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ABSTRACT
This paper investigates the effect of tilting a rotor backward on dynamic stall at a moderate advance ratio using low-
fidelity (free wake) and high-fidelity (Computational Fluid Dynamics) approaches. The first objective pursued is to
evaluate the capability of the low-fidelity approach to provide accurate results for such flight conditions. A second
objective is to precisely identify the evolution of the mechanisms leading to dynamic stall under high-load conditions.
The low-fidelity approach is found to predict the main features of the blade-vortex interaction leading to dynamic
stall on the retreating blade, with a lower intensity compared to high-fidelity results (especially when the rotor is
tilted backward). It however misses a second dynamic stall event occurring on the rear blade that is mainly due to
an interaction with root and stall vortices. This leads to slightly different values and trends of thrust coefficients with
respect to the collective pitch angle near stall compared to high-fidelity results.

NOTATION

A Rotor disk area, πR2, [m2]
a∞ Speed of sound, [m.s−1]
c Rotor blade chord length, [m]
CmM2 Section pitching moment coefficient, My

0.5ρ∞a2
∞c2 ,

[-]
CnM2 Section normal force coefficient, fn

0.5ρ∞a2
∞c , [-]

CT Rotor thrust coefficient, T
ρ∞A(ωR)2 , [-]

CQ Rotor power coefficient, [-]
fn Section aerodynamic normal force, [N.m−1]
M Mach number, [-]
My Section pitching moment, [N]
Nb Number of rotor blades, [-]
Q Q-criterion, [s−2]
R Rotor radius, [m]
r Radial location, [m]
T Rotor thrust, [N]
Vh Rotorcraft velocity, [m.s−1]

Copyright Statement
The authors confirm that they, and/or their company or organization,
hold copyright on all of the original material included in this paper.
The authors also confirm that they have obtained permission, from
the copyright holder of any third-party material included in this pa-
per, to publish it as part of their paper. The authors confirm that
they give permission, or have obtained permission from the copy-
right holder of this paper, for the publication and distribution of this
paper as part of the ERF proceedings or as individual offprints from
the proceedings and for inclusion in a freely accessible web-based
repository.

αs Shaft angle, [deg]
θ0 Collective pitch angle, [deg]
θ1c Lateral cyclic pitch angle, [deg]
θ1s Longitudinal cyclic pitch angle, [deg]
µ Rotor advance ratio, Vh

ωR , [-]
ρ∞ Freestream density, [kg.m−3]
σ Rotor solidity, Nbc

πR [-]
ω Rotor angular velocity, [rad.s−1]
ψ Azimuth angle, [deg]

INTRODUCTION

New architectures of aircraft dedicated to high-speed flight
combine a main rotor with propellers which respectively pro-
vide lift and thrust. In the last decades, several architec-
tures of this type have been developed (such as the Sirko-
rsky S-97 RAIDER (Ref. 10) and the Airbus Helicopters
RACER (Ref. 6)), with a particular focus on military pur-
poses. These types of aircraft are designed to reach higher
velocities than classical architectures while remaining able to
perform maneuvers that involve tilting the rotor backwards,
which can lead to dynamic stall.

Several numerical approaches can be considered in order to
investigate dynamic stall. Among them, a coupling between
a comprehensive analysis (CA) structural code and another
tool for the analysis or the modelling of the fluid dynamics
is widely found in the literature. The associated degree of
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accuracy varies with the complexity of the numerical methods
and the physical modelling considered.

Multiple low-fidelity approaches consist in a coupling be-
tween a CA structural code and an induced velocity model.
They are commonly considered as not adapted to predict dy-
namic stall conditions. This conclusion is however generally
drawn with induced velocity models that are too simple to
be able to capture blade-vortex interaction (BVI) phenomena.
Considering more complex induced velocity models based on
a free wake modelling could be more adapted to such inves-
tigations, yet a lack of literature tackling this problematic is
observed. Additional studies investigating the capability of
low-fidelity approaches involving a free wake modelling to
predict dynamic stall are thus required, especially when this
phenomenon is triggered by BVI.

Regarding high-fidelity approaches, a coupling between a CA
structural code and a computational fluid dynamics (CFD)
solver can be considered. The accuracy of this type of cou-
pling has been thoroughly validated in the past for the analysis
of dynamic stall in negative (i.e. forward-tilted rotor) or close
to zero shaft angle conditions. This validation was performed
for full-scale rotors (such as the UH-60A (Refs. 13, 14)), as
well as for model scaled rotors (such as 7A (Refs. 12, 19)
and ERATO (Refs. 1, 18)). The origin of physical phenom-
ena leading to dynamic stall was analysed in (Refs. 5, 15, 17),
showing the major role of BVI. On the other hand, limited lit-
erature can be found on the physical mechanisms leading to
dynamic stall in turn flight (i.e. backward-tilted rotor) (Ref. 9).
It focuses on the analysis of dynamic stall for a moderate-
speed turn flight using a high-fidelity CA/CFD coupling, and
highlights the complex and unsteady flow nature involving
shock-induced separation, BVI and trailing edge separation.

Therefore, this paper presents numerical simulations per-
formed at the onset of dynamic stall on a generic rotor at both
null and high positive shaft angles using low- and high-fidelity
simulation tools. A first objective is to investigate the capabil-
ity of low-fidelity approaches (CA coupled with free wake in-
duced velocity model) to accurately investigate dynamic stall
for these flight conditions, using the high-fidelity results as a
reference. A second objective is to provide a detailed analysis
of the effect of a high positive value of the rotor shaft angle
on the stall limit of the rotor at moderate speed.

In a first section, the low- and high-fidelity methods used to
perform the numerical simulations will be presented, as well
as their respective numerical setups. The mechanisms leading
to dynamic stall will then be analysed using both the low- and
high-fidelity results. Potential differences between the two
approaches will also be investigated, and the validity of the
low-fidelity coupling to analyse dynamic stall at these flight
conditions will be assessed. In a final section, the high-fidelity
results will be further analysed in order to investigate in detail
the effect of the shaft angle increase on the mechanisms lead-
ing to dynamic stall. Conclusions on the results obtained and
perspectives for future works will be presented at the end of
this paper.

While this paper focuses on the effect of strong loads on dy-
namic stall, another aspect that can strongly influence the stall
mechanisms is the helicopter velocity. The effect of increas-
ing the helicopter speed from moderate to high values is in-
vestigated in detail in a second paper proposed by the au-
thors (Ref. 16), using the same generic rotor and numerical
approaches. Both activities are part of the same task of the
European Next Generation Rotorcraft Technologies (ENGRT)
project funded by the European Union.

PRESENTATION OF THE TEST CASE AND
OF THE NUMERICAL APPROACHES

Description of the test case

The test case selected for the study presented in this paper
that is common to the two approaches is a five-bladed generic
rotor with a constant twist and a parabolic tip. In the two ap-
proaches presented in the following, a fixed collective pitch
angle θ0 value was fixed as input and a trim law ensuring null
values of cyclic flap angles (with the cyclic pitch angles θ1c
and θ1s as free trim parameters) was imposed. A fixed ad-
vance ratio µ = 0.35 corresponding to a moderate forward
flight velocity with a nominal rotation velocity was selected,
and two shaft angle values αs = 0° (flat rotor) and αs = 10°
(backward-tilted rotor) were investigated.

Presentation of the low-fidelity approach: STORM/MINT

The low-fidelity analysis is based on the new version of the
CA code HOST (Ref. 3) named STORM, supplemented by
the time marching free wake model MINT (Ref. 8). The aero-
dynamic model is based on a lifting-line analysis, and a sim-
plified beam model is used to describe the blade structure. The
sensitivity of the results to the number of sections selected to
discretize the blade, the time step used in the wake model,
the flexibility of the blade and the wake computation (rigid or
pure free wake) was investigated. Following the results ob-
tained, 25 aerodynamic sections were selected for the blade
discretization, the time step was fixed at 6°/iteration, a rigid
wake model was selected and the blade was assumed flexible
with its dynamic response computed using eight modes and
eight harmonics. The simulations were performed during 30
revolutions in order to ensure that the wake and the rotor loads
were stabilised. Five revolutions of the wake were preserved
at the end of the simulation, on which a mean was performed
to compute the different aerodynamic coefficients. In ad-
dition, while MINT is selected as the preferred wake model,
different possibilities have been investigated in this study to
provide a complete comparison:

• Meijer-Drees (M.-D.), based on a simple analytical for-
mula of the induced velocity.

• Finite State Wake (FSW), which improves the prediction
of M.-D. by considering a highly non-uniform inflow dis-
tribution (Ref. 2).
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• METAR, based on a steady wake model composed of
vortex segments with a prescribed geometry and that in-
duces inflow velocity on the rotor disk.

The low computational cost of this method allowed to investi-
gate a large number of collective pitch angle θ0 values ranging
between -4° and 8° with a step of 0.5°.

Presentation of the high-fidelity approach: HOST/elsA

The high-fidelity approach involves a computational fluid
dynamics (CFD)/CA loose coupling between the ONERA-
SAFRAN software elsA (Ref. 4) and HOST (Ref. 3). A classi-
cal Chimera overset grid technique with blade-fitted grids and
a cartesian background grid was used (cf. Fig. 1). Each blade
grid is composed of 3.2 million cells (208 points along the
blade chord, 65 in the direction normal to the wall and 235 in
the spanwise direction). The background mesh is composed
of 39 million cells, with a cell size in the rotor area fixed to
10% of the blade reference chord. The Unsteady Reynolds-
Averaged Navier Stokes (URANS) equations supplemented
by the two-equations k − ω turbulence model proposed by
Kok (Ref. 7) with Menter’s SST correction (Ref. 11) were
solved in the CFD simulations. The convective flux is dis-
cretized using a second-order Jameson centered scheme with
artificial dissipation, with its dissipation coefficients fixed at
χ2 = 0.5 and χ4 = 0.008. The time integration is based on
a second-order implicit Gear method, using a 0.25°/iteration
time step and 30 Newton sub-iterations.

Due to the higher cost of this approach, a lower number of
flight conditions were selected using the low-fidelity results
to estimate the conditions at which dynamic stall should oc-
cur. For the flat rotor (αs = 0°), collective pitch angle values
of −1°,1°,4°,5° and 6° were simulated. For the backward-
tilted position of the rotor (αs = 10°), collective pitch angle
values of −6°,−4°,−2°,0° and 1° were considered. The cou-
pling iterations were performed until the values of the cyclic
pitch angles and of the rotor thrust coefficient CT/σ were sta-
bilised. These numerical simulations provided information to
investigate the validity of the low-fidelity approach on these
operating regimes, as well as data regarding the physical phe-
nomena at the origin of dynamic stall.

COMPARISON BETWEEN LOW- AND
HIGH-FIDELITY RESULTS

In this section, two objectives will be pursued. Firstly, the
results obtained with HOST/elsA will be systematically com-
pared to those obtained with STORM/MINT in order to evalu-
ate the capability of the low-fidelity approach to provide con-
sistent results for the flight conditions investigated. Secondly,
the results obtained for αs = 0° and αs = 10° will be used to
investigate the effect of tilting the rotor backward on dynamic
stall. To better evaluate the sensitivity of the results to the in-
duced velocity model in the low-fidelity approach, additional
results obtained with M.-D., FSW and METAR will also be
commented in the polars.

First of all, the polars of performance coefficients and control
angles obtained with both low- and high-fidelity approaches
are plotted for αs = 0° and αs = 10° in Fig. 2. Concern-
ing the cyclic pitch angles, all the induced velocity models
provide similar results at αs = 0° and αs = 10°, except for
M.-D. that tends to underestimate the lateral cyclic pitch θ1c
and to overestimate the longitudinal cyclic pitch θ1s. The
HOST/elsA simulations give values of θ1c comprised between
HOST/FSW and STORM/MINT, as well as θ1s values that are
similar to the other models. Note that HOST/METAR appears
to be in very good agreement with HOST/elsA at αs = 0°, a
result that might however be fortuitous as STORM/MINT is
in better agreement with CFD at αs = 10°.

In terms of rotor thrust CT/σ , Fig. 2 highlights a larger scat-
tering of the results. The different models and approaches pro-
vide similar trends, with a linear increase of the thrust coeffi-
cient with respect to θ0 until dynamic stall occurs. At αs = 0°,
MINT provides the lowest thrust values and M.-D. the highest
ones with a maximum difference of roughly 0.03 (i.e. 30%),
while FSW and METAR predictions lie in between. The
slope of the CT/σ(θ0) curve is also very different between
the models. Consequently, while rotor thrust values are simi-
lar between the different models at low θ0 values, discrepan-
cies become more significant as the collective pitch angle in-
creases. Finally, dynamic stall does not occur at the same val-
ues of (CT/σ ,θ0) between the different models investigated.
METAR and M.-D. are in good agreement on the prediction
of collective pitch angles at which dynamic stall occurs, with
thrust values remaining close to constant for θ0 ≥ 5.5°, while
FSW predicts stall to occur at θ0 = 4°. METAR and FSW are
on the other hand in better agreement in terms of CT/σ values
attained at stall (roughly 0.12) compared to M.-D., as the latter
predicts higher thrust values (roughly 0.13). MINT predicts a
higher value of θ0 = 8° above which dynamic stall occurs with
a maximum thrust CT/σstall = 0.116, while HOST/elsA pre-
dicts dynamic stall close to θ0 = 6° with a maximum thrust of
CT/σ = 0.12. Increasing the shaft angle to αs = 10° leads to
higher thrust values attained along a large part of the polar for
all the methods investigated. Similar observations and thrust
values are however observed at stall for FSW, METAR and
M.-D, with dynamic stall however occurring at lower values
of θ0 compared to the flat rotor results (which is consistent
since the shaft angle is tilted backward). The STORM/MINT
and HOST/elsA results on the other hand lead to different
trends near stall compared to the flat rotor case. Both ap-
proaches predict that higher thrust coefficient values are ob-
tained, and that the occurrence of dynamic stall is less instan-
taneous with a slope change that is more progressive out of
the linear increase region. The results between these two ap-
proaches also appear in better agreement in the linear thrust
increase region, with differences that become more visible at
higher values of θ0. Note that this last result is again rep-
resentative of different slopes predicted by HOST/elsA and
STORM/MINT: the first approach gives lower thrust values at
low collective pitch angles and higher values than the second
approach otherwise.

The analysis of the rotor power coefficient in Fig. 2 leads to
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Figure 1: Background (left) and blade (middle) meshes with a visualisation of the overlapping region (right).

opposite observations with respect to the thrust coefficient.
Similar values are obtained with all the different models inves-
tigated at αs = 0°, with on the other hand a larger scattering
of the results at αs = 10°. M.-D. tends to underestimate the
values of CQ/σ while STORM/MINT tends to overestimate
them. The HOST/elsA results lie in between those obtained
with the different models investigated.

The evolution of the blade thrust with respect to the azimuth ψ

obtained with HOST/elsA and STORM/MINT is then shown
in Fig. 3 to analyse more in detail the rotor thrust. At αs = 0°,
the trends obtained are very similar between the two ap-
proaches, with commonly-observed peaks of thrust generation
located around ψ = 0° and ψ = 180°. The main difference
visible between the two approaches is that HOST/elsA pre-
dicts slightly higher peak values at these azimuth angles with
respect to STORM/MINT, which explains the higher values
of thrust coefficient obtained in Fig. 2.

Increasing the shaft angle to αs = 10° leads to several effects
on the blade thrust evolution. At low collective pitch angles
(θ0 ≤−2°), the agreement between the low- and high-fidelity
approaches is satisfactory. The amplitude and the phase of
the evolution of the blade thrust are rather similar, with how-
ever a slightly higher harmonic content with HOST/elsA close
to ψ = 0°. At higher collective pitch angles (θ0 ≥ 0°), no-
ticeable discrepancies appear due to stronger oscillations at
high-harmonics with HOST/elsA simulations on the advanc-
ing blade side. This particular difference will be further inves-
tigated using the following results.

In order to understand the differences observed between
STORM/MINT and HOST/elsA, blade section airloads will
next be analysed together with the blade torsion deforma-
tion. For a given shaft angle value, the HOST/elsA and
STORM/MINT results will be compared at an identical col-
lective pitch angle value in order to investigate the differences
between the two approaches. This will allow to investigate
the differences in the results obtained with the low-and high-
fidelity approaches when being given an identical trim law.

To analyse the effect of a shaft angle increase, specific
flight conditions with similar rotor thrust coefficient values
predicted by HOST/elsA are selected to be compared:

• Results obtained for (αs,θ0) = (0°,1°) will be com-
pared to those obtained for (αs,θ0) = (10°,-4°) as
they respectively give (CT/σ)HOST/elsA = 0.0923 and
(CT/σ)HOST/elsA = 0.0965.

• Results obtained for (αs,θ0) = (0°,6°) will be com-
pared to those obtained for (αs,θ0) = (10°,0°) as
they respectively give (CT/σ)HOST/elsA = 0.1213 and
(CT/σ)HOST/elsA = 0.1220.

The section normal force coefficients CnM2 obtained with
HOST/elsA and STORM/MINT for the above cases are
shown in the form of rotor maps in Figs. 4 and 5. Note that
it would also be relevant to compare results obtained with the
low-and high-fidelity approaches for an identical thrust coef-
ficient value. The polars plotted in Fig. 2 however show that
STORM/MINT does not predict sufficiently high thrust coef-
ficient values as dynamic stall occurs to allow such a compar-
ison.

First of all, let us consider the rotor maps corresponding to the
moderately-loaded cases in Fig. 4. Despite the discrepancies
observed in terms of rotor thrust coefficients, the contours ob-
tained with STORM/MINT and HOST/elsA at both shaft an-
gle values are very similar. In these cases the lift is mainly
generated on the rear blade between ψ = 330° and ψ = 0°,
with differences mainly observed in the amplitude predicted
by the low- and high-fidelity approaches. Additionally, a re-
gion of negative lift generation can be observed close to ψ =
120° on all the rotor maps of Fig. 4 The increase of shaft angle
moderately impacts the rotor maps obtained, with two main
evolutions visible with both STORM/MINT and HOST/elsA
in the first and second quadrants. HOST/elsA predicts a re-
gion of increased lift generation due to the backward-tilting
of the rotor between ψ = 90° and ψ = 120°, and a region of
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Figure 2: Polars of lateral cyclic pitch angle (first line), longitudinal cyclic pitch angle (second line), rotor thrust (third line)
and power coefficients (fourth line) with respect to θ0 for αs = 0° (left) and αs = 10° (right).
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Figure 3: Blade thrust evolution obtained with STORM/MINT (left) and HOST/elsA (right) with respect to the blade azimuth
for αs = 0° (top) and αs = 10° (bottom).

null to negative lift generation between ψ = 30° and ψ = 60°.
These two evolutions are also observed with STORM/MINT,
with stronger amplitudes of lift variation with respect to the
high-fidelity approach. This is confirmed by analysing the az-
imuthal evolution of CnM2 for this moderately-loaded case at
different radial positions (cf. Fig. 6a). A good agreement is
overall obtained between STORM/MINT and HOST/elsA for
both the flat and tilted-backward rotor cases at all radial po-
sitions. The trends are confirmed to be similar, with the only
differences observed being in terms of amplitudes obtained at
specific locations. This plot also confirms that increasing the
shaft angle for these moderately-loaded cases does not impact
significantly the lift generation over the rotor disk.

At a second step, the results obtained at stronger load levels
can be analysed using Fig. 5. First focusing on the flat rotor,
Fig. 5 shows that similar rotor maps are obtained using the
low- and high-fidelity approaches. Two main areas of positive
lift generation situated on the rear blade (comprised between
ψ = −30° and ψ = 30°) and on the front blade (between
ψ = 180° and ψ = 210°) are visible. The azimuthal evolution
of CnM2 plotted in Fig. 6b confirms that the trends are simi-
lar and that the main differences between STORM/MINT and
HOST/elsA lie in the amplitude predicted. They also high-
light a less visible difference situated close to the rear blade
tip in the fourth quadrant, where a dynamic stall event pre-
dicted by the high-fidelity approach that leads to a significant
decrease in lift generation close to ψ = 330° is not visible with
the low-fidelity approach. This dynamic stall event will be
further investigated in the following paragraphs using pitch-

ing moment rotor maps. Focusing now on the backward-tilted
rotor (αs = 10°), the agreement between STORM/MINT and
HOST/elsA appears less satisfactory. Both approaches pre-
dict a region of positive lift generation on the rear blade close
to ψ = 0° with different extensions and amplitudes. Differ-
ences mainly appear on the results obtained on the front blade,
with STORM/MINT predicting a region of high lift genera-
tion close to ψ = 150° while HOST/elsA locates it close to
ψ = 180°. In addition, close to ψ = 60°, the low-fidelity
approach predicts small to negative values of lift generation
while HOST/elsA predicts a third concentrated spot of high
lift generation, which constitutes the main difference between
the two approaches and will be further investigated in the next
paragraph. The extension of the negative lift generation re-
gion on the rotor disk close to ψ = 120° is also different be-
tween the two approaches. Fig. 6b also highlights that dy-
namic stall events occur in the fourth quadrant. Previous stud-
ies (Refs. 5, 15, 17) show that these events observed for both
the flat and tilted-backward rotor are probably triggered by
BVI. This will be further investigated in the next section us-
ing flow visualizations.
To better understand the differences observed between the
low- and high-fidelity results, as well as investigate the local
lift variation with an increase of the shaft angle, the evolution
of the torsion deformation can be analysed. The rotor maps of
this quantity for the different flight conditions simulated are
plotted in Figs. 7 and 8 for the moderately- and highly-loaded
cases respectively.
The observations on the moderately-loaded cases plotted in
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(a) θ0 = 1°, αs = 0°.

(b) θ0 =−4°, αs = 10°.

Figure 4: CnM2 rotor maps with respect to the blade azimuth for moderately- and highly-loaded cases.

(a) θ0 = 6°, αs = 0°.

(b) θ0 = 0°, αs = 10°.

Figure 5: CnM2 rotor maps with respect to the blade azimuth for moderately- and highly-loaded cases.
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(a) Moderately-loaded cases ((αs,θ0) = (0°,1°) and (αs,θ0) = (10°,−4°)).

(b) Highly-loaded cases ((αs,θ0) = (0°,6°) and (αs,θ0) = (10°,0°)).

Figure 6: CnM2 evolutions with respect to the azimuth for moderately- and highly-loaded cases.
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Fig. 7 are similar to those discussed previously. The re-
sults obtained with the low- and high-fidelity approaches at
both shaft angle values are similar, the main difference visi-
ble being the higher amplitude of the deformation predicted
by HOST/elsA with respect to STORM/MINT. No significant
effect due to the increase of the shaft angle is clearly visible
either, as the rotor maps remain very similar between αs = 0°
and αs = 10°.

The results obtained for the highly-loaded cases on the other
hand highlight several noticeable effects. Firstly, focusing
on the results obtained for the flat rotor, the rotor maps re-
main very similar between the low- and high-fidelity ap-
proaches, with again higher amplitudes of deformation pre-
dicted by HOST/elsA. In addition, a small phase shift is vis-
ible in the fourth quadrant, with negative torsion predicted
close to ψ = 345° by STORM/MINT while HOST/elsA lo-
cates it close to 330°. Secondly, the results obtained for
αs = 10° highlight significant differences. Besides the fact
that HOST/elsA predicts higher amplitudes of the deforma-
tion than STORM/MINT, and that a small phase shift of
roughly 15° occurs for regions of similar torsion behavior,
a significant difference in the results is visible at ψ = 60°.
Indeed, a lobe of strong positive torsion deformation is visi-
ble with the high-fidelity approach, which is not captured in
the low-fidelity results. Note that three direct effects from in-
creasing the shaft angle are thus directly visible: the torsion
deformation amplitude is increased, a phase shift of the de-
formation is visible for the positive torsion region situated in
the first quadrant, and an additional lobe of positive torsion
deformation appears at ψ = 60°.

The analysis of the torsion deformation is directly linked to
the observations made on the CnM2 rotor maps showed in
Figs. 4 and 5. Indeed, stronger positive and negative tor-
sion deformations respectively lead to higher and lower an-
gle of attack values, thus leading to higher (in the absence of
flow separation) and lower local lift generation. The lobe of
positive lift generation observed for (αs,θ0) = (10°,0°) with
HOST/elsA at ψ = 60° is for example directly due to the
strong torsion deformation in this rotor disk region. Since
this torsion excitation is not perceived in STORM/MINT,
this directly leads to discrepancies in the prediction of local
lift generation, and thus in rotor thrust coefficient near stall
(cf. Fig. 3).

To investigate the origin of the richer torsion excitation pre-
dicted by CFD, the pitching moment coefficient CmM2 is plot-
ted in the form of rotor maps and integrated values in Figs. 9
and 10. Since the excitation in torsion deformation is very low
at moderately-loaded flight conditions, the CmM2 rotor maps
corresponding to these cases are not shown (but the pitching
moment evolution with respect to ψ is plotted).

For the highly-loaded flat rotor configuration, the retreating
blade tip is characterised by strong negative pitching moment
peaks extending from the middle to the tip of the blade. Both
low- and high-fidelity approaches predict this trend between
ψ = 210° and ψ = 360° (referred to as dynamic stall event
DS1), with higher amplitudes visible with CFD. Strong vari-

ations of the section pitching moment also appear on high-
fidelity results between ψ = 0° and ψ = 45° (referred to as
DS2). Fig. 9 shows that this DS2 flow region does not ap-
pear on the low-fidelity results, an observation that will be
discussed more extensively while analysing the phenomena
responsible for this stall event using flow visualisations in the
next section.

For αs = 10°, the dynamic stall event DS1 is also clearly visi-
ble on the retreating blade part of the rotor disk, which is again
predicted at lower amplitudes by STORM/MINT with respect
to HOST/elsA. The second dynamic stall event visible for the
flat rotor is on the other hand not visible on the rotor maps. In-
stead, HOST/elsA predicts a second dynamic stall event DS2’
close to ψ = 0° which starts mid-span of the blade, with pitch-
ing moment fluctuations clearly visible towards the tip of the
blade. Again, this trend is not reproduced by the low-fidelity
approach, which appears to miss this effect that might be due
to BVI.

To conclude on this part, STORM/MINT appears to be in very
good agreement with HOST/elsA regardless of the shaft angle
value for moderately-loaded cases. However for flight condi-
tions which are close to dynamic stall, differences are visible
between the two approaches. It appears that for both shaft an-
gles investigated, STORM/MINT underestimates the torsion
deformation resulting from dynamic stall events, thus lead-
ing to differences in terms of thrust value coefficients and of
collective pitch angle values at which dynamic stall occurs.
Differences in amplitude aside, a good agreement in terms of
trends can still be observed in the rotor maps investigated for
the flat rotor case, with the exception of a dynamic stall event
DS2 that is not predicted by the low-fidelity approach. As this
event is located is located close to the tip of the blade in the
first quadrant, it does not impact significantly the aerodynamic
performance and structural coefficients.

For the backward-tilted rotor investigation on the other hand,
the agreement between both approaches is less satisfactory.
The dynamic stall event DS2’ is again not perceived by
STORM/MINT, but is this time extended in the inner part of
the rear blade. This leads to a different structural response ob-
served over the rotor disk, and thus to the absence of a lobe
of high thrust generation perceived by CFD at ψ = 60°. The
weak CA/CFD coupling thus appears more adapted to accu-
rately investigate the physics dominating dynamic stall.

DETAILED ANALYSIS OF THE
MECHANISMS LEADING TO DYNAMIC

STALL USING HIGH-FIDELITY RESULTS

The dynamic stall events leading to negative local CmM2 val-
ues are analysed in this section using rotor maps of separation
length and location. For this purpose, the chordwise positions
of flow separation in the upper side and the chordwise extent
of the separation are shown for different values of θ0 and αs
in Figs. 11 and 12.

At αs = 0°, these contours show that the dynamic stall event
DS1 (210°< ψ < 360°) is related to a massive flow separation
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(a) θ0 = 1°, αs = 0°.

(b) θ0 =−4°, αs = 10°.

Figure 7: Rotor maps of torsion deformation for moderately- and highly-loaded cases.

(a) θ0 = 6°, αs = 0°.

(b) θ0 = 0°, αs = 10°.

Figure 8: Rotor maps of torsion deformation for moderately- and highly-loaded cases.
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(a) θ0 = 6°, αs = 0°.

(b) θ0 = 0°, αs = 10°.

Figure 9: Rotor maps of pitching moment for moderately- and highly-loaded cases.

area that extends from the leading edge to the trailing edge as
θ0 increases. The second flow separation region, related to
DS2 (0°< ψ < 45°), remains confined to the first half of the
aerodynamic profiles of the blade (i.e. the flow reattaches up-
stream of the trailing edge). The associated flow separation
initially appears isolated close to ψ = 30°, and its extension
with the increase of collective pitch angle leads to a merge
of this flow separation region with the one associated to DS1.
Increasing the shaft angle to αs = 10° shows that the devel-
opment of the dynamic stall event DS1 as θ0 increases is very
similar to the one observed at αs = 0°. They are thus likely to
be associated to a similar physical phenomenon. The fluctua-
tions associated to the dynamic stall event DS2’ (ψ ≈ 0°) ap-
pear as distributed along the blade span, and the phenomenon
is extended on the rotor disk area as θ0 increases with flow
separated along the complete airfoil sections.

The dynamic stall mechanisms responsible for these obser-
vations can be investigated in detail using flow visualisations.
For this purpose, Figs. 13 and 14 show Q-criterion isosurfaces
and vertical velocity fields one chord below the rotor obtained
with HOST/elsA at several collective pitch angles values for
the flat and tilted rotor positions. They highlight that the flow
separation in the area DS1 is triggered by a BVI, which starts
at the inner blade sections (ψ = 210°) and spreads along the
whole blade as the BVI region moves towards the blade tip.
This is observed for both the flat and backward-tilted rotor
positions, and is also observed in the literature (Ref. 9). At

αs = 0°, the second flow separation area DS2 also appears to
be due to a BVI with a vortex emanating from the root of the
three preceding blades, which seem to merge with dynamic
stall vortices coming from the fourth preceding blade as they
convect towards the affected blade tip. This effect combined
with the high torsion deformation values observed above thus
leads to the flow separation observed in Fig. 11. As for the
case αs = 10°, Fig. 14 shows that the DS2’ dynamic stall event
does not appear as part of the blade root vortices incriminated
are convected above the rotor blade due to the inclination. Yet,
the dynamic stall vortices generated close to ψ = 270° as well
as the root vortex of the preceding blade are again convected
towards the front blade in the first quadrant, leading to BVI in
the inner part of the blade. Thus, the origin of this dynamic
stall event remains similar, even though the patterns leading to
it are different. A last BVI interaction occurs close to ψ = 90°
due to the tip vortex of the preceding blade, which leads to a
small flow separation towards the tip of the blade (also ap-
pearing in Fig. 12). It should also be noted that the vortex
structures and velocity field appear significantly more chaotic
in the backward-tilted rotor case with respect to the flat one
when dynamic stall occurs.

Consequently, the dynamic stall events DS2 and DS2’ are
both due to BVI, and are specifically provoked by root vor-
tices and dynamic stall vortices interacting with the rotor
blade. Considering the rotor hub inside the simulation could
lead to the disappearance of the root vortices, or at least re-
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(a) Moderately-loaded cases ((αs,θ0) = (0°,1°) and (αs,θ0) = (10°,−4°)).

(b) Highly-loaded cases ((αs,θ0) = (0°,6°) and (αs,θ0) = (10°,0°)).

Figure 10: CmM2 evolutions with respect to the azimuth for moderately- and highly-loaded cases.
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duce their strength and their effect on the rear blade where the
second dynamic stall event occurs.

CONCLUSIONS

This paper presented an analysis of the impact of a positive
rotor shaft angle on dynamic stall for a generic helicopter
rotor test case using low- (STORM/MINT) and high-fidelity
(HOST/elsA) approaches. Two objectives were pursued: to
evaluate the capability of the low-fidelity approach to inves-
tigate dynamic stall under these flight conditions using the
high-fidelity results as reference, and to identify the physical
mechanisms responsible for dynamic stall using HOST/elsA.
Several conclusions are drawn from this study:

1. Dynamic stall is primarily driven by BVI for both the flat
and backward-tilted positions of the rotor. A commonly-
observed dynamic stall event due to BVI occurs in the
third quadrant for both shaft angles. A second dynamic
stall event occurs in both cases due to the interaction be-
tween dynamic stall and root blade vortices. Tilting the
rotor backward however leads to a different type of BVI
on the rear blade, which is then located in the inner part
of the blade instead of close to the blade tip.

2. The dynamic stall event occurring in the third quad-
rant is predicted by STORM/MINT, albeit with a lower
intensity. More generally, for regions excluding the
second dynamic stall event, the agreement between
STORM/MINT and HOST/elsA is satisfactory, with
similar trends obtained. The main difference in these re-
gions is an underestimation of the different structural and
aerodynamic coefficients with respect to HOST/elsA.

3. The second dynamic stall event on the other hand is not
correctly represented by STORM/MINT for both shaft
angles. The pitching moment is consequently differ-
ent in that region compared to the results obtained with
HOST/elsA. This has direct consequences on the torsion
deformation dynamics and thus on the local lift genera-
tion across the rotor disk.

4. For αs = 0°, the STORM/MINT rotor maps show simi-
lar trends of lift generation with respect to HOST/elsA.
This is because the second dynamic stall event is con-
centrated at the blade tip in a small region of the first
quadrant, thus leading to small differences in the torsion
and normal section force contours.

5. For αs = 10°, the agreement between STORM/MINT
and HOST/elsA rotor maps of lift generation is less sat-
isfactory. This is because the second dynamic stall event
is this time more extended as it occurs in the inner part
of the blade in the first quadrant. This leads to non-
negligible differences in terms of torsion deformation
(and thus section normal force) in the first quadrant of
the rotor map.

6. In terms of polar, the results are similar at both shaft an-
gles. The agreement is satisfactory between the low- and
high-fidelity approaches at low values of collective pitch
angles. The linear region slopes and the collective pitch
angle above which dynamic stall start occurring are how-
ever found to be different. Consequently, different rotor
thrust values reached after dynamic stall are predicted by
the two approaches. This discrepancy is explained by the
different observations proposed above.

In addition to the shaft angle effect, the helicopter velocity
impact on dynamic stall is investigated in (Ref. 16). Several
works could be performed in the future to complete these two
studies. Firstly, the effect from tilting the rotor forward (neg-
ative shaft angle, i.e. propulsive rotor) on the physical phe-
nomena leading to dynamic stall could be investigated. This
would also allow to investigate the capacity of STORM/MINT
to give representative results on such a flight configuration.
Other helicopter translation velocities could also be simulated
to complete this study. This would allow to investigate po-
tential trends on the dynamic stall occurrence with increasing
speed. Finally, additional components of the helicopter (such
as rotor hub, fuselage, etc) could be considered in the simula-
tions to investigate the effect obtained on dynamic stall.
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