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Tests were conducted to determine the effect of chevrons on the sound radiated from the exhaust of a Mach 1.19

core flowwith simulated flight effects. Flight effects were studied by using a secondary coaxial flow varied from static

to Mach 0.50. Shadowgraphy, static pressure, and turbulence measurements were used to complement near-field

pressure and far-field acoustic measurements. The presence of a secondary flow causes the shock-cell length to

slightly lengthen and the shock cells to persist farther downstream; this was true for both the baseline and chevron

nozzles. Compared with the baseline nozzle, the shadowgraphy and near-field static pressure showed that the

chevrons reduced the shock-cell spacingwithminimal effect on the shock-cell strength.Higher turbulence levels near

the nozzle exit and comparable shock-cell strength led to higher shock-associated noise for the chevron configuration

compared with the baseline. The decrease in shock-cell length caused the peak amplitude of the shock-associated

noise to shift to higher frequencies. At the same time, the chevrons significantly reduced any screech tones that were

initially present for thebaseline case. Finally, itwas shown that the chevrons reduced turbulence levels near the endof

the potential core, which resulted in a reduction of the low-frequency mixing noise that dominates the aft angles.

Nomenclature

Deq = equivalent diameter
Mj = jet Mach number
M1 = primary jet Mach number
M2 = secondary jet Mach number
L = shock-cell length
P = pressure
P0 = total pressure
R = radial coordinate
u = axial fluctuating velocity
Vexit = velocity at nozzle exit
v = radial fluctuating velocity
X = axial coordinate
h i = ensemble average

I. Introduction

C HEVRONS have been studied for years as a means of reducing
mixing noise created by subsonic discharge velocities [1–7].

Recently, they have started appearing on production engines [8]. This
is beneficial for community noise issues during takeoff and landing
cycles, when flight speeds are relatively low. However, when an
airplane if flying at cruise conditions, the flow discharging from the
engines is supersonic. Advances in mixing-noise reduction have
been successful enough that shock noise is now emerging as a
dominant source during cruise. Shock noise is of primary concern to
the crew and passengers of commercial aircraft. It can be mitigated
by adding weight, in the form of acoustically absorbent materials, to
the hull of an airplane. However, it would be preferable to reduce
shock noise at the source. Chevrons have been shown to be effective
at reducing mixing noise for subsonic conditions. It would be ideal if

they could also be used to mitigate shock noise at supersonic
conditions.

Shock noise is created as turbulence interacts with shock cells in a
nonideally expanded jet [9]. Shock noise created by an individual cell
interacts constructively/destructivelywith adjacent cells. This results
in preferred frequencies, depending on observer angle. At 90 deg to
the flow, the peak/center frequency of shock noise is directly propor-
tional to the convective velocity and indirectly proportional to the
shock-cell spacing. The center frequency of shock noise is lower at
forward angles and higher at the aft angles [10]. Additionally, shock
noise is louder than mixing noise at forward angles, and at aft angles
the opposite is true. Experimental investigations discharging into
quiescentmediums have confirmed this. Experimental investigations
of supersonic flows discharging with a surrounding secondary flow,
or coflow, have also been performed. The additional stream reduces
mixing, lengthens the potential core, and increases the number of
shock cells and their spacing [11,12]. In accordance with theory, the
resulting shock-associated noise has a lower center/peak frequency.

Chevrons that are immersed in a high-speed flow create counter-
rotating streamwise vortices. The vortices acceleratemixing between
the two streams and are effective at reducing low-frequency mixing
noise. However, the vortices also introduce additional turbulence,
one of the required components of shock noise. The amount of
additional turbulence is a function of how much the chevrons pene-
trate and the shear velocity between the two streams. Simply put,
the more the chevrons penetrate and the higher the shear velocity, the
more turbulence is generated. For noise-reduction applications, the
increased turbulence often leads to a high-frequency noise penalty.
Chevrons thus have limited penetration in commercial aircraft
application to avoid such a penalty. The reduced penetration also has
the benefit of having less thrust loss.

Samimy et al. [13] demonstrated that tabs effectively reduce the
strength of shock cells. The results for chevrons are not as clear.
Using a wind tunnel, Long [14,15] demonstrated that chevrons can
either increase or decrease the magnitude of shock noise, but did not
explain the mechanism. Mengle et al. [16] demonstrated that
chevrons have a beneficial effect on shock noise when installed on a
full-scale engine and tested in flight. Bultemeier et al. [17] demon-
strated the effect on cabin noise for chevrons with various penetra-
tions. Chevrons with minimal penetration resulted in significant
noise reduction and as the penetration of the chevron increased the
low-frequency noise benefit began to be accompanied with a high-
frequency penalty. However, both papers did not examine the flow
physics in any detail. This work investigates both the flowfield and
far field of baseline and chevron nozzle configurations to understand
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how the shock-cell strength and length are affected by the chevrons
and then to understand how these changes affect the screech, shock-
associated noise, and mixing noise. At the same time, the effect of
forward flight is investigated, since the problem being addressed is
during cruise, when flight effects are significant.

II. Experimental Setup

All tests were conducted in the Acoustic Test Facility (ATF) at the
University of Cincinnati, which contains a 24 � 25 � 11 ft anechoic
chamber. The chamber is acoustically treated to provide a lower
cutoff frequency of 400 Hz. A complete description of the ATF and
associated instrumentation is available in Callender et al. [18]. The
ATF does not have the capability to accurately simulate flight effects.
For this reason, the core flowwas used to simulate the total discharge
of a bypass engine, and the fan flow was used to simulate the flight
condition. In Fig. 1, the two streams are shown. The core nozzle was
converging only and discharged a 5.2 cm equivalent-diameter Deq

underexpanded jet at a jet Mach number of 1.19 surrounded by a
10.3 cm equivalent-diameter coaxial flow. The normalized pressure
ratio (NPR) was 2.39, the exit velocity Vexit was 364 m=s, and the
stagnation temperature was 300 K. The core stream had a Reynolds
number based on the jet diameter of 2 � 106. The fan stream had a
stagnation temperature of 300 K and was set to discharge at one of
three Mach numbers (M2) of 0.00, 0.28, and 0.50, which corre-
sponded to NPRs of 0.0, 1.056, and 1.186, respectively. A baseline
and an eight-chevron low-penetration (�1% of jet radius) nozzle
were used on the core stream,while only an axisymmetric nozzlewas
used on the fan stream. The boundary layer at the core nozzle exitwas
notmeasured for the current conditions, but for near-sonic conditions
(M1 � 0:96), it was found that the boundary layer was about double
the core chevron’s penetration. Thus, it is assumed for the current
investigation that the chevron was completely immersed in the
boundary layer.

Several comments concerning the validity of this experiment are
required. In these tests, the primary flow simulated the total discharge
(fan and core) of an engine. Therefore, the inner shear layer of an
engine in flight was not represented in the experiment. Alternatively,
the shear layer between secondary flow and the quiescent surround-
ings of the test chamber does not exist for an engine in flight. This
redundant shear layer will modify shock noise as it passes through.
The experiments comparing the chevrons to the baselinewere valid if
therewas no difference between the outer shear layer createdwith the
baseline nozzle and the outer shear layer created with the chevron
nozzle. If the shear layers created by the baseline and chevron nozzles
were largely identical, then shock noisewasmodified identically as it
propagated through. However, if the chevron nozzle modified the
outer shear layer, shock noise propagation was not the same and
would make shock noise comparison tentative. To reduce this
possibility, a low-penetration chevron nozzlewas used for this study,
which minimized any effect to the outer shear layer. In addition,
because the fan stream did not have infinite thickness, it is possible
that turbulence of the outer shear layer interactedwith the shock cells,
which would influence the results. Secondary Mach numbers up to
0.50 were studied, since this ensured that the turbulence levels
between the outer shear layer and ambient were lower than the turbu-
lence levels between the primary stream and the secondary stream.

A LaVision particle imagery velocimetry (PIV) system was used
to measure the axial and radial velocity components along a stream-

wise laser sheet downstream of the centerbody tip. Illumination of
the sheet is provided by aNewWave laser that emits 120 mJ=pulse at
532 nm. Laser optics form the laser beam into a thin two-dimensional
sheet that passed through the jet centerline, and for the chevron case
the sheet was aligned with the trough. Two-dimensional streamwise
images were acquired at 5 Hz using two 1376 � 1040 12-bit digital
cameras mounted side by side. The flowfield was seeded using
custom-designed olive oil atomizers, which have shown to provide
particle seedswith a diameter on the order of 1 �m [4]. A total of 500
image pairs were acquired at each axial location. Since the acquisi-
tion was at 5 Hz, there is no time correlation between successive
image pairs. The nozzle hardware was painted with antireflection
fluorescent paint containing rhodamine dye. The dye shifted the
reflected light to a different wavelength that was then filtered out by
the 532 nm bandpass filters mounted to each camera. Images were
processed using DaVis version 7.1 software using a multipass
scheme. The results section presents radial turbulence profiles at
X=Deq � 2:0 and 8.0. Each radial profile contains 44 points spanning
from the jet centerline (R=Deq � 0:00) toR=Deq � 2:25. This yields
a vector spacing of 0:05Deq.

The accuracy of the PIV measurements is limited by the ability of
the olive oil particles to follow the motion of the flow. The tradeoff is
based on the particle being large enough to ensure that laser light is
scattered, but small enough to ensure that the particle can trace the
flow and respond to higher frequencies [19]. The diameter of the
particles is about 1 �m, which ensures a frequency response up to
10 kHz and an uncertainty in the turbulence intensity of about 5%.
The microphones used for the near-field and far-field acoustic data
are accurate beyond this frequency, but the peak amplitude in shock-
associated noise was at around 10 kHz, which is in the range of the
PIV capabilities. The repeatability of themeasurements was found to
be �5% at X=Deq � 2:0 and �10% at X=Deq � 8:0 for the down-
stream positions.

Point measurements of static pressure are performed using a
supersonic five-hole conical probe (United Sensor model SDF-15-6-
15-600). The sensor has a truncated conewith a half-angle of 15 deg,
a total pressure port is located at the tip of the truncated cone, and four
side ports are evenly spaced around the conic surface. Such a probe
has a shock in front of it when submersed in supersonic flow, but the
flowfield between this conic shock and the conic surface of the probe
may be solved for, and the shock angle and upstream Mach number
may be determined. The shock in the immediate vicinity of the probe
tip is normal, and since the total pressure behind the shock is mea-
sured and the Mach number is known, the total and static pressure
before the shock can be determined. When the side port pressure
values are averaged, aswas currently done, theMach number result is
insensitive to yawangle changes up to 10 deg [20]. It wasmounted on
a computer-controlled traverse for testing and had a radial position of
0:1Deq below the jet centerline. This was done to avoid any inter-
ference from the centerbody wake. A total of 55 points were taken
from X=Deq � 1:58 to 8.09, giving a spatial resolution of 0:18Deq.

Acoustic measurements are made with eight B&K condenser
microphones, which have an uncertainty of �0:25 dB. The micro-
phones can measure frequencies to a maximum 100 kHz. For far-
field testing, they are placed on a 70Deq (core equivalent diameters)
radial arc with the origin at the centerbody tip and spanning polar arc
angles from 70 to 150 deg relative to the relative to the forward-flight
direction. For near-field testing the microphones were placed on a
near-field linear array angled 10 deg relative to the jet axis beginning
at nozzle exit and 2Deq away from the jet centerline. The data were
sampled at 204.8 kHz, and 500 blocks of 4096 points were acquired.
The sound data were then postprocessed to provide both narrowband
spectral data and overall sound pressure level (OASPL).

III. Results

A. Flowfield

Shadowgraphy was used to examine the initial development of the
shear layer for the three secondary flows tested (M2 � 0:00, 0.28,
and 0.50) with and without chevrons on the primary nozzle. Results

Fig. 1 Schematic of dual-stream facility simulating forward-flight

effects.
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for the lowest and highest secondary Mach numbers are shown in
Fig. 2. For all cycle conditions, four standing shock waves exist
upstream of the centerbody tip for the baseline configuration, while
there are five standing shock waves in the same region for the
chevron configuration. Also, downstream of the centerbody tip, the
shock cells are weaker for all secondary flows and both nozzle
configurations.

Shown in Fig. 3 are normalized static pressure results along the jet
plume centerline and downstream of the centerbody tip for both the
baseline and chevron configurations. The first static pressure
maximums coincided for all cases, which agrees with the shadow-
graphy results that showed the shock cells in alignment on the
centerbody. This is the beginning of the fifth shock cell for the
baseline case and the sixth shock cell for the chevron case. For both
configurations, the shock-cell spacing downstream of the centerbody
tip slightly increases with secondary flow, which is well known and
has been documented before [16–18]. The current results are
showing this to be true when a centerbody is present and also when
chevrons are used.

Table 1 presents the mean and rms of the normalized static
pressure for all three cycle points and both nozzle configurations.
Both statistical quantities were calculated over the first 5Deq. The
mean is about the same for all cases, but the rms is slightly different,
based on the cycle point. The secondary flow ofM2 � 0:28 is seen to
have the highest rms, whileM2 of 0.00 and 0.50 have a much lower
rms value. It will be shown in the far-field results that the Mach 0.28
jet had a strong screech tone,while the other two secondaryflows had
screech tones that were muchmuchweaker compared with theMach
0.28 flow. Finally, the table confirms that the chevron configuration
does not significantly change the static pressure oscillations for any
of the secondary flows. For the rest of the paper, the discussions will
assume that the chevrons reduce the shock-cell length, but do not
significantly reduce the shock-cell strength.

Figure 4 quantifies the shock-cell spacing for both the chevron and
baseline configurations and compares it with the literature. The
abscissa is the secondary-flow Mach number and the ordinate is the
shock-cell spacing normalized by the jet diameter (L=Deq). All cases
have a positive slope, because the shock-cell spacing is increasing

with increasing secondary flow. The chevron cases have shorter
shock-cell spacing, which is quantified by the downward shift of the
line compared with the baseline case. When comparing with the
literature, the Norum and Shearin [11] and Norum and Brown [21]
cases were for a jetMach number of 1.8 with designMach number of
1.5; thus, the spacing should naturally be higher, but this is presented
to support the increase in spacingwith increased secondary flow. The
Norum and Shearin [12] has the closest match to the current results,
because their tests were with Mj of 1.16, 1.22, and 1.28, while the
current investigation has an Mj of 1.19. Finally, with no secondary
flow, the predicted normalized shock-cell spacing for a converging-
only geometry at an Mj of 1.19 is 0.71 (Harper-Bourne and Fisher
[9]), while the current results have calculated a total spacing of 0.62.
The most significant difference between the two configurations
comes from the presence of a centerbody for the current config-
uration. Also, these empirical relations are for converging-only
nozzles, and the current hardware geometry is more complex, as
discussed in the experimental setup.

Radial turbulence intensity profiles at X=Deq � 2:0 (left column)
andX=Deq � 8:0 (right column) for both configurations and all cycle
points are shown in Fig. 5. The turbulence statistics are reported as a
two-dimensional version of the turbulent kinetic energy (TKE):

����������
TKE
p

Vexit

�
��������������������
hu2 � v2i

p

Vexit

(1)

where u is the axial and v is the radial fluctuating velocity. For both
configurations and at both axial positions, the inner-shear-layer
turbulence intensity was a maximum when the secondary flow was
set to Mach 0.00. This is seen by comparing the TKE values at
R=Deq � 0:5. As the secondary-flow Mach number was increased,
the turbulence intensity in the inner shear layer decreased, due to a
reduction in shear velocity. The reduction in shear velocity resulted
in a slight increase in shock-cell spacing (see Fig. 4). The turbulence
intensity in the outer shear layer was aminimumwhen the secondary
flow was set to Mach 0.00 and increased as the secondary-flow
velocity was increased. This is seen by comparing the TKE values at
R=Deq � 1:125.

Comparedwith the baseline case, the chevrons tend to increase the
jet spread and thus reduce the gradients in the radial direction. The
chevrons also raise the TKE levels at the upstream position
(X=Deq � 2) and reduce the TKE levels at the downstream position
(X=Deq � 8). The raised TKE levels and increased jet spread near the
nozzle exit can be attributed to the streamwise vortices shed from the
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Fig. 2 Shadowgraphs for baseline and chevron configurations, pri-

mary flow at a Mach number of 1.19 (fully expanded), secondary flow

(left) at a Mach number of 0.00, and secondary flow (right) at a Mach

number of 0.50.

Fig. 3 Normalized static pressure measurements for baseline and chevron configurations with variable-speed secondary flow.

Table 1 Mean/rms of static pressure for

measurements presented in Fig. 3

M2 � 0:00 M2 � 0:28 M2 � 0:50

Baseline 0.77/0.014 0.77/0.023 0.78/0.013
Chevron 0.77/0.016 0.76/0.021 0.77/0.016
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chevrons. Downstream, the streamwise vortices have broken down
and the increased jet spread is accompanied by a reduction in the peak
TKE values. This general trend is also seen in subsonic jets
(Callender et al. [4]).

B. Shock-Associated Noise

There are three significant changes to account for when making
noise measurements and using a secondary stream to simulate
forward-flight effects. The first is the secondary stream imposes
convective effects. The second is the refraction effects due to the
shear layer between the secondary stream and ambient air. The third
effect is to account for the forward motion of the aircraft. The third
effect is not accounted for in the current investigation, since an
observer inside the cabin would be moving at the same speed as the
aircraft. For the range of Mach numbers studied, the ray angle
changes due to refraction and convection effectively cancel each
other for the 70 degmeasurement (Norum andBrown [21]). Changes
due to refraction and convection at the aft angles for themixing noise
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Fig. 4 Normalized shock-cell separation (L=D) for baseline and chev-
ron configurations at variable-speed secondary flow and comparison
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requires presentation of observation angles equal to 150, 140, and
140 deg forM2 of 0.00, 0.28, and 0.50, respectively [21].

Far-field shock-associated noise results for the baseline
configuration at all cycle conditions are shown in Fig. 6. As a
general trend, it can be seen that the center frequency of shock noise
was slightly reduced with increasing secondary flow. The acoustic
results suggest that the shock-cell spacing increased with increased
secondary flow, which is consistent with the shock-cell spacing
results presented in Fig. 4. As a second general trend, the magnitude
of shock noise decreased when the secondary flow was increased
fromM2 � 0:00 to 0.50. This result is consistent with the radial TKE
profiles at X=Deq � 2:0 shown in Fig. 5. The similarity between the
TKE profile and the shock noise is because shock noise is generated
as the turbulence interacts with the shocks cells. The decrease in
frequency and reduction in amplitude for shock-associated noise
with increasing secondary flow was also seen by Norum and Brown
[21]. The one anomaly is the M2 � 0:28 case, which has a slight
increase in noise compared with theM2 � 0:00 case around 7 kHz.
This case has a screech tone and higher rms static pressure (refer back
to Table 1), which ultimately leads to increased noise around 7 kHz.
The turbulence measurements do not show this anomaly; instead,
they monotonically decrease with increasing secondary Mach
number. Thus, the screech tone looks to be identified through the
static pressure rms and not changes in turbulence.

To study the chevron effect, far-field shock-associated noise
results for both the baseline and chevron configurations and all cycle
conditions are shown in Fig. 7. The results for different secondary
Mach numbers have been offset for ease of viewing. As a first
observation, note that the screech tones are much more significant
with the baseline configuration. This is particularly true when the
secondary flow was Mach 0.28. The chevron nozzle configuration
works to attenuate the screech tones. Screech tones are created by a
feedback loop [22]. Sound waves are created as the turbulent eddies
pass through the shock cells. The sound waves then propagate
upstream just outside of the supersonic flow and affect the turbulent
eddies discharging from the nozzle. The loop is closed when the new
eddies interact with the shock cells and generate more noise as they
advect downstream. Chevrons alter the trailing edge of a nozzle and
do not provide a reflecting surface that is normal to the flow like a
baseline nozzle. This change in geometry may be responsible for

disrupting the feedback loop and, as a result, reducing the screech
tones.

As a second observation, the chevrons always increased the center
frequency of shock noise. This increase in frequency is a result of the
reduction in shock-cell spacing for the chevron configuration, as
supported by the shadowgraph and static pressure measurements
presented in Figs. 2–4, respectively. As a final observation from
Fig. 7, note that chevrons increase shock noise. The TKE results at
X=Deq � 2 showed that the chevrons raised the turbulence levels in
the shear layer between the core stream and secondary flow. It was
also shown in Table 1 that the static pressure oscillations were similar
between the baseline and chevron cases. Thus, the increase in shock
noise can be attributed to the increase in turbulence and not to
changes in the shock-cell strength.

Near-field pressure results at 8000Hz for the baseline and all three
secondary flows are shown in Fig. 8. Recall from Fig. 7 that this is a
reasonable frequency for shock noise comparison. Shown for the
baseline case (and also true for the chevron case, but not shown) is
that themagnitude of shock noise droppedwith increasing secondary
flow and reached a minimum at Mach 0.50. This again can be
attributed to the reduction in turbulence levels shown in Fig. 5. A
second observation is that increasing the secondary flow tended to
move shock noise generation farther downstream. The peak
amplitude moving downstream is most consistent with the static
pressure results. For M2 � 0:00, the normalized static pressure
oscillations have died out byX=Deq � 6 (refer back to Fig. 3), which
is the same location as the peak amplitude for broadband shock-
associated noise in Fig. 8. For M2 � 0:28, the normalized static
pressure oscillations are almost gone byX=Deq � 8, which is near the
maximum for the broadband shock-associated noise. Finally, for
M2 � 0:50, the peak near-field pressure amplitude and the normal-
ized static pressure oscillations persist the farthest downstream.

Figure 9 compares the baseline results to the chevron results at
each secondary-flow Mach number. These data are at 10, 10, and
8 kHz for secondary flows of M2 � 0:00, 0.28, and 0.50,
respectively. Reference to the far-field acoustic results shown in
Fig. 7 demonstrates that these are ideal frequencies for shock noise
comparison. The chevrons increased the magnitude of shock noise
and move the shock noise generation upstream. This is consistent
with the decreased shock-cell spacing seen for the chevrons in Fig. 4.
These results can be explained in much the same way as they were
when considering a variable-speed secondary flow. The increased
levels of upstream turbulence combined with similar static pressure
fluctuations meant that chevrons increased the magnitude of shock
noise.

C. Trends in Mixing Noise

The far-field sound pressure level (SPL) and OASPL for the
baseline configuration with secondary-flow Mach numbers of 0.00,
0.28, and 0.50 are shown in Fig. 10 and Table 2, respectively. To
account for refraction and convection effects, observation angles of
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150, 140, and 140 deg are presented forM2 of 0.00, 0.28, and 0.50,
respectively [21]. Turbulentmixing noise is the dominant component
of jet noise at these angles. It is generated in themixing region,which
is defined as the region of high turbulence that results as the potential
core velocity begins to decay. Results indicate that the highest noise
levels occurred whenM2 was 0.00. The SPL and OASPL decreased
when the secondary flow was increased to Mach 0.28 and then again
for secondary-flow Mach number of 0.50.

This phenomenon was initially explained by Balsa [23], where
predicted noise levels matched measured noise levels at different
velocity (fan to core) and area (fan to core) ratios. It was explained
that the “Noiseminimum [was] a direct consequence of the reduction
in turbulence intensity in the inner-to-outer stream mixing layer as
the outer flow velocity [was] increased. Further increases in outer
flow velocity cause[d] the outer-to-ambient stream mixing layer
turbulence to produce the dominant noise.”Similar results are seen in
Fig. 10, and the turbulence levels at X=Deq � 8:0 (Fig. 5) agree with
the explanation of Balsa [23].

The specific value of simulated flight Mach number required for a
noise minimum varies with the cycle condition and geometrical
configuration of the tests. The noise minimum for the current config-
uration occurred between Mach 0.50 and Mach 0.85. Although not

presented due to its inability to properly simulate flight effects, tests
were run for a secondary-flowMach number of 0.85. TheOASPL for
the Mach 0.85 case did have a 3 dB increase in OASPL compared
with the Mach 0.50 case, due to the dominance of the outer shear
layer, as discussed in Balsa [23].

Comparisons of the SPL and OASPL for both the baseline and
chevron nozzles and all secondary-flowMach numbers are shown in
Fig. 11 and Table 2, respectively. Similar to Fig. 7, SPL for different
secondary-flow velocities have been vertically offset to allow for
easy and uncluttered viewing. In all cases, chevrons reduced the
low-frequency mixing noise and OASPL. The effect of the chevrons
was reduced as the secondary Mach number increased. These data
demonstrate that the effect of chevrons decreases as the shear
velocity decreases. The high-frequency penalty associated with the
chevrons is most prevalent when the secondary-flow Mach number
is 0.00. As the secondary-flow Mach number is increased this
penalty goes away. The current conclusion shows that increasing the
secondary flow has many similarities to decreasing the chevron
penetration [2].

Near-field SPL results at a narrowband frequency of 1250 Hz for
the baseline case and all secondary-flowMach numbers are shown in
Fig. 12. The same trend is evident for the near-field pressure, as was
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Fig. 9 Comparison of near-field shock-associated noise between baseline and chevron configurations at various secondary-flow Mach numbers.
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seen with the SPL: the mixing noise is reduced asM2 increased from
0.00 to 0.50. The same trend was also seen for the chevron configu
ration as M2 was increased but not shown. Aside for the SPL
reduction, the peak noise levels only move slightly downstream as
M2 increases, which is most likely due to the slight increase in
potential core length asM2 is increased.

Near-field acoustic results at 1250 Hz comparing the baseline and
chevron configurations at allM2 are shown in Fig. 13. The chevron

nozzle reduces the low-frequency mixing noise in the near field and
far field for all M2. These results are very consistent with the
turbulence measurements at X=Deq � 8:0. The most significant
turbulence reduction by the chevron was for M2 � 0:00. This case
has the highest shear velocity, allowing the chevron to generate the
strongest streamwise vortices. The effect of the chevron was
incrementally reduced with increasingM2, which is again consistent
with the turbulence measurements at X=Deq � 8:0.

IV. Conclusions

Tests were conducted to determine how chevrons affect the sound
radiated from the exhaust of an underexpanded Mach 1.19 jet under
simulated flight effects. A baseline nozzle and a chevron nozzlewere
tested on the core stream in a coaxial nozzle configuration. The
secondary flow was varied from quiescent to Mach 0.50. Shadow-
graphy, near-field static pressure, and turbulencemeasurements were
used to complement near-field and far-field acoustic measurements.

Far-field measurements at 70 deg showed that the chevrons
reduced any screech tones, increased the center frequency of shock-
associated noise, and slightly increased the shock noise. Near-field
pressure measurements showed that the chevrons shifted the peak
location for shock noise generation upstream. Static pressure
measurements demonstrated that chevrons always decreased the
shock-cell spacing, which explained the increase in frequency for the
acoustic results and upstream movement of the shock noise
generation. The chevrons had increased turbulence levels near the
nozzle exit (X=Deq � 2), and the chevrons had almost no effect on
static pressure spatial fluctuations (see Table 1). The chevrons having
higher turbulence levels and similar static pressure fluctuations
compared with the baseline seems to support that the increased
turbulence levels were responsible for the higher peak amplitude of
the shock-associated noise for the chevron case.

While the results nicely demonstrated the mechanisms behind the
change in shock-associated noise when the chevrons are used, it
would be ideal to see a reduction in shock-associated noise.

Table 2 OASPL for baseline and chevron

core nozzles with varying secondary flow

M2 � 0:00 M2 � 0:28 M2 � 0:50

Baseline 117.4 112.9 111.2
Chevron 115.1 111.1 110.0

Secondary Mach = 0.00

Secondary Mach = 0.28

Secondary Mach = 0.50
Frequency = 1250 Hz
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Fig. 12 Near-field mixing noise (SPL) at 1250 Hz for baseline
configuration with variable secondary flow.
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Fig. 13 Comparison of near-field mixing noise at 1250 Hz between baseline and chevron configurations at various secondary-flow Mach numbers.
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However, only one chevron penetration case was studied and the
number of chevrons was fixed at eight. Callender et al. [2] suggested
that due to the number of different cycles and shear velocities on
modern turbofan engines, the optimum chevron penetration/number
probably varies from engine to engine. Shock noise is particularly
sensitive to variations in the cycle point and is likely to be just as
sensitive to chevron design. Therefore, optimum chevron design for
broadband shock noise reduction must probably be tailored to
particular engines and engine cycles. This was also suggested by
Long [15].

Far-field measurements at the aft angles demonstrated that
increasing secondary flow reduced the mixing noise. This was
documented for both baseline and chevron configurations. Flowfield
results showed that the inner shear layer had the highest TKE values
at the downstream position (X=Deq � 8) for low secondary flows. As
the secondary flow was increased, the inner shear layer grew weaker
and the mixing noise and downstream turbulence levels were
consequently reduced. The chevrons always reduced the mixing
noise regardless of the secondary-flowMach number. This was again
explained through reduced turbulence levels near the end of the
potential core (X=Deq � 8) when comparing the chevron case with
the baseline case.
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