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Abstract

We report noise measurements for perfectly-expanded
coaxial jets composed of a supersonic primary stream
at velocity of 920 m/s and a coflow stream at con-
ditions designed to prevent formation of Mach waves.
The resulting sound field was compared to that emit-
ted by a single jet at the conditions of the primary
stream. Overall sound pressure levels (OASPL) and
noise spectra were obtained at many radial and az-
imuthal positions around the jet exit. Equal-thrust
comparisons were made by using geometric scaling. At
equal thrust, Mach wave elimination reduced the near-
field OASPL by 11 dB and the far-field OASPL by 5
dB. The mid-to-high frequency region of the spectrum,
which is most pertinent to aircraft noise, was reduced
by 20 dB in the near field and by 9 dB in the far field.
It is demonstrated that Mach waves account for at least
85% of the sound field most relevant to aircraft noise.

I. Introduction

Mach wave radiation is an integral feature of jets with
velocity in excess of about 450 m/s. It is caused by
the supersonic convection of turbulent eddies in the
proximity of the jet exit. Because it is relevant to the
take-off noise of supersonic aircraft, it has been the
subject of numerous experimental [1, 2] and theoreti-
cal [3, 4, 5] works. Photographic evidence, directivity
of the measured sound, and analytical /computational
results suggest that Mach waves constitute an impor-
tant source of noise in supersonic jets.

However, there have been few attempts to distinguish
between Mach wave emission and other sources of
noise, namely shock-induced noise (screech and broad-
band) in imperfectly expanded jets and “conventional”
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quadrupole noise. While shock noise can be eliminated
by perfect expansion of the jet, separating Mach wave
emission from quadrupole noise is very difficult. The
same feature responsible for Mach wave emission, high
velocity, also produces strong quadrupole sources, par-
ticularly in the region downstream of the potential core
where large eddies form. One notable work that at-
tempted to distinguish between these two sources of
sound is by Bishop et al. [6], where a sound absorb-
ing screen with a hole was used to separate sources of
noise located downstream of the potential core from
those located upstream of it. The authors concluded
that Mach wave radiation accounts for as much as 20
dB of the total noise field. We consider this conclusion
flawed because their jet was highly underexpanded,
thus emitted substantial screech noise which the screen
undoubtedly suppressed. Futhermore, the authors as-
sumed that all of the upstream noise consisted of Mach
wave radiation without providing full justification. At
this stage of our understanding of jet noise, the frac-
tion of noise attributable to Mach waves, especially in
the far field, is not known. Moreover, some works sug-
gested that the frequency of Mach waves is too high to
be of significance to aircraft noise [7].

Recently, it was demonstrated that Mach waves can
be eliminated by addition of an annular coflow around
the primary jet such that the primary eddies become
subsonic with respect to the coflow and the coflow ed-
dies are subsonic with respect to the ambient [8]. An
empirical model for the eddy convective velocity Up,
based on its direct measurement in shear layers [9],
was used to predict the appropriate conditions of the
coflow in terms of its temperature and Mach number.
(see Fig. 2). The model is complex, but a rough ap-
proximation would be that eddies of the inner shear
layer propagate with 80% of the jet velocity and those
of the outer shear layer with 70% of the coflow velocity.
The method, called Mach Wave Elimination (MWE),
prevents formation of Mach waves without entailing
mechanical suppressors. In an engine, the coflow could
be supplied by the fan stream or by an ejector. Fun-
damental studies of the noise characteristics of coaxial



high-speed jets have been scarce. Experimental stud-
ies were confined to either subsonic Mach numbers [10]
or underexpanded cold supersonic jets [11]. A recent,
highly detailed theoretical study by Dahl & Morris [12]
illuminates the effects of instability waves on the radi-
ated sound field but did not encompass Mach wave
elimination conditions.

Evidence of Mach wave elimination has so far been
based on schlieren photography. The present study
evaluates the MWE using microphone surveys of the
sound emitted by a high-speed, low-density jet. It also
sheds some light on the questions raised above, i.e.,
what fraction of the emitted sound is due to Mach
waves and which portion of the frequency spectrum
they affect.

ITI. Flow Apparatus

Experiments were conducted in a coaxial jet facility
described in detail in [8]. Mixtures of helium and
air were supplied to a concentric nozzle arrangement
shown in Fig. 1. The inner nozzle, of 12.7-mm exit di-
ameter, was designed by the method of characteristics
for Mach number M; = 1.5. The outer nozzle formed
a smooth contraction terminating in an exit diameter
of 25.4 mm. Precisely-metered mixtures of helium and
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Figure 1: Coaxial jet geometry.

air were supplied to the nozzles, which exhausted into
ambient, still air. The total pressure of the inner (pri-
mary) flow was set at 375 kPa, resulting in a pressure-
matched jet. Special care was taken to maintain that
total pressure to within 1% of the pressure-matched
value. For the majority of the experiments described
here, the outer (coflow) stream was supplied at a total
pressure of 160 kPa, resulting in an exit Mach num-
ber M, = 0.83. Helium-air mixtures duplicate very
accurately the density, velocity, and speed of sound of
a heated jet. By regulating the mass fractions of he-
lium and air, thereby regulating the gas constant of the

mixture, we controlled the jet velocity at fixed Mach
number. The density of the mixture can be translated
to the effective temperature of a heated jet via the
relation pe/p = T/Ts, where oo refers to the ambi-
ent conditions. Our baseline case has a jet velocity
Ui = 920 m/s, which is typical of supersonic engines.
The automated facility was instrumented with pres-
sure transducers (Setra Model 280) recording the total
pressures in the primary and coflow streams as well
as the centerline pitot pressure. A schlieren system,
illuminated by a 20-ns spark gap (Xenon Nanolamp),
enabled frozen visualization of the flow.
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Figure 2: Mach wave elimination region for a jet with
My = 1.5 and T, /T, = 2.8. Location of Cases A, B,
and C is indicated.

The table below summarizes the flow conditions cov-
ered in this paper. Cases A and B comprise the ma-
jority of the experiments, while Cases C and D repre-
sent limited investigations to obtain important refer-
ence data. Figure 2 shows the location of Cases A, B
and C on the Mach wave elimination diagram.

Table 1. Flow Conditions

Case | M, | Uy TTTlo Ms | U, 7% z—f F},—TZ
A 1.5 1920 | 2.8 | 0.00 | O 1.0 |0 1.00
B 1.5 1920 | 2.8 | 0.83 | 415 | 1.7 | 2.1 | 1.92
C 1.5 1920 | 2.8 | 0.15| 120 | 40 | 2.0 | 1.15
D 1.5 | 700 | 1.7 | 0.00 | 0 1.0 |0 1.00

U in m/s, T denotes effective temperature

The last column indicates the calculated ratio of the
thrust of the combined flow over the thrust of the pri-
mary flow. The Reynolds number of the primary jet,
based in D7, was 380,000 for Cases A, B, and C, and
490,000 for Case D.



IV. Sound Measurement

Data Collection

The jet noise was recorded by a one-eighth inch con-
denser microphone connected to a preamplifier and
power supply (Bruel & Kjaer Models 4138, 2670, and
5935L, respectively). The microphone has a frequency
response up to 150 kHz and was sampled at 400 kHz
by a fast analog-to-digital board (National Instruments
AT-MIO-16E1) installed in a Pentium Pro computer.
Each recording consisted of 54280 samples (135 ms),
corresponding to passage of about 10,000 eddies the
size of the inner-jet diameter. Occasionally, the sam-
ple size was increased to 131072 but there was no sig-
nificant difference seen in the results. The signal was
high-pass filtered at 500 Hz by a Butterworth filter to
remove spurious low-frequency noise. The power spec-
trum of each recording was computed using a 512-point
FFT with full Hanning window. The microphone was
calibrated daily before each series of recordings (Bruel
& Kjaer Model 4231 calibrator).
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Figure 3: Anechoic chamber and positioning of jet and
microphone.

Sound measurements were conducted inside an ane-
choic chamber, approximately 8m? in internal size,
lined with acoustic wedges (Sonex) with an absorption
coefficient higher than 1.0 for frequencies above 500
Hz. Figure 3 provides a cutaway of the chamber and
shows the jet and microphone positions. The micro-
phone was mounted on an arm which pivoted around
an axis passing through the center of the jet exit. This
arrangement enabled sound measurement at a variety
of radial (r) and azimuthal (8) positions, r ranging

from 0.038 to 1.52 m and 6 ranging from 20° to 100°,
measured counter-clockwise from the jet axis. For very
large distances, the range of azimuthal positions was
limited due to interference with the chamber’s walls.

Data Processing

Signal processing yielded two important noise param-
eters, the overall sound pressure level (OASPL) which
describes the total noise at a given point and the sound
pressure level (SPL) spectrum which shows the distri-
bution of noise versus frequency. The units for both
quantities are decibels (dB). The OASPL is defined as

!
OASPL = 20 log,, (prm) 1)

ref

where pl ¢ is the root mean square pressure fluctua-
tion and ppof = 20 pPa is the commonly used reference
pressure. Alternatively, the OASPL can be computed
in the frequency domain by

OASPL = 10 log,, /0 " s(par 2)

where S(f) is the properly-normalized power spectrum
of p'/prer- The SPL spectrum is given by

SPL(f) = 10 log;, S(f) 3)

Before calculating these quantities, the microphone sig-
nal must be corrected for the frequency response and
the free-field response. Both corrections are done in the
frequency domain according to data provided by the
microphone manufacturer (Bruel & Kjaer). While the
frequency-response correction is minor, the free-field
response correction can be significant for f > 50 kHz.
The free-field correction depends on the frequency f
and the angle ¢ between the sound propagation vector
and the microphone axis. It is a consequence of the
sound wavelength becoming of the same order as the
microphone diameter. Because it is an important cor-
rection, we independently verified the Bruel & Kjaer
correction curves for ¢=0° and 90° by changing the
microphone incidence angle in the far field, where the
sound propagation vector is in the radial direction. For
the near-field (r/D; < 12) we assumed that sound
propagates normal to the Mach waves, which we vi-
sualized, except for 8 > 60° where Mach waves do not
exist and where propagation is assumed to be radial.

Another complication of working at very high frequen-
cies is atmospheric absorption of sound. For given
temperature, pressure, and humidity, absorption in-
creases with f2, so it has much larger impact on sub-
scale tests than on full-size tests. In our experiments,



absorption of the 100-kHz component of noise ranges
from 2 to 4 dB/m depending on the relative humid-
ity [13]. Absorption should not affect the SPL com-
parisons at given frequency, but is expected to have a
small effect on the OASPL comparisons by producing a
larger attenuation of OASPL in cases with larger high-
frequency content. We have not attempted to account
for the effect of absorption on our measurements.

For each measurement location, the power spectrum
was computed according to

S(f) = Sraw(f) + ASk(f) + ASg(f,0)  (4)

where Sraw(f) is the raw spectrum, ASg.(f) is the
frequency-response correction and ASg(f,#) is the
free-field correction. The SPL spectrum was then com-
puted according to Eq. 3 and the OASPL according to
Eq. 2, with the limits of integration from 0.5 to 150
kHz. The difference in OASPL computed using Eq. 1
(with the uncorrected pl,s) from that given by Eq. 2
is at most 2 dB.

Equal Thrust Scaling

Application of the Mach wave elimination technique is
accompanied by an increase in thrust and attendant
introduction of new sources of sound. Due to the com-
plex interaction of the coflow with the primary jet, the
effect of the coflow on the noise field is not additive.
To assess the full impact of Mach wave elimination,
it is important to compare flows at equal thrust while
preserving the physics of the problem. To this end,
we used simple geometric scaling and maintained con-
stant the velocity, density, and Mach number. With
these parameters fixed, the sound intensity (p?) at a
given radial and azimuthal position scales directly with
D? [14] and so does the thrust. For constant thrust, we
compared the untreated jet with the treated jet scaled
down (in diameter) by the square root of the thrust
ratio Fiy2/F;. The sound intensity of the treated jet
is thus divided by Fi42/F1 and the resulting correction
in terms of SPL is

ASPL = —10 log,, (%)
1

For a thrust ratio of 1.92 (Case B), the correction is
—2.8 dB. The same correction applies to the OASPL
data. It is important to note that this thrust correction
is based solely on noise data that we measured; no
assumptions, such as a power-law dependence of sound
intensity on velocity, are involved.

Figure 4: Schlieren visualizations of Cases A and B.

V. lobal Features o t e et

Figure 4 shows schlieren images of the jets of Cases
A and B. For the untreated jet (Case A), the Mach
waves are inclined at a slope of approximately 30°,
from which we infer that eddies travel with Mach num-
ber 2.0, and velocity of 700 m/s, with respect to the
ambient. The propagation vector of the Mach waves is
thus inclined at 60° with respect to the jet axis. Ap-
plication of the coflow (Case B) eliminates the Mach
waves from the visible field. Both Cases A and B have
a substantial growth rate, an effect of the low density
(high effective temperature) of the jet. Cold jets, on
the other and, spread very slowly, thus are unrepresen-
tative of the exhaust of an engine.

Figure 5 shows the centerline Mach number distribu-
tions for Cases A and B, inferred from pitot measure-
ments. The coflow has small impact on the Mach num-
ber decay versus axial distance. The potential core
ends within /D; = 6, which is approximately one
half of the field of view of the images presented here.
It is notable that significant Mach waves are generated
past the potential core.
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Figure 5: Centerline Mach number distributions for
Cases A and B.

V1. oise aracteristics

Cases an

We begin our discussion with the SPL spectra at the
peak directivity angle and at various radial locations.
Figure 6(a) shows the very-near field spectrum at
r/D; = 3. The untreated jet has a very flat spectrum,
indicating equal contribution of large and small scales
towards noise generation. Application of treatment
suppresses dramatically the middle and high-frequency
components of the spectrum while there is an increase
of the very low frequency components. That increase
is due to the proximity (within a few millimeters) of
the microphone to the edge of the coflow. The SPL
reduction at S = 1.0 is 18 dB (21 dB at equal thrust).
As we move the microphone away to r/D; = 6.0 (Fig.
6(b)), treatment produces a small increase at the very
low frequencies and a reduction of about 14 dB (17 dB
at equal thrust) at the higher frequencies. The OASPL
reduction is 8 dB (11 dB at equal thrust). Figure 6(c)
depicts the far-field spectra at r/D; = 120. Treatment
reduces the high-frequency components by about 6 dB
(9 dB at equal thrust) while the very-low frequency
components remain basically unchanged. The reduc-
tion in OASPL is 2 dB (5 dB at equal thrust). The
spectrum peaks at a very low Strouhal number of about
0.15 (f = 10 kHz), which is indicative of low-velocity,
large-scale disturbances unrelated to supersonic eddies.
It is important to realize that the low-frequency part
of the spectrum, 0 < S < 0.25, is insignificant for full-
scale engine noise, a point we will discuss further at
the end of this section.
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Figure 6: Sound pressure level spectra of Cases A and
B at the peak directivity angle; (a) r/D; = 3, § = 40°;
(b) r/D; =6, 8 = 30°% (c) r/D; = 120, § = 50°.



Next we examine the variation of OASPL with radial
and azimuthal position for Cases A and B, depicted in
Figs. 7(a) and (b). The untreated and treated flows
share the same trends: at small distances, OASPL
peaks at low angles while at large distances it peaks
at 6 = 50°. While this is close to the Mach wave prop-
agation direction of 60°, it would also be consistent
with the directivity of a low-speed jet [14]. In other
words, it is not clear that the far-field directivity of
the OASPL is due to Mach wave emission alone. To
further elucidate this point, we plot the directivity of
the spectrum range 1.2 < S < 1.6, shown in Figs. 8(a)
and (b). For the untreated case, the far-field directiv-
ity peaks at 60°, consistent with the direction of the
Mach waves. For the treated case, that peak is greatly
suppressed, consistent with elimination of most, if not
all, of the Mach waves.
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Figure 7: OASPL versus r and 6 for Cases A and
B. Dashed line indicates approximate trend of peak
OASPL.

These findings, together with the spectra of Fig. 6(c),
indicate that Mach waves constitute a significant com-
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Figure 8: High-frequency component of spectrum plot-
ted versus r and @ for Cases A and B. Dashed line
indicates approximate trend of peak SPL.

ponent of the far-field noise at Strouhal numbers larger
than about 0.5.

The Strouhal number corresponding to the peak value
of the SPL spectrum, S ma , is plotted versus r and 6,
in Figs. 9 (a) and (b). For the untreated jet, the overall
trend is a decrease in S 1, with increasing r and de-
creasing 8, with exception of the near field (r/D; = 3)
where S ma becomes large at small 6, consistent with
high-frequency, intense Mach wave emission close to
the jet. Elimination of Mach waves changes this near-
field trend dramatically, rendering it similar to the far-
field trend noted above. There is an appreciable overall
decrease in S 1,5 when treatment is applied.

Identification of the far field is a concern for any jet
noise experiment. The far field is supposed to be
far away from all the sources of noise [14]. In the
far field, the pressure fluctuation along a given az-
imuthal direction should decay with distance accord-
ing to pims  1/7, Or plycr =constant. To test this
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Figure 9: Strouhal number at spectrum peak versus r
and 0 for Cases A and B.

relation, we plot plcr versus r and 6 in Figs. 10(a)
and (b). For both the treated and untreated cases,
it reaches nearly-constant values for r/D; > 60. The
small decay of Case A for r/D; > 80 may be due to
sound absorption, which is expected to impact Case
A more than Case B (see related discussion in Section
I ). We are thus confident that the surveys done at
r/D; = 80 and 120 are indeed in the far field. Note
that there is significant addition of noise sources, indi-
cated by an increase in pl,¢r, up to r/D; = 40

Cases Can D

Addition of the coflow to the primary jet alters the
fluid dynamics of the situation, particularly when the
coflow has a substantial momentum flux, as in Case B.
This in turn changes the distribution and strength of
the quadrupole sources of noise, an effect that may in-
terfere with the effect of Mach wave elimination. In an
effort to isolate the impact of Mach wave elimination,
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Figure 10: The product p,y,sr versus r and 6 for Cases
A and B.

we tested Case C which has a coflow at very low veloc-
ity and high speed of sound, supplied by a large nozzle
(D2/D; = 4.0). Here the coflow has very low momen-
tum flux, so it should not alter the fluid dynamics of the
jet besides eliminating the Mach waves. The far-field
spectrum of Case C is compared with that of the un-
treated jet (Case A) in Fig. 11. Equal-thrust correction
is very small here (0.5 dB), so it is omitted. There is
noise reduction across the entire spectrum. The high-
frequency part of the spectrum is reduced by about 9
dB, which is roughly the same reduction achieved in
Case B with equal-thrust scaling (Fig. 6 (d)). This in-
dicates that most, if not all, of the high-frequency noise
reduction in Case B resulted from elimination of Mach
waves. Case C provides strong evidence that Mach
waves constitute the dominant source of noise at the
higher end of the spectrum which, as we will examine
below, is most relevant to aircraft noise. In terms of
sound intensity, the contribution of Mach waves is at
least 85% of the total sound field at those frequencies.

In several engine designs, the coflow (fan) and primary
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Figure 11: Spectra at /D; = 120 and § = 50° for
Cases A and C.

(core) streams are mixed before exhausting from the
nozzle. We felt that it was important from a propul-
sive viewpoint (not so much a physical viewpoint) to
examine the noise characteristics of a “fully mixed”
jet. A thermodynamic calculation shows that mixing
the primary and coflow streams of Case B, and ex-
panding them through a single Mach 1.5 nozzle, yields
an exit velocity Uy =700 m/s and effective temperature
T1/To = 1.7. We simulated this jet, Case D, by in-
creasing the mass fraction of air in the helium-air mix-
ture and expanding the mixture through our Mach 1.5
nozzle. Due to its lower velocity, Case D has weaker
Mach wave emission than Case A, hence the physics of
the problem are now different. The equal-thrust com-
parison of Cases D and B is shown in Fig. 12, where
it is seen that the “unmixed” Case B has a substantial
benefit, about 7 dB at the high frequencies, over the
“fully mixed” Case D. This suggests that an unmixed
core-fan exhaust at MWE conditions will be beneficial
compared to a mixed exhaust. One should also keep
in mind that high-speed mixing produces significant
thrust losses, not just from the drag of the mechani-
cal devices but also from the total pressure loss due to
mixing itself [15].

act on ircrat oise

The relevance of noise measurements cannot be fully
assessed without incorporating the human perception
of sound. For aircraft noise, this is commonly done us-
ing the Perceived Noise Level (PNL) metric. The small

scale of our experiments (about 1/80-scale) prevents
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Figure 12: Spectra at r/D; = 120 and § = 50° for
unmixed coaxial jet (Case B) and fully-mixed single
jet (Case D).

us from computing the PNL because our frequencies,
scaled to a full-size engine, range only up to 2500 Hz
whereas the PNL calculation requires the full audible
range up to 20 kHz. Instead, we use the simpler dBA
metric which incorporates the same essential features
of PNL. First, we divided our frequencies by the scaling
factor of 80 in order to scale up our results to a jet di-
ameter Dy =1 m. Then, we computed the 1/3-octave
spectrum and added the dBA correction to it. The re-
sulting far-field spectra for Cases A and B are shown
in Fig. 13. They peak at about 1000 Hz, which corre-
sponds to S = 1.0, i.e., the portion of the spectrum
heavily influenced by Mach waves. For equal thrust,
the treated flow provides a noise reduction of about 9
dBA at 1000 Hz. This indicates that Mach waves affect
strongly the sensitive part of the noise spectrum.

VII. onclusions

Noise surveys of Mach 1.5 jets with coflow at Mach
wave elimination conditions have been performed.
Elimination of Mach waves from a jet with velocity of
920 m/s leads to a dramatic reduction of the near-field
noise (about 11 dB OASPL, 20 dB at middle and high
frequencies) and an appreciable reduction of the far-
field noise (about 5 dB OASPL, 9 dB at frequencies
most relevant to aircraft noise). Our measurements
suggest that, in a full-scale engine, Mach waves would
constitute at least 85% (9 dB) of the sound field to
which the human ear is most sensitive. The directivity
of the OASPL is in fair, but not very good, agreement
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Figure 13: A-weighted, 1/3-octave spectra for Cases A
and B, scaled to a full-size engine.

with the propagation direction of Mach waves as visual-
ized in schlieren pictures. In contrast, the directivity of
the high-frequency part of the spectrum is in excellent
agreement with the visualized propagation of the Mach
waves. The ummixed combination of jet and coflow is
quieter than their fully-mixed combination exhausting
at the Mach number of the jet.
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