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Dynamics of an impinging jet. Part 2. The noise generation
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The aerodynamic noise generated by a subsonic jet impinging on a flat plate is studied
from measurements of near-field and surface-pressure fluctuations. The far-field noise
measured at 90° to the jet axis is found to be generated by two different physical
mechanisms. One mechanism is the impinging of the large coherent structures on the
plate, and the other is associated with the initial instability of the shear layer. These
two sources of noise radiate to the far field via different acoustical paths.

1. Introduction

High levels of surface-pressure fluctuations and strong feedback perturbations are
generated when a jet impinges on a flat plate. In part 1 of this study (Ho & Nosseir
1981), the role of feedback in a resonant jet was investigated. Near-field pressure
measurements reveal the presence of two pressure wave trains: downstream-travelling
waves induced by the passage of the coherent structures, and upstream-travelling
waves generated by the impingement of the coherent structures on the plate. The
two wave trains were phase-locked at the nozzle exit. A new instability process is
found to play a crucial role in closing the feedback loop near the nozzle lip. The thin
shear layer, being forced to oscillate by the upstream-travelling waves, rolls up and
forms large coherent structures at intervals phase-locked with the upstream waves.
During the roll-up, many small vortices merge simultaneously into a large coherent
structure over a short distance from the nozzle. This nonlinear-instability process is
called the ‘collective interaction’. In a resonant flow, only one time scale is allowed.
This constraint is satisfied in the impinging jet owing to the collective interaction.
In this paper, the noise generation of the impinging jet in both resonant and non-
resonant cases is considered.

Curle (1955) described the noise generated by the flow in the presence of a solid
boundary as the summation of a volume integral of quadrupoles and a surface integral
of dipoles. The dipoles are produced by the fluctuating pressure exerted on the flow
by the solid surface. Powell (1960) applied Curle’s equation to the impinging jet.
Powell’s results indicated that the volume integral over the image of the jet has the
same contribution to the far-field noise as does the surface integral over the plate.
Marsh (1961) measured the noise generated by a jet impinging normally on a flat
plate. When the plate was placed two diameters away from the nozzle the overall
sound power level increased about 10 dB over that of a free jet. The excess noise
decreased as the nozzle-to-plate distance increased. Preisser & Block (1976) found

1 Present address: Department of Applied Science, New York University, 26-38 Stuyvesant
St, New York NY 10003.

13 FLM 116



380 N. 8. Nosseir and C.-M. Ho

Far-field
microphone
(FF)

To é?q-o
1 Fo Ble, 4l
2 o ot +

‘." 0:125 ms l<— +
'(— 5 ——] 025 —

Ficure 1. Ficurg 2.

Ficure 1. Co-ordinate system.

F1¢URE 2. Pre-whitened azimuthal correlation for a resonant jet (M = 0-8, ,/d = 4, ry/d = 1-5).
Adys O, 90°; [, 135°; A, 225°; 4, 270°.

that the noise generated by an impinging jet is proportional to the eighth power of
the Mach number. Their measured cross-spectra indicated that most of the noise is
generated in a region near the plate between one and three diameters from the stag-
nation point.

Identifying the main generating mechanism of jet noise has been one of the important
issues pursued by many researchers. Difficulties associated with this problem are due
to (i) the total noise power being generally much less than 1 9, of the jet-flow power,
(i) the difficulty in using measurements of pressure fluctuations within a turbulent
flow to identify the generation mechanism, (iii) diffraction and interference among the
acoustic wavesinteracting with the shearlayer (Ho & Kovasznay 1976a,b). It wasthere-
fore difficult to find a direct relationship between the far-field noise and a temporally
and spatially random flow field. However, the situation became more promising after
the recognition of the coherent structures as an essential feature of the free shear flow
(Brown & Roshko 1971). If these structures or their interactions play an important role
in the noise generation, a correlation between them and the far-field noise would likely
exist owing to their organized nature and their large spatial coherence (Laufer 1974).

In the present work, an extensive study of the near-field, surface and far-field
pressure fluctuations has identified the physical mechanisms of noise generation and
the acoustic propagation paths. The range of the Mach number varied from 0-5 to
0-9. The nozzle-to-plate distances were limited to within the length of the potential
core. The detailed description of the experimental facility and the data processing
were discussed in part 1 of this study. The streamwise and the radial co-ordinates are
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Ficure 3. Azimuthal cross-spectrum and phase angle of surface pressure signals
(M = 08, zo/d = 4, r/d = 1-5, Ad, = 90°).

x and r respectively (figure 1). The distance between the nozzle and the plate is .
On the plate, the radial distance from the stagnation point is 7, and the azimuthal
angle is ¢,. The distance between any surface-pressure transducer and the far-field
microphone is 7,, and between any near-field microphone and the far-field one is 7.
The far-field microphone (Bruel and Kjaer Type 4138) was placed at 7, = 229 cm
away from the nozzle at 90° to the jet axis. 7, is the distance between the nozzle exit
and the far-field microphone.

2. Some observed features of the flow field
2.1. Awzisymmetry of the coherent structures

The stability analysis of Michalke (1972) indicated that both the axisymmetric and
the helical modes are amplified in a jet, with their maximum amplification rates
slightly different. The large coherent structures can, therefore, have either an axisym-
metric or a helical shape. In a free water jet, Browand & Laufer (1975) reported that
the coherent structures are axisymmetric ring vortices at small Reynolds number
(Re = UD/v = 5000). A helical mode became apparent when the Reynolds number
was greater than 10000. Fuchs & Michel (1977) used a set of near-field microphones
placed at equal distances from the jet axis, in a plane perpendicular to the axis. From
measurements of the near-field pressure induced by the coherent structures they found
that the axisymmetric mode dominates over a wide range of Reynolds number
(10* < Re < 2 x 107), although higher modes are present. Neuwerth (1973) observed
axisymmetric coherent structures in a free jet at Re = 2-4 x 105 (M = 0-5) but a helical
mode appeared at Re = 4-3 x 105 (M = 0-9). However, when the plate was inserted,
only the axisymmetric mode remained.
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FicUre 4. Variations of far-field noise intensity with plate locations for
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F16URE 5. Variations of r.m.s. surface-pressure fluctuations with plate location for a
resonant jet at M = 0-9. O, stagnation point(ry/d=0); [J, wall jet region (ry/d = 4).

In the present experiment the problem of symmetry is examined in a high-Reynolds-
number region by using a series of surface-pressure transducers placed at equal radial
distance from the stagnation point. When the jet was in resonance (M > 0-7) the
cross-correlation between any two transducers at different azimuthal angles was
sinusoidal with respect to the time delay 7. The correlation had a maximum at 7 = 0,
indicating that the impinging coherent structures are dominantly axisymmetric.
Such a correlation is dominated by the resonant signal. The resonant signal should be
removed from the original signals in order to be able to examine the stability mode of
the broad-band portions of the signals. Williams & Purdy (1970) developed a tech-
nique which is useful in a situation like this. They were able to recover the random
portion of the signal by subtracting an in-phase sine wave from the original signal.
This was done by analogue methods and is referred to as ‘pre-whitening’. Nosseir
(1979) used the same basic idea to obtain the correlation between the random portions
of two signals digitally. The procedure was to replace the high resonant peak in the
cross-spectrum of the original signals with the average values of the two neighbouring
frequency components, and then to inverse-Fourier-transform the resulting spectrum.
The correlations obtained in this way are shown in figure 2, and they still exhibit a
maximum peak at 7 = 0, which indicates that the turbulent portion of the surface
pressure fluctuations are also symmetric. This was further confirmed when the phase
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Freure 6. Variations of r.m.s. surface-pressure fluctuations with plate location for
a resonant jet at M = 0-9, vortex-impinging region (r,/d = 1-5).

difference between any two transducers was found to be approximately zero over all
frequencies (figure 3). These findings guaranteed that the present far-field measure-
ments at one azimuthal angle can be circumferentially representative.

2.2. The relation between the far-field noise and the surface-pressure fluctuations

2.2.1. The far-field noise intensity. The variation of the noise intensity with nozzle-
to-plate distance for a resonant impinging jet (M = 0-9) is presented in figure 4. The
noise intensity has a sawtooth behaviour, with discontinuities at plate locations
approximately the same as those for the frequency discontinuities in figure 14 of
part 1. The sawtooth behaviour in noise frequency is also observed in other flows
with self-sustained oscillations (e.g. Tam & Block 1978). It is interesting to note that
the noise intensity in the impinging jet has these sawtooth variations, but they dis-
appear for z,/d > 5. This might be a result of the disintegration of the coherent struc-
tures near the end of the potential core. (However, the frequency discontinuities are
observed until x,/d = 7-5.) These distinctive characteristics of the measured noise
can be used to identify noise-producing regions in the flow.

2.2.2. The surface-pressure fluctuations. The flow visualizations in a low-Reynolds-
number water jet by Nosseir (1979) and in a high-Reynolds-number resonant jet by
Neuwerth (1973) showed that the large coherent structures approach the plate in a
region 1-0 to 1-5 diameters from the stagnation point. Further downstream, the wall
jet starts to develop. Three transducers located at r,/d = 0, 1-5 and 4 are used to
examine the characteristics of the pressure fluctuations in the stagnation region, the
vortex-impinging region and the wall-jet region. The level of pressure fluctuations at
the stagnation point (figure 5) increases steadily with increasing nozzle-to-plate
distance. Strong, Siddon & Chu (1967) reported that the stagnation pressure for
normal impingement reaches a maximum at x,/d = 7, and then drops with further
increasing z,/d. The present measurements are limited to z,/d < 5, so that the maxi-
mum is not reached. In the case of an obliquely impinging jet, the axial location,
x,/d, of maximum stagnation-pressure level is a function of incline angle (Westley,
Wooley & Brossam 1972). In the wall jet, the pressure normalized to the dynamic
pressure head q is constant (figure 5). The most interesting region is 1-0 < r,/d < 1-5.
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The measured pressure-fluctuation level in this region (figure 6) has discontinuities
similar to, and at the same plate locations as, those observed in the noise measure-
ments (figure 4). The sawtooth behaviour in both the noise and the surface-pressure
measurements certainly implies a close relationship between the noise generation and
the impinging large coherent structures. This observation is established further by the
analysis of the acoustic propagation path in §3.1.

3. The mechanisms of noise generation
3.1. The propagation path of the noise generated by the impinging coherent structures

Curle’s (1955) analysis suggested that the noise is generated both on the solid surface
and in the free jet. Although the noise from the free jet is of the quadrupole type, which
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Ficure 8. Comparison between optimum time delays of the measured correlations with the
far field and equation (2), with 9,/d = 90. (&) M = 0-5, (b)) M = 0-8.z,/d: O, 4; 1, 55;: M, 7.
, equation (2).

does not radiate as efficiently as the dipole type sound generated on the surface, the
mirror-image concept used in Powell’s (1960) model implied equal contributions from
both types. It is almost impossible experimentally to estimate their relative contribu-
tions from far-field measurements alone, because the waves lose their original identities
through interference. Therefore, far-field measurements must be complemented with
near-field and surface-pressure measurements.

Cross-correlations between the far-field signal and both the near-field and the
surface signals are used to determine the propagation path of the radiated pressure
fluctuations. The correlation curves are shown in figure 7. The time delay in the figure
is offset by 5:625 ms in order to present the main features of the correlations. A large
negative peak, denoted by (i), appears in the correlations with the near-field micro-
phones. Another smaller peak, denoted by (ii), also appears at an earlier time delay,
and its significance will be discussed later. These two peaks coincide into a single
positive peak in the correlation with the transducer on the plate at r,/d = 1-0.

The time delay of the maximum peak (i) in the correlation between any microphone
in the near field and the far-field microphone was found to be always greater than the
ratio of the distance between the two microphones divided by the ambient speed of
sound. This excludes the possibility of significant direct acoustic propagation between
the two. In fact, the time delay of (i) was found to satisfy the relation

TWep = T, +75 pp (j = LI, IIT) (1)

for different Mach numbers and plate locations. The first term on the right-hand side
of (1), 71, is the time delay of the maximum peak in the near-field correlations of
part 1, which represents the downstream convection of the large coherent structures
from point j to point 2 on the plate. The convection speed is 0-62U. The second term
7T,, pr 18 the propagation time of the pressure waves from position 2 on the plate to the
far field with the speed of sound. As mentioned before, this is the region where the
large-scale structures were observed to impinge on the plate.
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Fiaure 9. Far-field power spectra, z,/d = 4-5. (a) M = 0-4; (b)) M = 0:9,

These experimental results indicate that most of the near-field pressure fluctuations
produced by the pairing coherent structures do not dominate the noise production.
The structures propagate to the surface with a speed of 0-62U and then the fluctuating
pressure radiates to the far field with the speed of sound. Hence, most of the noise is
generated on the plate, in disagreement with the mirror-image concept (Powell 1960)
which suggests that the plate contributes by only 50 9, to the generated noise.

The propagation path represented by (1) holds for both resonant and non-resonant
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Ficure 11. High-frequency far-field noise-radiation path, from 7%,
2ofd = 45; O, 1, z/d = 0-13; O, 1T, /d = 0-92.

jets. This is evident from the good agreement in figure 8 between the experimental
data and (1) rewritten in the non-dimensional form

70g X,

0 115]- 1
= | 2
Moz T2 MK, )

where K, = (,/U, and (] is the average convection velocity of the large coherent
structures. M is the Mach number. The agreement between the measured data and
equation (2) for the resonant jet confirms the previous observation of the similarity
in the sawtooth pressure patterns found in both the far field and in the region where
the large coherent structures impinge on the plate.
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FI1cURE 12. Summary of noise-generation mechanisms in an impinging jet.

In order to provide more evidence of the impinging vortices as the noise source, a
very different data-processing technique, the conditional-probability-density measure-
ment, was used to confirm the model (Nosseir & Ho 1980). First, an amplitude threshold
and the positive slope were used to discriminate between events on the surface and
far-field pressure fluctuations. The high-pressure fluctuations are presumably produced
by the impinging vortices. The conditional-probability-density function of the time
difference between the events occurring on the surface and in the far field were cal-
culated. A pronounced peak appeared in the probability-density function and is equal
to the acoustic-wave-propagation time from the plate to the far field. Two minor
peaks on both sides of the main peak represent the frequency of events. The periods
of these two minor peaks are in the range associated with the passage frequency of the
large coherent structures on the plate. Hence the conditional-probability function
supports the conclusions arrived from the correlation measurement.

The explanation of the characteristics of the correlations in figure 7 is, in itself,
compatible with the above findings. Lau, Fisher & Fuchs (1972) showed that a nega-
tive pressure disturbance is recorded whenever an eddy passes a near-field micro-
phone. When this eddy impinges on the plate, a positive pressure disturbance is
recorded by the surface-pressure transducer. (Ho & Kovasznay (unpublished) have
measured positive-pressure disturbances associated with the impingement of isolated
ring vortices on a flat plate.) This disturbance propagates to the far field, and accord-
ingly a positive peak appearsin the correlation with the surface pressure (e.g. B, pp(7)).
On the other hand, the same positive disturbance at the far field would have been
measured earlier as a negative one in the near field, resulting in a negative peak (e.g.
Ry gp(7)). Furthermore, as the large coherent structures impinge on the plate, acoustic
waves are not only radiated to the far field, but also back to the near-field microphone
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(see part 1). This results in the appearance of peak (ii). The difference in the time
delays of (i) and (ii) decreases as the signal from the far field is correlated with locations
closer to the plate (eventually both peaks coincide in the correlation with the trans-
ducer on the plate). Therefore, peak (ii) does not correspond to direct acoustic radiation
between the near field and the far field.

3.2. Spectra of the far-field noise

When the spectra of the far-field signals were examined, they revealed that the im-
pingement of the large coherent structures on the plate is not the only mechanism
for the generation of noise. The spectra in figures 9(a, b) display two characteristic
peaks. Figure 9(a) shows a spectral peak at a Strouhal number of 0-33, which corre-
sponds to the noise generated by the impinging coherent structures. Another peak
appears at a higher-frequency band centred on the shear-layer instability frequency
which was measured near the nozzle lip in part 1. The two peaks have the same level;
however, since the energy is an integration over frequency, most of the noise energy is
associated with the high-frequency instability waves of the thin shear layer for this
low-Mach-number case (M = 0-4). A similar distribution of energy (figure 9b) is
observed for a resonant jet at M = 0-9, except that in this case the large coherent
structures prevail and a considerable amount of energy is concentrated at the resonant
frequency and its first harmonic. The mechanism associated with such efficient high-
frequency noise radiation might be an unsteady loading on the nozzle lip induced by
the instability vortices, which would produce a dipole-type sound. Another possibility
is the flapping of the thin shear layer (part 1), which would force the mean flow to
undergo acceleration and deceleration. This would lead to oscillations of the mass-flow
rate, producing a monopole sound field. However, both hypotheses are extremely
difficult to prove experimentally.

3.3. The radiation path of the noise generated by the instability waves

The high-frequency instability waves, or small vortices, evolve downstream into large
coherent structures. This takes place over a short distance from the nozzle by the
collective-interaction process (part 1). Therefore, the high-frequency noise associated
with the instability waves cannot follow the same path discussed earlier because the
waves lose their identity long before they reach the plate.

Cross-correlation between the far-field microphone and a near-field microphone
placed near the nozzle exit is shown in figure 10(a). A broad negative peak (i) is
associated with the noise generated by the impinging coherent structures. Another
peak, denoted by (iii), emerges at an earlier time delay. In order to ensure that this
peak corresponds to the radiated high-frequency noise, the pressure signals were
filtered using a high-pass filter. The cut-off frequency of the filter was chosen to be
the 8 kHz frequency of the valley between the two spectral peaks in figure 9(a).
The correlation of the filtered signals is shown in figure 10(b). Although peak (i)
disappeared, peak (iii) survived. The noise radiation path is determined from the time
delay of peak (iii). The time delay, in the nondimensional form # /a7, is plotted in
figure 11. The data collapse onto a straight line at #/a71!? = 1-0, indicating direct
high-frequency acoustic radiation to the far field.

Correlations made for resonant cases have similar features. However, the correlation
coefficients of peak (iii) were low, because of the low intensity of the high-frequency
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noise relative to the low-frequency noise (figure 12d). Also, peak (iii) did not appear
in the correlations with near-field microphones placed farther downstream, asexpected,
because of the collective interaction.

4. Conclusion

Both the generating mechanisms and the propagation paths of the far-field noise
in a subsonic impinging jet were clarified through the present study (figure 12). The
large coherent structures and the initial instability waves are responsible for the
noise measured at 90° to the jet axis. Most of the noise generated by the coherent
structures is caused by their impingement on the plate. The noise produced by these
structures in the free-jet region is minimal in comparison. The noise associated with
the instability waves of the shear layer radiates directly from near the nozzle exit.
The collective interaction (part 1) confines the evolution of high-frequency instability
waves into large coherent structures to a short distance, such that the two noise-
generating mechanisms are spatially separated.

The authors would like to thank Dr J. Laufer for his continuous encouragement
and helpful discussions during the course of this study. This work was sponsored by
AFOSR under grant 77-3312 and contract F49620-78-C-0060.
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