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Abstract 
In 2024 the first test of a new Mach-scaled helicopter model for the medium-size low speed wind tunnel in 
Braunschweig was performed. This paper focuses on hovering rotor experimental data analysis and validation 
by comprehensive as well as computational fluid dynamics codes. Very good agreement is found between the 
different codes and experimental data for thrust, power and figure of merit. Stall characteristics are different in 
the codes and reasons are identified. 
 

1. NOTATION 

Symbols   
𝑎  Speed of sound, m/s 
𝑐  Blade chord, m 
𝐶𝑇 , 𝐶𝑃  Thrust and power coefficient 
𝐶𝑛, 𝐶𝑡 , 𝐶𝑚  Normal force, tangential force and 

moment coefficient 
𝐹𝑀  Figure of merit 
ℎ, 𝑤  Height, width, m 
𝑀  Mach number 
𝑁𝑏  Number of blades 
𝑝  Static air pressure, hPa 
𝑃  Power, kW 
𝑟  Non-dimensional radial coordinate 
𝑟𝑎   Begin of airfoiled sections, root cut-

out 
𝑟𝑡𝑤  Zero twist radial coordinate 
𝑅  Rotor radius, m 
𝑡  Blade thickness, m 
𝑇  Rotor thrust, N; air temperature, °C 
𝑉  Velocity, m/s 
𝑦, 𝑧  Blade tip position in-plane and out-

of-plane relative to precone, m 

𝛼, 𝛼0, 𝛼𝑠𝑠  Section, zero lift and stall angle of 
attack, deg 

𝛽𝑝  Precone angle, deg 
𝜆𝑖 , 𝜆𝑖0  Induced inflow ratio, mean value of 

it 
𝜈  Frequency ratio 
𝜌  Air density, kg/m³ 
Θ  Pitch angle, deg 
𝜔𝑛  Natural frequency, rad/s 
Ω  Rotor rotational frequency, rad/s 
  
Subscripts  
75  At 𝑟 = 0.75 
𝑎  Aerodynamic 
𝑒𝑙  Elastic deformation 
ℎ𝑢𝑏  Related to rotor hub 
𝑚𝑎𝑥  Maximum 
𝑟𝑒𝑓  Reference condition 
𝑡𝑖𝑝  Blade tip 
𝑡𝑤  Blade twist 
𝑊𝑇  Wind tunnel 
  
Acronyms  
CFD Computational Fluid Dynamics 
DAQ Data acquisition system 
DLR German Aerospace Center 
DNW German-Dutch Wind Tunnels 
FLOWer DLR’s block structured Navier–

Stokes solver 
NWB Low-Speed Wind Tunnel Braun-

schweig 
RPM Revolutions per minute 
S4 DLR’s comprehensive rotor code 
TEDAS Throughput Enhanced Data Acquisi-

tion System 
  
  

2. INTRODUCTION 

In June 2024 the first test of a new helicopter model 
for the medium-size low speed wind tunnel in Braun-
schweig was performed. This test was a milestone 
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within DLR’s project URBAN-Rescue, lasting from 
2020-2024, which is part of DLR’s guiding concept 4 

“The Rescue Helicopter 2030”, aiming at the design 
of a fast rescue helicopter. A slim aerodynamically 
shaped fuselage was designed during a predecessor 
project and tested in 2020 without a rotor for compar-
ison with a reference fuselage typical for today’s res-

cue helicopters. 

The 2024 test included a newly built Mach-scaled 
main rotor and stub wings on the fuselage. Different 
configurations were performed: isolated fuselage with 
or without stub wings, and both setups with the rotor. 
Operational conditions ranged from hover to high 
speed and the experiments included measurements 
of rotor, fuselage and wing balances, blade pitch an-
gles, pitch link loads, blade bending moments, blade 
pressure data, and acoustic radiation via microphone 
arrays. 

This paper focuses on hovering rotor experimental 
data analysis for different configurations and valida-
tion by comprehensive as well as computational fluid 
dynamics (CFD) codes. Hovering measurements are 
of permanent interest as reflected by the AIAA Ro-
torcraft Hover Prediction Workshop initiated at an 
AIAA SciTech special hover session held in 2014, 
which now includes four different rotors in hovering 
condition. 

The rotor tested within URBAN-Rescue is a Mach-
scaled hingeless rotor with radius of 0.812 m. The 
blade planform and twist are derived from the articu-
lated ONERA 7AD 2.1 m radius rotor blade that had 
been used in many wind tunnel tests, e.g. Ref. 1, us-
ing the same airfoils. A dynamical scaling, however, 
could not be achieved, hence it represents a stiff in-
plane rotor blade. 

This is one of the first publications using the URBAN-
Rescue wind tunnel test data for code validations. 
Preliminary wind tunnel test data were presented in 
Ref. 2. Hover studies with S4 applied to the HART II 
rotor have been published in Ref. 3. Hover computa-
tions using CFD were published in Refs. 4,5,6. 

3. HARDWARE, TEST AND SOFTWARE 

3.1. Helicopter model 

The new helicopter model was designed to perform 
tests in the DNW-NWB wind tunnel with a cross-sec-
tion of 3.25 m x 2.8 m. The model is hydraulically 
driven where the motor torque is transmitted by a 
tooth belt drive to the rotor shaft. To separate the 

measurement of different load sources, it was neces-
sary to use different balances (see Figure 1). The 6-
component rotor balance (RUAG 192-6D) is directly 
attached to the belly sting and carries the complete 
base structure including hydraulic motor and drive 
system as well as the rotor system. 

For measuring the fuselage loads an integrated cylin-
drical 6-component balance of type Task 1.25” is 

mounted behind the rotor shaft. To guarantee inde-
pendent measurements of rotor and fuselage loads 
the connection of the fuselage balance to the sting 
attachment point is done via two structure side plates 
outside of the basic structure. To optionally install 
wing stubs one 5-component wing balance can be 
mounted to each of the side plates and measure in-
dependently from rotor and fuselage balance. 

 

Figure 1: Basic setup of the wind tunnel model. 

The fuselage shells as well as the wings were manu-
factured using 3D-printing techniques with additional 
reinforcements (see Figure 2). Background infor-
mation about the model design, model scaling, and 
manufacturing of parts and pre-testing are given in 
Ref. 7. 

 

Figure 2: Wind tunnel model inner structure. 

In the rotating frame a new in-house developed rota-
tional data acquisition system is used to acquire the 
pitch link force, the pitch angle, torsion moment as 
well as the bending moments in flap and lag direction 
for each rotor blade. Furthermore, two rotor blades 
were equipped with dynamic pressure sensors, one 
with 8 sensors on the upper side along span at 10 % 
chord, one with 14 sensors in a cross section at 70 % 
radius. Details of the rotor and blade characteristics 



are given in Table 1. More information about the man-
ufacturing of the rotor blades can be found in Ref. 8. 

Table 1: Rotor and blade characteristics. 

Characteristic Symbol Value 
Number of blades 𝑁𝑏 4 
Radius 𝑅 812 mm 
Mean chord 𝑐 57 mm 
Solidity 𝜎 0.08938 
Blade tip chord 𝑐𝑡𝑖𝑝 𝑐⁄  0.3333 
Root cutout 𝑟𝑎 0.2346 
Zero twist radius 𝑟𝑡𝑤 0.7500 
End of inner airfoil 𝑟1 0.7537 
Begin outer airfoil 𝑟2 0.9015 
Begin parabolic tip 𝑟3 0.9474 
Inner airfoil OA 213 
Outer airfoil OA 209 
Twist offset, outer airfoil ΔΘ𝑡𝑤 2.95 deg 
Blade twist Θ𝑡𝑤 -8.387 deg 
Precone angle 𝛽𝑝 2.0 deg 
Ref. rot. frequency Ω𝑟𝑒𝑓 259.8 rad/s 
Test rot. frequency Ω 0.75Ω𝑟𝑒𝑓 
1st flap frequency 𝜈𝐹1 = 𝜔𝐹1 Ω⁄  1.258 
1st lag frequency  𝜈𝐿1 = 𝜔𝐿1 Ω⁄  1.729 
1st torsion frequency 𝜈𝑇1 = 𝜔𝑇1 Ω⁄  6.424 

 

The blade planform, thickness, twist and airfoil distri-
bution are shown in Figure 3. Twist is given using the 
chord line definition of the respective ONERA/Aero-
spatiale airfoils OA213 and OA209 with 13% and 9% 
thickness. 

 
Figure 3: Planform, thickness, twist and airfoil distri-
bution of the model rotor blade. 

The fan diagram of the hingeless rotor blade is shown 
in Figure 4 for rotational frequencies up to 100 % 
RPM Ω𝑟𝑒𝑓. At 75 % RPM all modes are well separated 
from each other. 

Data from sensors in the non-rotating frame were ac-
quired by an in-house developed data acquisition sys-
tem TEDAS III. This DAQ is specially designed for 

rotor-triggered measurements. Key specifications of 
the TEDAS III system are: 

• 496 channels analogue DAQ 
• Simultaneous sampling 
• 1024/2048 samples per revolution 
• 16-bit ADCs 
• Rotor triggered measurement or fixed fre-

quency 

 
Figure 4: Fan diagram of the model rotor up to nomi-
nal speed 𝛺𝑟𝑒𝑓 = 259.8 rad/s = 100 % RPM. Red: flap 
modes, green: lag modes, blue: torsion modes. 

To measure the sensors in the rotating frame a newly 
developed wireless rotational DAQ system was used 
for the first time, Ref. 9. The rotational DAQ is placed 
on top of the main rotor head in an ellipsoid shaped 
housing carrying the electronic components. A small 
slip ring with a limited number of channels is used for 
transfer of electrical power to the rotating parts as well 
as the 1P signal from the non-rotating azimuth en-
coder. In total 48 channels can be measured with a 
fixed data rate of up to 50 kHz, which leads to an az-
imuthal resolution of at least 1024/rev. The synchro-
nization between the rotating and non-rotating data 
(captured sequentially) is based on the rotor azimuth 
position determined from the 1P signal. 

3.2. Wind Tunnel Test 

The DNW low-speed atmospheric wind tunnel in 
Braunschweig (NWB) was used in an open-jet config-
uration. Its properties are given in Table 2 and due to 
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the large hub height above ground it can be assumed 
as operating out-of-ground conditions, Figure 5. How-
ever, despite the size of the surrounding test hall, due 
to its closed walls some unknown recirculation will de-
velop in hovering condition. This recirculation will be 
in proportion to the square root of the rotor thrust, fol-
lowing momentum theory. Therefore, with increasing 
thrust the operational condition will effectively be a 
climb condition with a velocity increasing in proportion 
to the rotor’s induced velocity, i.e. also proportional to 
the square root of the rotor’s thrust. 

Table 2: DNW-NWB characteristics. 

Characteristic Symbol Value 
Maximum wind speed 𝑉𝑚𝑎𝑥 80 m/s 
Nozzle width 𝑤𝑊𝑇 3.25 m 
Nozzle height ℎ𝑊𝑇 2.8 m 
Hub height above ground ℎℎ𝑢𝑏 3.4 m 
Ground separation ratio ℎℎ𝑢𝑏 𝑅⁄  4.19 

 

 

Figure 5: Model in hover condition in DNW-NWB. 

To get acoustic data from below the model two micro-
phone arrays were installed with 28 microphones 
each, one on the advancing side of the rotor on the 
upstream location and one on the retreating side on 
the downstream location as shown in Figure 5.  

Although the blades are safe with respect to the ex-
pected loads of the entire operational envelope, blade 
attachment components of the hingeless rotor system 
were found not fulfilling the requested safety factors. 
Therefore, the operational frequency of rotation for 
the first NWB test with spinning rotor was reduced to 
75 % of the reference value. In order to obtain the 
same range of advance ratios, the maximum wind 
tunnel speed was accordingly reduced to now 
𝑉∞,𝑚𝑎𝑥 = 60 m/s. 

3.3. S4 Comprehensive code 

The DLR comprehensive analysis tool, S4, is a high 
resolution, 4th generation comprehensive rotor simu-
lation code, Refs. 6,11. The finite-element-based 
structural dynamics modeling in S4 is based on 
Houbolt and Brooks equations, Ref. 12. The beam el-
ement has ten degrees of freedom. A semiempirical 
formulation of the airfoil coefficients based on the 
Leiss method, Ref. 13, is used for unsteady blade 
motion, but further modification is made for the BVI 
problem. The fuselage interference flow effect is in-
cluded at the blade sections using a semi-empirically 
derived formulation from the potential theory, Ref. 14. 

The Mangler/Squire global wake model, Ref. 15, is 
used here for performance and vibration estimates, 
but an extended version of the Beddoes’ prescribed 

wake geometry formulation, Ref. 16, with multiple 
trailers could be used especially for noise predictions, 
accounting for wake deflections due to harmonic rotor 
loading. Special treatment of blade tip losses is per-
formed in the range 𝑟 > 0.9 and at the blade root via 
additional induced inflow simulating a tip vortex and 
leading to zero-lift angle of attack at the tip (and root), 
Ref. 3. Trim is performed with an azimuth increment 
of 1 deg, and the simulation uses the first six modes 
for a modal analysis. 

3.4. FLOWer CFD code 

The DLR-CFD approach is utilizes on the coupling of 
the DLR legacy flow solver FLOWer, Ref. 17. For sim-
plicity, the blade has been assumed rigid, however, 
torsion deformation at the tip was not measured. The 
inviscid fluxes are resolved using a 4th-order upwind 
scheme (SLAU2 with FCMT), Ref. 18. The turbulence 
model SA-DDES-R, Refs. 19,20, is applied for the 
computation of the eddy viscosity and transition is 
empirically predicted, Ref. 21. A dual time-stepping 
approach with a timestep equivalent to 0.5 deg of a 
revolution is used.  

Periodicity is exploited and only one blade is mod-
elled with the neglection of everything else, e.g. fuse-
lage, support, wind tunnel walls. An inviscid Euler wall 
is placed in the rotational center to suppress the initial 
upwash there. The total grid features 3 million grid 
points and is built in a similar fashion as in Refs. 4,5,6. 
The blade surface consists of 128 cells in chordwise 
and spanwise direction, the boundary layer is roughly 
resolved with 30 cells with the overall grid setup hav-
ing 2.6 million cells. The far field extends to 6 radii at 
the top and bottom of the rotor with the Spalart 



viscous jet function applied as the boundary condi-
tion, Ref. 22. Each case was run for 50 revolutions, 
which led to steady results up to 14 degrees collective 
after roughly 25 revolutions. Beyond this collective 
angle, seemingly chaotic behavior was observed, but 
the averaged thrust leveled out. The peak-to-peak 
thrust variation remains roughly 13 % of the corre-
sponding mean thrust of the last revolution for the 
22 deg collective case. The far-field boundary condi-
tion does not include the closed walls all around the 
test chamber, which cause a mild recirculation. Such 
effects could be accounted for, Ref. 23, but at tremen-
dous computational cost and were not included here. 

4. RESULTS 

4.1. Hover test data and corrections 

During the model preparation phase, it was detected 
that the rotor balance data are influenced by the hy-
draulic lines due to deformations of the hoses, which 
leads to erroneous results. Data from a rotor spin-up 
with blade stubs instead of rotor blades can be used 
for a correction of this influence. Most impact could 
be found for the vertical force 𝐹𝑧 and the rotor mo-
ments, while the side force and longitudinal force are 
not affected. Depending on the hydraulic pressure 𝑝𝑉 
an increasing error can be observed, for 𝐹𝑧 with an 
asymptotic trend as approximation (App.), as shown 
in Figure 6. 

 

Figure 6: Vertical rotor force. 

Using an asymptotic correction function for the verti-
cal force and the in-plane moments and a linear cor-
rection function for the torque component the errors 
in the rotor balance data can be corrected depending 
on the hydraulic pressure, which is measured by a 
sensor near the motor location.  

Test data for the hover results were acquired by a var-
iation of collective blade pitch from Θ75 = 0.4 deg to 

Θ75 = 16 deg in increments of about 2 deg. The rotor 
thrust variation was between 45 N and 885 N. For the 
final results the pressure correction was applied to the 
data as well as a correction of a slight drift in the rotor 
balance data using an approach with linear deviation 
over time and two reference measurements, one be-
fore the thrust variation and one afterwards. 

4.2. Simulation results 

The S4 comprehensive code was used with elastic 
blade modeling including 3 flap, 2 lag and 1 torsion 
mode while FLOWer was applied with rigid blades. 
Trim was also performed differently. Because of 
faster computation results, FLOWer was used with 
prescribed collective control angles from Θ75 = 0 deg 
to 22 deg in increments of 2 deg. In contrast, S4 was 
trimmed to thrust from 𝑇 = 100 N to 900 N (near max-
imum thrust) in increments of 100 N. For larger con-
trol angles a trim to power was performed in incre-
ments of 5 kW. Atmospheric data used in the simula-
tions were chosen by the authors prior to test data 
availability and are given in Table 3, the differences 
are considered negligible. 

Table 3: Atmospheric conditions used in simulations. 

Characteristic  Test S4 FLOWer 
Air temperature, °C 𝑇 19.7 20.0 22.3 
Air pressure, hPa 𝑝 1001 1015 999.4 
Air density, kg/m³ 𝜌 1.186 1.206 1.178 
Sonic speed, m/s 𝑎 343.0 343.9 344.8 
Tip Mach number 𝑀𝑡𝑖𝑝 0.4611 0.4602 0.4587 

 

Results for thrust and power development are shown 
in Figure 7. For S4, the onset of rotor stall is observed 
at around Θ75 ≈ 20 deg, whereas for FLOWer stall 
onset is observed already at roughly Θ75 ≈ 15 deg in 
Figure 7a. However, where S4 clearly shows the rotor 
stall, FLOWer shows still an increase in thrust. In gen-
eral, the agreement is very good in the linear aerody-
namic regime, despite the significant differences in 
modeling, which will be discussed in more detail later. 
The Mangler/Squire downwash model is used in S4, 
which generates low inflow values inboard and the 
highest downwash occurs around 80 % radius. 
Therefore, this model is usually leading to inboard 
stall first, which is felt as “mild stall” for the entire rotor 

due to the low dynamic pressure there. Opposing this, 
in the FLOWer simulation, the tip-vortex of the previ-
ous vortex triggers the separation at the outboard of 
the rotor while the inboard stations still continue to 
carry. 
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The power of test and simulations is shown in Fig-
ure 7b. In attached flow, both S4 and FLOWer are 
very close to the test data, while from stall onset on 
FLOWer results in higher power than S4 and agrees 
better with test data. 

 
(a) Rotor thrust 

 
(b) Rotor power 

Figure 7: Rotor thrust and power versus collective 
control angle. 

The resulting figure of merit is given in Figure 8. The 
agreement between the two codes is very good ex-
cept for two regions: first, around moderately low 
thrust around 𝐶𝑇 𝜎⁄ = 0.05 in the attached regime, 
where the thrust predicted by S4 is slightly larger than 
that of FLOWer. Second, near maximum thrust and 
larger blade loadings 𝐶𝑇 𝜎⁄ = 0.14 where FLOWer 
predicts a further increase in thrust while S4 shows a 
loss of thrust as already seen in in Figure 7a. 

Some of the differences may be attributed to the use 
of the Mangler downwash model, some may be 
caused by blade flexibility in S4, while FLOWer used 
rigid blades. S4 results of blade tip deflections are 
shown in Figure 9. The blade tip displacements in flap 
and torsion computed by S4 are shown versus rotor 

thrust in Figure 9a. As expected, the flap displace-
ment is essentially linear with the rotor thrust, while 
torsion, is very moderate in attached flow, but pro-
gressively becoming negative once stall develops. 

 
Figure 8: Rotor figure of merit. 

 
(a) flap and torsion 

 
(b) lag 

Figure 9: Elastic blade tip deflections, S4 results. 

Because rotor stall in S4 is associated with a loss of 
thrust and a radial re-distribution of blade lift is ex-
pected depending on where stall develops, the flap 
displacement in the stalled regime becomes slightly 
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off the linear line. The elastic lag displacement is 
shown versus power instead of thrust in Figure 9b, 
because it is expected to vary linearly with power. 
This holds even for the stalled regime (last two 
points). 

Finally, radial distributions of non-dimensional section 
normal force (pos. up), tangential force (pos. forward) 
and pitching moment (pos. nose up) averaged over 
the last revolution are shown in Figure 10 for three 
different thrust levels, indicated by the collective con-
trol angles: Θ75 = 6 deg represents a thrust of ca. 
300 N, 14 deg is equivalent to ca. 800 N and 20 deg 
to ca. 950 N. The latter is about the maximum thrust 
in S4 results and already in the rotor stall regime for 
FLOWer. The aerodynamic coefficients are repre-
sented in the form multiplied by 𝑀2 𝑐 𝑐𝑟𝑒𝑓⁄  in order to 
be able to directly compare the sectional forces and 
moments. The Mach number is based on the sec-
tional circumferential velocity for both codes for rea-
sons of better comparability. 

In Figure 10a, the normal force distribution is shown. 
It must be recognized that FLOWer includes orthogo-
nal blade-vortex interaction with the tip vortex of the 
preceding blade, located near 𝑟 = 0.9. It induced up-
wash on the right of it and downwash on the left, leav-
ing a wave in the radial distribution which is not pre-
sent in S4 results, because the Mangler downwash 
model does not include such discrete vortices. Due to 
its low induced velocities inboard, the Mangler model 
leads to greater angles of attack inboard and hence 
larger section lift than the FLOWer results. For the 
highest thrust, S4 is not yet developing stall near the 
blade tip, while FLOWer shows a significant loss of 
normal force there, indicating blade tip stall. For at-
tached flow, both codes show fairly good agreement. 

The chord force distribution is given in Figure 10b. 
Despite larger differences between the two codes’ re-

sults the trends are similar to those observed in the 
normal force distributions. This is not the case for the 
region near the tip itself, where strong three-dimen-
sionality of the flow is present due to the free end of 
the blade and further exaggerated by the large sweep 
of the blade tip. The essentially two-dimensional ap-
proach of S4 – despite an advanced continuous tip 
loss model – cannot account for full three-dimen-
sional flows and larger differences to FLOWer were 
expected and actually are present. 

This is also true for the section moment distribution 
shown in Figure 10c. The moment is very sensitive to 
stall and due to the pressure point moving aft of the 

quarter chord point in stalled condition quickly devel-
ops much larger nose-down moments than in at-
tached flow. The formerly made hypothesis that S4 
due to the inflow model might stall first in inboard re-
gions is confirmed here, and also the stall of FLOWer 
first near the blade tip. 

 
(a) normal force (pos. up) 

 
(b) tangential force (pos. forward) 

 
(c) moment (pos. nose-up) 

Figure 10: Radial distribution of aerodynamic loads. 

Further information can be obtained from a compari-
son of induced inflow ratio distributions of these 
cases, shown in Figure 11 (pos. downwards). The S4 
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results include root and tip losses by means of virtual 
root and tip vortices that progressively rise towards 
the tip to generate the zero-lift angle of attack at the 
tip. The Mangler-Squire downwash model does not 
include these tip losses and its distribution is 
sketched by the black lines. A tip vortex from the pre-
ceding blade is not represented by the Mangler 
model. 

In case of FLOWER results data were extracted be-
tween successive blades. Therefore, they do not in-
clude the tip and root vortex induced inflow on itself, 
but they show the preceding blade’s tip vortex with a 

center located at 𝑟 ≈ 0.95, which will move further in-
board until interacting with the following blade. Note 
that the thrust of the three cases slightly differs be-
tween S4 and FLOWER, see Figure 7a. Also for the 
largest collective control angle in Figure 11 stall de-
veloped in FLOWER results in the region 𝑟 > 0.8, see 
Figure 10a and c, which leads to strong turbulence in 
the air and the induced inflow distribution there is only 
an instantaneous figure, while the downwash of the 
Mangler model in S4 remains steady even in case of 
airfoil stall. 

 
Figure 11: Radial distribution of induced inflow ratios. 

In the region 0.7 < 𝑟 < 0.9 the Mangler model and 
FLOWER agree pretty well, more inboard the 
FLOWER inflow is generally larger than that of the 
Mangler model and near the blade tip for 𝑟 > 0.9 no 
direct comparison can be made. Removing the tip 
vortex individual contribution in the FLOWER results 
suggests some similarity with the pure Mangler model 
sketched in black lines. The mean induced inflow ratio 
from momentum theory is not plotted for comparison 
with S4 and FLOWER, but given in Table 4. The Man-
gler model in S4 (without the tip loss contributions) 
has a mean value of 𝜆𝑖0 as in Table 4, and the 
FLOWER data that may be estimated from the re-
spective curves in Figure 11 appear close to these. 

Table 4: Mean induced inflow ratio 𝜆𝑖0 by momentum 
theory, S4. 

Θ75, deg 5.8 14.7 19.6 
𝐶𝑇 𝜎⁄  0.0537 0.143 0.171 
𝜆𝑖0 0.049 0.079 0.087 

 

For S4, the radial distribution of the aerodynamic 
angle of attack at the blade sections provides the final 
proof of regions within attached flow or exceeding 
stall, because the Leiss airfoil model includes the 
steady stall angle of attack. These data are given in 
Figure 12. In agreement with Figure 10c stall is 
present inboard of 𝑟 = 0.7 and a bit around 𝑟 = 0.9. 
Due to the tip loss model the very tip itself will never 
stall in S4, because the angle of attack approaches 
zero lift angle fo attack there: 𝛼𝑎 → 𝛼0. In addition, the 
parabolic tip introduces a very large leading edge 
sweep angle up to 60 deg, aerodynamically a large 
sweep angle, which causes a large stall delay, 
shifting the stall angle of attack to over 25 deg (black 
line for 𝑟 > 0.9 ). 

 
Figure 12: Radial distribution of section angle of at-
tack and section stall angle of attack, S4 results. 

Because the angle of attack is strongly depending on 
the induced inflow ratio distribution, the selection of 
inflow model affects the location of stall onset being 
inboard or outboard. The Mangler model with rather 
small inboard inflow often leads to inboard stall onset, 
while constant inflow from momentum theory, but also 
prescribed or free-wake methods mostly generate 
stall onset outboard, see Ref. 3. 

To further support the hypothesis or stalled regions in 
FLOWer results, the vorticity fields of the CFD results 
are plotted in Figure 13 by means of the Q-criterion. 
For the lowest collective control angle shown in Fig-
ure 13a, a very steady flow field is observed with 
some of the wake still visualized by the Q-criterion. A 
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root vortex is also found, which is shifted more 
outboard due to the presence of the Euler wall. 

 
(a) Θ75 = 6° 

 
(b) Θ75 = 14° 

 
(c) Θ75 = 20° 

Figure 13: Vorticity plots of CFD results at different 
collective angles. All plotted at same Q-criterion. 

The middle collective control angle setting, Fig-
ure 13b, shows a stronger wake sheet and tip vortex, 
but also a greater interaction between the tip-vortices 
below the rotor.  

For the highest collective control angle given in Fig-
ure 13c, the stall vortex at the tip can also be found 
which mixes with the primary tip vortex of the blade, 
but is also fed by the incoming tip vortex of the 
previous blade. This leads to a greater interaction 
between the individual tip vorticites and the 
dissolution into secondary vortex structures. These 
are likely underresolved on this relatively coarse grid, 
but nevertheless, it is believed that the mechanism is 
already captured on a reasonable level due to the 
application of a low-dissipation higher order scheme, 
the skipping of overset interpolation and the DDES-R 
extensions applied to the SA turbulence model. 

5. CONCLUSIONS 

1. First wind tunnel hover tests of DLR’s modular 

helicopter model have been presented alongside 
numerical investigations with DLR’s S4 compre-

hensive code and CFD simulations with DLR’s 

legacy FLOWer code. 

2. The wind tunnel rotor balance data required sub-
stantial corrections due to systematic errors, be-
cause of the construction with hydraulic hoses by-
passing the balance. The rotor hydraulic pressure 
causes non-linear drift of all forces and moments. 
Additionally, the balance undergoes drifts in all 
forces and moments during time of operation.  

3. The results of the wind tunnel data could be re-
produced to a reasonable degree by both codes. 
Both simulations overpredicted the maximum Fig-
ure of Merit of the experiment, which is believed 
to be associated to a (mild) recirculation occurring 
in the closed-wall test hall. Similar observations 
have been made previously with a larger rotor in 
the DNW large low-speed facility and in DLR’s ro-

tor preparation hall. CFD is capable of prediction 
recirculation effects, but to an enormous compu-
ting cost and therefore was not used in this study. 

4. At higher thrusts, the CFD results showed better 
agreement with the experiment than the compre-
hensive code results. It was identified that the 
main cause for this is that the Mangler-Squire in-
flow model in the comprehensive code does not 



account for the incoming tip vortex of the previous 
blades. This, in combination with the general 
highly unsteady nature of stall, leads to the better 
predictability of the results by CFD. Prescribed or 
free-wake methods for the induced flow field 
should improve the comprehensive code results 
in this aspect. 

5. Despite the good results, it is believed that on the 
CFD side, results and correlation with the experi-
ment can be further improved through the appli-
cation of elasticity, modelling of the complete test 
setup (fuselage, sting, wind tunnel), and inclusion 
of more grid points and finer time steps. However, 
the improvements will likely not be worth the ef-
fort. It seems that the lack of elasticity (nose-down 
torsion will increase hover efficiency) may be 
compensated for by the recirculation due to 
closed wind tunnel walls (leading to a decrease of 
hover efficiency). 

Future work on the simulation’s side will focus on im-
proving comprehensive code results through model-
ling the tip vortex, whereas CFD results will aim to in-
clude elasticity, and potentially both codes with inclu-
sion of the fuselage. On the experimental side, full 
RPM results are planned to reach the proper Mach 
scale. Such experiments have been made during the 
NWB test preparation in DLR’s rotor test hall, also at 
half RPM. 
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