to 69%. 
He enhanced the optimization process to cope with multiple 
objectives to retrieve a Pareto front. 
 In this paper, the results of phase I of the cooperative 
research to date are summarized. That includes the cross-
validation of the performance prediction accuracy of the 
low/high-fidelity analysis tools and optimization algorithms 
owned by each agency. 
 
2. Optimization methodologies 

 
2.1. JAXA 
 JAXA uses a Genetic Algorithm (GA) optimization within 
the Kriging surrogate model. The Kriging model can model 
not only the distribution of the function values themselves 
but also the uncertainties that may be included in the 
estimated function values using algebraic expressions.  
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  An index called Expected Improvement (EI) is employed 
to evaluate the location of the next sample point. The EI 
balances the actual prediction value and surrogate model 
error to exploration and exploitation. In the EGO 3) method, 
the response surface is reconstructed by adding new sample 
points that are likely to be better than the current value. More 
detailed settings of the GA and Kriging model are noted in 
the references 12),13). 
 
2.2. ONERA 
 ONERA has developed the KORRIGAN in-house code 
which can build Kriging and Co-Kriging surrogate models 8). 
The Kriging methodology is based on the statistical 
interpolation method suggested by Krige14), and 
mathematically studied by Matheron15). Within the 
framework of this study, the Gaussian kernel is chosen as the 
correlation function. The internal parameters of this function 
are determined by a genetic algorithm implemented in the 
code. This GA is also used to search for the minimum of the 
model, and for the maximum of the Expected Improvement 
(EI) 16), thanks to an Efficient Global Optimization (EGO) 
algorithm. The sampling is enriched by the real evaluation of 
these points, to improve the accuracy of the model. 

The idea of the Co-Kriging is to use all available 
information to estimate unknown high-fidelity simulation. 
The basic Kriging formulation has been extended by many 
authors to combine multiple levels of simulation to create a 
more accurate or less expensive high fidelity model. ONERA 
used the Kennedy and O’Hagan approach 17), based on an 
auto-regressive model which consists in approximating the 
high fidelity model by multiplying the low fidelity model by 
a scaling factor, and by adding a Gaussian process 
representing the difference between the low and high fidelity 
data. As for the Kriging procedure, the sampling data are 
updated with real high-fidelity estimations of the goal 
function successively for the minimum point of the model, 
and the maximum of the Expected Improvement point.  
 
2.3. DLR 
 The method applied here is also based on the EGO 
approach by Jones et al. 3) and has been implemented into the 
in-house Powerful Optimization Toolkit with Surrogate 
Models (POT with SuMo) 11). A hybrid optimization to find 
the maximum Expected Improvement is used. First the 
Differential Evolutionary algorithm by Storn and Price is 
started 18), which locates the global optimum. It is then 
further refined with the Simplex algorithm by Nelder and 
Mead 19). Failing rotor designs are handled through the 
‘crashmap’ approach. Instead of using a penalty function in 
the goal function surrogate model, a separate surrogate 
model is used which simply records whether the design has 
been successful or not. When searching for the Expected 
Improvement, it is then multiplied with the probability that 
the simulation will be successful. In this scenario, 
untrimmable rotor configurations have been considered as 
failed designs. By using the crashmap approach, a failed 
simulation is only inserted into the constraint surrogate 
model, but not into the goal function surrogated model, 
where only successful designs are recorded, keeping it 
untainted. 
 
 

3. Simulation Methodologies 
In the process of optimization, a method to evaluate its 

aerodynamic performance is necessary, and simulations of 
various fidelity levels will be used. In this study, two levels 
of simulation, low-fidelity and high-fidelity, are used to 
evaluate and optimize the aerodynamic performance. In this 
section, details about the simulation tools of each agency are 
provided. 
 
3.1. Low-fidelity method 
3.1.1. JAXA 

JAXA has developed a simple analysis method for rotor 
performance based on blade element momentum (BEM) 
theory. The aerodynamic forces are calculated by finding the 
angle of attack based on the twist angles at each blade span 
position and the inflow direction, and by referring to the 
airfoil look-up table for the corresponding drag and lift 
coefficients. From the calculated aerodynamic forces, the 
induced velocities on the rotational plane are calculated 
using the momentum relation and feedback is iterated until 
converged. The blade lead-lag motion is set to zero and the 
elastic deformation of the blade is not considered. 
 
3.1.2. ONERA&DLR 

Both ONERA and DLR performed low-fidelity 
simulations with the HOST comprehensive code developed 
by Airbus Helicopter20). The elastic model uses the 
assumptions of a long and slender beam, discretized along 
the pitch axis as an assembly of rigid segments with the 
elastic properties contained in the joints connecting them. 
The induced velocities are modeled with the finite state 
inflow model, called FiSuW 21), developed at ONERA.    

During the optimization procedure, the blade planform is 
modified, leading to a change of the structural data (mass, 
inertia, stiffness par unit of length). ONERA developed an 
updating procedure of these structural data 22), based on 
analytical polynomial laws that describe the evolutions of the 
stiffnesses, the mass and the inertia per unit length with 
respect to the chord and the thickness distributions of the 
profiles of the blade. Some analytical corrections are also 
performed to adjust the elastic axis and the gravity center 
axis with respect to the pitch axis. 
 
3.2. High-fidelity simulations (CFD) 

The high-fidelity simulations are carried out by using CFD 
solvers developed by each agency. From the point of view of 
computational cost and sufficient accuracy, (U-)RANS 
(Unsteady Reynolds averaged Navier-Stokes) was chosen to 
carry out the simulations. Table 1 shows a summary of the 
CFD conditions adopted by each agency in this study. 

Each agency has a different CFD solver. So it is necessary 
to prepare a computational grid of comparable quality to 
obtain consistent results. Certain mesh standards have been 
agreed upon, while the final implementations of them are 
given in Table 2. 
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Table 1 : Main difference of CFD methods between each 
agency 

 JAXA 
(rFlow3D) 

ONERA 
(elsA) 

DLR 
(FLOWer)

Spatial 
order 

4th order 
FCMT+SL

AU 

2nd order cell-
center 

Jameson 

4th order 
FMCT 
(vA) + 
SLAU2

Time 
integration 

LU-SGS 
4 stage RK 

Implicit Euler 
scheme + 
Gear sub-
iterations 

5 stage RK 
+ implicit 
residual 

smoothing

Turbulence 
model SA-R Kok-SST 

SA-R + 
Empirical 
Transition

Rotor 
deformation Rigid Elastic Elastic 

Grid setting 
Chimera 

(blade+back
ground) 

Chimera 
(blade+backgr

ound) 
Periodic 

Monocoque
(single 
blade 

periodic)
 
 

Table 2 : Grid settings used by each partner 
 JAXA ONERA DLR 

Grid points in 
chordwise 
direction 

161 218 161 

Grid points in 
spanwise 
direction 

121 194 161 

Grid points in 
boundary layer ~50 ~35 ~ 35-60 
Y+ of the first 

cell in the 
boundary layer 

< 1 1 ~ 1 

Farfield 
distance  

above the rotor 
100R 6R 6R 

Farfield 
distance below 

the rotor 
100R 6R 6R 

Farfield 
distance in 

radial direction 
100R 6R 2.5R 

Grid resolution 
far wake region 
in chord length 

20% in 
all 

directions 

9~100% 
circumferential 

11% vertical 
8% radial 

 

100% 
circumferent

ial 
13 % 

vertical 
9 % radial

Total # of cells 16 M 10.3 M 4.4 M 
 
 
3.2.1. JAXA : rFlow3D 

The CFD Solver for rotorcraft (rFlow3D) has been 
developed in JAXA. The governing equations are the 
compressible Navier–Stokes equations, which are 
discretized using a finite volume method. By adopting the 
moving overlapped grid, rotational movement of blades can 
be solved directly. By coupling an all-speed scheme mSLAU 
23) and 4th order spatial scheme FCMT 24), low dissipation 
calculations are achieved over a wide Mach number range. 
The total forces and moments in each spatial direction are 

trimmed. Basically, a Chimera grid setup with a background 
grid and a moving blade grid is used for calculations. For 
time integration, a 4 stage Runge-Kutta is adopted for the 
background grid and a dual-stepping LU-SGS implicit 
method is used for the blade grids. The Spalart-Allmaras 
turbulence model with rotational correction (SA-R) 25) is 
used as the turbulence model for the RANS closure. 

 
3.2.2. ONERA : elsA 

The High fidelity computations are performed using a 
loose coupling procedure between the HOST comprehensive 
analysis code 20) and the CFD solver developed at ONERA, 
called elsA 26). The HOST calculations provide the trim and 
the elastic deformations to the elsA code, which feeds back a 
three-dimensional correction on the airloads to HOST. The 
three dimensional unsteady Navier-Stokes equations are 
solved by the cell-centered second-order Jameson’s scheme. 
The time integration is performed by an implicit Euler 
scheme with Gear sub-iterations. The time step is equivalent 
to 1 deg of blade rotation. The turbulence model is Kok’s k-
Ω 27) with Mentor’s shear-stress transport (SST) corrections 
28). The flow is assumed to be fully turbulent. The grids are 
generated using the Chimera technique. A multiblock 
deformable mesh of O-H type is generated around an isolated 
blade, containing almost 3 million points. This mesh is 
immersed in a background quarter cylinder grid, containing 
7.3 million points. The total mesh contains 10.3 million 
points (considering an isolated blade). The following 
boundary conditions are applied on the different surfaces of 
the quarter cylinder : inviscid wall conditions on the internal 
surface, Froude conditions on the external, lower and upper 
surfaces to limit the recirculation areas in the computational 
domain, and periodic conditions on the lateral surfaces. 

 
3.2.3. DLR : FLOWer 

The legacy CFD solver FLOWer 29) is applied here. A first 
order dual time stepping approach is utilized with a 5 stage 
Runge-Kutta scheme using implicit residual smoothing. The 
spatial discretization of the inviscid fluxes is similar to 
JAXA’s approach: The SLAU2 scheme by Kitamura et al. 23) 
is applied with the 4th order FMCT reconstruction by 
Yamamoto et al. 24). To further reduce numerical dissipation, 
the minmod limiters have been exchanged with van Albada 
type limiters. The chosen turbulence model is SA-R by 
Dacles-Mariani et al. 25). Empirical transition criteria 
employed as suggested by Heister 30). 

The CFD simulations are fluid structurally coupled and the 
whole process is depicted in Figure 1. The in-house grid 
generation G3 generates a monocoque periodic rotor mesh 
using transfinite interpolation. Then, HOST is called to 
compute an initial trim state and deformations, which are 
then coupled with FLOWer airloads using the delta airloads 
approach 31). 
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Figure 1: DLR's rotor optimization process 

 

 
JAXA (chimera, 2 backgrounds + blade) 

 
 

 

ONERA (chimera, 1/4 periodic BK + blade) 
 
 

DLR (split in the middle) 
 

Figure 2 : CFD grid around blade 
 
3.3. Reference rotor test 

The blade of the HART II test 32) was used for the baseline 
simulation and optimization. The experimental setup of 

HART II is described in Table 3. In this test, 40% down-
scaled model of the Bo105 main rotor was investigated in the 
open jet test section of DNW (German-Dutch Wind Tunnels). 
 

Table 3 : Specifications of HART Ⅱ rotor 32) 
Number of blades 4 
Airfoil section Modified NACA23012
Radius 𝑅𝑅 [m] 2.0 
Solidity  0.077 
RPM 1042 
Tip Mach number 𝑀𝑀��� 0.641 
Root cutout [m] 0.44 
Chord length c���  [m] 0.121 

 
4.  Baseline simulations 

The accuracy of the BEM and CFD simulations were 
cross-validated through the analysis of the HARTII rotor 
described in chapter 3. In this study, the hovering condition 
were analyzed and compared with the figure of merit. 

 
4.1.  Low-Fidelity Methods 

The changes in thrust 𝑇𝑇  and torque 𝑄𝑄  of the HARTII 
rotor through the collective pitch angle sweep are organized 
in Figure of merit (FoM), which is the hovering efficiency. 
The formulation is shown in Eq. 1 and Eq. 2. Where, 𝑎𝑎� is 
the speed of sonic, C�  and C�  are thrust and torque 
coefficients.  

C� � 𝑇𝑇
𝜌𝜌𝜌𝜌𝜌𝜌�𝑎𝑎�� 𝑀𝑀����

, C� � � 𝑄𝑄
𝜌𝜌𝜌𝜌𝜌𝜌�𝑎𝑎�� 𝑀𝑀����

 Eq. 1 

��� � 𝐶𝐶����
√2 𝐶𝐶�

 Eq. 2 

The thrust-FoM curve is summarized in Figure 3. The 
thrust is expressed as thrust per blade area using solidity. The 
design thrust (C�/𝜎𝜎 = 0.1) to be optimized in this study is 
illustrated as an auxiliary line. The overall trends in the 
analyses are similar, and the design thrust values of FoM are 
66.9% for JAXA, 65.4% for DLR and 67.6% for ONERA, 
respectively. Compared with the experimental data 33), the 
tendency of overestimation was observed in each case with 
small thrust conditions. This is especially noticeable in 
JAXA’s case and it is partly due to the fact that an ideal flow 
tube is assumed in BEM that does not take the presence of 
blades into account.  

Figure 3 : Figure of Merit by Low-Fidelity methods 
(Experimental data are from33))  

 
The distribution of the thrust in the spanwise direction is 
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compared using the blade loading coefficient C�𝑀𝑀�, which 
is defined in Eq. 3, where 𝑁𝑁 is the normal force acting on 
the blade element, 𝑐𝑐  represents chord length and 𝑑𝑑𝑑𝑑  is 
width at each radial location. 

C�𝑀𝑀� � 𝑁𝑁
1
2𝜌𝜌𝜌𝜌�� 𝑐𝑐𝑐𝑐𝑐𝑐

 Eq. 3 

Figure 4 shows a comparison of C�𝑀𝑀� distributions under 
the design thrust condition (C�/𝜎𝜎 = 0.1). Almost identical 
solutions are obtained for the region from root cut (r/R=0.22) 
to r/R~0.9, indicating that the difference in FoM shown 
earlier is caused by the treatment near the blade tip. The 
JAXA BEM code assumes a rigid rotor, while the HOST 
code used in DLR and ONERA takes into account the elastic 
deformation of the beam model. This shows that for the 
present rotor, the elastic deformation has small influence on 
the performance. 
 

Figure 4 : Blade loading coefficient C�𝑀𝑀� (by BEM) 
 
4.2. CFD 

As with the low-fidelity methods, the Figure of Merit of 
the hovering condition was calculated by CFD and is shown 
in Figure 5. In addition to the design thrust of C�/𝜎𝜎=0.1, the 
target thrust was set in increments of 0.02, and calculations 
were carried out at each agency. Figure 5 shows good 
agreement over a wide range from C�/𝜎𝜎=0.02 to 0.1 of the 
design thrust. On the other hand, in the range C�/𝜎𝜎>0.1, the 
collective pitch of the blade is large, it reaches detached flow 
condition and quantitative differences can be seen. Despite 
the same turbulence model applied between JAXA and DLR, 
a clear difference is seen in the thrust range. However, the 
result of ONERA shows a trend similar to that of JAXA, 
regardless of the different turbulence closure. As will be 
discussed later, the difference between DLR and JAXA for 
the high thrust ranges may arise from the different vortex 
preservation. The stronger vortex preservation of DLR leads 
to a strong separation at the blade tip past the design point, 
which is less severely captured by JAXA. Normally, the grid 
resolution is relatively coarse for CFD based evaluation for 
optimization to avoid increased computational cost, and the 
results in such detached points are likely to have many 
uncertainties. This should be kept in mind when setting the 
target operating conditions for the optimization. The design 
thrust values of FoM are 67.9% for JAXA, 68.9% for DLR 
and 65.0% for ONERA, respectively. 
 

Figure 5 : Figure of Merit by CFD (Experimental data are 
from 33)) 

The blade loading distributions were then checked to 
further discuss the differences in CFDs for each agency 
under the target thrust condition of C�/𝜎𝜎 = 0.1 (Figure 6). 
The peaks are found at 95% of the span in all CFD cases, 
with the DLR and ONERA cases being in good agreement 
and the JAXA case having slightly smaller value. In the 
80~90% of the span, the JAXA and ONERA cases gain more 
thrust than the DLR. In addition, the ONERA case has 
smaller values than the other two agencies in the low speed 
region near the root of the DLR. 
 
 

Figure 6 : CnM2 spanwise distribution (in design point 
C�/𝜎𝜎 = 0.1) 
 

One of the uncertainties included about the aerodynamic 
performance near the blade tip should be the effect of tip 
vortex interference. Figure 7 shows a visualization of the tip 
vortices generated from the blade (In C�/𝜎𝜎=0.1) in terms of 
vorticity. The tip vortices generated from the previous blade 
passed around r/R~0.9. The smaller peak of 𝐶𝐶�𝑀𝑀�  in 
JAXA’s case in Figure 6 may be due to the relatively small 
resolved vorticity. JAXA used coarse resolution of the 
background grid of the vortices, where resolution was 0.2 
times of the blade chord. Furthermore, the adoption of the 
chimeric grid system reduced the vorticity due to data 
interpolation between the coarse background grid and the 
blade grid. 

On the other hand, ONERA uses a higher background grid 
resolution and DLR adopts a single quarter-periodic grid, 
which results in a higher resolution. Assuming comparable 
computational cost per grid point, the monocoque periodic 
meshing approach has advantages of preventing the decay of 
vorticity because there is no interpolation of data between 
grids and a higher resolution is attained for the same number 
of grid points. 
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Figure 7 : Vorticity contour in 1/4 rotational plane at Z = 
0.1m under design thrust condition (C�/𝜎𝜎 = 0.1) 

 
Furthermore, the distribution of the blade loading is 

investigated from the distributions of pressure coefficient C� 
and skin frictional coefficient C�  on the blade surface at 
r/R=0.87 as the representative span position (Figure 8). The 
horizontal axis takes the chord direction coordinates from the 
leading edge and is normalized by chord length. The 
definition of each is shown in Eq. 4. They are normalized by 
dynamic pressure at each span position,  

𝐶𝐶� � 𝑃𝑃
1
2𝜌𝜌𝜌𝜌�� 𝑀𝑀����

  𝐶𝐶� � 𝜏𝜏
1
2 𝜌𝜌𝜌𝜌�� 𝑀𝑀����

 Eq. 4 

where 𝑀𝑀��� is the local Mach number at the section. These 
distributions show a significant difference in the use of the 
turbulence model between JAXA and ONREA, which are 
calculated under fully turbulent conditions, and DLR, which 
used an empirical transition model. 

Especially in the region of x/c<0.2, the skin friction in the 
DLR case is noticeably smaller than the other two, and the 
same trend is observed as the trailing edge is approached, 
which indicates that the application of laminar flow 
calculation through the use of the transition model reduces 
the overall predicted torque. That is the main reason for 
higher FoM than JAXA and ONERA’s case. 

Pressure coefficient 
 

Skin frictional coefficient 
Figure 8 : Chord wise aerodynamic distribution at r/R=0.87 

under design thrust condition (C�/𝜎𝜎 = 0.1)  
 
5.  Rotor optimization 
 
5.1. Optimization parameters 

When considering the design of the blade shape, there is a 
wide variety of design variables which include chord length, 
twist, dihedral/anhedral and forward/backward sweep angles. 
In addition, these variables are usually distributed with 
respect to the blade span, so there is an almost infinite 
number of conditions. 

Therefore, it is important to set up search conditions that 
allow the objective function to vary significantly with fewer 
design variables in order to solve the optimization problem. 
For the hovering condition, the objective function is the 
hovering efficiency (Figure of Merit). 

In this study, the twist and the chord length at radial 
positions are used as design variables that have a significant 
impact on the hovering performance. This limits the degrees 
of freedom. Cubic spline interpolation is applied for the 
parameterization. The design variables are summarized and 
shown in Table 4 and Figure 9. 
 

Table 4 : Design variables 
Variables Control Points Constraints 

𝜃𝜃� r/R = 0.875 -5~5° 
𝜃𝜃� r/R = 1.0 -10~10° 
𝑟𝑟� - 0.65~0.85R 
𝑐𝑐� r = 𝑟𝑟� 1.0~1.5𝑐𝑐���𝑐𝑐� r/R = 1.0 0.5~1.0𝑐𝑐���

 

DLR 

ONERA 

JAXA 

Boundary of 
chimera grids 

blad
e

Tip vortex from 
previous blade  

X

Y 

Z 

X

Y 

Z 

X

Y 
Z 

r/R =0.8  

r/R =0.8  

Tip (r/R=1.0)  

r/R =0.8  

Tip (r/R=1.0)  

Tip (r/R=1.0)  
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Figure 9 : Design variables for optimization 
 
5.2. Optimization results 

An exterior view of the planar shape of the blades derived 
by each agency is shown in Figure 10. All partners retrieve a 
similar blade design. 
 

Root ←               → Tip 
Baseline (HART II) 

JAXA-opt (BEMT based) 

ONERA-opt (Finite state based) 

DLR-opt (Finite state based) 

Figure 10 : Optimized shape by each agency 
 

The values of the design variables derived from each 
agency’s optimization tool are shown in Table 5 and the 
chord length and twist angle distributions obtained through 
the spline interpolation are shown in Figure 11. 

The chord length distributions are almost identical with 
only a slight difference in the design target section position 
𝑟𝑟�. The twist angle distributions are consistent with the trend 
that the twist angle is sharply decreased toward the blade tip, 
with values of -4.7° at the tip for ONERA, -5.7° for DLR and 
-8.1° for JAXA. The larger value in the case of JAXA seems 
to be the effect calculated in the rigid rotor condition as well 
as the use of a different inflow model. When the angle of 
attack is a positive value, the pitching moment lowers the 
pitch angle and thus the elastic twist of -1.8°adds on top of 
the rigid twist for DLR and ONERA. 
 
 
Table 5 : Design variables derived by optimization (based 

on low-fidelity methods, values are rounded off) 
Variables JAXA ONERA DLR 

𝜃𝜃�   -1.3°   -0.85°   -0.54° 
𝜃𝜃�   -8.1°   -4.5°   -5.7° 
𝑟𝑟� 0.68 0.65 0.65 
𝑐𝑐� 1.0 1.0 1.0 
𝑐𝑐� 0.5 0.5 0.5 

 
 

Chord length 

Twist angle 
Figure 11 : Span-wise distribution of twist and chord length 
 

Finally, the Figure of Merit of optimized shape and their 
improvements from the baseline shape in design thrust are 
shown in Figure 12 and Figure 13. There are no cases where 
the FoM in the baseline shape exceeded 0.7 in both BEM and 
CFD. However, in the optimized shapes, results exceeding 
0.7 are confirmed over a wide range of thrust conditions. 
Comparison in the design thrust condition shows significant 
of hovering performance: 0.770 for JAXA, 0.770 for 
ONERA and 0.775 for DLR respectively.  
 

Figure 12 : Figure of Merit of optimized shape (by JAXA’s 
BEMT) 
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Figure 13 : Improvement of FoM at design point C�/𝜎𝜎 = 
0.1 through optimization 

6.  Concluding remark 
As the first step in the optimization study of helicopter 

blades by JAXA, DLR, and ONERA, mutual verifications 
were performed as for low-fidelity (BEMT and finite state) 
and high-fidelity (CFD) analytical tools and optimization 
algorithms. Through validation calculations using the 
HARTII rotor as a baseline, it is confirmed that the agencies' 
low-fidelity and CFD aerodynamic evaluation methods show 
similar trends under a wide range of thrust conditions. In 
addition, quantitative comparison of the analysis results 
confirmed the influence of differences in detailed condition 
settings on the aerodynamic evaluation tools such as elastic 
deformation, grid and turbulence modeling etc. in CFD. For 
the validation of the optimization tools, the hovering 
performance was optimized by using low-fidelity 
aerodynamic evaluation tools. As a result, almost identical 
blade planform geometries were obtained from each agency. 
This means that a comparative validation of both the 
optimization method and the analysis tool (BEM) was 
possible. Although the optimization using CFD as an 
evaluation tool was not performed at this time, it will be used 
in the future when optimizing the geometry with more 
complex parameters such as dihedral/anhedral and 
forward/backward sweep angles. 
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