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Executive summary

Reduction of Landing Gear Noise Using an Air Curtain
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Problem area

For modern aircraft, landing gears
are the dominant noise source
during approach and landing. In
order to reduce noise hindrance and
enable further growth of air traffic,
noise reduction means are desired.

Description of work

Small-scale proof-of-concept tests
were performed in NLR's Small
Anechoic Wind Tunnel on an air-
curtain. The idea of this concept is
to apply an upstream blowing slot
to deflect the flow around a landing
gear component, thus reducing the
local flow speeds and therefore the
aerodynamically generated noise.
Two-dimensional half-models were
mounted on an endplate which was
attached to the lower edge of the
nozzle. Blowing was applied
through a slot in the endplate,
upstream of the model. Microphone
array and PIV measurements were
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performed to characterize the
acoustics and aerodynamics of the
air curtain. Tests were done for
different wind tunnel speeds,
blowing speeds, slot geometries and
model geometries.

Results and conclusions

For the relatively quiet baseline
half-models in the present tests,
broadband noise reductions of 3-5
dB were obtained using an air
curtain with vertical blowing. The
noise reductions could be increased
by oblique blowing and by applying
a small flow deflector directly
behind the blowing slot. For full
models larger noise reductions are
anticipated.

Applicability

The air curtain technology is a
promising concept for the reduction
of landing gear noise.
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Reduction of Landing Gear Noise Using an Air Curtann

Stefan Oerlemafsnd Anton de Bruin
National Aerospace Laboratory NLR, 8300 AD Emmeloord, The Netherlands

Acoustic and aerodynamic measurements were perforrdein NLR's Small Anechoic
Wind Tunnel on the air curtain concept, which is inended for landing gear noise reduction.
The idea of this concept is to apply an upstream bWing slot to deflect the flow around a
landing gear (component), thus reducing the local Idw speeds and therefore the
aerodynamically generated noise. Prior to the windunnel tests, a design study was carried
out to assess the possible benefit of an air curtaiand to define the test set-up. For the
subsequent proof-of-concepts tests, two-dimensiondialf-models were mounted on an
endplate which was attached to the lower edge of ehwind tunnel nozzle. Blowing was
applied through a slot in the endplate, upstream othe model. Microphone array and PIV
measurements were performed to characterize the aastics and aerodynamics of the air
curtain. Tests were done for different wind tunnelspeeds, blowing speeds, slot geometries
and model geometries. For the relatively quiet batiee half-models in the present tests,
broadband noise reductions of 3-5 dB were obtainedising an air curtain with normal
blowing (i.e. perpendicular to the main flow). Thenoise reductions could be increased to
5-10 dB by oblique blowing (30° upstream) or by apping a small flow deflector directly
before the blowing slot. For full models larger nase reductions are anticipated.

[. Introduction

OR modern aircraft, landing gears are importans@sburces during approach and landing. In ordalidwiate

noise hindrance and enable further growth of aiffitr, noise reduction means are desired. The aamalgf
landing gear parts, each interacting with and expo® the wakes of other parts, produces broadiaisk.
Streamlining of these components is not an eadyliasause of their complexity and/or functionalitherefore,
within the European TIMPAN project (Technologiesltaprove Airframe Noise), several innovative methddr
reducing landing gear noise are investigated.

The present study considers the air curtain coneggth is intended for landing gear noise reductibhe idea
of this concept is to apply an upstream blowing sbodeflect the flow around a landing gear (comeraj thus
reducing the local flow speeds and therefore thedymamically generated noise. Since broadbandirgngear
noise typically scales with thé"@ower of the local flow speed, in principle sigeét noise reductions can be
obtained. Key question is whether the noise redoctt the obstacle is large enough to compensatehéo
additional noise created by the air-curtain itsélso there may be detrimental effects becausenoihteraction
between the (unsteady) jet flow and the bluff-bsthyicture. The goal of the present study is toinkdgoroof-of-
concept; the implementation in a complete aircraft systeithbe evaluated at a later stage in the project.

In this paper, first a design study is carried aqutyhich the potential benefit of an air curtaivite is assessed
on the basis of previous aerodynamic and aeroacansestigations into planar jets (Section Il).Xtlehe concept
is experimentally assessed through acoustic areigeamic measurements in a small anechoic windefuriie
test set-up is described in Section Ill, and thgeeinental results are discussed in Section V. ddwclusions of
this study are summarized in Section V.

II. Design study

The local flow speeds at landing gear componeniseareduced in several ways by blowing. One poigils
presented in Figure 1, which shows a double-slafedurtain device for deflecting the flow arouadluff body
obstacle. Two-sided lateral blowing (i.e. perpentdic to the main flow) is applied from a strut upsim of the
obstacle in order to deflect the flow, similar ttaege streamline cap. Possible advantages ofltivéirig slot device

! Senior scientist aeroacoustics, P.O. Box 153.
2 Senior scientist aerodynamics, P.O. Box 153.
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with respect to a streamline cap are its smalleg and the fact that it leaves critical shieldedsaccessible for
visual inspection. For the present proof-of-concetpdy, we will leave aside the question of howhsacsmall
blowing device can be constructed, and focus oasmessment of the potential acoustic benefit oftheurtain
device. Such an assessment can be well made girftptf-model implementation sketched in Figurg/Bere the
air curtain device can be kept outside the flovd drere is no need to develop a small device. iilfidementation
may also represent a configuration where the blgwl@vice is located inside the fuselage of an afi,cand the air
curtain shields (part of) the landing gear. Becafsés practical advantages, the half-model seisughosen for the
experiments, and will therefore also be considémdtiis section. In the following sub-sections wil discuss the
aerodynamic aspects of an air curtain, the acoaspects, and the resulting test objectives. Alghothis design
study focuses on normal blowing (perpendicularh® main flow), we will also shortly discuss the amamic
effects of oblique blowing and a flow deflectortjupstream of the blowing slot, since these corscap also tested
during the experiments. The relations derived is #ection will be assessed against the experithegsalts in
Section IV.

A. Aerodynamic considerations

Experimental results and theory on planar turbujetst issuingin still air are for example given in Ref. [1].
With X the distance to the nozzle along the centerline,vielocity in a planar jet developing in still aet
conditions decays ax 2, and its half-widthb,, is roughly proportional tox as: b, =0.11x. Planar jetsn cross-
flow are mainly used to block flows througFT channelsitoentrances. The planar jet is then blowing aplaligue
angle against the oncoming flow (usually about @@h respect to flow-normal direction), in order ¢ceate an
over-pressure that blocks the channel flow. Thigetaapplication is usually referred to as the aairtain
technique [2,3].

A planar (turbulent) jet, blowing through a slotrmal to the oncoming flow, can also be used totereaocal
stagnation line in the flow in order to deflect timain flow. This leads to a recirculation regiorttwielatively low
velocities behind it. The aerodynamic charactesstf planar jets in cross-flow were consideredréfs. [4,5]. A
schematic view of the flow is given in Figure 3rfocross-flow velocityy and a jet velocityV, , the velocity ratio
is defined asR=V, /V . The width of the blowing slot is indicated By. Introducing a momentum length scale
I, = =hR?, Ref. [4] glves the following relation for the je¢nterline position:

/o =c, (y/1,)", 2.1)

where X is the height)y is the streamwise distance behind the slot (Figlyrandc; is a proportionality constant,
for which a value of 1.2 was found. This relati@m de converted to:

X=C; R\/h7y . (2.2)

Because of the jet spreading rate, the effectiveldihg height starts to decrease at a certain dawam position.
According to Ref. [4] the spreading rate of jetginss-flow tends to be larger than the spreadite of jets without
cross flow, especially at later stages. Based ein thsults the jet half-width can be estimated by

=~(,S, (2.3)
with s the distance along the (curved) jet centerline gnch proportionality constant with a value betweet20.
and 0.15. We can use Egs. (2.2) and (2.3) to déterthe target centerline positi((ryt,xt) corresponding to the
maximum effective shielding heigh,, by demandingdx/dy: C,. Using a conservative estimate gf =0.15
(large spreading), it turns out that

y,=16hR* ; x = 4.8R* ; x,= 1HR? (2.4)

which shows that due to the jet spreading, thectffe shielding height is only about 40% of the teeime height.
The optimum streamwise distance behind the sldbusmid to be about 8 times the effective shieldirgght.
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Moreover, the maximum shielding height is found&proportional to the slot width and the squarthefvelocity
ratio.

It should be noted that the above estimates aredbas engineering approximations. Nevertheless areuse
them to get an idea of the required jet noise ¥gland mass flow for a given shielding height lire thalf-model
wind tunnel set-up. Figure 4 shows the requiredvidobcity as a function of slot width, for differerffective
shielding heights. It can be seen, for examplé, firaa shielding height of 50 mm, the requiredoedl ratio is 3.6
for a 2-mm slot, and only 1.5 for a 12-mm slot. Teeresponding mass flows, assuming a slot lenfytit@m and
a cross-flow of 70 m/s (as in the subsequent wimhe! tests), are given in Figure 5. This figurevsh that the
required mass flow is lowest for a small slot widttowever, due to the higher jet velocities, thésagroduction
will probably be higher. This will be investigatedSection 11B.

Besides the normal blowing concept depicted in gl the effects of 30° upstream blowing (Figuresd a
flow deflector just upstream of the blowing slotgifire 7) are also investigated in the experimdntshe following
we will try to estimate the effect of these two cepts. The action of a deflector with height is two-fold: (1) it
deflects the flow upstream of the deflector awayrfrthe wall (creating additional vertical impulsapd (2) it
causes the jet to start effectively at height Based on these experimental observations (se®®&¢B) a revised

model for the jet trajectory is postulated, base@anodified momentum length scd|e:
l,=(c,av? +hv?) V2 =c d +hR?. (2.5)

In this equation, the model parametey is an empirical constantc( <1) to account for the vertical impulse
induced by the air scooped by the deflector. Asagrthat the jet trajectory starting at the tophef teflector is still
described by Eq. (2.1), the modified trajectorygheifor the case with deflector becomes:

x=d+cj\/§w/cvd+hR2. (2.6)

For the oblique blowing slot the jet height is fdut® increase with respect to normal blowing (seetiSn 1VB).
We suppose that the oblique jet trajectory is dieedrby a parabola, as in Eq. (2.2), but that dipedf that parabola
lies Ax above andAy upstream of the blowing slot. With the shape & gfarabola described by Eq. (2.2), the
point wheredx/dy = tan 30 = / 3 defines these distances. Evaluation gives:

Ax:chzh/Z\/é and Ay =Ax/3/6. (2.7)

Assume now that the first part of the jet (up taghe AX) represents an extra obstruction to the oncomimg, f
similar to a flow deflector having heiglat = Ax . Substitution in Eq. (2.6) then gives the follogitnajectory for the
oblique blowing jet:

X=AX+C; /Y + Ay4/c,Ax +hR? | (2.8)

Note that, contrary to the case with a fixed deflebeight, the obstruction heigi¥x now progressively increases
with R. The above equations will be assessed againsixgrerimental results in Section IVB.

B. Acoustic considerations

Information on jet noise is mainly available foratilar jets. Much less information is available fets from
high aspect ratio nozzles. No information couldftend on the effect of cross-flow on the noise pcitbn of
planar jets. Information on planar subsonic jetselation to other jets is given in Refs. [6,7].

Aeroacoustic experiments with high aspect ratimptgets (without cross-flow) were reported by Muramd
Ahuja [8,9]. Rectangular jets with widtHs between 0.66 and 1.45 mm and lengthdetween 17 and 76 cm were
tested, leading to jet aspect ratios between 1003800 (12 different cases). The noise was meastrdifferent
observation angle§ to the downstream jet axis, at a distafi®e of 10 ft (3.048 m) and for jet spee\d’§ between
150 and 335 m/s. Their study included a thoroughiysis on the relevant scaling parameters for dvsoaind
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levels and noise spectra of planar jets in relatithat of circular jets. They found the followisgaling for the
noise level from high aspect ratio nozzles:

2\/ 8| 2 -
'Om—J‘?(l— M, cosf) ° (2.9)

PR

2

where p is the acoustic pressur@, is the ambient mean densitg,, is the density in the mixing regiod,, is the
ambient speed of soundLEq is an equivalent length scale, aMi, is the convective Mach number. Based on the
experimental results the convective Mach number apggoximated asV =O.36MJ. , and the equivalent length
scale was defined as:

— R
L, =h*w". (2.10)

Note that for an observation angfk of 90° the convective Mach number plays no rolenBrmalizing the spectral
levels according to Eqg. (2.9), and plotting themsus the normalized frequency

£ =log[ fL, (1-M, cod)V, |, (2.11)

Munro and Ahuja [8] were able to collapse all meadwspectra at a given observer angle within abalB. Their
normalized spectra fod =90° are shown in Figure 8, where the green solid lilicates the approximated
generic spectrum that will be used subsequentihénpresent study. A different generic spectrum feasd for
g=20.

We can use Eqgs. (2.9) to (2.11) in combination WitQure 8 to estimate the noise from the norma jet
considered in the previous section (neglecting iptesffects of cross-flow on the jet noise). WiiPL and

norm

f the normalized level and frequency as read froguféi 8, and all other variables in metric unitg th

norm

dimensional sound leveéBPL and frequencyf are determined by

SPL,m = SPL+20l0g(R, ) - 1GF lodV; ) - 20logh'w"* )+ 50lof M, ca+ 98.
fnorm = |Eghl/vv1‘y( _]'VIC @ﬁlvj :|

where £ =8 and y=0.75 (these parameters will be varied in the analysih@® experimental results). Note that
y isnot the ratio of the specific heat, /C, . The estimated peak level for the previously dised normal jets as
a function of slot width and shielding height iegented in Figure 9. This figure shows that foivem shielding
height the noise from the jet decreases for inangaslot width, as a result of the lower jet vetgciFigure 4).
However, as mentioned before (Figure 5), the lagder widths require larger mass flows. Thus, iagbice a
compromise must be found between the mass flowineagant and the jet noise production.

In order to assess the potential for noise redngctive generic spectrum from Figure 8 is used tmase the
spectrum of an air curtain with a shielding heighb cm. In Figure 10 the estimated spectra fagdtsiot widths are
compared to the measured spectrum of a 2D stratavi-cm H-shaped cross section, that was testedebia the
same wind tunnel at 70 m/s wind speed (sound leasds normalized to the same distance). The measured
background noise spectrum is plotted as well. h ba seen that, if we neglect possible excess rohigeto
interaction between the air curtain and the sftug in principle possible to obtain a substantiaise reduction
using a normally blowing air curtain device. As egfed on the basis of Figure 9, the estimated neisels
decrease with increasing slot width, due to theclolfowing speeds (see Figure 4).

(2.12)

C. Test objectives

It should be noted again that many approximatiansgeen made in the above estimations, such dexcting
the effect of cross-flow on the jet noise level aectivity, and neglecting possible excess ndise to interaction
between the curtain and the strut. Therefore tiheahooise reduction potential of the air curtaimeept has to be
determined in the wind tunnel tests. Thus, the abjes of the test campaign are (1) to measuread¢nedynamic
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and aeroacoustic characteristics of the air cudaia function ol , Vj , and h, (2) to compare the experimental
results to the above estimations on the basidevhliure, and (3) to determine the noise redugi@ential of an air
curtain in combination with a generic bluff bodyedtdesV , Vj , and h, we will also vary the shape and height of
the bluff body, the distance between the blowing sind the bluff body, and we will investigate téiéects of
oblique blowing or a flow deflector just upstreafrttee blowing slot.

lll.  Test set-up

A. Wind tunnel

The measurements were performed in NLR's Small AmiecwWind Tunnel KAT (Figure 11). The KAT is an
open circuit wind tunnel, the test section of whistsurrounded by a 5x5x3*moom which is completely covered
with 0.5 m foam wedges, yielding more than 99% giittun above 500 Hz. Two-dimensional half-modelgave
mounted on an acoustically lined endplate which atteched to the lower edge of the 0.5x0%noezle. The lined
endplate consisted of a 5.5 cm layer of sound &rspfoam which was covered by a 5% open perforpltat, and
was integrated with the blowing system. Blowing vag@plied through a 436-mm slot in the endplatefrepsn of
the model (Figure 6). For normal blowing, testseverade with 4-, 8- and 11-mm slot widths, for obdicblowing
(30° upstream) the slot width was fixed to 8 mmrifigation measurements showed that the smallestagitually
had a width of 3.8 mm, instead of the intended 4. mherefore, in the analysis of the results a valug.8 mm is
used, although for conciseness the slot will beotimhas the '4-mm slot'. During some tests a 25euanter-circle
flow deflecting element (Figure 7) was placed jusfront of the blowing slot, in order to creatéaager shielding
height for a given jet velocity. This configuratipmoved successful and therefore also alternatbread 10-mm
non-streamlined L-shaped deflectors were tested. éfffect of inflow turbulence could be assessednbwynting a
turbulence grid in the wind tunnel nozzle.

B. Blowing system

Pressurized air was introduced in the settling dienthrough two %-inch hoses on both lateral satethe
bottom of a 400-mm diameter round vessel typeisgtthamber (Figure 12). A number of measures waken to
prevent extraneous noise from the pressurizedugiplg radiating from the blowing slot, such as dargpmaterial
inside the last part of the two connection hosean¥ inside the large vessel, and a 'sandwich'ahftayers in the
upper rectangular part of the settling chambethis way it was ensured that possible extraneoigerdue to the
air supply was suppressed.

The mass-flow through the slots was regulated tsprEic venturi. The front and back pressure of theics
venturi, the air temperature and the metal tempegaif the sonic venturi itself were measured agether yielded
the calibrated mass-flow rate. For the presens testss flow rates of up to 0.7 kg/s were used. WMighgiven cross-
sectional area of the blowing slot and the measaiedemperature in the plenum chamber of the hbigwslot
device, the mean jet velocity was defined within. 18corder to verify the two-dimensionality of tkeot flow, and
to check the jet velocity and mass-flow throughglot, measurements were done with a 3-mm pitdicgizbe with
its tip about 5 mm above the 4 mm slot exit. Meaments were done at the middle of the slot andd@tand
200 mm aside from the middle of the slot.

C. Models

One of the goals of the test was to assess the@rpghce of the air curtain with a half-model whish
representative for a landing gear component. Thst nmeportant requirement for the model was thatr@éduced
sufficient broadband noise and no extraneous redsgces. For this purpose, two rectangular halfetoevere
selected to represent generic landing gear comp®n€he height of the models was 25 and 50 mm tlaadvidth
was 50 and 100 mm respectively (so that the fullef® would have a square cross-section). Initigi model
length was equal to the width of the endplate, 7@0 mm (Figure 6). However, during the first tesith the
rectangular models in combination with an air dartaxtraneous noise sources were observed at dldelredges.
These sources may have been caused by (1) interdsgtween the tunnel shear layer and the modelsedd) 3D
flow from the slot corners [10] interacting withetimodel, and/or (3) stagnating flow in front of tinedel pushing
the flow sidewards. This motivated the use of thorter rectangular models, with the same crossosebtt with a
length of only 200 mm, so that the complete modas$ wiside the tunnel flow and extraneous edge ssunere
prevented. These results suggest that in pra@jmalications the blowing slot should be longer tttzancomponent
to be shielded. It should be noted that the regafimportance of these edge effects becomes snadlethe
component length increases. All results presemtéhlis paper are for the shorter models.

9
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D. PIV measurements

Particle Image Velocimetry measurements were dongharacterize the air curtain flow. Seeding witioat
1 micron sized Di-Ethyl-Hexyl Sebacate (DEHS) paes was provided by a seeding generator. The flaxticles
were led to six 4-mm diameter holes on each sidéhefrectangular upper part of the plenum chambbehe
blowing device, in the immediate neighborhood oé thiot symmetry plane (Figure 12). The particlesnth
convected through the slot exit of the air curtain.

A double pulse Nd:YAG - laser with 2 x 230 mJ wasiponed outside of the KAT test chamber. Lasgintli
was transmitted through a Laser Light Guide (ait@eted arm) to a cylindrical lens mounted abdwe nozzle of
the KAT wind tunnel (Figure 11) in order to illunaite the wind tunnel symmetry plane in the regi@nmtistg from
just in front of the blowing slot until about 35 ahewnstream. The test area was observed from asilea PCO
double-shutter, 1.3 Megapixel (1280 x 1024 pixalinera, allowing measurement of the two velocity ponents
in the tunnel symmetry plane, in the region arotimedblowing slot up to the downstream model positi®ach PIV
measurement actually consisted of 100 double expoBlV image sets, gathered with an acquisitioe @it
3.33 Hz. The time differendeetween the two images varied between 10 tat get optimum results depending
on the jet and tunnel velocity.

Example PIV seeding intensity maps are shown iurgidl3. An example of a processed PIV velocity eect
plot is shown in Figure 14. Note that due to theemte of seeding in the (red) region above thdljese results
should be discarded. From velocity vector plote likis, the mean jet trajectory height (middlehef jet region) and
the height of the jet 'edge’ (white area with zeetocity) were evaluated for conditions without @dwl. This
information was used to estimate the effectiveldhig height of the air curtain, depending on tunredocity and
jet velocity, in order to decide on interesting tasnditions for a given half model behind the bilogvsiot.

E. Acoustic measurements

The acoustic measurements were done using a mmnephrray above the test section, which consiste3Do
%-inch microphones mounted in an open grid, anotal of 11 farfield microphones. In this way soutoeations
and directivity could be measured. All microphomesse equipped with wind screens. The array dimessigere
chosen to be rather large (0.8 x 0.8,rm order to obtain high resolution at low frequies. The array was placed
outside the tunnel flow at a distance of aboutri.8bove the ground plate. The purpose of the additifar field
microphones was to cover a larger range of dirgggtangles. Four microphones were mounted in azbotal row
on the ceiling above the tunnel flow, downstreanthef microphone array (Figure 11). A vertical pofi¢h seven
microphones was placed downstream of the testosgatither in the tunnel symmetry plane (for measwnts
without tunnel flow) or besides the test sectiothatsame streamwise position (for measurementsamidd without
tunnel flow).

The acoustic time data from the microphones wassored using a sample frequency of 51.2 kHz and a
measurement time of 20 s. Before and after thesarements, the sensitivity at 1 kHz was checkedhfioarray
microphones using a calibrated pistonphone. Frexyudapendent sensitivities of individual microphsngere
taken from calibration sheets. No corrections vagplied for microphone directivity since these etifeare small
for the present set-up. Phase matching of the piwoes and correct location of noise sources wafiegeprior to
the measurements by using a calibration sound sairdifferent positions.

Conventional beamforming was used to obtain acousturce maps in 1/3-octave bands. To improve the
resolution and further suppress background noigm fthe tunnel, the main diagonal in the cross pomwatrix
(autopowers) was discarded. The effect of soundactbn by the tunnel shear layer was correctethqusi
simplified Amiet method. The array scan plane, vdtmesh width of 2.5 cm in both directions, wasethin the
plane of the endplate. Example source maps arerslowigure 15. Using the source maps, the noism fthe
model and air curtain could be separated from ttteaeeous noise of the wind tunnel. In order tondifya the
model and blowing noise, an integration contour Weafned around the complete model and blowing. Sibe
noise sources within the integration contour wemantified using a power integration method [11]eTdource
maps and integrated spectra will be presented3mdtave bands at model scale frequencies, withengighting.
The absolute levels are normalized to a refereistarte of 0.282 m [, so that for a monopole source the
peak level in the source map corresponds to thacsBower Level (PWL).

Since all PIV measurements were done synchronavitiiythe acoustic measurements, the possible infieief
the PIV seeding on the acoustic results was vdrifig repeat measurements without seeding. In getieraeffect
was found to be practically negligible, exceptha highest frequencies for the lowest blowing speathere small
differences (less than about 1 dB) were observéi;hwcould be due to the (small) mass flow needeidject the
seeding in the pressure chamber.

10
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F. Test program

Several measurements were done for the four diffeslets (i.e. the 4-, 8-, and 11-mm normal blowshags and
the 8-mm oblique blowing slot). For each slot,tfitee 'blowing only' noise (without cross flow) wastermined, as
a reference and for comparison with literature. tiNthe jets were measured in the presence of winddi flow, to
(1) determine the optimum blowing speed and modsitipn for the subsequent measurements with m@aethe
basis of the shielding height observed in the Pbts), and (2) to determine the effect of wind teihspeed on the
jet noise. After this, the performance of the airtain was assessed by testing the models in thd winnel flow,
with and without air curtain. In general two di#et model positions were tested: 12.5 and 17.5 ehind the
blowing slot for the 25-mm model, and 15 and 20kwhind the blowing slot for the 50-mm model. Funthere,
for two slots the effect of flow deflectors on thértain performance was investigated.

V. Results and discussion

In this section the aerodynamic and acoustic &silts are presented and discussed. Section IVétibes the
results for the isolated jets (without tunnel fland without model). Section IVB deals with the testor the jets in
cross-flow (without model). Finally, in Section IMi@e performance of the air curtain is assessédeipresence of
the half-models.

A. Planar jets without cross-flow

For the measurements without tunnel flow, the awag directly exposed to the flow from the blowisigt.
Despite the distorted signals on part of the amégrophones, the microphone signals could stilubed to produce
acoustic source maps (not shown here), which gasaétative information about the source charactiess Thus, it
could be concluded that in general the farfieldsaavas dominated by 2D slot noise.

For thequantitative analysis of single-microphone spectra, only thezeatal and vertical farfield microphones
were used (Figure 11). In order to study the depecel of the jet noise on slot width and blowingeshehe most
upstream horizontal microphone was used, whichmasnted above the test sectionét 39°, just downstream
of the array. This microphone was not influencedhsyjet flow or by possible reflections from thie€d) endplate,
and had a fixed position during the complete teshgaign (including the measurements with tunnem fto be
discussed in the next section). The other farfieldrophones showed similar results; the directiaityhe jet noise
will be discussed below;

The measured spectra for the three different sidths and different blowing speeds are shown irufeglL6
(left column). Whereas the spectra for the 8- ahanin slots exhibit one broad hump, the spectrahferd-mm slot
seem to be composed of a low- and high-frequenayphd he right column of Figure 16 shows the sanezisp,
but now normalized according to Eq. (2.12), with=8 and y=0.75. The generic spectra obtained by
Munro&Ahuja [8] for 8§ =90° (see Figure 8) and = 20° are indicated by the solid black and red linesuibs
out that the high-frequency part of the4 mm spectra collapses within a few dB, indicatihat this part of the
spectra scales with thd @ower of the jet speed. Moreover, a good agreeisdntind with the 90° spectrum from
Ref. [8] (within a few dB). However, for thew-frequency part of theh=4 mm spectra, and the complete 8- and
11-mm spectra, no good data collapse is obseruggdesting that the scaling from Ref. [8] is not rappiate.

If, instead of the 8 power, the B power (i.e.é =5) of the jet speed is used for the normalizatiord =1,
all spectra collapse within about 5 dB (Figure 17¢egt obviously the high-frequency part of the higleed 4-mm
spectra. This suggests that there are two competieghanisms which are responsible for the noisen fthe
blowing slot: a high-frequency mixing noise compeinevhich scales with thé"§ower of the jet speed, and a low-
frequency blowing slot edge noise mechanism, wiidles with the S power of the jet speed [15]. Since the jet
speeds in Ref. [8] were higher than 150 m/s, thdy measured the mixing noise component, whilehi present
study edge noise appears to be dominant for blogfregds below 140 m/Mj =0.4). Previous studies have also
found powersé lower than 8 for jets at relatively low speeds,ichhwere sometimes attributed to edge or 'lip'
noise [12-14]. For a high-aspect ratio planar tigis edge noise component can be expected to be immortant
than for a round jet, due to the larger edge/aaéia.rlt is important to note in Figure 16 thatedo this deviation
from the generic spectra from Ref. [8], the blowslgts are generally noisier than anticipated dutime design
study described in Section Il.

Also note that in Figure 17 the best data collapas obtained when, instead of the valye= 0.75 used in
Ref. [8], =1 was used for the normalization according to EdLZR In the present tests the slot lengthwas the
same in all cases, so that in the level and freqyuanrmalization only the power for the slot widthwas relevant.
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Thus, for the edge noise mechanism the acousgasity appears to be proportional to the squatben§lot width,
and the frequency appears to be inversely propwtio the slot width.

In order to study the directivity of the jet noisdl, horizontal and vertical farfield microphonésgure 11) were
used. Figure 18 shows the measured and normalfectra on all farfield microphones for the 4-mmt o the
highest and lowest jet speed. Note that the véntiderophones correspond to channels 81 (bottor8)7ttop), and
the horizontal microphones to channel numbers 88tfeam) to 91 (downstream). For the highest jeedpwhere
the mixing noise mechanism is relatively importahg normalization (including directivity correatipresults in a
good collapse (within about 5 dB, see top-rightufig in Figure 18) of the spectra for the differeatiiation
directions. Thus, the directivity scaling of levelad frequency according to Ref. [8] appears twddi for this
case, i.e. the smallef, the lower the peak frequencies and the highemptak level. However, for thew jet
speed, where the edge noise mechanism is domihandirectivity scaling does not significantly inope the data
collapse. Also for the other slot widths, evenhat highest jet speed, only a marginal improvemexs @bserved in
the data collapse after applying the directivitymalization. This suggests that the edge noise ar@sim has a
different directivity pattern than the mixing noiseechanism.

B. Planar jets in cross-flow

The effect of tunnel flow on jet noise is illusedtin Figure 19, which shows the measured spettiteeasame
microphone as in the previous section, i.e. thetmjpstream horizontal far field microphone@t 39° . The trends
were generally the same on the other far field opbones. In the left column it can be seen thapfactically all
jet speeds and slot widths the jet noise increaden 50 m/s tunnel flow is introduced. The noiseréase with
respect to zero tunnel flow ranges between ab@utiB-for the 11-mm slot to more than 5 dB for sqetespeeds of
the 4-mm slot. The right column shows that thenmise increases with tunnel flow speed: for theud@d 11-mm
slots an increase in tunnel speed from 35 to 50 an/Gom 50 to 70 m/s, gives an increase of alBe4itdB. For the
4-mm slot the noise increase depends strongly equéncy: a large increase is observed at low agt hi
frequencies and almost no increase at medium fredgs

The noise increase due to cross-flow may be pastplained by the increased noise source levelbeasiot
corners for the lower blowing speeds (Figure 20ese edge sources were not visible in the sourgs mahout
cross-flow. This suggests that this noise is dusame interaction between the tunnel and slot fley, by the
curvature of the tunnel flow around the planar jet.

In the following theaerodynamic results for the planar jets in cross-flow are dssed. The jet centerline
trajectory was estimated on the basis of the Plsiges (see examples in Figure 13 and Figure 14)ordog to
Eq. (2.2), the centerline height at a given downstream positiop should be proportional th\/h—y . Figure 21
shows that Eq. (2.2) applies well for all threemat blowing slots, provided that the proportionatibnstantc; is
taken equal to 1.5 instead of 1.2. This higher eahay be due to 3D effects: due to the open jefignmation the
tunnel flow may be deflected sidewards, enablifggher jet trajectory than in a 2D set-up. Notet tie higher
value for ¢; implies that the required blowing speeds for sgishielding height are lower than anticipated rri
the design study described in Section II. Also bt the 4-mm slot was tested up to very higheslof R, for
which the jet trajectory height covers a substamizat of the tunnel nozzle height. Under thesedaoons the jet
trajectory height no longer scales linearly wkh

The effect of a 25-mm quarter-circle flow deflec{@igure 7) is shown in Figure 22. It can be sdwt the
deflector leads to higher jet trajectories, esghciat low R. The aerodynamic effect of a flow deflector was
estimated in Section A, Eq. (2.6), and it canseen that this simple model reasonably well fits ékperimental
data when takingc, =0.3 (and ¢; =1.5). In particular the model explains the decreaseséfiector benefit for
larger values ofR.

The effect of oblique blowing (Figure 6) is shownRigure 23. It can be seen that oblique blowirgylts in
much higher jet trajectories than for the corresiiog normal blowing slot. The aerodynamic effectotfique
blowing was estimated in Section A, Eq. (2.8)dancan be seen that this simple model shows dheestrend as
the experimental data (agag) =1.5 and ¢, =0.3). In particular the model shows the progressiveease in jet
height with R.

The effect of inflow turbulence was assessed bymtiog a turbulence grid in the wind tunnel nozdlet no
significant effect was found on the trajectory foise) of the jets.
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C. Noise reduction potential

In this section the ability of the air curtain ®duce the noise from the different bluff bodied Ww# assessed.
First, the procedure that was used to determin@ptienum model position and blowing speeds is diesdr Next,
the performance of the normal blowing slots is added. Finally, the results for the oblique blowshgf and flow
deflectors are discussed.

1. Determination of model positions and blowing speeds

The model positions and blowing speeds were deteranion the basis of the PIV results discussed én th
previous section (i.e. without model). First, fath model heights (25 mm and 50 mm) a value of/#iecity ratio
was selected for which the jet 'edge’ (see Sedibh was just higher than the model. Using tunepkeds of 50
and 70 m/s, this leads to two blowing speeds. Bliradone intermediate blowing speed, a total nunatbesix test
conditions was obtained, with five different valudsR. An example is given in the table below.

Table 1: Example of test conditions for a given stawidth (4 mm) and model height (50 mm).

R 2 2.4 2.8 28 | 3.36 | 3.92

\% 140 168 196 140 168 196

\% 70 70 70 50 50 50

The selected value dR=2.8 is tested at both wind tunnel speeds. In additio, lower R-values are tested at
70 m/s and two higher values are tested at 50 Nu'® that the selecte®R-value is different for different model
heights and/or different slot widths. Since formeptimum conditions the height of the jet edge mlid vary a lot in
streamwise direction, two fixed model (leading gduesitions were selected: 12.5 and 17.5 cm bethiadlowing
slot for the 25-mm model, and 15 and 20 cm behiedotowing slot for the 50-mm model.

2. Assessment of air curtains with normal blowing

As an example, Figure 24 shows typical acousticcgmaps and PIV plots for the 50-mm model behire t
11-mm slot at different blowing speeds. Since #mding was injected through the blowing slot, themo PIV plot
for the reference case without blowing. In the aticusource maps, tunnel flow is from left to rigthie black
contours indicate nozzle, endplate, blowing slat arodel, and the range of the color scale is 13s#Bne color
scale for all maps). The air curtain is seen taucedhe model noise, and the jet noise increaghsbldwing speed.
Interestingly, the best acoustic result is obtaifedthe lowest blowing speed, where the curtaienseto hit the
model. This is quite surprising, especially sinospiection of individual PIV plots showed signifitafiow
unsteadiness. Apparently, the average flow spetiibahodel is low enough to reduce the model noise.

A quantitative assessment of the air curtains wadenin terms of integrated array spectra, usingrfegration
contour shown in Figure 15 (including slot, modahd possible edge sources). These spectra exchsigble
tunnel noise, and have a higher signal-to-nois® itfian single-microphone spectra. Integrated saefttr the
11-mm slot are shown in Figure 25. The acoustifoperance of the air curtains can be assessed bpaamg the
colored lines (with air curtain) to the solid blalake (reference case). This figure confirms tlinet best results are
obtained at the lowest blowing speeds, i.e. theekiwalues ofR. Apparently the selecteR -value on the basis of
the no-model measurements was too high. Since averl R-values are only tested at 70 m/s tunnel speed
(Table 1), the best results are obtained for 70wirisl speed. If we compare the results forthme R-value (the
blue line at 50 m/s and the red line at 70 m/®) rdductions are similar.

If we compare the two lower plots in Figure 25 tbeit 70 m/s), we see that the largest noise remtudsi
obtained for the 25-mm model. This is because hidphewing speeds are required to shield the 50-modeth
which leads to substantially higher blowing noiseels, while the baseline 50-mm model is not muailsiar than
the 25-mm model. Since in the design study (Sedtjote spectrum of a full-model H-strut (5 cm w)dwas used
as a reference (Figure 10), it is interesting tmgare the noise from the present half-models todtrat. For this
purpose, the grey line in the lower left plot offtie 25 indicates the spectrum of the H-strut. Fhistrut spectrum
was normalized to the same distance and modelHeawin the present tests, and 3 dB was subtrézmtectount for
the present half-model set-up (actually 3 dB shdalcdidded to the blowing noise to account for dmsd slot that
would be needed to shield the full-model H-strut, instead here 3 dB was subtracted from the H-spectrum). It
can be seen that the present half-model is sigmifig quieter than the full-model H-strut. Not ontiie
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low-frequency alternating vortex shedding peak (risible in Figure 25) has disappeared completely,also the
broadband noise levels at higher frequencies ahrower. So if we assume that the present jetdspe®uld be
enough to shield half the H-strut, drastic noisguntions (up to about 10 dB) would be possible wittwo-slot
blowing device upstream of the full-model H-strihus, while for the relatively quiet half-modelstime present
study a broadband noise reduction of 3-5 dB isinbth for full models larger reductions may be etpd. The
effect of model geometry on noise reduction willfbeher investigated below.

The effect of model position is illustrated in Figi26. Comparison of the two plots shows that iwerdstream
model position gives slightly better results. Bymgaring the right plot in Figure 26 to the loweft Iplot in
Figure 25, we can see that the results for the @i giot are better than for the 8-mm slot. This égduse the
required blowing speeds are higher for the 8-mnty sl anticipated during the design study. In surgnfar the
normal blowing slots, the largest noise reductiaresobtained for the lowest model height (25 mhg,largest slot
width (11 mm), the lowest blowing speed (59 m/s7@tm/s tunnel speed), and the downstream modetiqosi
(175 mm behind the slot).

As mentioned above, the half-models in the presenty were relatively quiet. Thus, in order to abtnoisier,
more realistic baseline, the 25-mm and 50-mm modele combined by placing the smaller model upstre&the
larger model (with a 25-mm gap). The integrateccspefor this combined model, with and without ttlemm air
curtain, are shown in Figure 27. By comparing fii@ to the lower right plot in Figure 25, we séattthe noisier
baseline model indeed leads to larger noise reshgtivhereas for the single 50-mm model reductimasobtained
only at the higher frequencies, for the combinedieh@ broadband noise reduction of about 3 dBligeaed.

3. Effects of oblique blowing and flow deflectors

For the 8-mm oblique blowing slot the trends were same as for the normal slots: the best resudte w
obtained at a tunnel speed of 70 m/s (i.e. lowstalues), for the downstream model position. Howggae to the
fact that the required jet velocity for a givenesdtling height is lower than for the 8-mm normalt ¢®ection 1VB),
larger noise reductions can be anticipated. Tregmated spectra for the 25- and 50-mm models addherstream
position for 70 m/s wind speed are shown in FigzBe For the 25-mm model broadband noise reductigno
more than 5 dB are obtained for the important fesmies at the lowest blowing speed, although belddz a
small noise increase occurs. The reductions areethdhigher than for the 8-mm normal slot (Figurg Zor the
full-model H-strut reductions up to more than 10 oy be anticipated. For the 50-mm model, smaltdsen
reductions are observed than for the 25-mm modguré 15 shows source maps for the 50-mm model thith
oblique slot, at a tunnel speed of 70 m/s and wiblp speed of 83 m/s.

For the 11-mm normal blowing slot, the effect avil deflectors (Figure 7) directly behind the slatsitested.
The idea was that using a flow deflector, lowervbim speeds are required for a given shielding Hte{gee
Section IVB), thus increasing the noise reductibhe deflectors were only tested with the 50-mm rhodibe
integrated spectrum for the 25-mm quarter-circliiedtor at 70 m/s tunnel speed is given in Figudgl2ft plot). It
can be seen that even without blowing the deflegli@ady yields a noise reduction at higher fregiee=n When the
blowing is switched on, the noise reduces furtbeolitain a broadband reduction of up to about 10IdBrder to
check the sensitivity to the shape of the deflea@d5-mm simple (non-streamlined) L-shaped defteatas tested
as well (right plot in Figure 29). The results aszy similar to the quarter-circle deflector, inating that theshape
is not very critical. However, when a 10-mm L-shdpmkeflector was used (not shown), the results vekrarly
worse, which shows that tineight of the deflector is important.

V. Conclusion

Acoustic and aerodynamic measurements were perfbim@&lLR's Small Anechoic Wind Tunnel on the air
curtain concept, which is intended for landing geaise reduction. The idea of this concept is folyapn upstream
blowing slot to deflect the flow around a landingag (component), thus reducing the local flow speadd
therefore the aerodynamically generated noise.r Roiche wind tunnel tests, a design study wasiearout to
assess the possible benefit of an air curtain.H@rbasis of the available literature for planas jatcross-flow, the
required jet exhaust velocity and mass flow foragtihg a certain shielding height were estimated &sction of
slot width. Next, the noise production of the airtain was estimated on the basis of previous a@etdic studies
into planar jets (without cross-flow), and compatedhe noise production of a generic strut meakurean earlier
test campaign. This study showed that it is ingiple possible to obtain a substantial noise rédnatsing an air
curtain. The pre-test estimations showed thatafgiven shielding height, increasing the slot widtbkults in lower
noise levels (due to the lower blowing speeds)Higier required mass flows. Based on these findintgst set-up
and test program were defined for the wind tunnehsarements.
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In the subsequent proof-of-concepts tests, two-dgiomal half-models were mounted on an acoustidalgd
endplate which was attached to the lower edgeefdind tunnel nozzle. Blowing was applied througéia in the
endplate, upstream of the model. The pressurizedupply system was acoustically treated to sugppessible
extraneous noise. Microphone array and PIV measem&snwere performed to characterize the acoustics a
aerodynamics of the air curtain. Tests were dongalifferent wind tunnel speeds, blowing speeds, g&mmetries
and model geometries.

The test results for the isolated planar jets (@uthtunnel flow) showed that for the highest blogvspeeds the
noise spectra agreed well (within a few dB) withulés reported in literature. For these cases tigerievels scaled
with the 8" power of the jet speed. However, for the lowersjgeeds, which were most relevant for the subsequen
air curtain tests, the blowing slot noise was fotmdcale with the power of the jet speed, suggesting that, rather
than jet mixing noise, edge noise was the domimaathanism. As a result the isolated blowing slos wa
significantly noisier than expected on the basighef design study. The supposed dominance of tge edise
mechanism may be explained by the relatively loMach numbers and the relatively large edge/aatia of the
rectangular blowing slot (as compared to a roundzi®). For the highest blowing speeds (mixing noide
directivity of the slot noise agreed with literagutbut for the lower jet speeds (edge noise) awdifft directivity
pattern was found. The noise levels for the isdiplanar jets were found to scale with the squétheoslot width.

The results for the jets in cross-flow showed #@wddition of 50- or 70-m/s wind tunnel flow incredsthe jet
noise levels by about 3 or 6 dB, respectively,tfa relevant slot widths. The acoustic source niagisated that
this noise increase may be partly explained byemsed sound levels at the corners of the slotceslyefor the
lower blowing speeds. The aerodynamic results stotvat the dependence of the air curtain trajectorywind
speed, blowing speed, and slot width was as expeuntehe basis of the literature. However, theldhig height
was consistently 25% higher than anticipated, winidans that for a given shielding height the rexlijet speed
was lower. The increased shielding height may be tdu3D effects: due to the open jet configuratiom tunnel
flow may be deflected sidewards, enabling a higgtetrajectory than in a 2D set-up.

The test results for the normal blowing slots imbination with a half-model showed that the largesise
reductions were obtained for the lowest model he(@d mm), the largest slot width (11 mm), the IstwiBlowing
speed (59 m/s at 70 m/s tunnel speed), and thesimam model position (175 mm behind the slot). thr case
broadband noise reductions of 3-5 dB were obtailtetlas quite surprising that the lowest blowingeg gave the
best results, since according to the PIV resubs(timsteady) curtain seemed to hit the model fese¢tconditions.
Apparently, the average flow speed at the modelstiidow enough to reduce the model noise. Sitheebaseline
rectangular half-models in the present tests warehnguieter than a full-model generic strut measgimean earlier
test campaign, reductions of 5-10 dB may be expeatieen a normally blowing air curtain is appliedadull-
model. This hypothesis was supported by measurenmmna noisier baseline model, which exhibiteddampise
reductions.

When oblique blowing (30° upstream) was appliethdoblowing velocities were needed to achieve saoer
shielding height. As a result, the noise reductiounld be increased by several dB's with respenbtmal blowing,
at the expense of a slight noise increase at leguencies (below 1 kHz). Similarly, the use of @fldeflector
directly in front of the blowing slot increased thkielding height and therefore the noise reducti@mr a 25-mm
quarter-circle deflector in combination with a 5@anmodel, broadband noise reductions of 5-10 dB weétained.
A simple L-shaped deflector with the same heighvegde same results. For the same 50-mm modellesmalise
reductions were achieved when the deflector heigistreduced to 10 mm.
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Figures

Jet centreline

Double slotted blowing device f _____________________
obstacle

Figure 1: Sketch of a double-slotted air curtain deice shielding a cylindrical obstacle.

Jet centreline

— mbstacle
I,’I

Blowing slot

Figure 2: Half-model implementation of air curtain device used in the experiments.

Figure 3: Schematic view of planar jet in cross-flar [4] and definition of coordinates for present stdy (red).
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Figure 4: Estimated required jet velocity as functdbn of the width h for a normally blowing air curtain
device, for different effective shielding heightsx, .
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Figure 5: Estimated required mass flux as functiorof slot width h for a normally blowing air curtain device,
for different effective shielding heights x, .
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Lined endplate with
two blowing slots

Figure 6: Picture of oblique and normal blowing slds (left), and close-up of model and blowing slotifht).
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Figure 7: Quarter-circle flow deflector just upstream of the blowing slot.
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Figure 8: Normalized acoustic spectra for high aspz ratio nozzles [8].
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Figure 9: Estimated SPL_,  as function of slot width h for a normally blowing air curtain device, for
different effective shielding heightsx, .
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Figure 10: Comparison between measured spectrum af 5-cm H-strut and estimated spectra for a normally
blowing air curtain device with a shielding heightof 5 cm, for different slot widths.
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Figure 11: Schematic picture of test set-up and phograph with nozzle, endplate, model, array, and RY
camera.
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Figure 12: Blowing system.

Figure 13: Example averaged PIV seeding intensity aps for a wind tunnel speed of 35 m/s and different
blowing speeds.
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Figure 14: Example of mean velocity vectors for 8-m normal blowing slot with a wind tunnel speed of
35 m/s and a blowing speed of 70 m/s.

Baseline Air curtain

Figure 15: Example acoustic source maps (4 kHz) farectangular half-model (5 cm high) at 70 m/s wind
speed, without (left) and with (right) air curtain. Tunnel flow is from left to right and the black cantours
indicate nozzle, endplate, blowing slot and modelhe pink dashed contour indicates the power integriéon
region. The range of the color scale is 12 dB.
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Figure 16: Dimensional (left) and normalized (righ) jet noise spectra (without cross-flow), for threeslot
widths (normal blowing) and varying jet velocity Vj. The normalization was done using Eq. (2.12) with
&=8 and y=0.75, in accordance with Munro&Ahuja [8].
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Figure 17: Normalized jet noise spectra (without coss-flow), for three slot widths (hormal blowing) ad
different jet velocities V]. . The normalization was done using Eq. (2.12) witf =5 and y=1.
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Figure 18: Normalized farfield jet noise spectra (whout cross-flow) for the 4-mm slot at jet velocites of
219 m/s (upper row) and 73 m/s (lower row). The nanalization was done using Eq. (2.12), without (Ieftand

with (right) the @ -factor.
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Figure 19: Effect of wind tunnel flow on jet noiseln the left column the thin lines are without tunrel flow, the
bold lines for V=50 m/s, and the dashed line indates the tunnel background noise at 50 m/s. In theght
column the thin lines indicate the tunnel backgroud noise at three wind speeds, the bold lines shoWwet jet
noise for different tunnel flow speeds, and the bk line indicates the 'blowing only' noise (withoutcross-
flow).
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Vj= 70 m/s Vj= 89 m/s Vj=104 m/s Vj=138 nVs
Figure 20: Source maps (4 kHz) for 8-mm jet with 70n/s tunnel flow, at different jet speeds.
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Figure 21: Jet centerline height as a function of elocity ratio R, at streamwise distances ofy =0.15 (left)
and y =0.30 (right). The black line shows the relationship aagrding to Eq. (2.2), with ¢; =1.5.
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Figure 22: Jet centerline height as a function ofelocity ratio R at a streamwise distance ofy = 0.15, for the
8-mm normal blowing slot with 25-mm quarter-circle deflector. The straight black line shows the relatinship

without deflector (Eq. (2.2) with c; =1.5). The curved purple line shows the relationship amrding to Eq.
(2.6), with ¢, =0.3.
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Figure 23: Jet centerline height as a function ofelocity ratio R at a streamwise distance ofy = 0.15, for the
8-mm oblique blowing slot. The straight black lineshows the relationship for normal blowing (Eq. (2.2 with
C; =1.5). The curved black line shows the relationship aceding to Eq. (2.8), with ¢, =0.3.
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Figure 24: Acoustic source maps (4 kHz) and averad@lV plots for 50-mm model behind the 11-mm normal
blowing slot, at different blowing speeds (V= 70 rs).
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Figure 26: Integrated spectra for 25-mm model withand without 8-mm normal air curtain at V=70 m/s, for
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Figure 27: Integrated spectra and source maps (1.BHz) for combined model with and without 11-mm
normal air curtain at V=70 m/s.
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Figure 28: Integrated spectra for 25-mm (left) and50-mm (right) models with and without 8-mm obliqueair
curtain, for downstream model position at V=70 m/s
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Figure 29: Integrated spectra for 50-mm model withand without 11-mm normal air curtain with 25-mm
quarter-circle deflector (left) and 25-mm rectanguér deflector (right), for downstream model position at

V=70 m/s. 'REF' indicates the baseline model noiseithout deflector.
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