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COMPUTATIONAL STUDIES OF
HELICOPTER AERODYNAMICS

Marcel ILIE!, Augustin SEMENESCU?

Rezumat. Prezentul studiu are ca scop analiza aerodinamicii elicopterului si, in
particular, fenomenul de interactiune dintre vartej si elicea rotorului. Studiile
computationale sunt efectuate cu ajutorul metodei large-eddy simulation, pentru fluide
subsonice §i incompresibile, pentru un numdr Reynolds Re=1.3x10°. Aerodinamica
elicopterului este dominata de fenomenul interactiunii dintre virtej si elicea rotorului,
care este responsabil pentru vibratii si zgomotul elicopterului. In timpului zborului cu
elicopterul, un vartej este format la capatul elicei si interactioneaza cu a doua elice in
migcare, generdnd fenomenul de interactiune dintre vartej si elice. Studiul arata ca
interactiunea dintre vdrtej si elice cauzeaza oscilatii ale coeficientilor aerodinamici.
Datorita fenomenului de turbulentd, aceste oscilatii prezinta o variatie neliniara.

Abstract. The present research concerns the helicopter aerodynamics and the blade-
vortex interaction phenomenon. The computational studies are carried out using the
large-eddy simulation approach for subsonic incompressible flow of Reynolds number
Re=1.3x10°. The helicopter aerodynamics is dominated by the blade-vortex interaction
(BVI) phenomenon which is responsible for noise and vibrations. During the helicopter
flight, a tip-vortex filament is formed and its interaction with the advancing blade causes
the blade-vortex interaction phenomenon. The study shows that the blade-vortex
interaction causes oscillations of the aerodynamic coefficients. Due to the turbulence
phenomenon, the oscillations exhibit a non-linear behaviour.
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1. Introduction

In spite of extensive years of studies and research, the helicopter aerodynamics
still poses significant experimental and computational challenges. Therefore,
experimental studies of helicopter aerodynamics are costly and require specialized
facilities such expensive wind-tunnel experimental setups. Moreover, the rotating-
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frame of reference brings additional challenges due to the fact that the wind-
tunnel setup must account for the centrifugal forces and rotational motion. On the
other hand, the experimental setup of rotational frame of reference pose
challenges associated with the measurement of the flow variable such as pressure
and velocity.

One of the main challenges in the rotorcraft aerodynamics is posed by the blade-
vortex interaction (BVI) phenomenon, as schematically presented in Figure 1.
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Fig. 1. Helicopter aerodynamics [20]

The blade-vortex interaction phenomenon is the main source of noise and
vibrations in rotorcraft. Rotorcraft vibration affect the flight stability and safety of
the operation. Moreover, for military helicopter noise plays a critical role in the
fulfilment of the mission and thus, its mitigation is of critical importance.

The fluid dynamics associated with the BVI is also complex and involves
boundary-layer separation, dynamic stall and vortex wake, as shown in Figure 1.
Therefore, a good understanding of the fluid dynamics of the fluid flow associated
with the rotorcraft acrodynamics would improve the life span of the rotorcraft and
reduce the operational and maintenance costs. As already mentioned, the
experimental studies of rotorcraft aerodynamics are challenging and costly and
therefore, computational studies are more feasible and allow the repeatability of
the experiment in a shorter time at minimum cost.

The present study concerns the feasibility of the computational approaches in the
prediction of the fluid dynamics of helicopter aerodynamics. One of the main
challenges for the computational approaches is to capture the highly-turbulent
encountered in the helicopter aerodynamics. The rotorcraft aerodynamics is an
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unsteady phenomenon and therefore, computational methods that can simulate the
unsteady phenomena must be sought.

2. Background

Generally, the numerical computations of rotorcraft aerodynamics pose significant
challenges due to the flow complexity and computational costs. [5, 7]. Studies
showed that the numerical approach based on the Reynolds-averaged Navier-
Stokes (RANS) pose significant challenges in the computation of high-Reynolds
number flows and vortex dominated flows such as the case of helicopter
aerodynamics [5]. Direct numerical simulations (DNS) also pose computational
challenges due to the high-resolution grid size required by the DNS. Therefore,
the direct-numerical simulations also pose computational challenges due to the
high requirements of the computational capabilities. On the other hand, the large-
eddy simulation approach requires a lower computational capability, while
providing a time-efficient accurate solution. Therefore, in the present study we
will employ the large-eddy simulation approach for the computations of helicopter
aerodynamics.

3. Modeling and algorithms

In the present research the computational studies are carried out using the large-
eddy simulation (LES) approach. For more details on the computational modeling
using LES, the reader is referred to [6].

4. Results and discussion

Figure 4 presents the vorticity magnitude of the flow field associated with the
rotorcraft blade-vortex interaction phenomenon, at different instants in time. The
analysis is performed for two-blade rotor design. However, the computational
model can handle rotor with multiple blades.
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The analysis shows the formation of the tip vortex as the rotor starts to spin. The
analysis of the vorticity field shows that its magnitude exhibits largest values at
the tip of the blade and this is due to the large pressure difference between the
upper and lower surfaces of the blade.

The fluid nature tries to balance the pressure at the two surfaces of the blade and
thus, it escapes at the tip of the blade generating large flow disturbances. It is
worth mentioning here that the rotor spins in the trigonometric direction.
Therefore, we call the left-hand side blade the advancing-blade while the blade on
the right-hand side is the retreating blade.

As the rotorcraft blades continue to rotate, the vorticity magnitude increases as
shown in Figure 2, at instant t=0.1s. The rotating blade cause disturbances of the
flow field which resembles a circular path as seen in Figure 2. It is also worth
mentioning here that interaction between the incoming flow and rotor hub causes
additional disturbances of the flow field. Further on, the advancing—blade interacts
with the wake generated by the previous blade, and this represents the blade-
vortex interaction phenomenon. The blade-vortex interaction phenomenon causes
further disturbances of the flow field and thus, an increase of the vorticity
magnitude is observed. It is important to mention here that the blade-vortex
interaction occurs along the span of the blade. However, the most significant
blade-vortex interaction occurs in the 25% of the span of the blade measured from
the tip of the blade. As the vortex filament moves towards the hob of the blade,
the blade-vortex interactions become weaker and weaker and thus, the vortex-
filament dissipates.

A good insight into the magnitude of the turbulence and flow disturbances can be
obtained from the analysis of the turbulence kinetic energy (TKE). Therefore,
Figure 3 presents the turbulence kinetic energy at different instants in time. The
analysis of the turbulence-kinetic energy shows that the largest turbulence
disturbances are encountered in the near-blade region. Similar to the vorticity field
the tip of the blade exhibits the largest turbulence kinetic energy levels. The
wakes of the two blade also generate high levels of turbulence as shown in Figure
3. It is worth to mention here that the turbulent level is also large in the regions
that enclose the vortex-filament path.

It is expected that the turbulence kinetic energy would impact the blade’s vortex-
filament in a particular manner and thus, it would impact the aerodynamics of the
rotorcraft. It is expected that the perpetual blade-vortex interactions the
aerodynamic coefficients lift and drag would exhibit an oscillatory behavior based
on the instant of the blade-vortex interaction.
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Therefore, the aerodynamic coefficients would exhibit maximum and minimum
values defined by the blade-vortex interaction phenomenon.

Figure 4 presents the transient unsteady behavior of the vortex filament, at
different instants in time. Therefore, Figure 4, instant t=0.1s, presents the moving
blade on a previously undisturbed flow path. As the blade passes the interrogation
point, a vortex-filament is generated in the wake of the blade. As the time elapses,
the vortex-filament increases in size and strength as shown in Figure 4, at instant
t=0.3s. Figure 4, instant t=0.5s presents the interaction of the second with the
vortex-filament generated by the first advancing blade, and this interaction
represents the blade-vortex interaction phenomenon.

It is expected that the interaction between the rotorcraft blade and the vortex
filament generates disturbance of the aerodynamic coefficients and this analyzed
in the following. First the aerodynamic coefficients lift and drag are defined in the
following. Therefore, the lift coefficient is defined as:

¢ = 1#2 (D
2P UL
while the drag coefficient is given by:
P @)
7 PUL

In equations 1 and 2, L represents the lift force, while D represents the drag force
p., represents the flow density and U_ represents the free-stream velocity and / is

the characteristic length.

Figure 5 presents the time-varying lift coefficient associated with the blade-vortex
interaction. The analysis shows that the lift coefficient exhibits an oscillatory
behavior due to the blade-vortex interaction phenomenon. However, the lift does
not follow a smooth path but rather an inconsistent behavior and this is due to the
non-linear behavior of the turbulence phenomenon.

Figure 6 presents the time-varying drag coefficient associated with the blade-
vortex interaction phenomenon. The analysis shows that there is an increase of
drag coefficient in the first part of the blade-vortex interactions and it is
stabilizing as the BVI phenomenon develops further reaching an average value of
0.6.
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Conclusions

A computational model is developed for the aerodynamic computations of
helicopter aerodynamics in a rotating-frame of reference, using the large-eddy
simulation (LES) computational approach. The analysis reveals that the large-
eddy simulation approach captures very well the flow physics of the helicopter
aerodynamics and aerodynamic coefficients. The analysis reveals the presence of
the vortex-filament developed in the wake of the advancing-blade. The size and
strength of the vortex filament increase with the time. The interaction between the
vortex-filament and next advancing blade generates the blade-vortex interaction
phenomenon. The BVI generates large disturbances of the flow field and
implicitly of the aerodynamic coefficients. Therefore, the aerodynamic
coefficients lift and drag exhibit an oscillatory behavior due to the BVI
phenomenon. Also, due to the turbulence phenomenon, the oscillations of the
aerodynamic coefficients exhibit a non-linear behavior. The study also shows that
the large-eddy simulation computational approach is suitable for the computations
of high-Reynolds number flows in a rotating-frame of reference.
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