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 (a) (b) 

Figure 16 Difference in far field sound directivity caused by addition of chevrons to baseline uninstalled 
nozzle at Primary M=1.05, Secondary M=0.95, freestream M=0.3. (a) 100B_A0 minus 000B_A0, (b) 200B_A0 

minus 000B_A0. 

 60° 90° 135° 

 
(a) 1 kHz 

 
(b) 10 kHz 

Figure 17 Sound source maps for baseline 00B nozzle and chevron nozzles 100B and 200B, at Primary 
M=1.05, Secondary M=0.95, freestream M=0.3, as viewed from 60°, 90°, and 135°. (a) 1 kHz band, (b) 10 kHz 

band. 

More insight is gained by looking at the source maps corresponding to observers on both sides of a chevron 
nozzle. Figure 18 shows source maps for the lower-penetration chevrons located on both the far (A0) and near 
(A180) sides of the plug. At 1 kHz, the source maps on the two sides of the jet are nearly identical, except for a 
slight reduction in the peak level (2 dB) at the 135° angle associated with having the chevrons on the near side of the 
plug. At 10 kHz, however, there is a significant noise penalty associated with having the chevrons on the near side 
of the plug: the peak level is 4, 9, and 11 dB higher at the 60°, 90°, and 135° angles respectively. At the 60° and 90° 
angles the source location is roughly the same for both sides of the nozzle, but at 135° the source region is much 
closer to the nozzle when observed from the chevron side. Based on this it seems that the high frequency noise 
produced by the chevrons is mostly directed toward the observers on the side of the chevrons, not the opposite side. 
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 60° 90° 135° 

 
(a) 1 kHz 

 
(b) 10 kHz 

Figure 18 Sound source maps for chevron nozzle 100B with chevrons on side toward (100B_A180) and away 
from (100B_A0) the observers; Primary M=1.05, Secondary M=0.95, freestream M=0.3. (a) 1 kHz band, (b) 

10 kHz band. 

The impact of chevrons spectrally is to decrease low frequency, aft-radiated noise and increase high frequency 
noise, often to broadside and forward angles. The decrease in low frequency noise associated with the addition of 
chevrons can also be associated with a spatial shift in source location further upstream in the jet for a given 
frequency. The increased high frequency noise comes from an increase in strength of the nozzle-locked source, 
which also expands to a larger spatial region. Increasing penetration has little impact on the source maps. At high 
frequencies, increasing penetration increased peak strength, but not spatial location. The nozzle-locked sources, 
responsible for the increase in high frequency, radiate preferentially toward the side of the jet with the chevrons, 
either because they are blocked and/or augmented by the nozzle centerbody, or by intrinsic directivity. The plume 
source, responsible for the low frequencies impacted by the chevrons, are not as azimuthally directional, being 
roughly the same to angles on the side with the chevrons or opposite them.  

Installation Effects on the Noise Source Distribution 

The last objective was to catalog the impact of the installation on the sound sources. Simplistically, because the 
nozzle plume is far enough from the planform to be relatively undisturbed, the planform should merely shield a 
portion of the plume, and the phased array would see the remainder of the plume unaffected. PIV measurements 
indeed showed that the turbulence of the plume for these nozzles was relatively unaffected by the installation on the 
planform. 

To the far field angle directly under the aircraft, the aft deck of the aircraft creates a geometry very similar to that 
of a wide flat plate. The impact of installing the baseline nozzle above the planform is shown in Figure 19. There is 
a low-frequency (less than 2 kHz) increase of 3-4 dB at fore and broadside angles. This is countered by a high-
frequency reduction in noise of as much as 8 dB at broadside angles.  

Phased array maps are shown in Figure 20 for low, medium, and high frequencies to show where these differences 
are produced. It is important to note that the peak levels of the maps (denoted by the number overlaid on each plot) 
differ from one another. As shown in part (a), adding the planform tends to increase low frequency (1 kHz) noise 
emitted in the upstream and broadside directions. To an observer at these locations the peak source location shifts 
upstream and would be located at the trailing edge of the planform if convection was accounted for. This is 
consistent with the planform producing a new source that is 3-4 dB louder than the plume source present in both 
configurations. In keeping with previous findings of this trailing edge source, it has an intrinsic directivity of a 
dipole oriented normal to the plate. Therefore, it produces little sound to the aft angle and the aft source map is 
unchanged by installation. 

At 5 kHz (part b), the nozzle-locked source is effectively shielded by the planform at 60°. At 90° the nozzle-
locked source is shielded, but the slightly louder plume source is unaffected. At aft angles, the distributions look 
similar, but there was a small reduction in the peak of the source map caused by the installation. At 20 kHz (part c), 
the nozzle-locked source is shielded so well that the source peak was reduced by 20 dB at 60° and by 11 dB at 90°. 
The remaining noise distribution appears as a source at the trailing edge of the planform, either because this sound is 
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Figure 8 Source distribution of impinging jet as processed by three different beamforming algorithms at 

three polar angles, projected onto parallel plane containing the source. M=0.2 flight stream, 10 kHz center 
frequency band. 

All the algorithms produced reasonable distributions when there is no flight stream, with the Conventional 
beamforming being much more diffuse than the other algorithms at all frequencies. Solving for sources on the jet 
streamwise plane caused some problems when the data was acquired at the 60°polar angle, but strangely did not 
cause an issue for the 135° polar angle. When the flight stream was active, all the source maps are more diffuse and 
all but the 90° polar angle were misplaced. The 135° maps, in particular, were nonsensical. The maps produced by 
Conventional beamforming were significantly more diffuse than others whereas the maps from High-Def 
beamforming were sometimes much less diffuse than the other algorithms but appeared to be inconsistent. The 
Functional beamforming algorithm produced consistent source maps and was chosen for use in further analysis.  

�7�R���L�Q�W�H�U�S�U�H�W���Q�R�L�V�H���V�R�X�U�F�H���P�D�S�V���I�R�U���M�H�W���I�O�R�Z�V���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���W�K�H���I�O�L�J�K�W���V�W�U�H�D�P�����D���µ�V�S�D�W�L�D�O���F�D�O�L�E�U�D�W�L�R�Q�¶���R�I���W�K�H���P�D�S�V��
was required. The calibration discussed here involves determining how much a source appears to shift downstream 
at different flight speeds and assumes that all sources would shift the same distance regardless of where they are 
located in the jet. Consequently, it is not as precise as if the beamforming were done with steering vectors created to 
account for the refraction of the free jet (which would account for phase variations between microphones). 

Figure 9 shows source distributions over a wide range of frequencies as determined at the three polar angles with 
no free jet velocity. The source region decreases in size rapidly with increasing frequency, but the peak location 
does not change with frequency. For each polar angle (column in the figure), a dashed line is drawn at the location 
of the source. 

Figure 10 shows source distributions for the same frequencies and angles but at flight speed M = 0.3. For each 
polar angle, two dashed lines are drawn, one at the actual location of the source as determined from Figure 9 and one 
through the peaks of the source maps. There is a displacement between the actual source location (green) and 
observed location (black) for the M = 0.3 case. 
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convection speed of the free jet flow Mflight. The wavefront is therefore directed at an angle tan-1(Mflight) greater than 
the emitted angle until it leaves the free jet. The edge of the free jet is notionally shown here as a dashed line. Upon 
leaving the free jet stream the propagation velocity is again the same in all directions, however, the wavefronts now 
have a center of curvature downstream of the actual source location. Since the beamforming was done assuming 
spherical spreading in an ambient medium, the beamforming algorithm assigns the origin of the energy to the center 
of curvature of the wavefront, at the location of the apparent source. The sketches in Figure 12 show how this 
geometry changes with the different polar angles used in the present study, assuming a 3° shear layer growth rate for 
the free jet shear layer. Using these geometries, differences between the apparent and actual source locations were 
calculated for the three polar angles. The measured differences from Figure 10 and similar measurements at different 
flight speeds are plotted versus flight speed Mflight in Figure 13, and the expected differences from the calculations 
are included in the figure. The calculated shift agrees with the measured shift, confirming this explanation for the 
shift. The source distributions shown later in this paper have not been corrected for this displacement, but future data 
processing could adjust for this effect. 

 

 
Figure 11 Sketch describing the geometry of an emitted wave, the convected wave direction, and the apparent 

source location after propagation through ambient to translating phased array. 

 
Figure 12 Sketches describing the geometry of the emitted wave, the convected wave, and the apparent source 
location for observers at 60°, 90°, and 135° for a source located at the nozzle exit in a Mflight=0.3 flight stream. 
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Figure 15 Source distributions for nozzle 000B operating with flow from primary nozzle only at M= 0.98. 

Examining the source maps by frequency, the lowest frequency, St=0.5, has the same peak location for all polar 
angles. The amplitudes are 5 dB higher at the 135° and 150° than at 90° and 7 dB higher than at 60°. This is in 
keeping with a hypothesis of intrinsic directivity for these plume sources.  

As we examine higher frequencies the primary source shifts from the downstream plume source to the upstream 
nozzle-locked source. At St=2.5 both sources can be distinguished at 90° and 60°. At 135° and 150° the nozzle-
locked source cannot be isolated until higher frequencies. This may be due to the viewing angle making 
distinguishing the sources difficult for the phased array or it may be that the nozzle-locked source is directional and 
radiates less strongly downstream. 

At St=10, the nozzle-locked source is dominant at all angles. Looking closely at 90° and 60°, it appears that this 
source is located midway down the plug, and appears to have radial extent closer to that of the inner nozzle lip than 
to the outer nozzle lip. It is also longer axially and stronger in the 90° view than the 60° view. The perception is that 
the source is associated with the inner shear layer caused by the backward step of the (non-operational) inner nozzle 
rather than to the outer shear layer of the primary stream. 

 

Effect of Chevrons on Noise Source Distrbution 

Nozzles with four different chevron configurations were tested with the phased array: 1) the low penetration 
chevrons on the lip between the primary and flight streams, 2) the high penetration chevrons on the lip between the 
primary and flight streams, 3) the low penetration chevrons on the lip between the primary and tertiary streams, and 
4) the high penetration chevrons on both sections of the primary stream lip. The nozzle rotation allowed the 
chevrons to be located on the microphone/observer/near side (designated as A180) or the opposite/far side 
(designated as A0) of the plug. These tests were performed with the primary stream at M = 1.05, the secondary 
stream at M=0.95, and the freestream at M=0.3. 

Figure 16 shows the difference in far field spectral directivity caused by adding chevrons to the baseline nozzle on 
the 180° arc between the primary and flight streams. Results are provided for both lower-penetration/100B (part a) 
and higher-penetration/200B (part b) chevrons located on the far side of the plug (A0). For the lower penetration 
100B chevrons, there is a 2 dB increase in sound above 10 kHz for angles forward of 90° and 2-3 dB reduction in 
frequencies below 2 kHz at almost all angles. The higher penetration chevrons 200B have a 4 dB increase at high 
frequency and roughly the same 2-3 dB reduction at low frequencies. 

The corresponding source maps for the two chevron designs (100B and 200B) are presented in Figure 17, along 
with the maps for the baseline nozzle (00B) for reference. At 1 kHz, the peak levels of the plume source are 
essentially the same for all nozzles, but the distributions are shifted upstream by the chevrons with the shift 
increasing with the increased penetration. The downstream angle shows very little shift, but both the 60° and 90° 
angles show the source shift significantly. At 10 kHz, the peak levels of the nozzle-locked sources are increased by 
the chevrons at upstream angles; whereas they remain essentially the same at the 135° angle. There is a slight 
downstream shift and lengthening of the distributions with the addition of chevrons, but they essentially remain 
located along the nozzle plug when flightstream convection is accounted for. Interestingly, the 135° angle sees the 
high frequency sources shifted slightly upstream with the addition of chevrons. 



  AIAA SciTech 2019 Conference �– 7-11 January 2019 
 

  14 

 
 (a) (b) 

Figure 16 Difference in far field sound directivity caused by addition of chevrons to baseline uninstalled 
nozzle at Primary M=1.05, Secondary M=0.95, freestream M=0.3. (a) 100B_A0 minus 000B_A0, (b) 200B_A0 

minus 000B_A0. 

 60° 90° 135° 

 
(a) 1 kHz 

 
(b) 10 kHz 

Figure 17 Sound source maps for baseline 00B nozzle and chevron nozzles 100B and 200B, at Primary 
M=1.05, Secondary M=0.95, freestream M=0.3, as viewed from 60°, 90°, and 135°. (a) 1 kHz band, (b) 10 kHz 

band. 

More insight is gained by looking at the source maps corresponding to observers on both sides of a chevron 
nozzle. Figure 18 shows source maps for the lower-penetration chevrons located on both the far (A0) and near 
(A180) sides of the plug. At 1 kHz, the source maps on the two sides of the jet are nearly identical, except for a 
slight reduction in the peak level (2 dB) at the 135° angle associated with having the chevrons on the near side of the 
plug. At 10 kHz, however, there is a significant noise penalty associated with having the chevrons on the near side 
of the plug: the peak level is 4, 9, and 11 dB higher at the 60°, 90°, and 135° angles respectively. At the 60° and 90° 
angles the source location is roughly the same for both sides of the nozzle, but at 135° the source region is much 
closer to the nozzle when observed from the chevron side. Based on this it seems that the high frequency noise 
produced by the chevrons is mostly directed toward the observers on the side of the chevrons, not the opposite side. 
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 60° 90° 135° 

 
(a) 1 kHz 

 
(b) 10 kHz 

Figure 18 Sound source maps for chevron nozzle 100B with chevrons on side toward (100B_A180) and away 
from (100B_A0) the observers; Primary M=1.05, Secondary M=0.95, freestream M=0.3. (a) 1 kHz band, (b) 

10 kHz band. 

The impact of chevrons spectrally is to decrease low frequency, aft-radiated noise and increase high frequency 
noise, often to broadside and forward angles. The decrease in low frequency noise associated with the addition of 
chevrons can also be associated with a spatial shift in source location further upstream in the jet for a given 
frequency. The increased high frequency noise comes from an increase in strength of the nozzle-locked source, 
which also expands to a larger spatial region. Increasing penetration has little impact on the source maps. At high 
frequencies, increasing penetration increased peak strength, but not spatial location. The nozzle-locked sources, 
responsible for the increase in high frequency, radiate preferentially toward the side of the jet with the chevrons, 
either because they are blocked and/or augmented by the nozzle centerbody, or by intrinsic directivity. The plume 
source, responsible for the low frequencies impacted by the chevrons, are not as azimuthally directional, being 
roughly the same to angles on the side with the chevrons or opposite them.  

Installation Effects on the Noise Source Distribution 

The last objective was to catalog the impact of the installation on the sound sources. Simplistically, because the 
nozzle plume is far enough from the planform to be relatively undisturbed, the planform should merely shield a 
portion of the plume, and the phased array would see the remainder of the plume unaffected. PIV measurements 
indeed showed that the turbulence of the plume for these nozzles was relatively unaffected by the installation on the 
planform. 

To the far field angle directly under the aircraft, the aft deck of the aircraft creates a geometry very similar to that 
of a wide flat plate. The impact of installing the baseline nozzle above the planform is shown in Figure 19. There is 
a low-frequency (less than 2 kHz) increase of 3-4 dB at fore and broadside angles. This is countered by a high-
frequency reduction in noise of as much as 8 dB at broadside angles.  

Phased array maps are shown in Figure 20 for low, medium, and high frequencies to show where these differences 
are produced. It is important to note that the peak levels of the maps (denoted by the number overlaid on each plot) 
differ from one another. As shown in part (a), adding the planform tends to increase low frequency (1 kHz) noise 
emitted in the upstream and broadside directions. To an observer at these locations the peak source location shifts 
upstream and would be located at the trailing edge of the planform if convection was accounted for. This is 
consistent with the planform producing a new source that is 3-4 dB louder than the plume source present in both 
configurations. In keeping with previous findings of this trailing edge source, it has an intrinsic directivity of a 
dipole oriented normal to the plate. Therefore, it produces little sound to the aft angle and the aft source map is 
unchanged by installation. 

At 5 kHz (part b), the nozzle-locked source is effectively shielded by the planform at 60°. At 90° the nozzle-
locked source is shielded, but the slightly louder plume source is unaffected. At aft angles, the distributions look 
similar, but there was a small reduction in the peak of the source map caused by the installation. At 20 kHz (part c), 
the nozzle-locked source is shielded so well that the source peak was reduced by 20 dB at 60° and by 11 dB at 90°. 
The remaining noise distribution appears as a source at the trailing edge of the planform, either because this sound is 
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produced here or because it is diffracting from upstream sources. Unfortunately, the phased array produced 
unphysical distributions for both configurations at 135° for this high frequency. In both the baseline uninstalled case 
and the installed case, however, the beamform peak is very low due to the lack of high frequency directivity in this 
direction. 

 
Figure 19 Difference in far field sound directivity caused by installation of baseline nozzle on planform 

(000T). Difference is 000T_S0 minus 000B_A0, both at Primary M=1.05, Secondary M=0.95, freestream 
M=0.3. 

 60° 90° 135° 

 
(a) 1 kHz 

 
(b) 5 kHz 

 
(c) 20 kHz 

Figure 20 Sound source maps for baseline nozzle, uninstalled (000B_A0) and installed on the planform as 
observed directly under the aircraft (000T_S0), at Primary M=1.05, Secondary M=0.95, freestream M=0.3, 

for polar angles 60°, 90°, and 135°. (a) 1 kHz band, (b) 5 kHz band, (c) 20 kHz band. 

At the lateral certification position, the planform, which represents partly aft deck and partly tailfin, is between the 
plume and the observer but the leading edge is farther downstream, potentially shielding the nozzle-locked source 
less. Figure 21 shows 20 kHz source maps for the baseline nozzle, uninstalled and installed as seen at the lateral 
angle. Immediately obvious is the source at the leading edge of the tailfin for the 60° angle. The peak level is 9 dB 
below that of the uninstalled source. At 90°, there is a small diffracted source on the tailfin leading edge more than 








