
 

 

American Institute of Aeronautics and Astronautics 

 

1 

Effect of Nozzle-Plate Distance on Acoustic Phenomena from 

Supersonic Impinging Jet 

Masahito Akamine1 and Koji Okamoto2 

The University of Tokyo, Kashiwa, Chiba, 277-8561, Japan 

Kent L. Gee3 and Tracianne B. Neilsen4 

Brigham Young University, Provo, UT, 84602 

Susumu Teramoto5 and Takeo Okunuki6 

The University of Tokyo, Bunkyo, Tokyo, 113-8656, Japan 

and 

Seiji Tsutsumi7 

Japan Aerospace Exploration Agency, Sagamihara, Kanagawa, 252-5210, Japan 

This study investigates the effect of nozzle-plate distance on the acoustic phenomena from 

a correctly expanded supersonic jet impinging on an inclined flat plate. In the authors’ 

previous study, the overall sound-pressure-level (OASPL) in the direction almost 

perpendicular to the plate from the impingement region became highest when the nozzle-plate 

distance was 𝟏𝟓𝑫 (𝑫, the nozzle exit diameter), although its mechanism was not clarified. In 

this study, the results of the sound-pressure-level measurement, conditional sampling analysis, 

and ray tracing of the acoustic intensity vectors are combined to discuss the phenomenon 

above more in detail. The result shows that the OASPL increase in the 𝟏𝟓𝑫 case is mainly due 

to the Mach wave, which is generated from the free-jet region and reflects on the flat plate on 

the bottom side of the jet. 

I. Introduction 

uppression of the acoustic vibration is an important factor for the development of a next-generation launch vehicle. 

One of the sources of vibration is considered to be the acoustic waves from a supersonic exhaust plume. In addition, 

jet impingement affects the acoustic phenomenon seriously. For example, Panda1 reported that the location of noise 

source region in the impinging jet case is different from that of the free jet case at a model-scale test. Moreover, the 

numerical study by Tsutsumi et al.2 showed that a slight change in the deflector shape yields large difference in the 

characteristics of acoustic waves from the impinging exhaust jet. To understand these phenomena, it is necessary to 

investigate the sound generation mechanisms from a supersonic impinging jet. 

 A supersonic impinging jet has been studied by many researchers in terms of a flow field3,4, shock structures5-8, 

and the impingement tone9-14, 29-31. In addition, a broadband acoustic phenomenon associated with impingement has 

been recently discussed numerically by Nonomura et al.15,16 and Tsutsumi et al.17,18 and experimentally by Worden et 

al.19,20 and Akamine et al.21 These numerical simulations15-18 and experiment21 showed that two types of the acoustic 

waves are generated from a ideally expanded jet impinging on an inclined flat plate. Figure 1a shows a schlieren image, 

which was discussed in Ref. 21, and Fig. 1b is its schematic view. One of the acoustic waves is considered to be the 
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Mach wave from a free-jet region (the flow between the nozzle exit and impingement region) and wall-jet region (the 

flow along the plate surface after impingement). The Mach wave is generated due to a supersonic convection of the 

large turbulent structures in the jet shear layer as explained by Tam.22 The other is an acoustic wave propagating in 

approximately 75° from the plate surface. An important point is that the source region of this acoustic wave is located 

around the shock structures in the impingement region such as a plate shock (i.e., stand-off shock) and series of shock 

waves on the plate surface, which will be due to the rapid expansion of the jet diameter as discussed by Carling and 

Hunt.5 

 Akamine et al.23 also investigated this acoustic phenomenon in the cases of longer nozzle-plate distances. They 

found that the acoustic wave propagating at 75° from the plate surface became more intense in the longer distance 

case, while the jet Mach number just before the impingement became lower, but its mechanisms could not be clarified. 

Therefore, the objective of this study is to explain this phenomenon by combining the results of the sound-pressure-

level (SPL) measurement, conditional sampling analysis of visualization movie, and vector acoustic intensity 

measurement, which have been reported independently in Refs. 23, 24, and 25. 

 

 
a) Schlieren image 

 
 

b) Schematic view24 

Figure 1. Acoustic phenomena from supersonic impinging jet. 
 

II. Experimental Methods 

A. Jet Facility 

 The experiment was carried out at the Hypersonic and High-Enthalpy Wind Tunnel at Kashiwa Campus of the 

University of Tokyo. Table 1 and Fig. 2 show the experimental condition and nomenclature. A Mach 1.8 ideally 

expanded jet was generated using an axisymmetric convergent-divergent nozzle (exit diameter, 𝐷 = 20 mm). This jet 

impinged on a 45° inclined flat plate. The nozzle-plate distance (𝑜 − 𝑜′ in Fig. 2) was varied between 5𝐷 and 25𝐷. 

The detailed description of the jet facility, nozzle, and inclined flat plate are found in Ref. 21. 

Table 1. Experimental condition. 

Jet Mach number 𝑀𝑗  1.8 

Nozzle exit diameter, mm 𝐷 20 

Stagnation pressure, MPa  0.585 ± 0.01 

Stagnation temperature, K  300 

Reynolds number 𝑅𝑒𝐷 1.5 × 106 

Nozzle-plate distance, 𝐷  5 − 25 

Plate angle, deg  45 
 

 
Figure 2. Coordinate system and nomenclature24. 

 

Acoustic wave in 75°  
from the impingement region 
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B. Sound-Pressure-Level (SPL) Measurement 

 To observe the acoustic field, the sound-pressure level (SPL) was measured using a single 1/4” free-field 

microphone (Brüel & Kjær Type 4939) with a two-axes positioning system. The relative location of the measurement 

points to the inclined flat plate was the same regardless of the nozzle-plate distance. Figure 4 shows the measurement 

points in the nozzle-plate distance 5𝐷 case. The signal was acquired using the National Instruments DAQ PCI-6133 

and LabView (sampling frequency, 400 kHz; signal length, 1 second). As described in Ref. 21, the narrow-band SPL 

(or power spectral density) was obtained using the fast Fourier transform and corrected with a microphone free-field 

response curve (incidence angle 0°) because the microphone pointed at 𝑜′ of Fig. 2 within 30°. Then, the overall SPL 

(OASPL) was calculated using the SPLs of 1 − 40 kHz.  

 

 
Figure 3. SPL measurement points (Nozzle-plate distance, 5D). 

 

C. Conditional Sampling Analysis of Visualization Movies 

To extract phenomena that correlates to the acoustic wave, a conditional sampling analysis was applied to the 

visualization movies. The detail of this technique was described in Ref. 24. The schlieren visualization movie and 

trigger signal from a microphone were taken synchronously. The microphone for the trigger signal was set at 𝑟/𝐷 =
40, 𝜃 = 75° to detect the acoustic wave propagating in 75°. The microphone and data acquisition system were the 

same as those in Sec. II. B. The visualization movie was taken using a schlieren optical system, which consists of a 

mercury lamp, concave mirrors (diameter, 200 mm; focal length, 2 m), knife edge (perpendicular to the jet axis), and 

a high-speed camera (Photron FASTCAM SA-Z; exposure time, approximately 0.37 μs; frame rate, 100 kHz; movie 

length, 1 second; resolution, 512 × 328 pixels). 

The procedure of the conditional sampling is as follows. With the continuous wavelet transform of the trigger-

microphone signal (Fig. 4a), the absolute value of the wavelet coefficient as a function of time and frequency is 

obtained (Fig. 4b). The peaks of this map correspond to the intermittent acoustic wave. If the 15 kHz component is 

chosen, for example, two peaks can be found in Fig. 4b. Because the phase value of these peaks is not constant as 

shown in Fig. 4c, trigger of these peaks is set at a time when the phase value takes – 𝜋 just before the peak (red arrows 

in Fig. 4c). Then, the frame at an offset time 𝜏 before each trigger is obtained from a visualization movie (Fig. 4d). By 

averaging these frames, uncorrelated phenomena are cancelled and correlated phenomena are extracted (Fig. 4e). By 

varying the offset time 𝜏, the movie of the correlated phenomena is extracted. 
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Figure 4. Conditional sampling analysis24. 

D.  Vector Acoustic Intensity Measurement 

To obtain the intensity level and propagation direction of the acoustic wave simultaneously, the vector acoustic 

intensity measurement was carried out as described by Gee et al.25   In this study, the active (radiated) intensity was 

the focus. To obtain the active intensity, the Phase and Amplitude Gradient Estimator (PAGE) method proposed by 

Thomas et al.26 was used. In this method, the active vector intensity of frequency 𝑓 was formulated with the following 

equation by Mann and Tichy27: 

𝑰 =
1

𝜔𝜌0

𝑃2𝛁𝜙, (1) 

where 𝜔 = 2𝜋𝑓, and 𝜌0 is the density of the surrounding atmosphere. 𝑃 and 𝛁𝜙 are the effective value of pressure 

magnitude and phase gradient of the complex pressure at frequency 𝑓 and are calculated using acoustic signals of an 

intensity probe. The two-dimensional intensity probe consisted of four, parallel-axis 1/4” pressure microphones 

(G.R.A.S. 46BG) located and the vertices and center of an equilateral triangle, as illustrated in Fig. 5a. As shown in 

Fig. 5b, four probes were attached on the two-axes positioning system during the experiment. Using these probes, 

intensity vectors were obtained at the points shown in Fig. 6. The signals were acquired using the National Instruments 

PXI-4498 (sampling frequency, 204.8 kHz; signal length, 6.1 seconds). 

 
a) Microphone location 

 
 

b) Photograph of probes attached to the two-axis 

positioning system 

Figure 5. Two-dimensional intensity probe28 

Acoustic signal 
from microphone 

Schlieren 
visualization 

images 

𝜏 𝜏 

Averaged image of 𝜏 (𝜏 + Δτ ) (𝜏 − Δτ) 

a) 

b) 

d) 

e) 

Trigger 

c) 

Probes 
Nozzle 
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Figure 6. Measurement points of acoustic intensity vectors28 (red square: measurement points for reflected 

Mach wave estimation in Sec. III. B). 
 

III. Results and Discussion 

A. Important Results in the Previous Papers 

To facilitate the discussion of how these different analyses contribute to the objective of identifying the source of 

the 75° noise component for impinging plates, the important results in Refs. 21, 23, and 24 are reviewed in this section. 

Figures 7a and 7b show OASPL distributions in the nozzle-plate distance 5𝐷 and 15𝐷 cases, respectively. In both 

cases, the acoustic wave propagating in the 75° direction (towards B) is observed, as well as the acoustic waves in the 

direction A, which is considered to be the Mach wave from the wall-jet region (the flow along the plate surface after 

impingement). Figure 8 shows the OASPL at 𝑟/𝐷 = 40, 𝜃 = 75° (red point in Fig. 7) for different nozzle-plate 

distances to observe variation of the OASPL of the acoustic wave in 75° across different measurements. The OASPL 

is highest in the 15𝐷 case, as seen in this plot, even though it has some errors. 

On the other hand, according to Akamine et al.,21 the centerline Mach number of the free jet is about 1.8 and 1.3 

at 5𝐷  and 15𝐷  downstream of the nozzle exit, respectively. This Mach number drop yields the weaker shock 

structures in the 15𝐷  case in the impingement region, which is close to the source region of the acoustic wave 

propagating in the 75° direction. Figure 9 shows the time-averaged wall pressure measured using flush-mounted 

pressure transducers. The horizontal axis is 𝑟 for 𝜃 = 0° (along the plate surface) in Fig. 2. As seen in this plot, two 

pressure peaks due to the shock structures in the 5𝐷 case do not appear in the 15𝐷 case. An important conclusion 

from this study is that there is no correlation found between the strength of the shock structures and the OASPL at 

𝑟/𝐷 = 40, 𝜃 = 75°, even though the apparent source location is close to the shock structures. To discuss this OASPL 

increase in the following sections, the two cases of the nozzle-plate distances of 5𝐷 and 15𝐷 are selected because, in 

the 5𝐷 case, the nozzle-plate distance is shortest and effects of the jet impingement are large in this experiment and, 

in the 15𝐷 case, the OASPL is highest. 

 

  

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
T

O
K

Y
O

 o
n 

Ju
ne

 5
, 2

01
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

6-
29

30
 



 

 

American Institute of Aeronautics and Astronautics 

 

6 

 

 

 
a) Nozzle-plate distance, 5D 

 
b) Nozzle-plate distance, 15D 

Figure 7. OASPL distribution24.  
 

 
Figure 8. OASPL at 𝒓/𝑫 = 𝟒𝟎, 𝜽 = 𝟕𝟓° as a 

function of the nozzle-plate distance24. 

 
 

 

Figure 9. Wall pressure distribution23. 

 
 

 The conditional sampling analysis by Akamine et al.24 shed a new light on the cause of the OASPL increase. They 

extracted phenomena that correlated to the acoustic wave at 𝑟/𝐷 = 40, 𝜃 = 75° from the schlieren visualization 

movies around the source region. Figures 10a and 10b show the extracted images in the 5𝐷  and 15𝐷  cases, 

respectively. To compare these two cases, the extractions were carried out using 300 triggers at 13 ± 1 kHz, which is 

the peak frequency at 𝑟/𝐷 = 40, 𝜃 = 75° in the 5𝐷 case. The Mach wave from the free-jet region (the flow between 

the nozzle exit and impingement region) is extracted in both cases but their features are different. In the 5𝐷 case (Fig. 

10a), the Mach wave appears on both the upper and lower sides of the jet, while that in the 15𝐷 case (Fig. 10b) appears 

only on the lower side. This result suggests that the Mach wave from the free-jet region may play an important role 

on the OASPL increase at 𝑟/𝐷 = 40, 𝜃 = 75° but its process will be different. One of the possible processes is a 

simple reflection of the Mach wave on the flat plate. 

  

Visualization 
region 

Visualization 
region 

A B 
A 

B 

Peaks of wall pressure 
due to the shock structures on the plate  

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
T

O
K

Y
O

 o
n 

Ju
ne

 5
, 2

01
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

6-
29

30
 



 

 

American Institute of Aeronautics and Astronautics 

 

7 

 

 
a) Nozzle-plate distance, 5D (𝜏 = −2.4 ms) 

 

 
 

b) Nozzle-plate distance, 15D (𝜏 = −2.6 ms) 

Figure 10. Mach wave from free-jet region extracted from visualization movies (trigger frequency: 13 

kHz; location of trigger microphone: 𝒓/𝑫 = 𝟒𝟎, 𝜽 = 𝟕𝟓°). 

B. Estimation of Propagation Path of Reflected Mach Wave 

Evidence for estimating the propagation path of the reflected Mach wave can be found from the acoustic vector 

intensity measurements.  Gee et al.25 measured the acoustic intensity vectors of the free jet and obtained a map of the 

intensity level and propagation direction of the acoustic wave for each frequency, similar to the one shown in Fig. 11 

for 13 kHz. The color contour and vector direction show the intensity level and propagation direction, respectively. 

Furthermore, by tracing back these vectors to the jet centerline, they estimated the location of the source region. 

In this study, by using this ray-tracing technique, the propagation region of the Mach wave reflected by the inclined 

flat plate is estimated as follows. For the measurement locations along the blue line in Fig. 11, the intensity vectors at 

these locations with intensity level over 115 dB are selected as those dominated by the Mach wave. These intensity 

vectors are shown on the blue lines in Fig. 12. Note that the vectors beneath the jet are obtained from those measured 

above the jet, by assuming that the acoustic field is axisymmetric. By assuming the source region is located along the 

jet boundary, the ray tracing each of the high level intensity vectors leads to an estimated source location for the Mach 

waves from the free jet case According to the visualization movies, the jet boundary exists along the line from the 

nozzle with approximately 3.5° to the jet axis, shown as light gray dashed lines in Fig. 11 and 12. The tracing paths 

for the free jet case are shown as the red or green dashed lines in Fig. 12. The vectors between the nozzle exit and 

plate surface are selected. Assuming specular reflection of the selected tracing paths by the inclined flat plate, the 

propagation paths of the reflected Mach wave are obtained as the red and green solid lines in Fig. 12. Note that the 

diffraction is not considered in this ray tracing. 

This ray-tracing of acoustic vector intensity leads to insights into the variation of Mach wave radiation with the 

nozzle-plate distance. Figure 12a shows that few propagation paths of the reflected Mach wave appear in the 5𝐷 case. 

This indicates that the propagation region of the reflected Mach wave will be narrow. On the other hand, Fig. 12b 

shows that the all propagation paths are reflected by the inclined flat plate. Therefore, the propagation region will be 

wider than in the 5𝐷 case.  
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Figure 11. Acoustic intensity vectors (Free jet; frequency, 13 kHz). 

 

 
a) Nozzle-plate distance, 5D 

 
b) Nozzle-plate distance, 15D 

Figure 12. Estimation of reflected Mach wave from the free jet region (frequency, 13 kHz; red or green 

dashed line, propagation path of the Mach wave from the free jet; red or green solid line, that of the Mach 

wave reflected by the inclined flat plate). 

C. Comparison with Extracted Phenomena from Visualization Movies 

This section discusses the differences of the extracted phenomena from the visualization movies between the cases 

of the nozzle-plate distance 5𝐷 and 15𝐷, by combining the propagation region of the reflected Mach wave estimated 

in the last section. In Figs. 13 and 14, the propagation paths are drawn on frames of the extracted movies in the 5𝐷 

and 15𝐷 cases, respectively. 

In the 5𝐷 case, the propagation paths in Fig. 13 indicate that the reflected Mach wave will propagate in two 

directions: along the inclined flat plate (green solid lines) and almost perpendicular direction to the plate from the 

lower side (𝑟/𝐷 = −1.0) of the impingement region(red solid line). On the other hand, the extracted waves in Fig. 

13b originate at the upper side of the impingement region around 𝑟/𝐷 = 1.0 and propagate in three directions: along 

the plate surface, almost perpendicular direction to the plate, and upstream direction. Therefore, although the Mach 

wave appears in the free jet region in Fig. 13a, the extracted waves in Fig. 13b cannot be regarded only as the reflected 

Mach wave. 

On the other hand, in the 15𝐷  case in Figs. 14c and 14d, the Wave X propagates in the direction almost 

perpendicular to the plate from a source region similar to that in the 5𝐷 case (upper side of the impingement region 

around 𝑟/𝐷 = 1.0). In addition to this, Figs. 14c and 14d show the Wave Y, which propagates along the estimated 

propagation paths of the reflected Mach wave (red solid line). This indicates that the Wave Y is the reflected Mach 

wave. Note that the Mach wave on the upper side of the jet is also extracted in Fig. 14c. 

It is summarized that, in the extracted movies, the waves are radiated from the upper side of the impingement 

region and cannot be regarded only as the reflected Mach wave in the 5𝐷 case, while both the reflected Mach wave 

and the wave from the upper side of the impingement region appear in the 15𝐷 case. 
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a) 𝜏 = −2.4 ms 

 
b) 𝜏 = −2.1 ms 

Figure 13. Comparison between extracted images (trigger frequency, 13 kHz; location of trigger 

microphone, 𝒓/𝑫 = 𝟒𝟎, 𝜽 = 𝟕𝟓° ) and estimated propagation region of the reflected Mach wave 

(frequency, 13 kHz) in nozzle-plate distance 5D case. 
 

 

 
a) 𝜏 = −2.8 ms 

 
b) 𝜏 = −2.6 ms 

 
c) 𝜏 = −2.25 ms 

 
d) 𝜏 = −2.0 ms 

Figure 14. Comparison between extracted images (trigger frequency, 13 kHz; location of trigger 

microphone, 𝒓/𝑫 = 𝟒𝟎, 𝜽 = 𝟕𝟓° ) and estimated propagation region of the reflected Mach wave 

(frequency, 13 kHz) in nozzle-plate distance 15D case. 

Wave X 
Wave X 

Wave Y 

Wave Y 

Mach wave Mach wave 

Mach wave 
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D. Comparison with OASPL Differences 

This section discusses contribution of the reflected Mach wave to the OASPL increase at 𝑟/𝐷 = 40, 𝜃 = 75° in 

the 15𝐷 case. By subtracting the OASPL in the 5𝐷 case from those in the 10𝐷, 15𝐷, and 20𝐷 cases, Figs. 15a, 15b, 

and 15c are obtained, respectively. Note that the subtraction is performed between the OASPL values at the same 

location relative to the inclined flat plate. Also, the propagation paths of the reflected Mach wave estimated in Sec III. 

B. are drawn as the red or green solid lines on these figures.  

In all the cases, the propagation paths show the two propagation regions of the reflected Mach wave. In these 

regions, the OASPL increases by 4 − 6 dB in the 15𝐷 and 20𝐷 cases (Figs. 15b and 15c). Also, in the 10𝐷 case (Fig. 

15a), the OASPL along the red solid line slightly increases. This OASPL increase is considered to be mainly due to 

the reflected Mach wave. This region almost includes the point at 𝑟/𝐷 = 40, 𝜃 = 75°, which is the measurement point 

of Fig. 8. On the other hand, in the region that corresponds to the acoustic waves from the upper side of the 

impingement region (the Wave X in Fig. 14), the OASPL increase cannot be observed, as seen in Fig.15. Therefore, 

it can be concluded that one of the factors of the OASPL increase at this point is the reflected Mach wave, in particular, 

in the 15𝐷 and 20𝐷 cases. 

Besides, the OASPL decreases in the direction A in Figs. 15b and 15c. This region corresponds to the region of 

the Mach wave from the wall-jet region in the 5𝐷 case in Fig. 7a. Therefore, it is supposed that the Mach wave from 

the wall-jet region is weaker because the jet velocity of the wall jet is lower in the 15𝐷 and 20𝐷 cases than in the 5𝐷 

case.  

 

 
a) OASPL differences between 10D and 5D 

 
b) OASPL differences between 15D and 5D 

 
c) OASPL differences between 20D and 5D 

Figure 15. Comparison between OASPL differences and estimated propagation region of the reflected 

Mach wave. 
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IV. Conclusion 

 
This study discussed the effect of the nozzle-plate distance on the acoustic phenomena from the supersonic 

impinging jet, by combining the results of SPL measurement, conditional sampling analysis of the visualization 

movies, and ray tracing of the acoustic intensity vectors. The main focus was the reason of the higher OASPL in the 

direction of 75° from the plate surface in the case of the nozzle-plate distance 15𝐷 than that in the 5𝐷 case. In the 

15𝐷 case, the wave propagating in the 75° direction consists of the Mach wave from the free-jet region reflected by 

the inclined flat plate and the wave propagating from the upper side of the impingement region. This reflected Mach 

wave becomes more significant in the 15𝐷 and 20𝐷 cases and this is one of the factors of the OASPL increase in the 

75° direction. 
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