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Abstract

At the outlet of the HVCA systems, whistling cancog due to self-sustained
oscillations. In this study, the ventilation outiestmodelled by a free plane subsonic
jet impinging on a slotted plate, leading to sei$tained tones production; this
configuration is known as the jet-slot oscillator.

The tone's frequency can be predicted through tinex dynamics within the flow.
For jet velocities higher than 16m/s, the tonespt®wvith the flow-supply-duct’s
resonances. These resonances control the vorteardg® and reinforce the sound
production, of about 20dB. Moreover, when the distafrom the jet exit to the plate
is increased and reaches 4.5 times the jet heightfundamental frequency of the
tones is suddenly halved due to some vortex paioogurring at the end of the
potential core of the jet.

In this paper, the vortex pairing is observed wikitee different experimental
techniques. Firstly, comparison between the radiatel the in-duct acoustic fields is
conducted. Then the energy transfer from the furesah to the sub-harmonics of
the shear layer's velocity fluctuations is obserwaith anemometric measurements.
Finally high speed flow visualizations are perfodm@nd allow to link the vortex
impingement on the plate to the sound production.

INTRODUCTION

When a sheared flow impinges on an obstacle, vifgsttan be produced. These
whistling own to the self-sustained oscillationmily. The jet-slot oscillator results
thus from the impingement of a free plane jet omsl@ted plate [1,2]. In this
configuration, the oscillation’s frequency domas bounded [3], for the highest
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frequencies, by the natural most instable frequaride shear layer [4] and, for the
lowest frequencies, by the jet column mode [5]. Thig between both frequencies,
at a given Reynolds number, is close to 2, charatteof a tuned jet [6]. Ho and
Huang [7] showed that, in this configuration, tle¢ ¢olumn mode is the result of
successive vortex pairing and characterized thelinear energy transfer from the
fundamental excitation to the subharmonics occgrrin the previous studies of self-
sustained oscillators, the phenomenon is commdrdgived in the impingement of a
high-subsonic circular jet (Mach number superiofi6) on a plate [8] and, seldom,
when a shear layer impinges on a wedge [9]. Whemestoupling with a resonator
occurs, the excited resonant mode can trigger san@epairings allowing the tone’s
production through the excitation of the shear dayatural instability for different
flow velocities [10] whereas, for the jet-slot dkor, the tone frequency halving
occurs even when the flow supply duct resonancesnat excited [11] depending
only on the plate distance.

The aim of this investigation is then to presenee¢hdifferent experimental evidences
of the occurrence of vortex pairing. After a prdatéion of the experimental set-up
and procedures in Section 2, results obtained ukirge experimental techniques
using acoustic, anemometric measurements and watiahs will be presented in

Section 3 and discussed in Section 4.

EXPERIMENTAL SET-UP AND PROCEDURES

The experimental set-up, shown in Fig. 1(a), wasghed to permit variations of the
following geometrical and flow parametets:the distance between the plate and the
nozzle outlet antly, the flow velocity at the nozzle outlet. After etting chamber, a
free jet is created by a rectangular cross-se¢8afh9 cm) duct (1.2 m length) made
of 5 mm thick aluminium followed by a 20 cm-longnt@action nozzle. This jet can
reach 32 m/s, a low subsonic speed. A characteR&ynoldsRe number can be then
calculated based aH, the jet height. The jet impinges on a 4 mm thadkminium
plate (25x25 cm dimensions) fitted with a bevebléat aligned with the nozzle outlet.
The dimensionless distance between the nozzletoanié the slot L/H may vary
between 0 and 10.
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Figure 1 - (a) Experimental set-up (dimensionsin mm). (b) Visualization set-up.
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A 4189-A-021 B&K microphone is placed behind thatpl 75 mm above the slot to
avoid hydrodynamic disturbances, and measures ddeted near-field pressure
fluctuations (called radiated acoustic signal i tlollowing). Another is flush-

mounted at the duct’'s wall and measures the predkwtuations within the duct and
its signal is called in-duct acoustic signal. A @tderistic Strouhal number of the
oscillations & is defined by: & = f,[L/U,, wherefy is the most energetic

frequency in the power spectrum of the radiatedsane field.

Two Dantec hot wire anemometers, a 55R04 probeddda the shear layer at the
nozzle outlet and a movable 55R01 probe are usetetsure the flow velocity. The

second probe is moved in the shear layer alongtiieamwise direction with 1 mm

steps; for each position the amplitude of the vglofluctuations and the phase
difference with the fixed probe is estimated. Fog visualizations, the flow is seeded
with hot paraffin droplets and lighted with a lag#dane parallel to the flow main

direction, created using a Nanopower 4W/795 nmrlésse Fig. 1(b)). Pictures are
then recorded using a high-sensibility camera Nenss MKII 5kHz.

RESULTS

Firstly, the radiated pressure field (measured rzklthe slot, see last section) is
measured for a Reynolds number fixed at 11800 wtien plate is moved
downstream.
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Figure 2 - Evolution of the fundamental frequency (a) and of the Srouhal number (b)
as a function of the plate distance; Re=11800 [11].
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For the shortest plate distances, the evolutionthef Strouhal number (Fig.2 (a))
describes increasing stages, i.e. the number dfcesrpresent at the same instant
between the nozzle outlet and the plate grows wikl=4.2. At this point, the
Strouhal number is halved from 2.5 to 1.2 and resiaimost constant until the tones
disappear: the number of vortices is divided by.tworeover, at the Reynolds
number under consideration, the vortex sheddinguiacy is controlled by a flow
supply duct resonance [11]. The measured tones mostgetic frequency for
L/H=4.2 (around 480Hz, Fig. 2(b)) does not correspamdamy resonant mode



A. Billon, M. Glesser, V. Valeau and A.Sakout

frequency of the duct, the closest being 454 Hz%htHz. Figure 3 plots the power
spectra of the radiated and in-duct acoustic ssyfwal /H=4.6.
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Figure 3 - Power spectrum of the radiated (a) and in-duct (b) acoustic signals;
L/H=4.6, Re=11800.

The power spectrum of the radiated signal (Fig))3=ghibits a dominant peak at 480
Hz and a lower one at 956 Hz (this frequency cpoeding to a resonant mode of
the flow supply duct) whereas the inner power spectshows a strong excitation at
956 Hz. The other duct’'s resonant modes are ongklyexcited.

The flow structure is now investigated in termsvefocity fluctuations between the
nozzle outlet and the plate in the shear layer. IH61=4.4 andRe=11800, the
amplitude (a) and the phase (b) of the velocitgtflations at 956 HzA) and 480 H
(o) are depicted in Fig. 4 as a function of thebgréocation.
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Figure 4 - Evolution of the amplitude (a) and phase (b) of the vel ocity fluctuations at
956 Hz (4) and 480 Hz (0) as a function of the movable probe position; L/H=4.4,
Re=11800.

The fluctuations magnitude (Fig. 4 (a)) at 956 Heréases up t&/L=0.4 and then
diminishes progressively whereas the magnitude8atHz appears latex/(=0.3),
exceeds the 956 Hz amplitude’s fluctuations &i=0.6 and rises until saturation
farther downstreamx{L=0.8). These results are in good agreements witketlof Ho
and Huang [7] for an excited free jet. The growthtlee subharmonics (480 Hz)
amplitude is associated with a decrease of theafimahtal's (956 Hz) one, showing
energy transfer from the fundamental frequency t$o subharmonics frequency.
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Moreover, as each 360° phase variation correspamdise presence of one vortex
between the nozzle outlet and the plate, Fig. ditp)ies the possible presence of four
vortices at 956Hz{,=2.4) and two at 480HZ} =1.2). Therefore, the anemometric
measurements show that the halving of the Stroobaiber stage in Fig. 2(b) is
induced by vortex pairing.

For Re=118000 and./H=4.6, flow visualizations (see Fig. 1 (b)) have bearried
out at different instants of an acoustic periee2.1 ms {;=480Hz); the nozzle outlet
is situated on the left (slotted plate on the dghth the flow going from left to right.

Figure5 -. Flow visualizations of vortex pairing at Re=11800 and L/H=4.6; (a) t=0,
(b) t=T/5.5, (c) t=2T/5.5, (d) t=3T/5.5, (e) t=4T/5.5, (f) t=5T/5.5.

On each side of the shear layer, two vortical $tmes are recognizable (Fig. 5(a) and
(b)). At L/H=0.6, the structures get closer (Fig. 5(c)) andt $tamerge (Fig. 5(d)).
These visualisations are in agreements with thecitgl fluctuations measurements
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reported in Fig. 4(a)-/H=0.6 corresponds to the location where the mageitidhe
subharmonic velocity fluctuations becomes greatantthose at the fundamental.
Afterwards, the merging occur betwekfH=0.6 and 0.8 (Fig. 5(e)). Fdr/H>0.8,
only a bigger structure can be observed (Fig. 5()ich later impinges on the
obstacle. The frequency at the impingement is dnvidy two compared to the vortex
shedding frequency. These visualisations allowtongbserve the main stages of the
vortex pairing and confirm qualitatively the aneneint measurements (Fig. 4).

DISCUSSION

In the near field of the obstacle, where the aeyosiic sound source is situated, the
frequency of the most energetic flow instabilitytieen 480 Hz (Fig. 4). The vortex
sound theory [12] involves that the dominant fretpye of the radiated pressure
waves must be the same, which is confirmed by doeistic measurements (Figure
3(a)). On the other hand, 480 Hz does not corrasporany resonant frequency of
the flow supply duct; this component of the acaudield cannot excite a duct
resonance and is then destructed by interferergideinthe duct [13]. The second
component (956 Hz), less energetic, corresponds resonant mode frequency and
can excite a flow supply duct resonance (Fig. 3(bi)s component controls then the
vortex shedding (Fig. 4 and 5). This mechanismfferént from the one reported by
Vétel et al. [10]: the successive vortex pairingcws as the flow velocity is
increased allowing the natural instability of theear layer to be excited by the same
resonant mode. Otherwise, in the present configuraivhen the plate is moved
farther downstream, no other pairing occurs. Theeoled vortex pairing defines the
inferior limit of the emitted tone’s fundamenta¢fuency.

SUMMARY

Anemometric measurements and visualizations alloe  study a vortex pairing
phenomenon occurring in the particular configuratod a low subsonic free plane jet
impinging on a slotted plate coupled to its flowpgly resonances. This pairing
explains why the main component of the radiatedisito field is 480 Hz whereas the
vortex shedding frequency is found to be equal 36 Biz; it is responsible for a
sudden drop of the emitted tone frequency whenotistacle distance is increased.
Moreover, this pairing defines the inferior limif the emitted tone fundamental
frequency. The better understanding of the physeztures of jet-slot oscillator will
make the development of a predictive numerical rhode

ACKNOWLEDGEMENTS

The authors thank the company Dantec Dynamic amticpirly Christian Tanguy
for providing the experimental apparatus usedHerflow visualizations.



ICSV13, July 2-6, 2006, Vienna, Austria

REFERENCES

[1] Blake W.K., Powell A., The development of comgorary views of flow-tone
generation, in: Blake W.KMechanics of flow-induced noise and vibration, (Springer
Verlag, 1986).

[2] Ziada S., “Feedback control of globally unstabibws: impinging shear flows”, J.
Fluids and Struc®, 907-923 (1995).

[3] Billon A., Valeau V., Sakout A., “Instabilitéde I'écoulement produisant le bruit
de fente”, C. R. Mécaniqué&82, 557-563(2004).

[4] Michalke A., “On spatially growing disturbanc&s an inviscid shear layer”, J.
Fluid Mech.23, 521-544(1965).

[5] Ho C., Huerre P., “Perturbed free shear layefsin. Rev. Fluid Mechl6, 365-
424 (1984).

[6] Thomas F.O., Prakash M.K., “An experimental estigation of the natural
transition of an untuned planar jet”, Phys. of 88A3, 90-105(1991).

[7] Ho C., Huang J., “Subharmonics and vortex nmeggin mixing layers”, J. Fluid
Mech.119, 443-473(1982).

[8] Ho C., Nossier N.S., “Dynamics of an impinginet, part 1. the feedback
phenomenon”, J. Fluid Mech05, 119-142 (1981).

[9] Hussain A.K.M.F., Zaman K.B.M.Q., “The sheaméphenomenon and probe
interference”, J. Fluid Mecl87, 349-383 (1978).

[10] Vétel J., Plourde F., Doan-Kim S., “Dynamidsam internal flowfield driven by
two hydrodynamic instabilities”, AIAA Journdll, 424-435 (2003).

[11] Billon A., Valeau V., Sakout A., “Two feedbaglaths for a jet-slot oscillator”, J.
Fluids and Struct2l, 121-132 (2005).

[12] Howe M.S., “Contribution to the theory of adgmamic sound, with application
to excess jet noise and theory of the flute”, didFMech.71, 625-673(1975).

[13] Pierce A.,Acoustics. an introduction to its physical problems and applications.
(McGraw-Hill, 1981).



