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Abstract

A numerical method was developed 1o simulaie a helicopter rotor al jow speed and
for descent flights. It consists of the coupling between a 3D unsteady full potential code,
FP3D, and a new code derived from a lifting line method with vortex elements Tor the
wake with prescribed geometry, METAR. This new code, MESIR, has a free wake
analysis {0 get the capability 10 compute Blade—Vortex Interactions. Furthermore, the
parts of the wake interacting with the blade arc isolated and included in FP3D through a
fifling surlace approach. The method is validated with fTight test results from the SA349
Gazclle helicopier and wind wunnel tests for the US Army OLS rotor in the DNW wind
tunnel. :

1 Introduction

Since the sixties and the seventies, the helicopter has emerged as a new cfficient aircrafl
for civil applications thanks (o its unique hover and vertical flight capabilities, which allow
il to operate in difficult conditions, eg mountain rescuc, off-shore oil rigs. Nevertheless, the
use ol helicopters for civil purposes did not increase as much as it could have. In particular
they have been little used as a means of alleviating transport problems around major citics.
One of the main reasons for this fact is the neise gencraled by the helicopter, and
particularly, for an urban environment, low speed and descent [ight Blade—Voriex
Interaction noisc (called BVI noise). This very impulsive noise is the result of periodic
sudden acrodynamic disturbances induced by the wake which encounters the rotor blades,
drastically modifying the focal flow conditions. Consequently, one of the major issues for
rotorcrafi research is 10 reduce the neise generaied by the helicopter to enlarge its use on the
civil market. Noise reduction is also a big concern for military applications 10 decrease the
aircraft detectability.
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The work described in this paper aims at computing the acrodynamic phenomena
which occur during BVI. This step is necessary in view of predicting the noise generated by
the rotor since any acoustic analysis nceds the time dependent pressure distribution on the
blade to propagate these perturbations in the far—{icld. In the case of highly impulsive noise,
like BV], the aerodynamic analysis has to be very accurate because the noise is mainly
sensitive o pressure gradients. In order {0 simulate these phenomena precisely, a frec—wake
lifting linc rotor analysis, called MESIR, was developed and coupled with a
three-dimensional CFD code, FP3D, which solves the unsteady full potential equation.
During the coupling process, the paris of the wake which interact with the blade are
isolated, and the velocity field they induce on the blade is taken into account with a lifiing
surface approach, contrary o the rest of the wake which is taken into account with a simpler
angie of attack approach. The new method is validated with flight test results obtained with
a SA349 Gazelle flying at low speed with a pressure instrumented rotor, and with wind
tunnel 1ests on the US Army OLS rotor for low speed descent flight conditions.

2 Calculation method.

2.1 Introduction

Typical three—dimensional rotor calculations are performed with a three—dimensional
unsicady full potential code, calied FP3D [1]. This code soives the mass—conservation
equation and the Bernouili cquation in a generalized coordinatles system linked to the
blade. The cquation is sclved around an isolated blade, and the space surropunding it is
discretized in a grid box, covering generally six reference chords length around the blade
and going spanwisc from mid radius 1o one and a half rotor radii. The mass conservation
cquation is discretized using {irst order finite differences in time and second order
centered finite differences in space. A first order density and flux terms linearization
versus the velocity potential is applied to obtain an algebraic equation with the poiential as
single unknown. The implicit operator is approximately factored into three
one—dimensional tridiagonal operaters, one for each grid direction, which are casy o solve.
The density, velocity and metric flux terms are computced at hall points, with the same
differencing scheme applied to the metric tensor as for the potential, which gives a
consistent formulation in 2D, but a freestream correction term has to be substracted [rom the
discretized flux in 3D. For supersonic flows, a parameter—{ree Engquist—Osher flux biasing
scheme {2] is applied to upwind the density in the flux terms, allowing 1o simulale correctly
the domain of dependance at the grid points. The boundary conditions are a transpiration
condition on the blade surface, 2D perturbation flow for the inner section and
nonreflecting boundary conditions at the grid boundaries, For a lifting rotor, the wake
shed from the trailing edge, which appears in the calculation as a potential jump, has 1o be
convected downstream. The transport equation is obtained from the Bemoulli equation
assuming that the pressure is continuous across the wake. Furthermore, in the case of a
lifting rotor, an external rotor model is necessary since the full potential equation is solved
around an isolated blade. The model used is METAR [3], from Eurocopler France.

The METAR code simulates the rotor with a liflting line following the quarter chord
line of cach blade, and the wake is discretized with vortex clements wiith presceribed
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geometry. Generally, a helicoidal shape is used for the wake. The blade sections are
simulated through the polars of the airfoils defining the blade gcometry. The code needs
the blade motion, pitch and flap, as inpul, and iterates on the circulation distribution on the
blade and in the wake until convergence, The wake induced velocities at the quarter chord
line are computed with the Biot and Savart law.

The METAR influcnce into the FP3D calculation is introduced with an angle of attack
approach. The part of the wake which is not taken into account in the FP3D calculation (ic
the whole wake except the part of it shed from the discretized blade, connected to it and
included in the grid box}, is used 10 compute, with the Biot and Savan law, the far wake
induced velocity for cach grid spanwisc station and for a discrete number of azimuthes, A
Fourier decomposition allows interpolation in time and therefore the definition of the local
angle of attack for cach time sicp of the FP3D calculation. This space and time dependent
angle of attack is imposcd in the FP3D boundary conditions through a constant chordwise
transpiration angle at the blade surface,

Good correlation with experiment was found with such an approach with wind unnel
or {light tests results for a rotor in high-speed forward flight {4]. However, this analysis is
not adapted to compute low speed and descent flight. The first reason for that, is that the
wake geometry has a very large influence on the pressure distribution for these [ight
conditions, and a prescribed wake geometry, unless especially tuned for the case
considered, cannot simulale the true flow condilions salisfactorily. Furthermore, a vorlex
interacting closely with the biade induces steep local pressure gradients which cannol be
correctly simulated with an angle of altack approach in FP3D [5]. Conscquently, a free
wake version of METAR was developed to compute the wake geometry correctly al tow
speed and descent conditions, and a new coupling approach between FP3D and MESIR,
the free wake version of METAR, taking into account the voriex motion around the blade
through a chordwise dependent induced velocity, was adopled. This methed is similar to
the one developed by Hassan et al. [6].

2.2  MESIR code

The MESIR code is a deveiopment of METAR, in which a time marching {ree wake
analysis was included. In the initial METAR formulation, the vortices are convected using a
uniform induced velocity given by the Meijer-Drecs formula. Therefore the vortex
trajectories are straight lines. The frec wake approach consists of computing the local
velocities induced by the wake on each point representing the vortex lattice, and in
convecting the vortices with these velocities. These voriex velocities are given by the Biot
and Savart law. This azimuth-marching procedure can then be summarized as follows

~ consider a vortex of age j, located at point ?iwhen the blade is at the azimuth g,

and the velocity, Vi , induced on this vortex by the whole wake and the blades,
computed by the Biot and Savart law,

- the new voriex position 7(2 o1 at the azimuth y; ; (y; ;= W;+Ay) is given by

the formula: fi o = )_(: + Vi - AL The age of the vortex is now j+1 and the
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time—increment Al correspends 1o the clementary rotation Aw, the value of which is
15° in the calculations shown in this paper.

Three rotor rotalions are computed for the wake, and they are divided into two
regions: a near wake, which represents the two {irst rotor rotations, and a far wake, which
represcnts the third wake rotation included in the calculation. The near wake vortices are
compuied using the free wake process described above, while the far wake vortices are
convecied using the ¢lassical Meijer-Drees velocities, as is done in METAR for the whole
wake. The free wake analysis is starled when the blade is al the azimuth y=0° from a
METAR calculation (ie with a wake gecometry and a circulation distribution computed by
METAR) and marches step by siep until the blade has completed three rotations. At this
time, a ncw circulation distribution has to be computed 1o be consistent with the new wake
geometry, This process is icrated until convergence is obtained on the wake geometry.
Typically, three iterations are nccessary al low speed 1o reach a satisfactory level of
convergence.

2.3 The coupled method (MESIR-FP3D)

In order 10 study the BVI characteristics and 10 compute the BVI perturbations
accurately the MESIR and FP3D codes were modified. A special subroutine was
developed in MESIR for this objective. This subroutine compuies the BVI locations on the
rotor disk and the most imporiant inicraction paramelers: the distance and the angle
between the vortex and the biade, and the vortex circuiation. Then a "BVI wake” is buils,
including the part of the tip vortex which interacts with the blade, for each interaction
which was detected. The velocitics induced by this region of the wake arc computed at
every point of the biade grid in FP3D, while the influence of the remaining part of the wake
is onty computed at the quarter chord line. The BVI wzke is taken into account before and
after the inferaction, to avoid unphysical disturbances on the calculated velogitics. It is also
interpoiated in time, to compute the perturbations more accurately than with the tme step
presently used in MESIR (15°). The new time step used for this part of the wake 1s equal 10
2°. This process allows the major part of the periurbation levels (o be taken inlo account.
Finally, the contribution of all the interactions are added to compute the local induced
velocities at each point on the blade. They are taken into account in the FP3DD boundary
conditions through a transpiration angle variable in chord, span and azimuth, using a
Fourier decomposition,

3 Results and discussion

3.1 Gazelle flight test

The method was first applicd to the Gazelle helicopter, for which flight test resulls as
low speed forward flight (u=0.146) with an instrumented rotor are available [7]. In thig

casc, contrary 1o descent flight, blade—vortex interactions are wedk, but the local Ioads arc
very sensitive 1o the wake geometiry, The computed free wake shows good agreemnent with
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theoretical knowledge and with experimental visualizations [&]. The tip vortices move up
in the regions of the advancing and the retreating blade (y=902 and 2709 and their
roll-up is well simulated (Figure 1). Because of the big strength of the tip vortices, the inner
sheet is also moved down , Thig is in good agreement with the well-known anatogy with the
flow behaviour downstream a fixed wing (Figures 2 and 3).

The frec wake analysis has very little influence on the BVI locations (Figure 4), but the
distance between the blade and the vortices during the interaction is greatly modified.
While, for the prescribed geometry, the nearcst vortices are located 0.6 chord below the
blade, most of the vortices, in the free wake calculations, remain very close to the blade,
from 0.6 chord beneath to (.2 chord above the blade (Figure 5). Conscquently, bigger
perturbations on the blade loads arc induced by the free wake approach. This is in good
agreement with experiment, where the 1ift gradients arcund 90° and 270° arc well
estimated by MESIR (Figure 6), white METAR clearly underestimates them. This is due to
the close passage of the BV wake 1o the blade, inducing then strong variations in the local
inflow. Similar caleulations, using FP3D, show the same tendency (Figure 7). Nevertheless,
the azimuthal lift evolution is smoother than with MESIR or METAR alone, and very good
corrclation with experiment is found. For these calculations, the same approach was chosen
1o inciude the wake influcnce from MESIR and METAR (induced velocities computed at
the quarter chord line only). Considering that no strong BVI occurs for this Lest case, a
lifting surface approach was not performed.

Figurc § shows the lift evolution versus the azimuth for two sections (88 and 97 %). The
MESIR + FP3D resulls are compared 1o experiment and a good agreement is found. The
load cvolutions are particularly well predicied at BVI locations, in phase and intensity.
Good correlation for the chordwisc pressure distribution is also found (Figure 9).

3.2 OLS wind-tunnel test
The method was also applicd 1o the U.S. Amny Q.L.S. rotor, for which wind—tunnel test
results at low specd descent Dight (u=0.146, aq=i.5°) arc available [9]. These resulis

were obtained in the D.N.W. wind—tunnel. One blade section (0.955 R) was instrumented
with unstcady pressure transducers and the blade icading edge (0.03 ¢) had scverat
differential pressure transducers distributed along the span. In this case, Blade~Vortex
Interactions can be very strong and blade—vortex encounters may happen. The free wake
calculation (Figurcs 10 and 11) conflirms that close BVIs occur on the advancing and on the
retreating blade side. Thercfore the vortex core value was decrcased, because H$ usual
value {0.5 chord) removed most of the interactions from the calculation. A new 0.2 chord
voriex core value was then selected. Furthermore, the chordwise velocity distribution due
to BVI was included in MESIR + FP3D calcuiation {"Lifting Surface” approach),

Figure 12 shows the differential pressure evolution versus the azimuth, at x/c=0.03 and for
four blade sections. The pressure fluctuations due to BVI arc clearly noticeable for all the
scctions, and reasonably well predicted by the method, The perturbations level is
underestimated for the retreating blade, but well calculated on the advancing blade side.
Very good correlation can be observed for the phases, showing that the BVI locations are
well predicied. Figure 13 shows the differential pressure evolution versus the azimuth, at
r/R=0.955 and for two chordwisc positions. The perturbation levels and gradients are well

27-9



estimated at y=280°, but overestimated at w=300°, Fairly good correlation can be
observed for the BVIs from y=60° 10 w=%90°, even if small fluctuations are removed from
the calculation. A finer wake discretization could improve the results. Good correlalion for
the chorwise pressure distribution is also found at this station (Figure 14), except at
w=45% where the pressure level is overestimated. In particular, the shock position and
strengih are very well estimated at y=90°,

4 Conclusions

A new version of the METAR code, called MESIR, was developed to compute BVI
accurately. For that purpose, a freec wake analysis, a special representation for the "BVI
wake" and a Lifting Surface approach were included to give the infiow 1o the Full Potential
FP3D code. This new code is able to perform BVI calculations with improved correlation
with experiment, In particular, the free wake geometry shows good agreement with theory
and cxperimental visualization. The improved calculation of the BVI wake, with a fincr
discretization, allows to take into account the BVI porturbations correetly on ihe blade,
Finally, the Lifiing Surface approach to compuie the boundary conditions in FP3D
improves the resulls of the method in the case of very strong interactions. Further
improvements can be introduced, in particular in reducing the time step in MESIR and also
in refining the coupling between MESIR and FP3D, in order 1o simulate ¢lose encounters
between the wake and the blade.
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Fig. 11-Vertical distance between the vortex and the blade.
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