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Measurements of the noise field from a 25 mm diameter subsonic air jet are 
presented. These results are analysed in some detail by determining both the 
jet velocity dependence and the directivity of the intensity of the radiation in 
+-octave bands at particular values of the frequency parameter, 

(fD/V,) (1  - MC cos 8). 

This procedure should ensure that a particular source in a geometrically similar 
position in the jet is always observed, whatever the jet velocity, diameter and 
emission angle. 

These results are compared with the predictions of Lighthill’s (1952) theory 
of convected quadrupoles. It is shown that the theory predicts the variation of 
the intensity with jet velocity and emission angle provided that the observed 
frequency is below a certain critical value, which depends on jet diameter and 
emission angle and is independent of jet velocity. Above this critical frequency, 
the predicted variations overestimate the measurements and it appears that the 
convective amplification predicted by the theory is much reduced. The variation 
of this critical frequency is explained by assuming that substantial interaction 
occurs between the radiated sound and the jet flow when the wavelength of the 
sound becomes shorter than the sound path length in the jet flow. 

1. Introduction 
A series of measurements of the noise field from a 25 mm diameter subsonic 

jet has been carried out in order to investigate the characteristics of the noise 
in some detail. Considerable care has been taken to ensure that unwanted noise 
sources, such as valves and ducting upstream of the nozzle, are insignificant 
compared with the jet mixing noise. The dependence on jet velocity, the direc- 
tivity and the spectra have been measured and compared in detail with the 
predictions of Lighthill’s (1952) theory of convected quadrupoles. The compari- 
son is done fist for the intensity over all frequencies as a function of jet velocity 
and emission angle to the jet axis. 

More detail of the noise characteristics is sought by extending this analysis 
to the velocity dependence and directivity of the intensity in particular $- 
octave frequency bands. To obtain meaningful results it is necessary to correct 
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the observed frequency for variations in jet velocity, and, if results from several 
nozzle sizes are being compared, in jet diameter. The velocity dependence and 
directivity are therefore examined at a constant Strouhal number rather than 
a constant frequency. This procedure should ensure that the sources in geo- 
metrically similar positions are analysed whatever the jet velocity and diameter. 
To conform with the model of convected sources, the observed frequency is also 
Doppler-corrected so that the same source frequency is examined in each case, 
whatever the convection velocity and emission angle. 

Using this method, the theoretically predicted velocity dependence and 
directivity can be checked at  several frequencies across the spectrum. In addition, 
on assuming that the noise field is axisymmetric, an estimate of the overall 
power and the power in various +-octave bands can be made, and these can also 
be checked with the predictions. In  this way it is hoped to build up a detailed 
picture of the accuracy of Lighthill's theory as it has been commonly applied 
to jet noise estimation. 

2. The jet noise rig 
The jet noise rig consists essentially of a nozzle exhausting into a large 

anechoic chamber which measures 9 x 9 x 7-2 m. The chamber is lined on all 
walls inside with acoustic foam wedges, 1 m long, which render it anechoic 
down to about 100 Hz. Compressed air at  approximately room temperature is 
supplied to the nozzle via a control valve and a silencer settling chamber. This 
chamber is cylindrical with a diameter of 300 mm and a length of 1.5 m and is 
designed to reduce the valve noise so that it is negligible compared with the 
jet mixing noise. This is achieved by lining the chamber with acoustic foam, 
50 mm thick, and by placing four baffles in the chamber at intervals of 300 mm. 
The baffles overlap so that there is no direct sound path. The valve noise can 
just be detected with the nozzle removed. It consists of tones at  about 5, 8 and 
12 kHz of intensity 30-45 dB.? This level is always below the jet mixing noise. 

The resulting settling chamber has a diameter of 150mm, which gives an 
area contraction ratio of 36: 1 when used with a 25 mm diameter convergent 
nozzle. The large contraction ratio ensures that the flow velocity in the settling 
chamber is very low, rising to a maximum of about 5 m/s at  choking. This, in 
turn, ensmes that the noise generated by the flow in the duct is very small. 

The nozzle is made of fibreglass and specially contoured to give a uniform 
velocity profile at the exit. It has an exit diameter of 25 mm and two extension 
pieces can be fitted to further reduce the exit diameter to 12.5 and 6.25 mm. 
A separate nozzle with an exit diameter of 50 mm can also be used. 

The microphone may be mounted at  various angles to the jet axis using a 
permanent stand constructed of light steel framework. The stand resembles the 
quadrant of a circle of radius 3 m and, since the jet issues vertically downwards 
from the roof of the chamber, it is mounted vertically with the centre of the 
quadrant at  the nozzle exit. Microphone holders are positioned along the stand 
at intervals of ?go from 7v to 105" to the jet axis (figure 1). 

7 Acoustic intensities are quoted throughout in dB relative to 10-12 W/mz. 
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The measuring and recording equipment consists of a 13 mm Bruel and Kjaer 
condenser microphone (microphone cartridge type 4 133 and cathode follower 
type 2615), which is used in conjunction with a B & K microphone amplifier 
(type 2603), bandpass filter set (type 1612), and level recorder (type 2305). 

compressed air 4 
Control valve 

supply 

FICUF~E 1. Schematic layout of j e t  noise rig. 

3. Measurement details 
Measurements of &octave sound pressure level spectra, between frequencies 

of 20 Hz and 40 kHz, have been made at  all angles to the jet axis between 7i0 
and 105" a t  intervals of 74'. Por each angular position the jet velocity was 
varied in about ten steps from 75 to 300 m/s. The maximum jet velocity corres- 
ponded to nozzle choking. These measurements were obtained mainly for the 
25 mm nozzle, although a limited set of measurements were also taken for 
nozzles of 50, 12.5, and 6.25 mm diameter. For these experiments the stagnation 
temperature in the settling chamber was assumed to be equal to the room 
temperature after several hours of running. In  addition the atmospheric pressure 
was measured at  regular intervals during testing and frequent checks were made 
on the microphone calibration using a B & K pistonphone (type 4220). 

Satisfactory measurements could not be obtained below about 90 mls for the 
25 mm jet because the jet noise was merging into the background noise at 
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low frequencies around 100 Hz. The background noise in the anechoic chamber 
was about 50 dB overall. At  higher jet velocities the low-frequency noise increased 
but not as rapidly as the jet noise. It appears that, at these low frequencies, 
the microphone was still in the near field of part of the jet. Measurements at 
these frequencies for jets of different sizes show that the intensity falls off 
rapidly with decrease in size or equivalently with increase in microphone dis- 
tance, whereas the jet noise decreases, as expected, at  6 dB for every doubling 
of the distance. This near field noise sets a low-frequency limit on the analysis 
of the far-field jet noise at around 100 Hz for the 25 mm jet (figure 2). 
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60 120 240 480 
Microphone distance (jet diameters) 

FIGURE 2. Decay of jet noise with distance at 15' to the axis. 
A, low-frequency (near field); 0,  peak frequency (far field). 

At the other end of the jet velocity range, the appearance of shock cell tones 
at  about 10 kHz, when the nozzle becomes choked, sets an upper speed limit. 
The microphone response becomes non-linear above about 10 kHz, and measure- 
ments above this frequency will be in error, since no microphone or atmospheric 
absorption corrections have been applied. However, this is not important since 
the frequencies of interest for the 25mm jet are below 10kHz. When the 
microphone was placed at 74' to the jet axis, a nose cone was fitted because the 
microphone was in the outer edge of the jet. Although the signal was dominated 
by the jet pressure fluctuations, part of the noise spectrum could be observed. 

It is possible that errors in measurements have occurred because of reflexions 
of the noise from the microphone stand and supporting structure, Efforts were 
made to minimize this by covering the stand with acoustic foam 50 mm thick. 
During preliminary testing a substantial ground-reflexion ripple was noticed 
in the spectra at  low frequencies. This was eliminated by removing part of the 
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supporting structure. No other reflexion effects were discovered but the possi- 
bility of their presence should be borne in mind when interpreting results. It is 
felt that the checks done on the different size nozzles should help to distinguish 
between actual changes in the noise characteristics and those caused by faults 
in the measurement technique. In  fact it was found that there were no major 
unexplained differences between the results from any of the nozzles tested. 

4. Development of theory for comparison with results 
Lighthill's (1952) result for the far-field intensity of the noise generated by a 

turbulent flow forms the starting-point for this analysis. This result was modified 
slightly to apply to the noise radiation from a jet by Ffowcs Williams (1963) 
(see also Lighthill 1963). 

The result for the far-field intensity, I ,  may be written in dimensional form as 
follows: 

where pm is the density in the mixing region, V' the jet velocity, D the nozzle 
diameter, p, and a, the density and speed of sound in the external fluid, R the 
distance from the jet to the observer and 8 the angle between the direction of 
emission of sound and the downstream jet axis. The function D(0) is the direc- 
tivity of the unconvected quadrupole distribution and M, is the speed of 
convection of the quadrupoles divided by the speed of sound in the external 
fluid. 

Ffowcs Williams (1963) showed that the factor ( 1  - M, cos 8)-6 should be 
modified to {( 1 - M, cos 0)z + a2iMz)-P when the convection Mach number ap- 
proaches unity. For the analysis in this paper the convection velocity is taken 
to be 0.65 of the jet velocity, a result given by Davies, Fisher & Barratt (1963). 
In  the experiments reported here the maximum jet velocity is about 300 m/s, 
thus convection Mach numbers do not exceed about 0.6. Taking the value of 
a equal to 0.3, as given by Davies et al. (1963), it may be shown that the maximum 
error in the directivity factor caused by ignoring the a2MZ factor is 1 dB at 
M, = 0.5. Similarly, it  may be shown that the error in the Doppler factor is 
about 5 yo. Consequently, the factor a2MZ is neglected in the following analysis. 

In  addition, since the stagnation temperature of the jet in these experiments 
is equal to the ambient temperature, the density in the jet core will be only 
20 yo greater than the ambient density at the highest jet velocity tested. Thus, 
the density in the mixing region is taken to be equal to the ambient density. 
It may be shown that, at  the maximum jet velocity tested, the error involved is 
less than 1 dB. 

The sound power may be obtained from the intensity by assuming that the 
sound field is axisymmetric and integrating over a sphere of radius R centred 
on the nozzle exit. The sound power, P, is then related to the intensity, I ,  by 

( 2 )  

FLM 46 37 
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It is now assumed that there are no preferred orientations of quadrupoles so 
that D(0) is unity in (1). This assumption may be justified for the overall intensity 
on examining the experimental measurements, which show that at  low jet 
velocities, where convection effects are small, the directivity is almost uniform. 

On substituting for I in (2) it may be shown that the sound power is given 
dimensionally by (Lighthill 1962) 

where the density in the mixing region has been replaced by the ambient 
density, po. 

For a more detailed analysis of the noise characteristics, it is necessary to 
study the spectral density of the sound field. An expression for the spectral 
density of the intensity, W ( f ) ,  has been derived by Ffowcs Williams (1963) and 
it may be written in dimensional form as follows: 

W ( f )  ( ~ 3 / P o 4 R 2 ) f  4H(f,) D(4, (4) 
where f is the observed frequency and f, is the frequency observed in a frame of 
reference convected at Mach number M,, and is related to the observed frequency 
by the Doppler factor, f, = f(l-lMccos~). 

The function H ( f J  is the Fourier transform of the correlation function of 
Lighthill’s stress tensor, Tii  = puiuj +p,ii-agp6ii (Lighthill 1952). It is related 
dimensionally to by H(f,) N P2D3f;l. The quantity H ( f J  is also a function 
of the wave-number of the turbulence, but, since effects associated with near- 
sonic convection are neglected here, it is appropriate to omit this term from the 
argument of H .  

Since the sound is measured in proportional bands in these experiments, the 
spectral density must be weighted by the frequency to give a quantity propor- 
tional to the intensity in a $-octave band. On multiplying (4) by f ,  and using (5), 
the intensity of sound in a &-octave band is given by 

where the quantities in curly brackets may be interpreted as Q-octave spectra. 
The observed frequency, f ,  is now eliminated from the right-hand side by using 

( 5 ) ,  and the quantities f s  and {H(f,)f,} are expressed in their non-dimensional 
forms, 

The expression for the &octave intensity becomes 

If the quantity f,D/V, is kept constant, the non-dimensional spectrum 
function involving H(f,) is also constant, and the expression reduces to 
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Thus, if the Q-octave results are analysed so that 

f,D/V, = (fD/V,) (1 - M, cos 8) = const., ( 9) 

then the Q-octave intensities will be independent of frequency and will show a 
velocity dependence given by V >  (1 - M, cos 8)-5 and a directivity given by 
D(6) (1 - M, cos 0)-5. It should be noted that any preferred orientations of the 
quadrupoles contained in the factor D(8) do not affect the velocity dependences 
at a given emission angle. 

The condition imposed by (9) may be interpreted physically by imagining 
that the observed frequency is &st corrected for Doppler shift to convert to 
the source frequency and then the Strouhal number correction ensures that the 
intensity is measured at  the same point on the spectrum relative to the peak. 
In  this way it is ensured that the source in a geometrically similar position in 
the jet is observed, whatever the emission angle, jet diameter and jet velocity. 

A similar analysis may be carried out for the acoustic power. The power in a 
Q-octave band at frequency f may be calculated by integrating the intensity 
(W(f)f), given by (6), over all angles using (2), to obtain 

{P(f)f} = 2 n R e / 7 W ( f ) f } S i n 6 d O ,  0 (10) 

where P ( f )  is the spectral density of the acoustic power and{P(f )f } is the acoustic 
power in a +-octave band. In order to isolate the power radiated from a particular 
source fluctuating at frequency f,, the observed frequency, f, must be corrected 
by the Doppler factor according to (5). To ensure that the source observed is in 
a geometrically similar position in the jet irrespective of the jet velocity and 
diameter, the source frequency must be expressed as a Strouhal number and 
(9) satisfied. Thus, the integration of (10) should be applied to (7) with f,D/V, 
kept constant. In this case, both f,D/V, and H(f , )  are independent of emission 
angle and for simplicity it is assumed that all the quadrupoles are randomly 
oriented so that D(6) is unity. Hence it may be shown that the power in a Q- 
octave band at  frequency f is given by 

This result shows that at  any frequency f, D/V, the velocity dependence of 
the power in a +-octave band is given by 

V ;  (1 + ~ : ) / ( i -  ~ 3 4 .  

In  the subsequent analysis of the experimental results, the frequency para- 
meter, f,D/V,, given by (9), is put equal to four typical values, namely, 0.03, 
0.10, 0.30 and 1.0. The values of the intensity in a $-octave band, {W(f)f), are 
then displayed as functions of jet velocity, V,, and emission angle, 8, for each 
value of the frequency parameter. These results are then compared directly with 
the predictions of (8), assuming that all the quadrupoles are randomly oriented 
so that D(8)isunity. Similarly, the acoustic power in a Q-octave band is calculated 
by rewriting (10) as follows, 

{ P ( f ) f }  = 2nR2A8 E { W(f  )f} sin 8. 
31-2 
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Thus the intensities, ( W ( f )  f } ,  expressed in W/m2 and not decibels, at each 
emission angle are weighted with sin8 and summed over all angles. The power 
in watts is obtained by multiplying by the constant 2nR2A8. There will be an 
error in these calculations because the intensity is not measured close to the 
jet axis and between 105" and 180" to the axis. However, the error will probably 
not be serious since the intensities close to the axis are rendered less important 
by the sin 0 weighting and the intensities in the arc 105-180" are well below the 
peak intensity. It should be noted that the quantity { P ( f ) f }  could not be 
obtained by direct measurement since the frequency, f ,  changes with emission 
angle, 8, because of the Doppler effect. These results are displayed as a function 
of jet velocity for each value of the frequency parameter, and compared directly 
with the prediction of (11). 

No attempt is being made, in this work, to use the theory to predict the 
absolute level of radiation. Whenever theoretical and experimental curves are 
compared the absolute level of the theory is adjusted for the best fit with the 
data. Conversely, there is no opportunity to adjust the velocity scale since the 
convection velocity has been arbitrarily fixed at 0.65 of the jet velocity. 

5. The principal results 
The measurements of overall intensity are compared with the predictions of 

the theory (equation (1)). In comparing the overall intensities it is justifiable to 
assume that all the quadrupoles are randomly oriented so that D(8)  is unity. 
A typical set of these measurements for the 25 mm nozzle with the appropriate 
theoretical curves are shown in figures 3 and 4. These measurements were found 
to be repeatable to within ~f: 1 dB. The main feature of these results (figure 3) 
is that the intensity at  90" to the jet axis varies as near the eighth power of jet 
velocity, from about 90 m/s to 300 m/s, as predicted by the theory. A more 
accurate measurement of the jet velocity power, which also includes the density 
correction factor, shows that this power is actually 7.5. The increase in intensity 
at  the highest velocities is due to shock cell tones which dominate the broadband 
noise. At  other angles to the jet axis, the measured intensity falls below the 
prediction at the upper end of the speed range, and the velocity dependences 
are again near the eighth power. The theoretical curves at 15" and 45' on this 
figure have not been adjusted vertically relative to that at  90" and hence have 
the correct amount of convective amplification above the 90" line. 

The directivities shown in figure 4 indicate that the intensity is directional 
with a peak more or less along the jet axis. As the jet velocity is increased, the 
directivity becomes more marked and at  the highest velocity the peak is at 22+" 
and the amplification from 90" to the peak angle is about 10 dB. However, the 
amount of ampIification is overestimated by the theory, particularly at  the 
higher speeds. Nevertheless, it appears that the directivity is qualitatively 
related to the convective amplification of the theory and, as mentioned earlier, 
at the low jet velocities the directivity is almost uniform, indicating the absence 
of any predominant quadrupole orientation for the overall intensity. Jn this 
figure, the theoretical directivities have been adjusted vertically for the best fit. 
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Log10 (vflao) 

FIQURE 3. Velocity dependence of intensity compared with theory. 
0, 15'; A, 45"; 0, 90"; __ , theory, equation (1). 

100 

90 

.- ,h 80 
m 

c 
ti 

42 

H 

70 

60 

t 1 1 I I I I 
0 15 30 45 60 75 YO 105 

Emission angle 0 (degrees) 

FIGURE 4. Directivities compared with theory. Jet  velocities: 0, 125 m/s; 
A, 195 m/s; 0, 300 m/s; -, theory, equation (1). 
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The acoustic power? may be obtained by using an equation similar to (12), 
which relates the overall power to the overall intensity. When this is done the 
results are plotted as a velocity dependence as shown in figure 5. This figure 
also shows the results from the 12.5 mm nozzle corrected by (3) to a nozzle 
diameter of 25 mm. It can be seen that the variation of power of both jets is in 
agreement and the velocity dependence is near the eighth power. The theoretical 
line derived from (3) increases more rapidly with velocity than do the 
measurements. 
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The value of the constant of proportionality of (3) without the convective 
amplification factor can be calculated from these results. It is found t'o lie 
between 3 and 4 x The acoustic efficiency based on the jet energy flux is 
therefore 0.8-1.0 x 10-4((vJ/ao)5. 

Typical Q-octave spectra, as taken straight from the level recorder, are shown 
in figures 6-8. It can be seen that the spectrum shape changes rapidly with 
emission angle (figure 6). At 90" to the jet axis (figure 8) the spectrum is broad 
and fairly smooth with a peak frequency, scaling as a Strouhal number, in the 
region of 0.8vJ/D. The growth of t h e  spectrum at low frequencies is about 
6-9 dB per octave and the decay at high frequencies is about 2-3 dB per octave. 
This is in agreement with the results of dimensional arguments which associate 
low frequencies with the fully developed jet and high frequencies with the 
mixing region (Lighthill 1963). 

t Acoustic power is quoted throughout in dB relative to W. 
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However, at  15" to the jet axis (figure 7) the spectrum shape changes and the 
peak becomes more marked and shifts to a lower frequency. Moreover, the peak 
frequency does not scale as a Strouhal number and remains almost constant at 
2000Hz over the whole velocity range. The growth of the spectrum at low 
frequencies is again about 9 dB per octave, in agreement with theoretical 

30 
20 50 100 200 500 1000 2000 5000 10,000 20,000 

Frequency (Hz) 

FIGURE 6. +-octave spectra at 15", 45' and 90' for jet velocity of 195 m/s. 

Frequency (Hz) 

FIGURE 7. )-octave spectra at 15' for various jet velocities. 
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arguments, but the decay at  high frequencies is more rapid than expected, 
between 3 and 6 dB per octave. 

At  other angles to the jet axis, in between 15" and 45", the spectrum behaves 
in the same way, with a sharp peak which does not scale very well as a Strouhal 
number. The peak moves progressively to higher frequencies as the emission 
angle is increased and at about 45' or so the broad shape characteristic of the 
spectrum at 90" reappears and the peak frequency again scales as a Strouhal 
number (figures 19, 20). 

This observation is the main result of this paper and can be used to ex-plain 
the discrepancies in theory and experiment which have already been noted in 
this section and which will be examined in more detail by studying the results 
in &octave bands at  particular frequencies. 
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FIGURE 8. +oct,ave spectra at 90' for various jet velocities. 

6. Analysis of results in +-octave bands 
The result,s outlined above in $ 5  have been analysed in Q-octave bands a t  

prticular values of the frequency parameter, f,D/V', in accordance with the 
technique set out in $4. They are displayed both as velocity dependences and 
as directivities. There appears to be considerably more scatter in these results, 
especially at  the lower jet velocities and at  the lower frequencies. This is 
probably due to insufficient integration time at the lower frequencies, which 
leads to errors in reading the traces. 

The dependence of Q-octave intensities on jet velocity at  three angles to  the 
jet axis are shown in figures 9-11. Each figure has four values of the frequency 
parameter given by equation (9), namely 0.03, 0.1, 0.3 and 1.0. The theoretical 
predictions of equation (8) are also shown on these figures. The velocity depen- 
dence at  15" (figure 9) shows that the theory fits the results well at  the two 
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lowest frequencies, i.e. fsD/VJ = 0.03 and 0.10. A t  the next value of the frequency 
parameter, 0.3, the theory is approximately in agreement at the low speeds but 
overestimates the intensity at the higher speeds. Similarly, the measurements 
at  the highest frequency fall well below the expected variation. 

, 

Log*, K J b O )  

FIGURE 9. Velocity dependence of Q-octave intensity a t  15' compared with theory. 
ValuesoffD/V~(l-MM,cosO): 0,0.03;  A, 0.10; ., 0.30; V, 1.0; --,theory, equation (8). 

The velocity dependence at  45" (figure 10) shows similar features except that 
the theoretically expected variation and the measurements also agree quite 
well at f, D/VJ = 0.3, but again the theory overestimates the intensity for 
f,D/VJ = 1.0, especially at the higher jet velocities. However, at  90" to the jet 
axis (figure l l ) ,  where convective effects are absent, the results follow the 
theoretical prediction, namely the eighth power of jet velocity, at  all frequencies. 

These results are also shown as directivities at three typical jet velocities in 
figures 12-14. The theoretical predictions of equation (8) for randomly oriented 
quadrupoles, i.e. with D(6)  equal to unity, are also shown and these have been 
adjusted vertically to give the best fit. At the lowest jet velocity (figure 12), the 
predicted directivity agrees fairly well with the measurements at  all but the 
highest frequency. At  the highest frequency the measurements fall below the 
prediction near the axis. Again, at  the intermediate jet velocity (figure 13), the 
predicted directivity agrees well with the measurements for all but the highest 
frequency except near the axis, where the measurements are above the predic- 
tion. At the highest frequency the measurements fall well below the theoretical 
curve between the jet axis and 60" to the jet axis. 

At  the highest jet velocity (figure 14) the theoretical and measured directivities 
agree fairly well at  the two lowest frequencies, except again the intensity is 
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FIGURE 10. Velocity dependence of +-octave intensity at 45' compared with theory. 
See figure 9 for symbols. 

FIGURE 11. Velocity dependence of +octave intensity a t  90' compared with theory. 
See figure 9 for symbols. 
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higher than predicted near the jet axis. At the two highest frequencies the 
measurements fall well below the prediction and at the highest frequency the 
measured directivity does not resemble the theoretical shape at all. 
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FIGURE 12. Directivity of )-octave intensity for jet velocity of 125m/s. Values of 
jo/yJ(1-iuocOse): 0 ,  0.03; A, *lo; m, 0.30; v,  1.0; - , theory, equation (8). 

Emission angle 8 (degrees) 

FIGURE 13. Directivity of *-octave intensity for jet velocity of 195 m/s. 
See figure 12 for symbols. 

To sum up, the analysis of the +-octave intensities at  various frequenciea, 
f,D/V’, shows that the theoretical velocity dependence given by equation (8) fits 
the measured results at all angles to the jet axis for the lower frequencies. The 
directivity also given by (8) fits the results a t  angles away from the jet axis. 
Near the jet axis there is an unexpected increase in the measurements above 
the predicted directivity, although the velocity dependence at these angles is 
correctly predicted. The agreement is also good at the higher frequencies away 
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FIGURE 14. Directivity of +-octave intensity for jet velocity of 300 m/s. 
See figure 12 for symbols. 

Log,, (vJl%) 
FIGURE 15. Velocity dependence of f-octave rtcoiistic power compared with theory. 
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from the jet axis. However, at  the high frequencies near the axis, the theory 
overestimates the measurements and, in particular, the velocity dependence 
falls below that expected. 

The power in Q-octave bands has also been calculated at the same values of 
the frequency parameter, fsD/VJ. The velocity dependences of these results are 
shown in figure 15, along with the theoretical prediction of equation (11). It can 
be seen that, at  the two lowest frequencies, the prediction agrees quite well 
with the measurements. However, at  the highest frequencies the measurements 
do not show any convective amplification and are close to an eighth-power 
velocity dependence. 

7. Discussion of the results 
7.1. Comparison of results with theory 

In  general there is good agreement between the theoretical prediction and the 
measurements. For instance, the intensity at right angles to the jet varies as 
the eighth power of jet velocity, as indicated by the theory. However, it appears 
that the predicted amount of convective amplification, particularly near the 
jet axis, is not present. The analysis in +-octave bands at  particular values of the 
frequency parameter, f, D/VJ, shows that the correct amount of convective 
amplification is observed at the low frequencies, for f,D/VJ below about 0.1 
(figures 9, 10). Again the theory fits well at all frequencies away from the jet 
axis (figure 11). However, at  high frequencies for fsD/VJ above about 0.1 and 
near the jet axis, the measurements fall well below the theory (figure 9). 

Frequency (Hz) 

FIGURE 16. Q-octave spectra at 15' for various nozzle diameters. 
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This discrepancy can be associated with the sharp decay of the spectrum 
from the peak at  angles close to the axis (figure 7). The peak frequency of this 
spectrum appears to correspond to  a critical frequency above which the theory 
and measurements disagree. It has already been noted in $ 5  that this frequency 
is independent of jet velocity. Comparison with the corresponding spectra of 
the noise from 50, 12.5 and 6.25 mm nozzles shows that this frequency is also 
inversely proportional to jet diameter (figure 16). Examination of this frequency 
a t  various angles to the jet axis shows that it increases with angle until about 
45" or so, the exact angle depending on the jet velocity, when it again scales on 
Strouhal number (figures 19, 20). 

Another discrepancy between theory and measurement was also noticed in 
the directivity of &octave intensity in the low frequencies and close to the jet 
axis. In  the region of 15-30' the measurements are between 3 and 6 dB above 
the predicted amount for randomly oriented quadrupoles. Corresponding 
analyses for the 50 and 12.5 mm jets also show exactly the same discrepancy 
(figure 17). The appearance of this effect over the whole speed range and for 
several different nozzle sizes precludes the possibility that the microphone, 
when close to the jet axis, is recording strong near-field pressures from the 
fairly low frequency sources (figure 2). 

40 I I I I I I I I 

0 15 30 45 60 75 90 105 120 

Emission angle 0 (degrees) 

FIQURE 17. Directivity of f-octave intensity at low frequency a t  jet velocity 195 m/s 
compared with theory. Nozzle diameters: 0, 12.5 mm; A, 25 mm; 0, 50 mm; -, 
theory, equation (8). 

Although a large ground reflexion from the supporting structure of the 
microphone stand was eliminated before these experiments were done, it is 
not possible to say that all reflexions from the microphone stand were removed. 
However, since this effect is noticed over a wide range of frequencies, it is 
reasonable to suppose that it is not due to an unwanted reflexion of the sound. 

The measured velocity dependence near the axis shows the correct amount 
of convective amplification a t  these low frequencies, but, since the emission 
angle is fixed, any directivity other than that due to convection would not be 
observed until the directivity at  these frequencies was studied. It is probable 
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that this difference from the directivity due to convection alone is caused by a 
preferred orientation of the quadrupoles. The difference in this case can be 
explained by a longitudinal quadrupole aligned along the jet axis, which has an 
unconvected directivity pattern given by cod 8. Since the intensity along the 
axis is increased by about 5 dB, it appears that the longitudinal quadrupole is 
approximately twice the strength of the randomly oriented quadrupole distri- 
bution at these frequencies. At higher frequencies it is not possible to speculate 
on the type of quadrupole present because the velocity dependences near the 
jet axis fall below the predicted curves, indicating that some other effect is 
present. 

Jet core / 

Mixing region 

Direction 
of emission \ 

FIGURE 18. Diagram of mixing layer showing sound path length (L) .  

7 .2 .  Explanation of the critical frequency 

It has already been noted that the main disagreement between the theoretical 
prediction and experimental measurement occurs for the high-frequency sound 
at emission angles near the jet axis. This suggests that, whenever sound of shor 
wavelength is travelling through long stretches of the jet flow, the theoreticaI 
model fails. It seems likely that there is substantial interaction between the 
sound and the jet flow when the sound wavelength becomes shorter than the 
sound path length in the jet flow, but the exact nature of the interaction remains 
unknown. This idea may be quantified in a simple way by assuming that the 
sound sources are located downstream of the nozzle lip in the centre of the shear 
layer at a distance x,  say. The shear layer is assumed to spread from the nozzle 
lip at  a constant angle, a, to the jet axis. Therefore, the path length, L, in the 
turbulence zone is determined by the source position and the emission angle 
(figure 18). 

A critical frequency, f,, can be calculated on assuming 

L = ao/fw (13) 
where a, is the speed of sound in the external fluid and it is taken equal to the 
speed of sound in the turbulence region. The critical frequency is given by 

f cx /ao  = sin (0 - a)/sin a. (14) 
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Since the radiated frequency is related to the source frequency by ( 5 )  and 
since the source frequency is approximately proportional to  VJ/x, (14) reduces 
to a Ma,ch number condition, 

(15) MJ = VJ/ao N [sin (0 - a)/sin a] (1  - M ,  cos 8). 

However, if x is taken proportional to  the jet diameter, D, (14) gives the 
~~ 

dimensional variation of the critical frequency, 

f, D/ao - sin (6' - a)/sin a. 
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FIGURE 19. Variation of peak frequency, f9D/ao,  with emission angle comparcd with 
theory. %/ao: 0 ,  0.30; A, 0.41; 0, 0.57; V ,  0.76; 0. 0-87; -,theory, equation (16). 

This expression may be compared with the measured variation of the critical 
frequency close to the jet axis. The peak frequencies, f,, of spectra a t  various 
angles and jet velocities are shown as a function of emission angle in figure 19. 
At any particular jet velocity the peak frequency tends to  be independent of 
emission angle away from the jet axis, but towards the jet axis the values fall 
on a locus which corresponds to the variation of critical frequency with angle. 
The theoretical locus given by ( l6) ,  with a = 15' and constant of proport,ionality 
equal to 0.25, is also shown on figure 19. 

It can be seen that there is some similarity between the measured locus and 
the variation of (16). At small angles t o  the jet axis, this simple model does not 
fit so well, possibly because the path length in the jet flow which effectively 
interacts with the sound is set more by the flow near the potential core rather 
than by the flow of the whole jet. For instance, at 7;' to the jet where the path 
length of the sound would be wholly in the flow, the critica,l frequency is about 
1000 Hz for the 25 mm nozzle, indicating that the effective path length is about 
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10 diameters. A t  angles nearly at  right angles to  the jet axis, it  might be erroneous 
to conclude that the peak frequencies at  sufficiently high jet velocity would 
collapse on to the theoretical curve of critical frequency, since it seems likely 
that the peak frequency at  right angles to the jet will continue to scale as a 
Strouhal number as the jet velocity is increased. 
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FIGURE 20. Variation of peak frequency (f,D/Vj) (1 - M,  cos 8)  with emission angle. 
See figure 19 for symbols. 

7.3. Ejj'ect of sound-/jet $ow interaction on the radiation 

The analysis in Q-octave bands a t  various frequencies shows that there is sound 
energy missing compared with the theoretical predictions in the high frequencies 
and close to the jet axis (figures 9-14). It is expected that, if the sound is scattered 
or refracted by the flow after generation according to the convected quadrupole 
model, then the result of integrating the contributions at  particular frequencies 
over all angles and the contributions at particular angles over all frequencies 
should capture the missing sound energy and confirm the theoretical prediction. 
It is assumed that the missing sound energy is not re-directed upstream or 
changed drastically in frequency where it would not be detected. 

However, the analysis of the integrated sound energy (intensity, power in +- 
octave bands and overall power) shows that, compared with the theoretically 
expected result, there is still energy missing (figures 3, 5 ,  15). Because of this, 
it may be concluded that the scattering or refraction of the sound after it has been 
generated according to the convected quadrupole model does not occur to any 
great extent. Consequently, the interaction between the sound and the jet flow 
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interferes with the mechanism of sound generation and reduces the expected 
output in the high frequencies and close to the jet axis. 

It can be seen from figure 9 that at  15' to the axis and in the high frequencies 
the velocity dependence of the Q-octave intensity falls below the eighth power 
at the higher speeds. However, if these results are re-analysed without the 
Doppler correction and at  a constant Strouhal number, the velocity depen.dence 
at the higher speeds is now near the eighth power (figure 21). It may be con- 
cluded then that, since the eighth power of velocity is still observed, the quad- 
rupole source strength is unaffected and the effect of the interaction of the sound 
with the jet flow is to destroy, partially at any rate, the convective amplification 
for the high frequencies and close to the jet axis. 

I I I I I I 
-0.6 -0.5 -0-4 -0.3 -0.2 -0.1 0 

Log,, N J / 4  
FIGURE 21. Velocity dependence of +octave intensity at 15'. 

Values of ~ D / V J  : 0, 0.3 ; A, 1.0. 

The critical frequency, above which the convective amplification is largely 
destroyed, is dependent on jet diameter and the angle to the jet axis, and 
independent of the jet velocity, as discussed in $7.2.  However, since the peak 
frequency of the spectrum unaffected by this phenomenon is dependent on jet 
velocity as well as diameter, and independent of angle, the difference between 
the peak frequency and the critical frequency at any angle is set by the Mach 
number V,/U,,. It is found that for radiation close to  the jet axis these two fre- 
quencies coincide when VJ/uo is approximately equal to 0.2. At angles further 
from the jet axis this critical Mach number is higher. Below a Mach number of 
about 0.2 the peak frequency is less than the critical frequency close to .the jet 
axis and it would be expected that the intensity and power of the radiation 
would conform with the theoretical variations described in 0 4. Above this 
Mach number the peak frequency will be greater than the critical, and the 
convective amplification will be largely destroyed, as observed in the experi- 
mental results. Since the critical Mach number of 0.2 is very low when considering 
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jet noise generation, almost all jets will be affected by this sound-jet flow 
interaction to some extent and the effect will spread to larger emission angles 
as the jet velocity is increased. 

8. Conclusions 
Satisfactory measurements of the noise from a subsonic jet were achieved by 

employing suitable acoustic treatment and a large area contraction ratio to 
remove upstream noise sources. Unwanted near-field noise was avoided by 
placing the measuring point at  120 nozzle diameters from the jet. The measure- 
ments were restricted to a jet velocity range of 90-300 m/s by background 
noise at the lower speed and by the appearance of shock cell tones at  the higher 
speed. 

The acoustic efficiency of the jet noise was found to be 0.8-1-0 x 10-42M>, a 
value in close agreement with the experimental results of others (Lighthill 1963). 
The results showed that the acoustic power and intensities at all angles to the 
jet axis varied as the eighth power of jet velocity approximately. The peak 
frequencies of the +-octave spectra scaled on Strouhal number at emission 
angles at  right angles to the jet. However, between 45" and the jet axis the peak 
frequencies showed poor scaling on Strouhal number but scaled better oiifD/u,. 

A more detailed analysis of these results in Q-octave bands was made at 
particular values of the frequency parameter, ( fD/Vj)  (1  - M,cosO), which corrects 
the observed frequency so that the source in geometrically similar positions in 
the jet is analysed whatever the jet velocity, jet diameter and emission angle. 
These results show that Lighthill's theory of a convected distribution of quad- 
rupoles fits the measurements well at  low frequencies ( fD/a,  < 0.15) for all 
emission angles. The analysis of the directivity also indicates that in addition 
to the randomly oriented quadrupole distribution, there is a longitudinal 
quadrupole present of approximately twice the strength of the randomly 
oriented quadrupole. The theory also fits well for higher frequencies as the 
emission angle approaches 90" to the jet axis. The theory overestimates the 
measurements for high frequencies (fD/uo > 0.15) emitted close to the jet axis. 

The discrepancy in the high frequency appears to be associated with a critical 
frequency above which the convective amplification is much reduced. This 
critical frequency is inversely proportional to jet diameter and increases with 
emission angle but it is independent of jet velocity. This suggests that the effect 
occurs when the wavelength of the radiated sound becomes shorter than the 
sound path length in the jet flow. 

Since the peak frequency of the unaffected spectrum is proportional to 
Vj/D and the critical frequency to ao/D, the resulting modification to the radia- 
tion will depend upon the Mach number, VJ/a0. It is found that for the radiation 
close to the jet axis these two frequencies coincide at a Mach number of about 
0.2, i.e. 60 m/s. Above this jet velocity the peak frequency of the noise is greater 
than the critical frequency and consequently the bulk of the noise is affected. 
The result is an apparent reduction in the convective amplification, so that the 
intensity, particularly at  angles near the jet axis, and the acoustic power vary 
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at a power of jet velocity much nearer to the eighth than the higher power that 
would be expected from the theory. 
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