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The purpose of the investigation presented here is to study the degree of correlation
between the density gradient in the near field and the aeroacoustic sound generation in
the far field of a cold jet. The variations of the density gradient in the flow are visualized
and recorded by the Background Oriented Schlieren (BOS) technique. In this method high
power LEDs are used as illumination source. Simultaneously the pressure fluctuations in
the acoustic far-field are recorded by a set of microphones. Measurements on a round
nozzle and a chevron nozzle are conducted and the obtained results are compared. Large
structures emitting noise are localized, being in the case of the chevron nozzle further
upstream due to the higher level of entrainment of the jet with the surrounded ambient
fluid. In addition, it is demonstrated that the noise produced by these structures is radiated
mainly downstream, having the highest correlations with the pressure fluctuations recorded
with the microphone located at an angle θ = 26○ respect to the jet-axis.

Nomenclature

c0 Speed of sound, m/s zC Distance between background and camera, mm
D Nozzle diameter, m
f focal distance, mm
fs Sampling frequency, Hz Greek letters
fa Anti-aliasing filter frequency, Hz α Angle between reference light ray and z, rad
fc Cut-off frequency, Hz γ Specific heat ratio
KGD Gladstone-Dale constant, m3/kg ε Angle of deflection, rad
L Total length of the nozzle, m θ Angle between microphone position and y, deg
M Mach number ρ Density, kg/m3

n Refractive index σp′ Variance of the far-field quantity, Pa
N Number of samples σψ′ Variance of the near-field quantity, m
p Pressure, Pa τ Retarded time shift, ms
p0 Stagnation pressure, Pa τ ′ Time shift, ms
r Spatial vector, m ψ′ Zero-mean part of the near-field quantity, m
R Specific gas constant, J/(kg K)
Rψ′,p′ Normalized cross-correlation coefficient
Sψ′,p′ Cross-correlation coefficient
St Strouhal number
t Time, s
Uc Convection velocity, m/s
x, y, z Coordinate system components, m
x1 Radius at the base of the nozzle, m
x2 Radius at the exit of the nozzle, m
zA Distance between background and density gradient, mm
zB Distance between density gradient and camera, mm
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I. Introduction

An important challenge for current aviation industry is to become more eco-friendly and significant efforts
are being made for reducing noise emission. For this purpose, numerous researches in the aeroacoustic field
are focused on understanding the mechanisms of sound generation.

In 1952 James Lighthill proposed the acoustic analogy,1,2 and since then many studies and different the-
ories have been developed3 in order to understand the aeroacoustic source mechanism of jet-flows. However,
Lighthill’s theory is still the dominant theoretical model used to describe the sound generated aerodynam-
ically. An experimental approach for the sound source identification is through the analysis of measured
data in a statistical manner. A technique presented by R. Rackl and T. E. Siddon4 implies that the cross
correlation in real time between the variations in a near-field quantity, considered the cause, and the radiated
acoustic pressure, considered the effect. With this technique named causality correlation, it is attempted
to identify the sound sources in the jet. Several works have used the causality correlation although there
are differences in the near-field quantity evaluated and the technique employed for its measurement.5,6, 7 A
recent study has proposed the use of the Background Oriented Schlieren technique for the measurement of
the fluctuation of the density as the near-field quantity.8 The Background Oriented Schlieren method is an
optical technique based on the detection of changes in the index of refraction. It is non intrusive and unlike
other optical techniques it uses simple instrumentation, being easy to applicate to different flows and even
to full scale test.9

This paper investigates the use of the BOS technique with high power LEDs as illumination source in
a transonic cold jet. This technique measures the density changes which are afterwards correlated with
the generated noise. The objective is to investigate the cross-correlation between the near-field and the
far-field quantity in order to provide information between flow structures and radiated sound. Moreover,
the influence of two different types of nozzles (a round and a chevron nozzle) in the flow stream is studied.
Chevron nozzles have been used to reduce jet noise since they enhance the mixing of streams and decrease
the effective jet velocity in the main noise producing region.16 However, they also increase the turbulence
near the nozzle. As result, a reduction in the jet noise at low frequencies and a growth at high frequencies
are found.

II. Experimental Techniques

A. Background Oriented Schlieren Technique

The principle of the Background Oriented Schlieren technique is based on the change of the index of refraction
n due to density gradients perpendicular to the line of sight. Therefore, a light beam passing through a field
with density fluctuations will be deviated an angle ε. This angle is assumed to be small. Thus, the deflection
angle owing to the change of n in the y direction is given by:10

tan ε ≈ ε = ∫
1

n

δn

δy
dz. (1)

The relation of the density ρ with the refractive index n of a gas mixture is defined by the Gladstone-Dale
equation:10

n = 1 +KGDρ, (2)

being KGD the Gladstone-Dale constant. The combination of Equation 1 and 2 for a 2D flow leads to a
direct relation between the deviation angle and the density gradient.

In the BOS technique, a camera is used to record a reference image that is illuminated with a light
source. Firstly, the reference image (image of the dot pattern) is recorded without any density variation.
Then, a second measurement is done through the flow investigated. The comparison of these two images will
show displacements in the dot pattern due to the density gradient. By using a cross-correlation method, the
displacement in each interrogation window in x and y direction can be calculated. Figure 1 describes the
set-up used in the BOS technique.

2 of 15



Figure 1. Schematic experimental set-up and image formation. The blue line represents the light beam
deflected by an angle ε owing to the density gradient in the jet. The difference between the ray without being
affected by any density fluctuation and the deflected ray is given by ∆y in the dot pattern and ∆yimage in the
camera sensor. The scheme of the image formation shows the influence of the focal distance f and zc in the
magnification of the image.

To obtain valid measurements a thorough examination must be done to the effects that the aperture of
the camera, the spatial resolution and the sensitivity (given by ε) have in the images recorded. Another
important aspect is the exposure time of the illumination and the type of light source. In this experiment
an incoherent light is used to avoid speckle noise.

1. BOS Sensitivity and Resolution

The arrangement of the set-up influences the BOS sensitivity and spatial resolution obtained in the test.
The sensitivity is defined as the capacity of detecting small changes in the density gradient and it can be
measured by the deflection angle ε. To study these parameters only the density gradient in one plane is
considered. By the geometrical relations observed in Figure 1, the deflection angle can be expressed as:

tan ε = (1 +
zA
zB
) tanα

zA
zB
− tan2 α

, (3)

with zA and zB being the distance from the object plane to the dot pattern and the camera lens respectively.
The angle α depends on the distance between the camera and the dot pattern, zC, and ∆y by the following
relation:

tanα = ∆y

zC
. (4)

Moreover, ∆y can be calculated through the magnification factor:

Magnification = ∆yimage

∆y
= f

zC − f . (5)

In Figure 1 the relation of the increment of y in the dot pattern and in the camera sensor are depicted.
Equation 3 - 5 yields to Equation 6 where the sensitivity is expressed.

tan ε ≈ ε =
(1 + zA

zB
)∆yimage

zC−f
zCf

zA
zB
− (∆yimage

zC−f
zCf
)2
. (6)
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The sensitivity for different values of f and zC is represented in Figure 2, where ∆yimage or the smallest
detectable displacement is set to 0.1 pixel. A higher sensitivity is achieved when a smaller angle ε produces
the same shift of the dot pattern ∆yimage. Figure 2 (b) shows how the distance between background and
camera barely affects the sensitivity.

(a) Sensitivity for different focal length and zC (b) Sensitivity for f = 105 mm and different zC

Figure 2. Sensitivity for ∆yimage = 0.1 pixel. Three different values of the parameter zB/zA are represented:
zB/zA = 1, zB/zA = 0.5 and zB/zA = 0.25.

The sensitivity is mainly improved by increasing the distance from the background to the density
gradient,zA, and by an increase of the focal length of the cameras, f .11

On the other hand, zA is limited if the optimal spatial resolution is pursued. The optimal distance is
achieved if the light cones coming from two recorded points, which are separated by a distance equal to
the length of the interrogation window, are touching themselves. Therefore, two different gradient will be
possible to distinguish and no information is lost.12

The aperture of the camera also affects the spatial resolution, diminishing with the decrease of the
aperture.13 Besides, another parameter influenced by the aperture is the amount of light that the sensor
of the camera receives. Nevertheless, smaller apertures increase the depth of field and give sharper images.
Consequently, a compromise between all these factors must be achieved.

2. BOS Image Evaluation

The evaluation of the recorded images is performed by the PIVview software (DLR contribution to
Stanislas et al.14). By using a pair of images (reference and measurement image) linear displacement vectors
can be found. These displacements are calculated for each interrogation window through a cross-correlation
function, which statistically measures the degree of match between the samples of the two images. Figure 3
shows schematically the evaluation process.

Figure 3. Evaluation process scheme performed in each window by the cross-correlation function.

For the analysis of the images, a window size of 32×32 px with an overlap of 50% is used. A multiple
pass interrogation algorithm is chosen since the signal to noise ratio of the correlation peak is increased.15

By using this algorithm the evaluation of the images is repeated three times. In each pass a small shift of
the image, which is determined by the previous analysis, is performed until the residual shift is less than one
pixel. Thus, a higher number of matches between the two images are achieved.
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B. Cross-correlation function

The cross-correlation function is used to quantify the time-average relation between two time dependent
and time stationary signals in the time domain17,8 (Equation 7). Thus, the zero-mean part of the near-field
and far-field quantity, which are represented by ψ′ and p′ respectively, are the values to be analyzed.

Rψ′,p′(r, τ ′) = Sψ,p(r, τ
′)

σψ′(r)σp′ = ⟨ψ
′(r, t)p′(t + τ ′)⟩√
⟨ψ′(r, t)2⟩ ⟨p′(t)2⟩

. (7)

The pressure signal is time shifted by τ ′ with respect to a near-field quantity ψ′ recorded at position r. The
correlation coefficient Sψ,p is normalized by the square root of the product of the variance of each signal:

σψ′ =
¿
ÁÁÀ 1

N

N

∑
n=1

(ψ′(r, tn))2. (8)

In this paper, the displacements ∆x′ and ∆y′, which are taken at discrete times tn, are the near-field
quantity to evaluate. The pressure signal is recorded at times tn+m∆τ , being ∆τ the inverse of the sampling
frequency of the microphone signal. The variance of the pressure is calculated according to its number of
samples.

III. Experimental Set-up

The experiment is conducted in a semi-anechoic chamber in the facilities of DLR at Göttingen. Acoustic
absorbent material is disposed on the floor and in some other components to minimize reflections. A cold
jet of M = 0.9 is generated by a nozzle of 15 mm diameter at the exit. The near field measurements are
performed by the BOS technique while the far field acoustic pressures are measured by six microphones.

The density of a flow can vary mainly due to compressibility and heat. To minimize the heat effects,
the vicinity of a cold jet of M = 0.9 is studied. Figure 4 (a) shows the area analyzed and recorded by each
camera, while 4 (b) represents the position of the six microphones used.

(a) (b)

Figure 4. Field of view of the cameras (a) and microphone location (b)

The distance between the nozzle and the dot pattern is set to zA = 1200 mm while the distance to the
cameras is set to zB = 600 mm. Three high power LED illuminators (with green light) are located 600 mm
from the dot pattern, working in pulsed mode with a frequency of 20 Hz. The cold jet comes upwards, in
the y direction, and recorded by two CMOS cameras (pco.edge type). Their resolution is of 2560×2160 pixel
and they capture images of the flow at the same frequency as the LEDs. The microphones are placed at the
left of the nozzle, in the x direction. The three different systems are synchronized by a master clock. Figure
5 shows the set up used.
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Figure 5. Experimental set-up. The jet comes vertically upwards generating density fluctuations. The dot
pattern is illuminated by the LEDs behind it and the apparent displacement of the dots (due to density
gradients) is recorded with the cameras. The acoustic pressure is measured by the six microphones situated
at the left.

A. Description of nozzles

A 7th order polynomial convergent nozzle is used to obtain a uniform velocity profile at the nozzle exit.18

The inner contour of the nozzle is described by the following equation:

ξ(η) = (−20η3 + 70η2 − 84η + 35)η4, (9)

being η = L−y
L

and ξ = x−x2

x1−x2
. L is the total length of the nozzle, which value is 100 mm. x1 is the radius

at the base of the nozzle and x2 is the radius at the exit of the nozzle, which values are 50 mm and 15 mm
respectively.

The chevron nozzle design is based on the round nozzle. This nozzle exit consists on 6 lobes, where each
lobe’s length is 7.5 mm. The angle of the lobe is 60○ and the penetration depth of each lobe is 1 mm. The
penetration depth is the difference between the base radius and the tip of the lobe. Figure 6 shows both
nozzles.

Figure 6. The 7th order polynomial nozzle (left) and chevron nozzle used in the experiment.

It is assumed that these nozzles have a thin internal wall boundary layer, therefore, there is no important
effect on the radiated jet noise.
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B. Microphone Measurements

The far-field pressure fluctuations are recorded by 6 microphones (Type: M51 by LinearX). The micro-
phones are located at a distance of 820 mm from the nozzle exit, except the sixth one that is at 870 mm.
The microphones are in the xy-plane of the nozzle at an angle 26 deg ≤ θ ≤ 90 deg, being θ the angle between
the y-axis and the direction of the microphone (Figure 4 (b)). The microphone signals are simultaneously
sampled with an AD conversion of 16-bit at a sampling frequency of fs = 100 kHz. All channels have an
anti-aliasing filter at fa = 50 kHz. To reduce the influence of low frequency noise on the measured signals a
high-pass filter with a cut-off frequency fc = 500 Hz is applied. The recording time for one measurement is
t = 3600 s.

C. Source of light

Three light emitting diodes (LED) are used to illuminate the dot pattern during the recording. These
high-power LEDs generate green light pulses with a frequency of 20 Hz. The theoretical luminous flux
emitted is around 8000 lm, which is enough to have a good signal to noise ratio. Besides, non-coherent light
is obtained avoiding the speckle pattern. Thus, the quality and sharpness of the image is improved compared
to previous studies where a laser has been used for the illumination.8

IV. Results

A. Sound spectra

The spectrum analysis is performed using the Welch’s method.19 The signal is divided in segments of
1000 samples, being the frequency resolution of 100 Hz. A Hanning window20 is applied with an overlapping
of 50% in an averaging period of 60 s. Hence, the frequency spectra are calculated with a number of 12000
averages. In Figure 7 the sound pressure level (SPL) versus the Strouhal number is represented for different
positions of the microphones and three different set-up. The SPL is defined relative to a reference pressure
of pref = 2 ⋅ 10−5 Pa. The Strouhal number (St) is inversely proportional to the velocity of the flow. The
velocity at the exit of the nozzle is calculated by using the following equation:21

v =
¿
ÁÁÁÀ2γRT0

γ − 1

⎡⎢⎢⎢⎢⎣
1 − ( p

p0
)
γ−1
γ
⎤⎥⎥⎥⎥⎦
, (10)

where R represents the specific gas constant and γ the specific heat ratio. The total temperature T0 and the
ratio of total pressure p0 to static pressure p are measured during the test (Table 1).

Test T0(K) p0/p
Round nozzle 295.1 1.675

Chevron nozzle 294.3 1.675

Table 1. Test conditions for the round and chevron nozzle. T0 and the ratio of total to static pressure p0/p is
measured at the nozzle exit.

In the first set-up configuration, the measurements are taken with the round nozzle. The cameras, LEDs
and the dot pattern are taken out from the set-up (red line) and only the microphones remain in the semi-
anechoic chamber to acquire the acoustic pressure. The second case shows the measurements taken with the
round nozzle but with the complete set-up (blue line). This is the configuration used for the recording of the
near-field and the far-field data. A comparison between both cases shows that the reflection of the sound
in these components of the set-up (cameras, LEDs and dot pattern), and their influence in the results, is
minimum. The third case corresponds to the chevron nozzle with the complete set-up (green line).

It is observed in Figure 7 that for all microphone positions there are resemblances in the shape of the
spectra, specially at low frequencies. Hence, it can be assumed that similar large flow structures are created
with both nozzles. Furthermore, when decreasing θ the amplitude of the wiggles at low frequency tends to
diminish.
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(a) Microphone at θ = 90 deg (b) Microphone at θ = 73 deg

(c) Microphone at θ = 54 deg (d) Microphone at θ = 43 deg

(e) Microphone at θ = 33 deg (f) Microphone at θ = 26 deg

Figure 7. Sound pressure levels for different set-up and different microphone position. The cases represented
are: round nozzle without the complete set-up —∎—, round nozzle —▼— and chevron nozzle —•—.

At θ = 73 deg, a peak is detected at St = 0.7, which has been observed in a previous study for a similar
angle.22 A major study of the cause of this peak would be necessary for its understanding. At the angle
θ = 26 deg, the highest peak of the radiated sound is observed, meaning that the turbulence structures of the
flow radiate sound mainly in the downstream direction. This peak occurs at the Strouhal number of 0.15, a
close value to St = 0.2 which is related to turbulent mixing noise in compressible jets.23

With the chevron nozzle a reduction of the sound at low frequency and an increase at high frequency
is expected.16 A maximum reduction of around 4 − 6 dB is detected for every microphone. This maximum
difference of sound between the two nozzles occurs around the highest peak of sound, St = 0.15. The low
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frequency noise is associated with large scale structures, therefore, the strength of these vortices coming from
the chevron nozzle is smaller than the ones produce by the round nozzle. The increase of sound at high
frequencies is noticed only for angles greater than 33 deg.

B. Density Gradient

The time average displacements vector field out of 72000 samples are showed in Figure 8. Note that the
cameras are set to have one viewing direction. Therefore, the calculation of the local values of the density
field (3D) based on the displacement vector field is only possible for an axisymmetric flow configuration.
While this condition holds for the round nozzle, it does not fulfilled for the chevron nozzle. In order to
have a tomographic reconstruction of the density field for the chevron nozzle, different viewing directions are
necessary. Consequently, only the displacement vectors are analyzed in the following. These displacements
are proportional to the density gradient integrated over the line of sight and can give qualitative information
about the time averaged density gradients.

Near the exit of the nozzle the largest density gradients are found. They are in the radial direction and
close to the shear layer. Since the jet flow when going downstream entrains the surrounded ambient fluid,
the shear layer grows radially. However, the momentum flux remains constant, hence the velocity and the
density gradient decreases downstream as it is displayed in Figure 8.

(a) Round nozzle

(b) Chevron nozzle

Figure 8. Time averaged displacement vector field out of 72000 independent samples. It is depicted every 3rd

vector in x direction and every 4th vector in y direction. The length of the vector is increased three times for
better visualization.
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The round nozzle has a larger potential core than the chevron nozzle. This can be noticed by the radial
density gradient value, being significant for a longer axial distance. Besides, the density gradients obtained
by the chevron nozzle are smaller. Due to the lobes more pairs of vortices are created, increasing the mixing
and reducing the noise. Therefore, the entrainment in the chevron nozzle is bigger than in the round nozzle
and the region of the potential core is decreased. The zone of the jet that consists of the potential core and
the annular mixing area, is the responsable of creating the vortices and usually is within 0≤y/D≤8. However,
it is not possible to define precisely the end of the potential core with the time average displacement vector
field.

Another important aspect in the round nozzle is the symmetry of the jet about the y-axis. On the
contrary, the chevron nozzle creates a six petals shape jet that evolves downstream to axisymmetric.23

It is significant the direction of the density gradient downstream (8−10D). In the round nozzle the axial
component has the same direction as the stream, while in the chevron nozzle the direction is the opposite.
This can be explained by the direction of the vortex rotation, being opposite to the jet stream for the chevron
nozzle.23

C. Cross-Correlation Results

The significance of the cross-correlation coefficients (computed for 72000 samples) is determined by a
t-test against zero. Thus, the probability that the far-field and the near-field variables are not related is
calculated. Equation 11 yields the statistic value t that is compared with the value of the t-Student table.

tstudent = Rψ′,p′ − 0√
1−R2

ψ′,p′

N−2

. (11)

The rejection of the null hypothesis is ensured with a 99.5% of probability if the coefficient Rψ′,p′ is
greater than 0.01. In Figure 9, Figure 10 and Figure 11 this error limit is coloured in white.

To evaluate the cross-correlation in time, it is necessary to define the retarded time shift τ = τ ′-rmic/c0.
The velocity of sound c0 is 344 m/s and rmic is the distance from the origin of the nozzle to the microphone
position. Thus, τ = 0 corresponds to the sound originated at the centre of the nozzle captured by the micro-
phone. If a flow structure moves along the y-axis, the distance to the microphone position is reduced and τ
becomes negative, it takes less time to the acoustic pressure to arrive at the microphone position.

Figure 9 illustrates the distribution of the cross-correlation coefficient for different τ . Only the coefficient
for the axial displacement and for the microphone at θ = 26 deg is considered since it is in these conditions
where the major values are found. The selection of the different τ can display the evolution in time of the
noise sources location.

For τ = −0.13 ms the noise source related to the vortices originated in the mixing zone are displayed.
For the round nozzle it is clear how these structures are paired. In the case of the chevron nozzle, a vortex
created in this region will pair up with the vortex produced by the neighbouring lobe.23

At τ = −0.28 ms the peak of noise for the chevron nozzle is located at around 6D. It is found upstream
and it is less strong compared with the round nozzle. In addition, after this peak, the correlation becomes
weaker downstream. There is a consistency between these results and the displacement vectors showed in
Figure 8. Since the core region and the mixing zone is smaller in the chevron nozzle, the strongest vortices
are closer to the nozzle exit. Also, the direction of the vortex rotation, opposite to the jet flow, provokes
a faster dissipation of the large structures, as it is showed at τ = −0.43 ms. At this time the strongest
correlations between the axial displacement and the acoustic pressure are noticed for the round nozzle. They
are located between 8D to 10D.

10 of 15



(a) R∆y′,p′ at τ = −0.13 ms for round nozzle (b) R∆y′,p′ at τ = −0.13 ms for chevron nozzle

(c) R∆y′,p′ at τ = −0.28 ms for round nozzle (d) R∆y′,p′ at τ = −0.28 ms for chevron nozzle

(e) R∆y′,p′ at τ = −0.43 ms for round nozzle (f) R∆y′,p′ at τ = −0.43 ms for chevron nozzle

Figure 9. Round nozzle (left) and Chevron nozzle (right). R∆y′,p′ at θ = 26 deg for different retarded time
shift. The first row corresponds to τ = −0.13 ms, the second to τ = −0.28 ms and the third row to τ = −0.43 ms.

The temporal evolution of R∆y′,p′ along the y-axis and x = 0.018 (where the maximum correlation is
achieved) is depicted in Figure 10. The dashed line indicates the difference between the time it takes the
sound to travel from r = (0.018, y,0) till the microphone and the time it takes the sound to arrive from
r = (0.018,0,0) to the microphones. The solid line expresses the time delay for the different positions of y,
τconv = −y/Uc, being Uc the convection velocity. The convection velocity is the speed at which the large-scale
turbulent structures are moving downstream. For all the microphone positions and for both nozzles, the flow
structures move with a convection velocity estimated to be 70% of the jet velocity.24

As it is observed in Figure 10 and Figure 11 the temporal evolution of the cross-correlation coefficient is
parallel to the solid line, hence, it is assumed that the structures found move at the convection speed.

The highest correlation are found in the round nozzle at θ = 26 deg. For the chevron nozzle, the sound
source is placed in the first diameters, while for the round nozzle is located further downstream.

With increasing θ the correlation becomes smaller. At θ = 54 deg, the amount of correlation coefficients
with a value above the error limit are low. Thus, the sound tends to be radiated mainly downstream as it
has been mentioned previously.
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Figure 10. Round nozzle (left) and Chevron nozzle (right). Temporal evolution of R∆y′,p′ for r = (0.018, y,0) at
different microphone positions.
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Figure 11. Round nozzle (left) and Chevron nozzle (right). Temporal evolution of R∆x′,p′ for r = (0.0045, y,0)
at θ = 26 deg.

In Figure 11 the temporal evolution of R∆x′,p′ at its maximum, along the y-axis and x = 0.0045, is showed.
For the chevron nozzle the correlation between the sound pressure and the displacements in the x direction
is as significant as in the y direction. For the round nozzle the correlation is lower, therefore, it is assumed
that the flow structures are slightly elongated.

Figure 12. Chevron nozzle (right) at two different microphone positions. Temporal evolution of R∆x′,p′ for
r = (0, y,0).

In Figure 12, it can be observed in the right corner and next to the exit of the nozzle, that it exists
small structures emitting noise. Their slope indicates that they move at a low speed. The direction denotes
that the velocity at around 0.5D (nozzle exit) is higher than at approximately 1D. And since they are
found at positive τ , they accelerate towards the nozzle, moving in the opposite direction of the jet stream.
These coherent structures could be produced due to the position of the nozzle’s lobe and its angle with
the stream (it creates an adverse pressure gradient). Further investigations would be necessary to prove a
relation between these sound sources and the small vortices created next to the nozzle exit that rotate in
the opposite direction to the jet stream.23 In Figure 10 these structures disappear, meaning that they are
originated around the centerline of the jet. Figure 11 and 12 at θ = 54 deg also display these sound source
although the correlation is not so large.

The time evolution of R∆y′,p′ for the round nozzle at the position x/D = 0, y/D = 6 is depicted in Figure
13 (a). This position is where the maximum value for the coefficient is found in the y-axis.
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(a) R∆y′,p′ of the round nozzle for x/D = 0, y/D = 6 (b) R∆y′,p′ of the chevron nozzle for x/D = 1.2, y/D = 6

Figure 13. Round nozzle (left) and Chevron nozzle (right). Time evolution of R∆y′,p′ for the positions described
at θ = 26 deg. The red line indicates the error limits.

In the paper presented by A. Henning et al.8 a similar experiment is performed, although the use of a
laser is employed for the illumination of the dot pattern. The time evolution for R∆y′,p′ at x/D = 0, y/D = 2.7
presented in it does not show a clear absolute maximum and it is suggested that the cause is the speckle
noise produced by the laser. In Figure 13 (a) there is a discernible peak, hence, the use of the LEDs has
improved the quality of the results avoiding the speckle pattern, and increasing the signal to noise ratio.
This parameter also improves due to the large amount of images taken in the experiment.

Figure 13(b) presents the time evolution of R∆y′,p′ for the chevron nozzle at one of its maximum values.
This plot shows first a maximum, followed by a minimum (at τ = −0.31 ms) and continued with a maximum.
It is the same behaviour that can be observed in Figure 9 and 10.

V. Conclusion

The Background Oriented Schlieren technique (using high power LEDs as illumination source) has been
applied to obtain quantitative and qualitative data of the density perturbation in the jet flow for two dif-
ferent nozzles. This near-filed measurement along with the far-field acoustic pressure have been analyzed
with the causality correlation method and large correlation coefficients have been obtained. The spatial and
time evolution of large coherent structures emmiting noise has been visualized, specially for the microphone
position θ = 26 deg. This confirms that the sound created by these structures is mostly radiated downstream.
These flow structures move at a convection velocity of 70% the jet speed. In addition, differences in the
flow characteristics between the two nozzle have been found. The chevron nozzle has a smaller core region
than the round nozzle, being the mixing of the jet stream with the surrounded steady flow more important.
Therefore, the highest correlations are located closer to the nozzle exit. Besides, the smaller structures in
the chevron nozzle emit less noise at low frequencies, achieving a noise maximum reduction of 4 − 6 dB.
Moreover, highly coherent structures next to the chevron’s nozzle exit has been detected. It is suggested
that the next step for better understanding the structures created in the chevron nozzle, would be to study
its density field by using tomographic BOS. In addition, further investigations about the influence of the
chevron nozzle design parameters (e.g. number of lobes) in the jet stream would be necessary.
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