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Abstract
This paper aims at analyzing the effects of an increasing advance ratio on the stall characteristics of a heli-
copter rotor in forward flight. This numerical investigation is performed with both a low fidelity approach
based on free wake model and a high fidelity approach based on CFD. The objective is twofold: first, evalu-
ate the capability of the free wake approach in predicting stall, and second, describe the flow characteristics
specific to stall at high advance ratio. The results show that the low fidelity approach correctly predicts the
global trend of dynamic stall at both moderate (x = 0.35) and high advance ratio (u = 0.55), but underesti-
mates the intensity of the airloads fluctuations induced by stall. An in-depth analysis of high fidelity results
has highlighted the main phenomena associated with stall at moderate and high speeds, and in particular the

important role played by wake dynamics.

1. NOTATION

Symbols

A Rotor area, mR?, m?

b Blade number

c Blade chord length, m

Cp/o Rotor power coefficient,
M,/[peAcR(RQ)?]

Cr/o Rotor lift coefficient, F,/[p,Ac(RQ)?]

Cy/o Rotor propulsive coefficient, (nega-
tive when dragging), E,/[pAd(RQ)?]

F, Rotor propulsive force, N

E, Rotor lift force, N

M, Rotor torque, N.m

M?C,, Section pitching moment coefficient

MZ2C, Section normal force coefficient

Q Q-criterion, s2

R Rotor radius, m

%4 Helicopter speed, m/s

Vi, Vertical induced velocity, negative

downwash, m/s
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Uy, Uy, Uy Fluid velocity components, m/s

Bicr Bis Longitudinal and lateral flap angles, °

6,, 6:1., 0,5 Collective and cyclic pitch angles, °

U Advance ratio, V /(RQ)

Poo Freestream air density, kg/m?3

o Rotor solidity, bRc/A

Y Azimuth angle, °

Q Rotor angular velocity, rad/s

Acronyms:

BVI Blade Vortex Interaction

CA Comprehensive Analysis

CFD Computational Fluid Dynamics

elsA Ensemble Logiciel pour la Simulation
en Aérodynamique (ONERA-
SAFRAN CFD code)

HOST Helicopter Overall simulation Tool
(CA code developed by Airbus Heli-
copters)

MINT Marche Instationnaire en Temps
(Time Marching Free Wake model)

STORM Simulation Tool for Overall Rotorcraft

Modeling (CA code, new version of
HOST)

2. INTRODUCTION

The demand for rapid and long-range rotorcraft has
been growing during the last decades especially in
military sector. In order to meet this need, new archi-
tectures of rotorcraft dedicated to high-speed have
been developed. One of the main solutions to over-
come the speed limitation inherent to conventional
helicopters consists in combining a main rotor-based
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lift system and a separate propulsion system. The
Sikorsky S-97 RAIDER (Ref. 1) and the Airbus Heli-
copters RACER (Ref. 2) belong to this rotorcraft
concept family. The objective of such architectures
is to fly at high speed (i.e. above 200 knots) while
maintaining maneuverability and payload capability.
In consequence, the rotor has to operate efficiently
at high thrust, potentially leading to dynamic stall, for
a large range of flight conditions. At high-altitude
cruise flight, dynamic stall will occur at very high
speed and zero or slightly positive rotor shaft angle
(i.e. tilted frontward), while, in severe maneuvers,
stall usually occurs at moderate speed but for high
positive shaft angle (i.e. tilted backward). The dy-
namic stall limit at moderate speed and close to zero
shaft angles is fairly well known since it concerns all
the conventional helicopters. However, at very high
speed or high positive shaft angle, the stall boundary
of the rotor is less clearly defined and further inves-
tigations must be conducted in order to guarantee
the efficiency and safety of these new rotorcraft con-
cepts.

During the last years, high-fidelity coupling ap-
proaches between CFD (Computational Fluid Dy-
namics) and Comprehensive Analysis (CA) tools
have demonstrated very good capabilities for pre-
dicting airloads and structural loads on rotor blades
under several flight conditions. In the frame of this
coupling strategy, the CA code provides the rotor
trim and the blade dynamics while the CFD code
computes the blade aerodynamic forces. Potsdam et
al. (Ref. 3) showed the first satisfactory validations
of such coupling simulations, especially for stall
conditions. Later, the validation was extended to a
slowed rotor at high advance ratios (Ref. 4). Since
then, CA/CFD coupling methods have been widely
validated on the basis of reference wind-tunnel tests,
especially in the frame of a cooperation between US
Army and ONERA, for the 7A rotor (Refs. 5 and 6)
and more recently for the ERATO rotor (Refs. 7 and
8). A particular attention was paid to the 7A rotor at
high thrust and moderate speed in order to identify
the mechanisms leading to dynamic stall (Refs. 9,
10 and 11). This work highlighted the crucial role of
blade vortex interaction (BVI) as a trigger of stall.
This phenomenon was later confirmed for different
full-scale rotors under similar conditions, in particu-
lar for the UH-60A (Ref. 12) and Bluecopter (Ref.
13).

These studies have contributed to improve the
CFDI/CA coupling approach that can be considered

nowadays as mature and suitable to predict aeroe-
lastic rotor behavior under dynamic stall conditions.
On the other hand, low fidelity CA approaches are
commonly not considered adapted to predict dynam-
ic stall conditions. However, this conclusion is gen-
erally valid with simple induced velocity models that
are not capable to capture BVI phenomena while
more complex induced velocity models based on a
free wake approach could be more adapted. Further
investigations are thus needed in order to evaluate
the capability of free wake approach to predict high
loaded rotors under dynamic stall conditions, espe-
cially when BVI is involved.

Therefore, we propose in this paper to investigate
the stall boundary of an isolated rotor at low and
high advance ratio by means of both low fidelity free
wake based CA simulations and high fidelity
CA/CFD coupling numerical simulations. The objec-
tives are first to identify the specific features of stall
at very high speed in comparison to moderate speed
conditions by analyzing the high-fidelity results, and
second to evaluate a low fidelity simulation tool by
considering the high-fidelity results as reference.

For this analysis, the rotor is set at zero shaft angle
with zero longitudinal flap angle. Several simulations
with increasing collective pitch angles are performed
at both moderate and high advance ratios. A com-
plementary investigation is also proposed in Ref. 15,
in which, the advance ratio is kept constant at a
moderate value but zero and highly positive shaft
angles are considered in order to investigate the
effect of a shaft angle increase on the stall features.
Both activities are part of the same task of the Euro-
pean Next Generation Rotorcraft Technologies
(ENGRT) project funded by the European Union.

3. Numerical setup
3.1. Flight conditions

We consider for this investigation a generic five-
bladed rotor. The blades are of constant chord with
linear twist, and the tip is of parabolic shape with
sweep back. This rotor is fully articulated with lag,
flap and pitch hinges.

For the trim law, the advance ratio u, the rotor shaft
angle ag and the collective pitch angle 6, are set as
input fixed parameters. Then the cyclic pitch angles
6,. and 0, are the free parameters that are calcu-
lated in order to ensure zero cyclic flap angles (B,, =

Bis = 0°).



Two advance ratios are considered: A moderate
speed case at u = 0.35 and a high speed case at
u = 0.55. For each advance ratio, several simula-
tions are performed from low to high collective pitch
angles in order to capture the stall onset.

3.2. Low fidelity approach

The low fidelity simulations are performed with the
CA tool HOST developed by Airbus Helicopters
(Ref. 16). It computes the aero-mechanic behavior
of a helicopter for different flight conditions. The last
version of this software, called STORM, proposes
several improvements, especially a new user inter-
face based on Python modules. However, the kernel
of the code remains almost the same. Therefore, we
will assume in the rest of this paper that HOST and
STORM provide identical results and we will refer to
each other indistinctly.

HOST (or STORM) allows to perform several types
of simulation: trim calculations to compute the heli-
copter equilibrium at a prescribed stabilized flight
condition, time domain simulations for real-time flight
conditions and linear system calculations for helicop-
ter stability studies. For the present activity, only trim
calculations will be used. Since this analysis focuses
on the main rotor behavior, we will not model all the
elements of the rotorcraft in the HOST simulations
but only the main rotor considered as an isolated
element. The rotor model is composed of an aero-
dynamic module based on the lifting line theory and
a structural dynamics module based on a simplified
elastic blade model. To compute the aerodynamic
forces, the lifting line theory requires a model to
estimate the induced velocity. Several induced ve-
locity models are available in HOST. For this study,
we will only consider the free wake model called
MINT (Marche INstationnaire en Temps) where the
wake is modeled as unsteady vortex panels (as
described in Refs. 17 and 18). For the MINT simula-
tions, the blade structure is discretized with 25 ele-
ments, and the time marching is performed with an
azimuthal time step of 6°. The simulations are run
during 50 revolutions in order to ensure that the
wake and the rotor loads are stabilized. Five revolu-
tions of the wake are preserved in the simulations.
MINT simulations with both “rigid” and free wake
were first performed. Comparison showed very simi-
lar results, because, at such speed conditions, the
wake is weakly deformed by its own induced veloci-
ty. Therefore, for the rest of this study, only rigid

wake STORM/MINT results will be presented, but
considered as free wake results.

3.3. High-fidelity approach

The high fidelity aeroelastic simulations are per-
formed with a loose coupling procedure between the
CFD solver elsA, property of SAFRAN and ONERA
(Ref. 19), and the CA code HOST. The details of this
coupling method are described in Ref. 1.

The elsA simulations are based on a Chimera over-
lapping grids approach. The computational domain
is composed of a Cartesian grid in the background
(Figure 1.a) and body-fitted grids around the blades
(Figure 1.b). The blade grid is composed of 3.2 mil-
lion elements per blade (208 points along the blade
chord, 65 in the wall normal direction and 235 in the
spanwise direction). In order to simplify the grid
generation, the blade root geometry starts at the first
aerodynamic section located while the blade sleeve
and the rotor hub are not modeled.

The background grid is composed of 39 million ele-
ments and divided in several refinement level
blocks. The whole computation domain corresponds
to a cube with a dimension of 12R (Figure 1.a). In
the overlapping region, the Cartesian grid is the
finest with a grid cell length of Ax/c = 10% in order
to match the blade grid cell at the overlapping edge
(Figure 1.c). Previous investigations have shown
that this grid resolution provides an adequate
preservation of the tip vortices and consequently, a
good prediction of the load’s fluctuations due to
blade vortex interaction (Ref. 20).

The convective flux is discretized with a second
order Jameson centered scheme with artificial dissi-
pation. The dissipative coefficients are set to y® =
0.5 and y™® = 0.008 as a good compromise between
accuracy and robustness. The time integration is
performed with a second order implicit Gear
scheme. At each time step, the non-linear system is
solved iteratively by a Newton method with a maxi-
mum number of sub-iterations set to 30. In order to
accelerate the convergence of the coupling, the
azimuthal time step is set to 4y = 1° during the first
coupling iterations and then reduced to 4y = 0.25°
during the last stages of the coupling in order to
improve the accuracy of the simulation. Based on
ONERA experience for rotor flow applications, the k-
w turbulence model proposed by Kok (Ref.21) is
used together with Menter's SST correction of the
eddy viscosity (Ref. 22).



4. COMPARISON BETWEEN LOW AND HIGH-
FIDELITY RESULTS

STORM/MINT simulations have been performed at
u=0.35and u = 0.55 at zero shaft angle for a large
range of collective pitch angles from -5° to 10°. High
fidelity elsA/HOST simulations have been performed
for 8, =-1, 1, 4,5 and 6° at u = 0.35 and for 6, = 2,
4, 6 and 7° at u = 0.55. For the elsA/HOST ap-
proach, the coupling is performed at each rotor revo-
lution and the simulations is stopped when the con-
trol angles and the rotor loads reach close-to-
constant values, which occurs after 8 to 10 coupling
iterations.

4.1. Rotor loads and control angles

The evolutions of the rotor thrust, drag and torque
coefficients with the collective pitch angle are shown
in Figure 2. For a more quantitative comparison, the
thrust coefficients are also provided in Table 1 and
Table 2 for u = 0.35 and u = 0.55 respectively. Con-
cerning C;/o (Figure 2.a), both high and low fidelity
approaches predict the same effect from increasing
the advance ratio, i.e. a significant reduction of the
thrust levels and of the thrust slope d(Cr/0)/d6,.
However, a detailed comparison shows noticeable
discrepancies. While the agreement between low-
and high-fidelity results is satisfactory at the lowest
collective, the discrepancy gets more significant
when 6, increases, as elsA/HOST predicts higher
thrust and slope d(Cy/0)/d6, values than
STORM/MINT. This observation is similar at both
u = 0.35 and u = 0.55. Finally, the discrepancy be-
tween STORM/MINT and elsA/HOST reaches 9% of
the thrust coefficient at the highest collective pitch.

Concerning the power coefficient (Figure 2.b), the
conclusions are similar. Both elsA/HOST and
STORM/MINT predict a similar strong increase of
power when the advance ratio varies from 0.35 to
0.55 (both in terms of slope and values). However,
the power increase rate d(Cp/0)/d(Cr/0o) is higher
with the high-fidelity approach.

Finally, Figure 2.c shows the evolution of the rotor
propulsive coefficient. Again, low- and high-fidelity
approaches provide similar trends as the advance
ratio increases, i.e. a strong increase of the drag
force (Cx/o <0) and an increase of the slope
d(Cx/0)/d(Cr /o). Consequently, the curves at u =
0.35 and u = 0.55 intersect around a thrust coeffi-
cient of 0.085 for both numerical approaches. De-
spite this agreement concerning the general trend of

Cx/o, the two approaches show significant discrep-
ancies in terms of levels. The elsA/HOST simula-
tions predict a lower propulsive force (i.e. higher
drag force) than STORM/MINT corresponding to a
shift of 0.002 along the Cy/o axis. As a conse-
quence, the critical thrust coefficient for which
Cx/o = 0 is significantly different between the two
simulations. On one hand, the low fidelity approach
predicts that the rotor force gets propulsive for
Cr/o > 0.075 at u = 0.35 and for C;/o > 0.08 at u =
0.55. On the other hand, the high-fidelity approach
predicts that the rotor force gets propulsive for
Cr/o > 0.105 at u = 0.35 and for C+/o > 0.09 at u =
0.55.

The cyclic pitch angles are shown in Figure 3. In-
creasing the advance ratio leads to a significant
decrease of the lateral pitch angle 6,.. At u = 0.35,
the agreement between STORM/MINT and
elsA/HOST is quite satisfactory. However, at u =
0.55, a larger discrepancy comprised between 1.5°
and 2° is obtained. Concerning the longitudinal pitch
angle, the evolution is less sensitive to the advance
ratio and both approaches provide very similar re-
sults, with a difference below 1°.

Table 1: Thrust coefficient at ¢ = 0.35.

0, STORM/MINT elsA/HOST
-1 0.0672 0.0712
1 0.0840 0.0922
4 0.1026 0.1151
5 0.1062 0.1189
6 0.1089 0.121

Table 2: Thrust coefficient at 4 = 0.55.

6y STORM/MINT elsA/HOST
2 0.0594 0.0618
4 0.0689 0.0749
6 0.0774 0.0862
7 0.0815 0.0902

The azimuthal evolution of the blade thrust is shown
for u = 0.35 and u = 0.55 in Figure 4 and Figure 5
respectively. At u =0.35, STORM/MINT and
elsA/HOST results are in very good agreement. The
increase of thrust of the rear (yp = 0°) and front (y =
180°) blades as the collective pitch increases is very
similar between the two approaches. However, the
CFD results tend to provide slightly higher thrust
peak values on the front blade than MINT. On the
retreating blade, both approaches show a local min-



imum (roughly 0.01) that is reached at ¥ = 300°
corresponding to dynamic stall occurrence. Increas-
ing the collective pitch does not permit to increase
this minimum. Therefore, the retreating blade thrust
is kept almost constant for all collective pitch angles.
On the opposite side of the rotor disk, the advancing
blade thrust decreases with the collective pitch. This
is due to the negative longitudinal cyclic pitch 6,
that gets more negative in order to maintain the lift of
the retreating blade that undergoes dynamic stall.

At u = 0.55, the agreement between STORM/MINT
and elsA/HOST worsens (Figure 5). On the front
blade (y = 180°), high-fidelity results show a thinner
and higher thrust peak than low fidelity. In the first
guadrant (0° <y < 90°), CFD provides high oscilla-
tions that do not appear with free wake simulations.
At last, STORM/MINT provides a very strong nega-
tive blade thrust at ¥ = 90°, while the thrust remains
positive all along the advancing blade side with
elsA/HOST.

4.2. Blade section airloads

In order to have a better understanding of the dis-
crepancies between low and high-fidelity approach-
es, especially at high advance ratio, we propose in
this section a more detailed comparison of the nu-
merical results in terms of section normal force coef-
ficient M2C, and pitching moment coefficient M2C,,,.

Figure 6 and Figure 7 show rotor maps of M2C, at
different collective pitch angles obtained at u = 0.35
by STORM/MINT and elsA/HOST respectively. At
this moderate advance ratio, both simulations pro-
vide very similar lift distributions along the rotor disk.
As the collective pitch increases, two lobes of high
M?C, on the front (1 = 180°) and rear () = 0°) blade
tip regions become increasingly intense. The shape
of these lobes and the levels of M2C, obtained are
very similar between STORM/MINT and elsA/HOST.
On the advance blade tip, a region of negative lift
appears between 90° and 150° of azimuth, which is
well captured by both simulations. Figure 8 provides
comparisons of the normal force coefficient at six
specific blade sections for the highest collective
pitch 8, = 6°. It confirms that both approaches pro-
vide similar trends, but also highlights two main dis-
crepancies. The first one concerns the lift on the
blade tip regions of the front and rear blades. At
r/R = 0.97, elsA/IHOST provides higher lift at y =
180° and lower lift at ¥ = 0° than STORM/MINT
does. The second discrepancy concerns the retreat-

ing blade that undergoes dynamic stall. Both ap-
proaches capture a sudden lift drop that starts at
Y = 230° for r/R = 0.85 and at y = 270° for r/R =
0.93. However, the intensity of these lift fluctuations
tends to be underestimated by STORM/MINT com-
pared to high fidelity results.

Figure 9 and Figure 10 provide rotor maps of section
pitching moment coefficient M?C,, obtained at u =
0.35 with STORM/MINT and elsA/HOST respective-
ly. These figures highlight the strong negative pitch-
ing moment that appears on the retreating blade and
caused by dynamic stall. Two main pitching moment
stall events can be distinguished. The first one starts
on the inner sections at iy = 210° and propagates
outwards to reach the blade tip at y = 300°. The
second stall event occurs on the blade tip at ¥ =
330°. It is worth noting that STORM/MINT captures
at least qualitatively these two main dynamic stall
events. Figure 11 shows the section pitching mo-
ments at specific radii that permit a qualitative com-
parison between the simulations. It confirms that
STORM/MINT provides moment stall events in
phase with elsA/HOST from inner to outer sections.
However, the intensity of the M2C,, drop is slightly
underestimated with low fidelity as previously ob-
served for M2C,.

The same analysis is now performed at pu = 0.55.
Figure 12 and Figure 13 provide the rotor maps of
M2, for all 6, obtained with low and high fidelity
respectively. As previously observed at lower ad-
vance ratio, two main regions of normal force coeffi-
cients can be identified, the first one located on the
rear blade and the other one on the front blade.
However, the exact positions of these high lift re-
gions are shifted compared to the previous case. At
moderately speed (1 = 0.35), the lift area of the front
blade was located close to the tip and around ¢ =
180° (see Figure 6 and Figure 7). Figure 12 and
Figure 13 indicate that this area moves inward of
the blade (0.4 < r/R < 0.6) and toward the advanc-
ing blade (120° < i < 150°) when the advance ratio
increases. This behavior is very similar to what
Potsdam et al. observed for the slowed UH-60A
rotor in Ref. 4. It is worth mentioning that both
STORM/MINT and elsA/HOST provide this trend.
Consequently, this lift region is now located close to
the azimuthal portion that undergoes negative lift at
blade tip. For elsA/HOST simulations (Figure 13),
both the outward negative lift region and the inward
positive lift region occur at the same azimuthal posi-



tion. These two regions balance each other, explain-
ing why the net thrust of the advancing blade re-
mains positive in Figure 5.b. On the other hand,
STORM/MINT (Figure 12) provides an outward neg-
ative lift region for 90° <y < 120° and an inward
positive lift region for 120° < < 150°. Located in
distinct azimuthal regions, the two effects do not
balance each other. Therefore, the net thrust provid-
ed by STORM/MINT on the advancing blade gets
first strongly negative and then positive (Figure 5.a).
On the rear blade region, it is interesting to note that
the lift is “crosshatched” thus undergoing two or
three oscillations. This phenomenon is observed
with both STORM/MINT (Figure 12) and elsA/HOST
(Figure 13), although the intensity is stronger in the
high fidelity results. Figure 14 shows a quantitative
comparison of M2C, at several blade sections for the
highest collective pitch case. The inward positive lift
region is clearly visible at the sections r/R = 0.44
and r/R = 0.58 for 120° <y < 150°, while the out-
ward negative lift region can be seen at r/R > 0.85
for 90° <y < 120°. STORM/MINT and elsA/HOST
provide very similar results in these two regions.

The rotor maps of section pitching moment coeffi-
cients obtained at u = 0.55 with STORM/MINT and
elsA/HOST are shown in Figure 15 and Figure 16
respectively. Similarly to what was observed at y =
0.35, the retreating blade undergoes a strong nega-
tive pitching moment due to dynamic stall. Both low
and high-fidelity approaches predict this phenome-
non but the intensity of the M2C,, drop is underesti-
mated with STORM/MINT. As shown in Figure 17,
the tip sections (r/R = 0.93 and r/R = 0.97) reach a
pitching moment coefficient of —0.03 with
elsA/HOST against —0.02 for the free wake ap-
proach. In the reverse flow region, the high-fidelity
results (Figure 16) highlight a strong positive pitch-
ing moment that was not observed at lower advance
ratio. This phenomenon is also visible with the
STORM/MINT results (Figure 15) but with signifi-
cantly lower levels. Figure 17 shows that elSA/HOST
predicts a maximum M2C,, of 3 x 1073 at r/R = 0.44
against 5x 10™* with STORM/MINT. This strong
positive pitching moment in the reverse flow region
is a specific characteristic of high advance ratio. It
was first observed by Potsdam et al. for the slowed
UH-60A rotor (Ref. 4) in both experiments and high-
fidelity simulations. Later, Ohrle et al. showed the
same behavior with a high fidelity simulation of the
RACER at high speed forward flight (Ref. 23). The
authors showed that this noise-up pitching moment

is due to a vortex shedding from the trailing edge in
the lower side of the blade. The pitching moment
also shows unusual behavior on the advancing
blade. A region of strong positive M%C,, is observed
on the blade tip (r/R >0.8) for 90° <y < 120°
where the lift is strongly negative. More inward
(0.6 < r/R < 0.8), where the lift is positive, the pitch-
ing moment gets negative. This characteristic is
observed on both high and low fidelity results, but
STORM/MINT tends to overestimate the positive
pitching moment peak at the blade tip. Furthermore,
STORM/MINT also predicts a strong negative M2C,,
on the blade tip region for 40° < i < 80°, that does
not appear in elsA/HOST results. Figure 17 shows
that this negative peak reaches —0.045 at r/R =
0.97. This unexpected negative pitching moment
observed with STORM/MINT for 40° < < 80° at
u = 0.55 does not appear at u = 0.35. In order to
understand the origin of this problem, the induced
velocity fields obtained at both advance ratios are
compared in Figure 18. It reveals that a tiny region
of high upwash induced velocity appears at u = 0.55
at the advancing blade tip and reaches 20 m/s at
1 = 85°. This high level of induced velocity leads to
a local increase of the angle of attack associated
with a strong negative pitching moment. This phe-
nomenon is localized to a narrow azimuthal region.
For i =90° the induced velocity reaches lower
values and the M2(C,, follows a trend similar to the
high-fidelity results. Thus, the erroneous spot of high
positive pitching moment observed for 40° <y <
80° is clearly due to this localized spot of upwash
flow. Further investigation should be conducted to
understand the dynamics of the free wake model in
this region. Despite this unexpected behavior of
STORM/MINT on the advancing blade tip, Figure 17
shows that the low-fidelity approach predicts the
trends of elSA/HOST with a good agreement.

5. ANALYSIS OF THE HIGH-SPEED FLOW
FEATURES

The comparison of the airloads has revealed some
usual characteristics that appear at u = 0.55, which
are outlined below:

- The advancing blade undergoes a strong
negative lift and noise-up pitching moment
at the blade tip together with a strong posi-
tive lift and a noise-down pitching moment at
mid span.

- The retreating blade outer sections experi-
ence a strong noise-down pitching moment



due to dynamic stall that looks similar to the
moderate advance ratio case.

- The retreating blade inner sections experi-
ence a strong noise-up pitching moment in
the reverse flow region.

- The rear blade is subject to lift oscillations
all along the span for 0° < i < 30°.

We propose in this section to analyze the high-
fidelity results in more detail in order to better under-
stand the origins of the phenomena listed above.

5.1. Advancing blade

To understand the unusual airloads of the advancing
blade at very high advance ratio, it is necessary to
pay attention to the rotor wake. Figure 19 provides
views of the tip vortex of the blade located at ¢ =
162°. At both advance ratios, this tip vortex impinges
perpendicularly the following blade located at ¥ =
90°. Since the lift of the blade tip in the third quad-
rant is negative, the emitted vortex is rotating “the
wrong way down”, as indicated by the circular ar-
rows in Figure 19. Consequently, this vortex induces
positive fluid velocity (i.e. upwash) inboard of the
blade located at i = 90° and negative fluid velocity
(i.e. downwash) outboard. Figure 19 shows that the
intensity of the induced vertical velocity is much
stronger at u = 0.55 than u = 0.35. Furthermore, the
trajectory of the vortex is slightly different between
the two advance ratios. At u = 0.55, the vortex
moves inboard which increases the intensity of the
interaction. Therefore, at high advance ratio, the
inboard sections of the advancing blade undergo a
strong upwash effect that increases the local angle
of attack, leading to positive lift and negative pitching
moment. On the other hand, the outboard sections
undergo a strong downwash effect leading to nega-
tive lift and positive pitching moment. Thus, the dis-
tributions of M2C,, and M2C,, on the advancing blade
(Figure 13 and Figure 16) seem clearly correlated to
the effect of this perpendicular BVI phenomenon.

5.2. Dynamic stall of the retreating blade tip

Figure 20 provides rotor maps of the chordwise posi-
tion of flow separation at u = 0.35 for different collec-
tive pitch angles. For 6, < 1°, flow separation first
appears on the middle blade sections (0.4 <r/R <
0.8) between 180° and 270° of azimuth. Separation
point starts at mid chord and moves progressively
toward the leading edge. For 6, = 4°, this flow sepa-
ration region spreads toward the blade tip in the
azimuthal portion 240° < < 360°. In the tip region,

the flow separation is more abrupt and starts at the
leading edge. A second dynamic stall event also
appears for 0 < ¥ < 45° on the blade tip region. All
these flow separation regions perfectly correlate with
the negative M2C,, regions observed in Figure 10
and Figure 11. This shows that all the strong noise-
down pitching moment events at 4 = 0.35 are clearly
correlated to flow separations.

Figure 21 shows the chordwise position of flow sep-
aration at u = 0.55. These rotor maps provide char-
acteristics similar to those observed at lower ad-
vance ratio. Flow separation starts inboard of the
retreating blade and spreads toward the blade tip as
the collective pitch increases. However, increasing
the advance ratio leads to an earlier flow separation
at blade tip that occurs at ¥ = 210° at u = 0.55 in-
stead of ¥ =240° at u = 0.35. Furthermore, the
massive flow separation region is larger at high ad-
vance ratio although the rotor thrust coefficient
reaches lower values.

In order to identify the role of BVI in dynamic stall
triggering, Figure 22 and Figure 23 provide a view of
rotor wake vortices together with the vertical fluid
velocity on a slice located just below the rotor plane.
These figures allow to quantify the intensity of the
downwash and upwash velocities induced on both
sides of the wake vortices.

Figure 22 shows the same snapshot obtained at low
and high collective pitch angles for u = 0.35. The
retreating blade located at i = 306° is undergoing a
parallel interaction with the tip vortex emitted by the
preceding blade. At low collective pitch (Figure
22.a), this interaction has a weak effect on the air-
loads. However, at high collective (Figure 22.b), the
upwash effect of the tip vortex leads to an abrupt
increase of the local angle of attack leading to stall.
Thus, stall vortices are shed and can be easily dis-
tinguished from the tip vortex in Figure 22.b, as they
are smaller, more tridimensional and with higher
vorticity levels. The same scenario of BVI-induced
dynamic stall reported in Refs. 9, 10, 11 and 12.

Figure 23 shows similar flow field views at ¢ = 0.55,
for both low and high collective pitch angles. Due to
the higher advance ratio, the tip vortex follows a
different trajectory in the retreating blade side and
moves faster downstream. Consequently, the re-
treating blade never goes through the tip vortex
emitted by the preceding blade as it was observed at
lower u. At high collective pitch (Figure 23.b), flow



separates on the retreating blade located at y =
306°, while several intense and tridimensional stall
vortices are shed. Stall thus occurs without a priori
any BVI phenomenon. However, the velocity field
shown in Figure 23.b reveals that the preceding tip
vortex induces a positive velocity between 6 to 8 m/s
just above of the retreating blade. This upwash ef-
fect does not seem significant but since the relative
velocity of the retreating blade is reduced when the
advance ratio increases, this vertical induced veloci-
ty could contribute to an increase of the local angle
of attack between 5 and 10°. In combination with
both collective and cyclic pitch increase, the induced
effect of the tip vortex could be sufficient to trigger
dynamic stall, although the blade never directly im-
pinges the vortex.

5.3. Reverse flow region

Figure 24 shows the vorticity magnitude at several
radial slices along the retreating blade (¢ = 306°) at
high ¢ and high 8,. At r/R = 0.92, the flow is mas-
sively separated and the strong vorticity of the stall
vortex is clearly visible. At r/R = 0.72, the flow has
already reattached as indicated by the thin region of
vorticity in the close vicinity of the blade wall. The
section located at r/R = 0.55 is at the limit of the
reverse flow region where the relative velocity is
close to zero. A strong trailing edge (TE) vortex ap-
pears on the lower side of the blade. Furthermore, at
the edge of the reverse flow, the blade section lift
moves from positive to negative. Consequently, a
large but weak vortex is emitted in the wake and
convected downstream the leading edge of the radi-
al section r/R = 0.55. It is referred-to as reverse
flow vortex in Figure 24. The most inboard sections
(r/R = 0.35) is located inside the reverse flow re-
gion. The TE vortex is shed downsteam in the wake,
which is responsible of the strong positive pitching
moment observed in Figure 16 and Figure 17.

5.4. Rear blade

Figure 23.a highlights three rows of blade root vorti-
ces. Because of the high advance ratio, these vorti-
ces’ trajectories are quasi-aligned with the x-axis.
Those flow structures are still easily visible at high
collective pitch in Figure 23.b although they are not
indicated. For both collective pitch angles, these
vortices induce strong positive and negative veloci-
ties on each of their sides. Another view of these
root vortices is proposed in Figure 25. The induced
velocity is here shown on a slice perpendicular to

the vortices’ axis in order to highlight the induced
vertical velocity. The rows of these root vortices
clearly lead to a series of highly positive and nega-
tive vertical velocities. This vertical velocity field will
clearly leads to oscillations of the angle of attack of
the blade passing through this region, which ex-
plains the lift fluctuations observed on the inboard
sections of the rear blade in Figure 16 and Figure
17.

6. CONCLUSIONS

Low and high fidelity simulations have been con-
ducted for a generic isolated rotor at both moderate
(u = 0.35) and high (u = 0.55) advance ratios. Low
fidelity approach is based on the free wake model
called MINT within STORM Comprehensive Analysis
code. The high-fidelity approach is based on a loose
coupling between elsA CFD solver and HOST Com-
prehensive Analysis tool. For each advance ratio, a
large sweep of the collective pitch is performed in
order to simulate rotor stall onset. This numerical
investigation has permitted first to evaluate the pre-
diction capability of the low fidelity approach with
respect to high fidelity results and second, to de-
scribe in details the flow characteristics specific to
high advance ratio. The comparison between low
and high fidelity results leads to the following con-
clusions:

e The STORM/MINT free wake approach predicts
the good trend in terms of rotor thrust, drag and
power coefficients with increasing collective
pitch, at both advance ratios. However, the in-
creases of thrust and power are slightly underes-
timated compared to CFD results, while the drag
force is more significantly underestimated.

o At moderate collective pitch angle,
STORM/MINT and elsA/HOST predict similarly
the variations of the thrust distribution on the ro-
tor disk as the advance ratio increases, especial-
ly on the advancing blade that is subject to a
strong lift increase on the inboard sections and a
strong negative lift on the outboard sections.

e At high advance ratios, the rear blade undergoes
lift oscillations with both approaches that are not
observed at moderate speed.

e At high advance ratio, STORM/MINT predicts a
strong pitching moment negative peak at ¥ =
80° that does not appear with CFD and seems to
be due to an excessive positive induced velocity
spot. However, for 90° <y < 180°, the CFD



evolution of the pitching moment is well repro-
duced by the free wake approach.

e The comparison of the airloads indicates that
STORM/MINT predicts qualitatively, for both ad-
vance ratios, the occurrence of lift and pitching
moment drop on the retreating blade due to dy-
namic stall as the collective pitch increases.
However, the intensity of stall is underestimated
by low fidelity approach.

The analysis of the flow characteristics at high ad-
vance ratio leads to the following conclusions:

e The advancing blade undergoes a strong nega-
tive lift and noise-up pitching moment at the
blade tip together with a strong positive lift and a
noise-down pitching moment at mid span. This
loads distribution is due to a perpendicular inter-
action of the blade with the preceding blade tip
vortex that rotates in the opposite direction be-
cause of the negative lift distribution on the ad-
vance blade tip.

e The retreating blade outboard sections experi-
ence a strong noise-down pitching moment due
to dynamic stall for both advance ratios. At u =
0.35, this stall is clearly triggered by a parallel in-
teraction with the preceding blade tip vortex. At
high advance ratio, no BVI is observed during
dynamic stall, but the CFD results indicate that
the tip vortex, although far from the blade, in-
duces non-negligible upwash velocities on the
blade that could contribute to stall onset.

e The retreating blade inner sections experiences
a strong noise-up pitching moment in the reverse
flow region that is due to the shedding of a trail-
ing edge vortex on the lower side.

e The rear blade is subject to lift oscillations all
along the span for 0° <y < 30° that is due to
BVI with several rows of root vortices emitted by
the three preceding blades.

This investigation was mainly focused on the aero-
dynamic results. In the continuity of this project, it is
planned to analyze in details the results in terms of
structural loads. Furthermore, the simulations will be
pursued for intermediate advance ratio (u = 0.45)
and including propulsive (i.e. tilted forward) rotor
conditions.
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a) Cartesian background grid b) Blade body-fitted grid C) Overlapping grid region
Figure 1: Overview of the CFD grids.
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Figure 2: Evolution of rotor lift, power and propulsive coefficients with collective pitch angle at ¢ = 0.35 and
0.55 (elsA/HOST: solid lines, STORM/MINT: dash lines).



10

5 0 5 10 5 0 5 10
6, (°) 6, (°)
a) Lateral pitch angle. b) Longitudinal pitch angle.

Figure 3: Evolution of the cyclic pitch angles with collective pitch at p = 0.35 and 0.55 (elsA/HOST: solid
lines, STORM/MINT: dash lines).
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Figure 4: Blade thrust coefficient as a function of azimuth at moderate advance ratio u = 0.35.
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Figure 5: Blade load coefficient as a function of azimuth at very high advance ratio u = 0.55.
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Figure 6: Low fidelity prediction of section normal coefficient at u = 0.35 (STORMMINT).
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Figure 7: High-fidelity prediction of section normal force coefficient at ¢ = 0.35 (elsA/HOST coupling).
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Figure 9: Low fidelity prediction of section pitching moment coefficient at ¢ = 0.35 (STORM/MINT).
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Figure 10: High-fidelity prediction of section pitching moment coefficient at u = 0.35 (elsA/HOST coupling).
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Figure 11: Section pitching moment coefficient at © = 0.35 and 6, = 6° (MINT: C;/o = 0.1089, elsA: C; /o =
0.121).
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Figure 12: Low fidelity prediction of section normal coefficient at u = 0.55 (STORM-Freewake).
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Figure 13: High-fidelity prediction of section normal force coefficient at ¢ = 0.55 (elsA/HOST coupling).
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Figure 15: Low fidelity prediction of section pitching moment coefficient at 4 = 0.55 (STORM/MINT).
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Figure 16: High-fidelity prediction of section pitching moment coefficient at 4 = 0.55 (elSA/HOST coupling).
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Figure 17: Section pitching moment coefficient at © = 0.55 and 6, = 7° (MINT: C;/o = 0.0815, elsA: C; /o =
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Figure 18: Rotor map of vertical induced velocity, negative downwash (STORM/MINT).
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Figure 19: Vertical fluid velocity induced by the tip vortex just in front of the advancing blade.
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Figure 20: Rotor map of chordwise position of flow separation at 4 = 0.35 (elsA/HOST).
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Figure 21: Rotor map of chordwise position of flow separation at 4 = 0.55 (elsA/HOST).
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Figure 22: Iso-contour of Q-criterion colored by the vorticity and distribution of vertical fluid velocity one chord
below the rotor at u = 0.35.

a) 6, =2° Cr/o=0.0618 b) 6, = 6° C;/o = 0.0862

Figure 23: Iso-contour of Q-criterion colored by the vorticity and distribution of vertical fluid velocity one chord
below the rotor at u = 0.55.
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Figure 24: Vorticity magnitude at several radial slices along the retreating blade (¢ = 306°) at 4 = 0.55 and
0, = 6° (Cr/o = 0.0862).
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Figure 25: Fluid vertical velocity (positive upwash) on a root section of the rear blade (i = 0°) at at 4 = 0.55
and 6, = 6° (Cy/o = 0.0862).



