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Abstract. The current paper demonstrates how the more pré&cseledge of the rotor wake characteristics
obtained with modern wind tunnel tests can be usednprove BVI noise prediction. New empirical laws
describing the vortex and its aging are derivednfexperimental data. The impact of these vortexrijgson
improvements on noise prediction is assessed. &teng issue under examination is the importancerofl up
model inclusion in the free wake computation. Téoscept is evaluated in the light of HART Il expeeintal
results.

INTRODUCTION

Over the past twenty years extensive studies haes Iperformed to predict BVI noise. In this procese

different approaches were followed. The first oresda on the accurate prediction of the wake aeeodigs
through the use of CFD still remains challenginithéugh recent progresses have been nfati¢he physical
dimensions of the rotorcraft problem still renddéficllt a fine description of the vortex (numbef grid points
representing its core), which leads to vortex diffn rates greater than the one experimentallyrebde The
other method has consisted in simplifying the wedscription, by discretizing it in vortex segmeotganels™,

in order to compute more easily its evolution. Enesnpler methods required the use of physical tsddeto

take into account complex wake features they cootdpredict such as the vortex sheet roll up oratlfieg of the
resulting vortices. These models were based on wimehel test observations, but until recently thawf
visualization techniques could not capture the esortharacteristics with the accuracy needed by otetipn
codes. This paper will present how these modelplémented in the ONERA computation chain) and BJé

noise prediction can be ameliorated by using tlselte of a modern and highly instrumented wind &lirest
such as HART IF'°,

The first part of the article will briefly descriibe ONERA computation chaiff*’ In this description we will
outline which parameters are issued from empitaak and how these laws can be improved based dRTHA
results. In a second part, we will examine thevaaht test data and derive new versions of the nsadem this
analysis. The impact of these modifications on exgisediction will be assessed. Eventually we walket
advantage of another output of HART II, the preéisewledge of the wake geometry, to evaluate th@mance
of the roll up model inclusion in the free wake gartation. This concept, consisting in putting atibiorium a
concentrated vortex sheet rather than a distribater] is thought to better represent the kinematiche wake.
The impact of this concept on the predicted walaggtry and noise will be thoroughly examined.



CODE AND MODEL DESCRIPTION

In this paragraph the architecture of the ONERA BWise computation chain is briefly recalled (Fgdy). The
different physical models present in the codesdaseribed and their potential betterment using HARTata is
discussed.

HOST
trim+dynamics Aeroelastic calculation (lift. line theory, prescribed wake)
MESIR Free wake vortex lattice method, lifting line theory
free wake
MENTHE Model of the vortex sheet roll-up
vortex roll-up
ARHIS 2D by slices calculation, singularity method, cloud
blade pressures vortex model option for close BVI
]
PARIS Thickness and loading noise calculation based on FW-H
- equation, identification of BVI source locations

Figure 1: Architecture of BVI noise prediction chain

The HOST and MESIR codes which are coupled compute the dynamics efdkor and the wake geometry.
Then MENTHE’ concentrates the vortex lattice issued from the fvake computation to generate the interacting
vortices. The aerodynamics of the interaction iexrined by ARHIS' providing thus blade pressures to the
acoustic code PARIS for BVI noise prediction.

The totality of the empirical models describing thake and tip vortex evolution is comprised in MBM and
ARHIS. MENTHE characterizes the roll up phase. atleazimuth, it determines the number of vortited are
generated by the blade and their circulation. Evweslrepresenting the vortex sheet roll up wereiddafrom
HART | ****and a former test campaigh Both wind tunnel tests used Laser Doppler Velatiy (LDV) to
measure the evolution of the tip vortices. In thegeeriments, LDV enabled to obtain the vortexudation with

a good accuracy. Although the Particle Image Vebatiy (PIV) realised in HART If° gave us more accurate
results concerning the details of the vortex stmg{core radius, shape of the velocity profile)s inot thought to
significantly improve the determination of vortexctlations. Since MENTHE empirical laws only death this
vortex parameter we saw no need to modify theuplnodels by using HART Il data.

In order to compute the aerodynamics of BVI, ARHi8cessitates the precise knowledge of the vortex
characteristics at the interaction age. Key voparameters driving the interaction are the coréusadnd the
velocity profile. Actually they contribute to deteine the impulsivity and intensity of the BVI phenenon.
Since these parameters cannot be computed dirfotty the first principles in a comprehensive anialys
approach, they have to be modelled by empiricaklaliihe presence, in the HART II test, of numerob$ P
measurement planes along the vortex paths enableave a fine representation of the vortices andbiserve
their evolution with respect to time. This detailetbwledge of the vortex structure and its evolutiorough time
was not accessible in former experiments. Thathg we expect a noticeable amelioration of ARHIStewr
models thanks to HART Il data, which should leaé tmore precise prediction of the blade pressuauhtions
created by BVI. Let us now describe how these nsded implemented in ARHIS and how they can be figatli
During the interaction the vortex is representedilpjoud of vorticity disks (Figure 2). The sizeezfch vorticity
disk is parametrable and is made to follow an “ggilaw depending on the vortex total circulatiorheTcore
radius evolution is thus easily modifiable sincexplicitly depends on an analytical expressiongpaoimed in
the code. The modification of the velocity profiteless straightforward. Each vorticity disk casreefraction of
the total circulation of the vortex. By changing ttepartition of circulation between the differéaters of disks,
one can modify the profile of induced velocity. tig 3 illustrates how different shapes of velopitgfiles can be
obtained following this method. An iterative prosesll be necessary to find a circulation distribatenabling to
match HART Il vortex velocity fields.



(2*Pi*V*(Core radius)/(gamma)

0
r/(Core radius)

Figure 2: Vortex representation in ARHI S (the Figure 3. Example of velocity profiles obtained in
number of vorticity disks and vorticity disk layersis | ARHIS.
not representative)

IMPROVEMENT OF PHYSICAL MODELS

In this section, we will not describe in detailsahthe experimental results concerning the evolugbithe core
radius and the velocity profiles were obtained.e8alvarticles have thoroughly presented the HARESL set up
° and the proper analysis methodologies®!’ We will simply recall the main principles of thertex

characteristic derivation.

The test case chosen to adjust our models is theliba configuration. Actually the correspondingglit

conditions (descent angle=-@?,= 015 ) are prone to generate BVI and the charactesisifcthe interacting
vortices are thought to be representative of thelevBVI domain. We also chose this test case becaaHigh
Harmonic Control (HHC) was applied. Such a deviffects the spanwise distribution of blade circuat and
thus can artificially modify the attributes of thenerated vortices.

Core radius evolution law

As mentioned before, the presence of numerous tagblution PIV planes (Figure 4) along the vortexthg
enables to study the evolution of their structhreagh time.

Y=70° P=20°

X/R=0.7

Figure 4: Position of PIV measurement planes
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To determine the law characterizing the vortex gmavth, the X / R= 0.7 measurement line was chosen. The
vortex following this path interacts with the blasection situated a0.9R (the interaction azimuth being 50° in
this flight configuration). This outboard sectiaiin the blade spanwise range generating the meegase noise,
thus the vortex captured in this measurement Bneepresentative of the interacting vortices whieh aim at
modelling.

For each PIV plane, conditional averaged vorticitgps are derived from the 100 instantaneous mehsure
velocity fields. The conditional average is neces$a eliminate the model movements and the vontarder, in
order to determine the vortex characteristics (caius and peak swirl velocity) in an accurate welgese
vorticity fields are reoriented in order to takeéoiraccount the fact that the vortex axis is nohagbnal to the
measurement plane, as illustrated in Figure 5\gladefined circular vorticity distribution.

Figure 5: Averaged vorticity field obtained after the reorientation process ( Q ,being the rotation speed of the
rotor).

From this averaged field, the circulation is congoufis a function of the distance to the vortexreeahd
consequently the profile of swirl velocity, (r) = (r)/(27x) can be determined. At this stage, the core radius
is readily deduced from the velocity profile (rasliior which the maximum value of swirl velocityabtained).

Figure 6 presents the evolution of the vortex caius obtained through this process. The samegsinalas
conducted on the retreating side but the corregpgrdsults are not presented here for concisiasams.

Core radius (% Chord)

I interaction range
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vortex age (degrees)

Figure 6: Experimental evolution of the vortex core radius with respect to vortex age.



In the ARHIS code, two phases are distinguishee: Wdrtex evolution starts with a roll up phase vehtire
vortex grows both in terms of core size and cirtafa Then follows a diffusion phase where the wist core
pursues its growth while its circulation remainsigtant. Due to the lack of exploitable data conoerrthe
vortex evolution in HART I, the vortex diffusion pte was modelled by a simple linear law which cotetito
unrealistic diffusion at high ages. The extenthaf HART |l data base enabled us to have a moréserewodel
following the theoretical turbulent diffusion ofetvortex. The size of the core radius evolving adiog to the

expressionRdt) = Kyv; *t+r7 . A simple dimensional analysis links the turbuledtly viscosityv; to the
vortex circulation. On the aerodynamics point @withis hypothesis is equivalent to assuming & fuitbulent
vortex peripheral flow. Although the vortex periphleflow is in a transitional stat&, this hypothesis should
lead to an acceptable first order prediction ofwbeex diffusion phenomenon. The model constaktsgdr,)
were chosen to minimize the difference betweenpiteglicted core size and the measured one for Ihath t
advancing and retreating side. Figure 7 comparesfdhmer and new models to experimental data on the

advancing side. It was chosen to present the qomeling core size evolutions in the vortex modektibasé®
which serves as a common time base.

As it can be seen, the new model brings a cleardugment concerning vortex diffusion, the new difun rate
being closer to the one experimentally observed.
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Figure 7: Improvement of core size prediction.(Data presented in the vortex model time base)

Concerning the roll up phase, one may be surptigetthe initial decrease (in the computation) of tbee size
which does not correspond to any physical phenomelmofact, the viscous core size starts from atietly

high value in ARHIS to counterbalance the fact thatcirculation is constant in the code, whichgloet fit the
vortex evolution physics. In reality, if an inteti@n occurred at very early ages, the blade resparsild be
rather low because the vortex circulation wouldueak since the wake is in the beginning of the uplphase.
This numerical artefact consisting in increasing ¥ortex core size while keeping the final valuesio€ulation

enables to reproduce a similar blade aerodynarsporese.

Velocity profile

The derivation of the vortex velocity profiles istside the scope of the present paper. In thizgoaph we
will simply recall one of the findings concerningetvortex characteristics in descent. The vortggerated in
advancing flight conditions are much weaker thandhe generally observed in hovérSuch differences are
not surprising since the spanwise repartition ofutation in advancing flight is substantially difént from the
one observed in hover. For the reasons stateckiprétvious section, we used the baseline casdalaiae our
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velocity profile model. We considered the PIV plarfe22 (Figure 4) because the corresponding vatgxis
very close to the age of interaction. Figure 8 @nésthe averaged velocity field induced by theesor
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Figure 8: Induced velocity with respect to the distance to the vortex centre (cut 22)

The maximum induced velocity is rather low, (= 025xT /(2nxR.),[ : vortex circulation, R,: core

radius). As a matter of comparison, a “Scully” tregal vortex of same circulation would induce aximum

velocity twice greater. It can also be noticed titwt velocity decreases slowly as a function ofdistance to
the vortex centre. This velocity plateau denotes the vortex vorticity is distributed over a largeea. It is an
important feature for BVI prediction. Actually thieortex characteristic will lead to a slower desea®f the
aerodynamic blade response with respect to thedigtance.

As mentioned in the first part of this article thartex representation in ARHIS allows the modificatof the
vorticity distribution inside the vortex. Experiédty we obtained a distribution producing a relaty slow
decrease of induced velocities as a function ofdiseance. As it can be seen in Figure 9 this nelooity
profile model brings a significant improvement the prediction of vortex induced velocities at tigky large
distances from the core.

experiment
3 new model
3 former model

0 | 1 | |

2
r/(Core size)

Figure 9: Improvement of induced vel ocity model. Comparison of former and new models to experiment.



Impact of model improvements on noise prediction

In order to see the importance of these vortexadtaristics (core radius, velocity profile) on BMdise, and to
assess the gains obtained with the new modelssac@omputations were performed with former andlifired
empirical laws. To get rid of the uncertainty camieg the miss distance, another key parameteingyiBVI,
the wake was displaced to match experimental positior both computations. Figure 10 demonstrétaisthe
vortex characteristics have a significant impactoise. The passage from the first empirical laavehe new
ones increased the computed maximum level of rpis28 dB and reduces the discrepancy with experiahe
data.
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Figure10 a,b: HART |l Baseline case. Computed noise footprints with: Figure 10 c: Measured
a) previous models noise footprint
b) new models

CONCEPT EVALUATION USING HART II

In this last part, the inclusion of a roll up modelthe free wake computation is evaluated. Thiscept was
implemented because it was considered that thendties of a rolled up wake could differ from thed&matics
of a distributed one and would represent betterptingsics of the phenomenonhe potential ameliorations
concerning the wake geometry prediction are asdemse their effects on noise prediction are deteechion
the three HART Il main cases, namely the basetimirimum noise and minimum vibration cases.

Concept explanation

Let us describe first the main principles of the SIE ° free wake computation. The blade aerodynamics is
computed using a lifting line theory. The wake éscribed by a vortex lattice composed of tangeatidl radial
vortex filaments. The tangential filaments reprédée spanwise variations of circulation and théiakones
represent the variation of circulation through timefirst computation of the wake is done by coesidg a
prescribed helicoidal geometry. This geometry isioled using the Meijer-Drees formula. Then thisspribed
wake is distorted using a free wake analysis. S¢verations of the distortion process are necgdsareach a
stable wake configuration. Between iterations tireutations on the blade are recomputed. A relaxati
algorithm enables to obtain converged circulatiomsesponding to each intermediate wake geometry.

It was decided to introduce the roll up once thariiuted wake has reached equilibrium. At thigstaising
the method implemented in MENTHE (described in it ), we determine which tangential vortex
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filaments will be included in the concentrated iga$ (corresponding to the physical wake roll upgen these
tangential filaments are progressively broughteiddsward their barycentre. This process takesephdwen the
age of the vortex segments is bounded by 50 andlé@@es (Figure 10).

YR _
wind

Figure 10: Top view of the wake: illustration of initial theroll up process.

After this period all the filaments participating the roll up have merged, which is consistent with
experiment. Actually the study of the evolutiontloé tip vortex circulation with respect to timedrformer test
campaign'® shows that circulation reaches its maximum valtieara age of approximately 100 degrees.
Furthermore, we have chosen not to modify the osiof the vortex filaments until the age of 50 chts
because the close wake has an important influencthe blade loads. Doing so, we insure that theupl
process does not alter the computation of the Htzatds (especially their spanwise distribution).

Once the wake is concentrated, several deformaterations are necessary to put this rolled up wake
equilibrium. Between these iterations, the cirdola on the blade are recomputed in order to héagetdoads
consistent with the wake geometry.

Let us discuss the consequences of the proceds@iltkesd above on the radial vortices and their dedu
velocity fields. Actually, once the tangential filents have merged, the radial vortices situateddsst those
filaments have seen their length reduced to zerdhis case, the velocity field given by the detezed form of
the Biot and Savart law (see below) is not defined.
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The regularization technique used in MESIR solves problem. When the lengtfy of the vortex segment is

equal to zero the velocity induced by this segniemull. We consider that the induced velocity loéde radial
segments being reduced to zero has no noticeaplgcinon the wake. Actually the blade loads preaeather
low non steadiness due to the large time step usélte computation (typically 10°). As a consequeetite

circulation of the radial segments is rather smalhpared to the longitudinal segment circulationd their
influence can be neglected.

Evaluation on the baseline case

The new version of the free wake code called MEBURwas then tested on the HART Il baseline castorBe
analysing the wake geometry, it is necessary tiyirat the inclusion of the roll up model has attered the
convergence process. As it can be seen on Figyrthéwake has fully converged after 16 iteratiohshe

deformation process. The main roll up, correspogtlinthe tip vortex that will cause BVI, is stabletween the
two last iterations of the free wake computation.

lteration 18
lteration 15
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Figure 11: Convergence of the main roll up position (top view)
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Figure 12: Difference of theroll up vertical Figure 13: Comparison of circulation of the main
position between the two last iterations. (wrt. age) roll up between the two last iterations. (wrt. age)




The mean difference between the vertical positioi® roll up computed at iteration 15 and 16 wderior to
0.5 % C (chord length). The maximum value of thifedence does not exceed 2% C (Figure 12), which i
deemed acceptable. Concerning the convergence ebllhup circulation, the mean difference betwéentwo
last iterations is less than 0.1% (Figure 13).

Once verified that the rolled up wake has reachst@lale configuration in MESIR RU, we can asseesctincept
interest by comparing the new wake geometry toote obtained with the former version of the codeSVRE
(Figure 14).

MESIR RU

a
X/R
Figure 14: Top views of therolled up vortex geometries obtained with MESIR and MESIR RU.

We can observe that the introduction of a roll updei modifies significantly the geometry of the waBoth the
position and the orientation of the main roll upwé@hanged in a non negligible manner. Let us demsiow the
evolution of the vertical position of the wake whibas a more direct impact on BVI. Figure 15 corapdhe
vertical positions computed with the two versiorfstite code to experimental data obtained by PIVe Th
comparison between experiment and computations made at the X/R=0.7R measurement line (advanaétey s
fig 4.) and X/R=-0.7R (retreating side). (The Xssign convention is different between fig 4. aigdl¥.)
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Figure 15 a: Sideview of the wake: advancing side. | Figure 15 b: Side view of the wake: retreating side.
Comparison of new and former computations. Comparison of new and former computations.
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One can observe that the geometries obtained wiElSIM and MESIR RU are very close in terms of vattic
positions for the advancing side. The maximum déffiee does not exceed 7% C. If we take a closérdbthe
zone where BVI occurs (Y>0.5R correspondingdtd [40° ,55°]), we can notice that the vertical distance

between the vortices generated by two successadeblis smaller in the MESIR RU computation thathiz
computation realised with MESIR (55%C compared %66€&). Concerning this particular issue the geometry
computed with MESIR RU presents a slight improvenierierms of correlation with experimental datan the
retreating side, we can observe that the two coetpbgeometries are significantly different. The maxin
vertical gap reaches 35 % C. In order to be abldetermine which geometry will give a better BVegiction,
we had to extrapolate the experimental data. Algtu8YI occurs in the (Y>0.5Ry D[— 55°,—40°]) zone and

experimental data was not available for Y>0.6R.this zone, MESIR RU provides an enhanced geometry
prediction. Thus one can expect an improvement exoieg the BVI prediction for the retreating sidéthw
MESIR RU.

Let us see now how these differences in wake ge@setffect BVI noise prediction. Figure 16 comsaitee two
noise computations to the experiment. The noiseldeare expressed in dB filtered between 6 andpd@ade
passage frequency) in order to eliminate the legdency loading noise and retain only BVI eventse Two
computations are very close concerning the prexdtictf BVI on the advancing side. In this regiore thaximum
noise level as well as the directivity are simileliowever one can notice a slight broadening ofrtaimum
noise region with the MESIR RU wake, which is cetest with the reduction of the distance betweentif
vortices generated by successive blades observ&dune 15-a.

MESIR MESIR RU BL High Pass F itered (6-40th bpf
E»penment
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Figure16 a: HART Il Basdline case. Comparison of noise footprints Figurel16b: HART I
obtained with MESIR (left) and MESIR RU (right) Baseline case. Measured

noise footprint

Concerning the retreating side, we observe signifiprediction amelioration in terms of levels aticectivity
with the MESIR RU wake. The shape of the maximurisemoegion on the retreating side coincides betidr
the experiment, which means that the conformatfdheinteraction (vortex age, miss-distance, degon of the
vortex wrt. blade) is closer to reality. This isnststent with the wake geometry analysis perforrimedhe
previous paragraph.

Evaluation on the Minimum Noise case

This case corresponds to the same descent cord@mithe baseline configuration but High Harmoroitebl

was applied with the intent to reduce BVI noisee Tienomination, Minimum Noise case, correspondkedest
set of HHC parameters realizing this objective.this configuration the modifications of blade |aags,

introduced by HHC, lead to the creation of a seaatidup at certain azimuths. A complete analygithe rolled
up wake convergence will not be performed for daise, however it can be noticed that the presenaesecond
roll up did not perturb the convergence of the fweske process. Actually the mean difference of rilie up

vertical position did not exceed 1 % C betweentiiwelast iterations.

-11 -



To evaluate MESIR RU, the vertical position of thake is first considered. The vertical positionmpaoted by

the two versions of the code are compared to exmetial data obtained by PIV. The comparison between
experiment and computations were made at the samasurement lines as the one used in the previatisrse
Figure 17 shows that for the advancing side theewgdometries predicted by the two versions of MESI®
very close. The maximum gap represents 13% C. Tiferehces are more significant concerning theeading
side. The difference between the two geometrieshe=sa32% C. However, if we restrain our study ®zane in
which the interaction will occurY(/RO[ 03055, W O[- 65°,-50°] in this case), despite this rather important

gap we cannot conclude that a wake geometry isibiian the other in terms of correlation with gx@eriment.
In this zone it can also be noticed that, in batmputations, the distance between the vorticesrgite by two
successive blades is much smaller than the measliseghce. This means that we will capture two rgiro
interactions instead of one. In both computatioeswill probably overestimate the maximum noise ldoethe
retreating side and the maximum noise zone willldyger in our computations than in the measuredenoi
footprint.

At this stage of the analysis, we cannot conclbdé the use of a roll up model in MESIR improves #tcuracy
of the wake geometry computation for the minimurisecase.
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Y/R YR
Figure 17 a Main roll up vertical postion: | Figure 17 b: Main roll up vertical position:
advancing side. Comparison of new and former | retreating side. Comparison of new and former
computations. computations.

Let us compare now the noise footprints obtaindtl wo wake geometries computed with the differarsions

of the free wake code. Figure 18 compares the wvoputations to the experiment. Concerning the aclagn
side, the experimental footprint exhibits a largaximum noise zone which corresponds to two “close”
interactions (in terms of miss distance) with vaes engendered by two successive blades. Thegongputation
(MESIR) underestimates the second interaction etguat a higher azimuth. The use of MESIR RU letda
more realistic prediction of the directivity becaug this computation, the second interactionaigtared. This
directivity improvement cannot be explained by arenaccurate determination of the miss distance leesi been
seen with the analysis of Figure 17-a. It is due tbetter orientation of the roll up with respeztihe blade.
Actually in the MESIR RU computation the wake isuated higher than in MESIR. As a consequence the
interaction with the blade happens earlier in teofnazimuth and thus the vortex is more parallghtoblade (the
interaction angle is reduced by 5° in X-Y planehieh will increase the intensity of this BVI everfthis
modification of the wake geometry reduces the éjsancy with the measurements since the interactieom
happens earlier in terms of azimuth in the expanime
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Figure 18 a2 HART Il Minimum Noise case. Comparison of noise | Figure 18 b: HART Il Minimum
footprints obtained with MESIR (left) and MESIR RU (right). Noise case. Measured  noise
footprint

Figure 19 presents the spanwise evolution of thes mistance for each vortex interacting with theddbl The
increased intensity of the second BVI event cap bis explained by a reduced interaction angle én“#r
plane” (the vortex corresponding to the secondraat®n is identified by the yellow colour in Figur9).
Specific experimental data is not available on iggsie, but since the strength of the second ictieraseems to
be correctly captured in the MESIR RU computatiwa,can assume that the vortex obliquity is closeeslity
in the new wake geometry.

MESIR MESIR RLU
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Figure 19 a: Visualization of interaction obliquities | Figure 19 b: Visualization of interaction obliquities
in the Z-r plane. (computation performed with | in the Z-r plane. (computation performed with
MESIR) MESIR RU)

Evaluation on the Minimum Vibration case

This case corresponds to the same descent corgld®the baseline configuration but High Harmorootel

is applied with the intent to reduce vibrationsr Fos case we will limit our study to the analysisthe noise
footprints. Figure 20 shows a better correlatiothwihe experiment of the BVI noise prediction ore th
advancing side both in terms of levels and diré@gtiwith the MESIR RU wake. The increased intensitythe
interaction on the advancing side is due to in@egmrallelism (X-Y plane). Concerning the retmnegside the
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prediction is degraded, the MESIR RU wake seenimttoo high compared to the experiment, which léads
increased miss distances and a reduction of nenstsl This phenomenon remains to be investigated.

YT MESIR RU Eﬂx’tlmmasﬁmw (6-40th bpf)
1 g /
2F = 2F —
ik — — s -1 .
E oL v ot AWV AVAl :
> f [ E [ ¥ .
gk / - B
i = E / ‘f'
2_ 1 [l N f\/ /| - }\\ :
— B g
,4é T B L il B |2 i ,4é Alnnnenn |2 I i 72.\ 4\.._2.'.;7-*:\ ol .—Vl’r‘z'.
X (m) X (m)
Figure 20 a: HART Il Minimum Vibration case. Comparison of noise | Figure 20 b: HART Il
footprints obtained with MESIR (left) and MESIR RU (right). Minimum Vibration case.
Measured noise footprint

Concept evaluation: concluding remarks

Considering the whole three HART Il cases, it cancbncluded that several characteristics of therdation
geometries have been ameliorated: parallelism (¥¥eg), obliquity (Z-r plane), distance between itbk ups
generated by successive blades. However this ingsitation had no positive impact on the verticalitpmsng
of the wake (Figures 15-a and 17-a) and thus opriddiction of the miss distance as we could hapeeted.

CONCLUSION

This article has presented how a highly instruneemiand tunnel test such as HART Il could be usedribance
BVI prediction codes based on a comprehensive aisaipproach. Actually a more detailed knowledgé¢hef
vortex evolution has lead to significant progressascerning the empirical laws describing the vodtucture

and the aging process. The importance of the vgréeameters (core radius, velocity profile) foramgurate BVI
noise prediction has been demonstrated. Anothgrubwdf HART I, the precise measurements of the avak
positions, was then used to assess the conceptstiogsin including a roll up model in the free veak
computation. Putting at equilibrium a rolled up wakas resulted in moderate improvements of the wake
geometry and of BVI noise prediction. Followinggsistudy, one can consider that these models haeohed a
degree of completion enabling a reliable BVI ngisediction, which will be used in ONERA future werko
design quiet blade geometries or active controicgsv
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