Euromech Colloquium 467: Turbulent Flow and Noise Generation

July 18-20, 2005 - Marseille, France

Shear-layer noise generation in an excited jet
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Abstract

The noise generated by an excited low Mach number jet shear-layer is investigated. Fluctuations
are organized according to the frequency of the excitation and its subharmonics, in following Kibens
[5]. Two different radiated subharmonic pressure fields have been observed. At low Reynolds
number, the pattern is typical of the vortex pairing noise reported by Bridges [2]. An extinction
angle around 85◦ to the jet axis is then noticed. On the other hand, at moderate Reynolds number,
the subharmonic radiation is strongly oriented downstream and is superdirective, in agreement with
the experiments of Laufer & Yen [6]. The initial conditions of the boundary layer at the nozzle
exit seem to be the discriminating parameter and more precisely, the presence or not of the second
subharmonic along the shear-layer.

Keywords: excited jet, vortex pairing noise, superdirectivity

1

Introduction

For a supersonic jet, the strong Mach wave noise radiation downstream is mainly generated by instability waves as shown by Tam & Burton [8]. It is very attractive to extend this aeroacoustic mechanism to
subsonic jets. Recent studies have shown that the radiation in the downstream direction of a subsonic
jet is directly linked to the dynamics of coherent structures at the end of the potential core, and that
the directivity pattern is quite similar to the radiation of instability waves, see for instance Bogey,
Bailly & Juvé [1]. The study of excited jets may help to deal with this issue by simplifying broadband
fluctuations in a few discrete structures. In the present work, the shear-layer of a low Mach number
and low to moderate Reynolds number jet is controlled by an external tone acoustic disturbance.
The noise generated by the subharmonic structure of the excitation is investigated. Two directivity
patterns are to be distinguished, namely the vortex pairing noise reported by Bridges [2] and the
superdirective emission observed by Laufer & Yen [6]. In this study, these two emission kinds have
been measured on the same facility and the discriminating flow characteristics have been identified.
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Shear-layer fluctuations

A round jet of diameter D = 5 cm has been investigated in an anechoic chamber of the École Centrale
de Lyon (6.10 m × 4.60 m × 3.80 m). Two velocities were considered, Uj = 20 m/s and Uj = 40 m/s.
For the first case, the shear-layer at the nozzle exit is laminar and for the second case, transitional.
This results of the increasing Reynolds number ReD from 6.7 × 104 to 1.3 × 105 respectively, as pointed
out by Zaman [9]. A device of 4 identical loudspeakers and cavities opened at the nozzle exit by a
1 mm wide circular slot generates an axisymmetric acoustic perturbation of the initial shear-layer.
The frequency of the excitation fex is taken close to the frequency of the most-unstable axisymmetric

instability wave of the natural shear-layer, see the works of Freymuth [4] and Michalke [7]. For
Uj = 20 m/s, velocity fluctuations in the shear-layer are then mostly reduced to the fundamental
component fex , the first subharmonic fs1 = fex /2, the second subharmonic fs2 = fex /4 and their
non-linear interactions. This dynamic follows the experimental results of Kibens [5]. However, for
Uj = 40 m/s, the excitation effect is not as efficient to organize the shear-layer and the component
fs2 is not observed.
The axial variation along the center of the shear-layer of the fluctuating velocity u2fex , u2fs1 and u2fs2
of the components fex , fs1 and fs2 respectively, are shown in Fig. 1. For Uj = 20 m/s, the fundamental
u2fex has a fast initial growth up to its saturation in Xex . In addition, maxima of the first and second
subharmonics are observed in Xs1 = 2Xex and Xs2 = 4Xex respectively. These saturations give rise to
energy transfers toward harmonics. Hence, the harmonic 2 × fs2 = fs1 of fs2 is fed in Xs2 , where the
amplitude u2fs1 of the component fs1 has a second maximum. For Uj = 40 m/s, the variation of the
first subharmonic fluctuating velocity in the center of the shear-layer is basically different. Only one
maximum is observed, which is implied to the absence of a time-correlated second subharmonic fs2
fluctuation. The total fluctuating velocity u′ is overlaid as well. As X < 1D, u′ is mainly composed of
these few discrete fluctuations and the peaks of u′ can be related to the maxima of these components.
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Figure 1: Axial evolution of the fundamental and subharmonic fluctuating velocity in the center of
the shear-layer r = D/2. The total turbulence intensity is displayed as well. (a): Uj = 20 m/s;
(b): Uj = 40 m/s.
u2fex /Uj2 ;
u2fs1 /Uj2 ;
u2fs2 /Uj2 ;
u′ /Uj .

3

Near pressure field

The pressure field was measured along the shear-layer, slightly outside the jet, at roughly D/5 from
the jet radius. The microphone was traveled in a 10◦ direction to the jet axis in order to follow the flow
spreading. The axial variation of the first subharmonic pressure pfs1 is characterized by its amplitude
|pfs1 | and phase its φ(X), pfs1 = |pfs1 | exp(iφ(X)).
The amplitude is reported in Fig. 2a. For Uj = 20 m/s, two strong peaks are noticed around
Xs1 and Xs2 , as previously for the velocity u2fs1 in the center of the shear-layer. A similar two-lobe
distribution of the near pressure field was measured by Bridges & Hussain [3]. On the other hand, for
Uj = 40 m/s, a Gaussian pattern is observed, which is in agreement with the results of Laufer & Yen
[6] :
( 
 )
X − Xm 2
(1)
|pfs1 | ∝ exp −
σe

where σe is the length-scale of the Gaussian and Xm is the location of the maximum pressure, found
around Xs1 for Uj = 40 m/s, see Fig. 1b.
The phase φ of pfs1 was determined by comparison to a reference microphone. The length-scale
of the fluctuation λs1 could then be calculated as λs1 = 2π/(dφ/dX). Though not constant over the
involved domain, a mean λs1 value can be roughly determined and has been found around 0.5D for
Uj = 20 m/s and 0.3D for Uj = 40 m/s.
The acoustic length-scale λac of the radiated pressure is evaluated with the relation λac = c∞ /(2πfs1 )
and is found far larger than both the axial and the radial range of the near subharmonic pressure field,
namely 9.1D for Uj = 20 m/s and 3.8D for Uj = 40 m/s. Thus, this pressure field is acoustically
compact.
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Directivity pattern

The far-field radiation of pfs1 was measured at 40D from the nozzle exit for different angular positions
θ to the jet axis. The result is plotted in Fig. 2b. For Uj = 20 m/s, an extinction angle is found around
θ = 85◦ and the directivity pattern is typical of vortex pairing noise as reported by Bridges [2]. On the
other hand, for Uj = 40 m/s, a monotonic angular evolution of the acoustic pressure is observed. The
radiation is moreover strongly oriented downstream and a far higher range of the acoustic pressure is
found, around 25 dB with respect to about 15 dB for Uj = 20 m/s. This emission collapses fairly well
with the distribution given by Laufer & Yen [6], see Fig. 2b, and known as superdirectivity :


45
|pfs1 | ∝ exp − (1 − Mp cos θ)2
(2)
2
where Mp = (λs1 fs1 )/c∞ = λs1 /λac is the phase Mach number of the fluctuating pressure in the
near-field. This parameter is found around 0.7Mj , with Mj = Uj /c∞ the jet Mach number.
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Figure 2: Near pressure field (a) and directivity pattern (b).  Uj = 20 m/s; H Uj = 40 m/s;
sinusoidal distribution; ◦ Bridges [2] (Fig. 2.7, doubly stable pairing configuration, component
Gaussian distribution (1) and superdirective pattern (2).
fex /2);

5

Conclusion

In this paper, the acoustic radiation generated by the subharmonic fluctuation in an excited shearlayer was investigated. A far pressure field conformed to the vortex pairing noise reported by Bridges
[2] has been observed for a low Reynolds number configuration, while a superdirective radiation is
measured at moderate Reynolds number in agreement with Laufer & Yen [6]. The discriminating
feature is the condition of the boundary-layer at the nozzle exit and more precisely, the presence or
not of the second subharmonic fluctuation along the shear-layer.
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