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Abstract

Experiments have characterized the acoustics of ax-
isymmetric high-speed jets at pressure-matched, over-
expanded, and under-expanded conditions. The effect
of an annular coflow on noise emission was also inves-
tigated. The fully-expanded jet velocity ranged from
430 m/s to 1010 m/s and the fully-expanded jet Mach
number ranged from 1.25 to 1.75. The coflow was sup-
plied at 200 m/s or 400 m/s, depending on the test
case, and was designed for Mach wave elimination con-
ditions. Noise spectra were obtained at many radial
and polar positions around the jet exit. The peak
noise emission in the far field is insensitive on noz-
zle exit pressure and depends solely on the values of
the fully-expanded velocity and Mach number. In the
lateral direction, imperfect expansion creates screech
and broad-band shock noise. Addition of the coflow
reduces the near-field screech peaks by 5-10 dB. The
coflow suppressed Mach wave emission most effectively
in jets with fully expanded velocity in the range of 600-
700 m/s, providing reductions of as much as 18 dB in
the mid- and high-frequency spectral components of
the far field. Reduction of those spectral components
was observed not only in the direction of peak emission
but also in the lateral direction, where it ranged from
5 to 8 dB.

I. Introduction

The introduction of jet propulsion gave rise to the prob-
lem of jet noise suppression. Since the work of Westley
and Lilley [1] on corrugated nozzles in the early 1950’s,
enormous effort has been devoted to quieting jet en-
gines. These endeavors have been very successful in
subsonic aircraft with the advent of high-bypass-ratio
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turbofan engines. Supersonic jet noise reduction, how-
ever, remains a vexing problem that has impeded the
wide-scale development of supersonic air travel. The
leading supersonic suppression scheme is the mixer-
ejector [2, 3], a concept rooted also in the 1950°s [4]. Its
considerable noise benefits are unfortunately accompa-
nied by appreciable thrust and weight penalties.

Supersonic jet noise consists of three main components:
turbulent mixing noise, screech tones, and broadband
shock noise, the latter two occurring in imperfectly ex-
panded jets. At high speed, mixing noise is dominated
by Mach wave emission which arises when turbulent
eddies in the jet travel with a velocity which is super-
sonic relative to the surrounding medium. Mach wave
radiation has been the subject of numerous analytical,
computational, and experimental investigations. See
for example references [5], [6], [7], [8], [9], and [10].
There is wide agreement that Mach wave emission is
a phenomenon associated with a supersonic instabil-
ity wave. It is radiated in the downstream direction.
Reducing Mach wave emission is a key challenge for
making high-speed transports environmentally accept-
able [11]. In addition, Mach wave radiation can induce
sonic fatigue of aircraft structures [12], so its near-field
suppression is also important.

Screech is a discrete tone emitted by imperfectly-
expanded jets. It has a significant upstream propa-
gation component and thus can cause damage to the
engine nozzle structure [13]. Screech is thought to be
generated and sustained by a resonant feedback loop
that comprises the following elements: (a) sound gen-
erated by passage of eddies through shock cells; (b)
upstream propagation of the sound towards the noz-
zle; and (c) coupling of the sound with the shear-layer
instability [14, 15, 16].

Recently, it was demonstrated that addition of an an-
nular coflow to a supersonic jet can reduce noise if the
convective velocity of the jet eddies with respect to
the coflow drops to subsonic values, ensuring that the
coflow eddies are also subsonic with respect to the am-
bient [17]. Letting M., be the convective Mach num-



ber of the eddies relative to the lower-velocity stream
they are exposed to, the above requirements can be
summarized as follows: M., for both the jet and the
coflow should be less than one. The concept is illus-
trated in Figs. 1 and 2. The method, called Mach wave
elimination [18], achieved significant noise reductions
in a pressure-matched jet with velocity of 920 m/s. It
is now desired to test the method in a larger variety
of jets exhausting at pressure-matched, over-expanded,
and under-expanded conditions. We examine the effect
of the coflow on Mach wave emission and screech noise.

II. Flow Conditions

Experiments were conducted in a coaxial jet facility
detailed in [18]. Mixtures of helium and air were sup-
plied to a concentric nozzle arrangement shown in Fig.
3. Subscripts 1,2, and oo refer to the jet, coflow,
and ambient conditions respectively. The inner noz-
zles, of 12.7-mm exit diameter, were designed by the
method of characteristics for Mach numbers M; = 1.5
and 1.75. The outer nozzle formed a smooth con-
traction terminating in an exit diameter of 25.4 mm.
Precisely-metered mixtures of helium and air were sup-
plied to the nozzles, which exhausted into ambient, still
air. Helium-air mixtures simulate fairly accurately the
density, velocity, and speed of sound of a heated jet.
By regulating the mass fractions of helium and air,
thereby regulating the gas constant of the mixture, we
controlled the jet velocity at a given Mach number.
The facility was equipped with pressure transducers
which recorded the total pressures of the jet and coflow
streams.

Table 1 summarizes the jet conditions covered in this
study. Each jet is identified by a code, listed in the
first column, which consists of a two-letter prefix (OE
for over-expanded, PM for pressure-matched and UE
for under-expanded) followed by the value of the fully-
expanded velocity in m/s. The following three columns
provide the nozzle-exit values of Mach number My,
velocity U; and pressure ratio p;/ps. The next two
columns list the values of the fully (isentropically) ex-
panded Mach number M;¢, and velocity Uqf.. The last
column indicates the calculated ratio of the thrust over
the thrust of case PM920. The Reynolds number of the
jet, based on its diameter Dy, ranged from a minimum
of 380,000 in jet PM920 to a maximum of 740,000 in
jet PM430.

Table 1 Jet conditions

Case M, U ;’TL Mo

OE430 1.50 480 0.72 1.28 430 0.70
PM430 1.50 430 1.00 1.50 430 0.96
OE630 1.50 700 0.71 1.27 630 0.71
PM630 1.50 630 1.00 150 630 1.01
OE700 1.75 770 0.68 1.50 700 0.92
PM700 1.50 700 1.00 1.50 700 0.98
OE820 1.50 920 0.70 1.25 820 0.73
OE920 1.75 1010 0.67 1.50 920 0.95
PM920 1.50 920 1.00 1.50 920 1.00
PM1010 1.75 1010 1.00 1.75 1010 1.52
UE1010 1.50 920 148 177 1010 1.55

U in m/s

Table 2 Coflow conditions

Case M, U, P2 F

Poo Fpmo20

C200 0.60 200 1.00 0.45
C400 0.84 400 1.00 1.00
U in m/s

Table 2 summarizes the coflow properties. Each coflow
is identified in the first column with the letter code C
(for coflow) followed by the value of the coflow velocity
in m/s. The following columns list the coflow Mach
number M,, velocity Us and pressure ratio pa/poo.
Since all the coflows were subsonic, their exit pressure
was naturally matched to the ambient. The calculated
ratio of the coflow thrust over the thrust of jet PM920
is provided in the last column. The coflow C200 was
applied to the low-speed jets OE430 and PM430, while
the coflow C400 was applied to the higher-speed jets.
The intention was to keep the coflow velocity to within
40-65% of the jet velocity.

Coaxial jets (i.e. combinations of jet and coflow) are
identified by a combination of the jet code and coflow
code (e.g., PM920-C400). In this case, the coflow
thrust ratio should be added to that of the jet to ob-
tain the combined thrust ratio relative to reference case
PM920. All the coaxial jets satisfy the Mach wave elim-
ination criteria of [18]; however, some jets are safely
inside the Mach wave elimination region while others
are on its borderline.

IT1. Sound Measurement

For a detailed description of the sound instrumentation
and signal processing procedures, the reader is referred



to [17]. It suffices here to state that the sound measure-
ments were conducted inside the anechoic chamber a
cutaway of which is shown in Fig. 4. The jet noise was
recorded by a one-eighth inch condenser microphone
(Bruel & Kjaer 4138) with a frequency response of up
to 150 kHz. The microphone signal was sampled at
400 KHz. The power spectrum of each record (54280
points) was computed using a 512-point FFT with full
Hanning window. The microphone was mounted on
an arm which pivoted around an axis passing through
the center of the jet exit as shown in Fig. 4. This ar-
rangement enabled sound measurement at a variety of
radial (r) and polar (#) positions, r ranging from 0.038
to 1.52 m and 6 ranging from 20° to 100°, measured
counter-clockwise from the jet axis.

Central to our measurements is the spectrum of sound
pressure level (SPL), obtained from

SPL(f) = 10 log,, S(f) (dB/Hz)

where S(f) is the power spectrum of pl,o/Pref, With
Dims the root mean square pressure fluctuation and
Pref = 20 puPa the commonly used reference pressure.
The power spectrum is corrected for the frequency and
the free-field responses of the microphone, as explained
in [17]. From the power spectrum, we also obtain the
overall sound pressure level

150 kHz
OASPL = 10 logy, / S(f)df (dB)
0

where the upper limit of the integration is dictated by
highest frequency response of the microphone. Even
though OASPL describes the total sound intensity at
a given point, it is very inadequate as a measure of per-
ceived noise. Sounds with same OASPL can have vari-
ations of up to 20 dB in perceived noise depending on
their spectral content [4]. For this reason, we compute
another important quantity which is the value of the
SPL spectrum at f = 100 kHz, denoted SPLgq.kHz-
Considering that our jet is 1/50 to 1/100 scale, a fre-
quency of 100 kHz measured in our experiment corre-
sponds to 1000-2000 Hz in a full-scale engine, i.e., the
frequency range of maximum annoyance to humans.
The 100-kHz component is defined here as the average
spectral value of the bandwidth 100 £ 13 kHz and is
computed as

SPLigo-krz = 10 logyq (dB)

1 oA/
— S(f)d
A7 /fo_m (f)df

with fo=100 kHz and Af =26 kHz.

All the noise measurements are scaled to equal thrust
using standard geometric scaling procedures [17],
with the thrust of jet PM920 used as a reference.

The spectra are plotted versus the Strouhal number,
St=fD; /Uy or St=fD1fe/U1te depending on the test
case, where Dy, is the nozzle diameter required for
perfect expansion. To relate our results to a full-scale
engine with exit diameter of 1 m, the full-scale fre-
quency is given approximately by

ffull—scale ~ St Ulfe

For velocities in the range of 700 m/s, the spectral
components below St=0.3 correspond to fruiscale <

200 Hz, thus are not very significant to noise perceived
by humans.

IV. Results

Effect of Imperfect Expansion

We first present the effect of nozzle exit pressure on the
noise spectra in the direction of peak emission, which
always occurred in the aft quadrant. We compare jets
with same fully-expanded velocity and Mach number
but different exit pressure ratios. The effect of coflow
C400 on each of those jets is investigated. The com-
parison matrix is shown in Table 3, together with the
results. The value of M., shown in Table 3 is the con-
vective mach number of the jet eddies with respect to
their surrounding medium: ambient for single jets and
coflow for coaxial jets. The value of M., for coflow
C400, with respect to ambient, is 0.70. The convective
Mach number is calculated using the empirical shear-
layer correlations of [19], recently refined for supersonic
jets in [20].

Figure 5 presents the spectra of over-expanded and
pressure-matched jets at same fully-expanded Mach
number My, = 1.5 and jet velocity Ui = 700
m/s (jets OE700 and PM700). Comparing the near-
field spectra of Figs. 5(a) and (b), we see that over-
expansion produces a screech tone at St=0.25. Ap-
plication of the coflow removes the screech tone and
reduces the spectrum by roughly 4 dB at St=0.25 and
by about 20 dB for St>0.5. In the pressure-matched jet
PM700, addition of the coflow produces similar high-
frequency reductions but introduces a curious peak at
very low frequency, St=0.1. The reductions in the
mid- and high-frequency spectral components is consis-
tent with elimination of the Mach waves. The far-field
spectra of cases OE700 and PM700, with and without
coflow C400, are practically identical as shown in Figs.
5(c) and (d). With exception of the spectrum peak at
St=0.1, the coflow reduces all the spectral components.
For St>0.5, the reduction is around 12 dB.



Figure 6 compares under-expanded and pressure-
matched jets at same fully-expanded Mach number
Mige = 1.75 and jet velocity Uyg, = 1010 m/s (jets
UE1010 and PM1010). Comparing Figs. 6(a) and 6(b)
we notice that, not surprisingly, the near field of the
under-expanded jet has a screech tone. As in the over-
expanded case, the coflow eliminates the screech tone.
Here, however, the coflow introduces a broad peak at
very low frequencies, of roughly the same amplitude as
the screech tone. A similar, but amplified peak is seen
in the pressure-matched jet, Fig. 6(b). The near-field,
high-frequency components are reduced by 12 dB in
the under-expanded case and 20 dB in the pressure-
matched case. The far-field spectra of Figs. 6(c) and
(d) are very similar, indicating the insensitivity of the
far-field noise on nozzle pressure. The coflow is ineffec-
tive here in reducing the noise, achieving a reduction of
at most 3 dB. This is not so much the effect of under-
expansion per se as it is the effect of the very high
velocity and high Mach number of the jet, which result
in a long Mach-wave emitting region which the coflow
cannot cover completely. In addition, the jet convec-
tive Mach number M, is 0.95, which is very borderline
for Mach wave elimination.

The far-field results for these and other cases are sum-
marized in Table 3. Clearly, the effect of nozzle pres-
sure on peak sound emission is minimal. It is evident
that the peak emission depends only of the values of
the fully-expanded velocity and Mach number and that
details of the very near field are immaterial. This cor-
relates well with the recent finding of Tam [21] that
nozzle shape has very small influence on far-field noise.

Table 3 Far-field noise at r/D; = 80 in the
direction of peak emission

Case Mqge Uife M., OASPL SPL at
100 kHz
OET700 1.50 700 177  132.57 67.24
PM700 1.50 700 1.76  132.67 68.04
OE700-C400 1.50 700 032 12841 54.62
PM700-C400 1.50 700 032 129.71 55.13
OE920 1.50 920 2.14 133.98 69.92
PM920 1.50 920 212 134.96 69.93
0OE920-C400 1.50 920 0.67 130.64 63.79
PM920-C400 1.50 920 0.66 130.09 62.91
PM1010 1.75 1010 2.53  135.08 71.31
UE1010 1.77 1010 2.54 136.14 70.41
PM1010-C400 1.75 1010 0.95 133.77 69.72
UE1010-C400 1.78 1010 0.95 134.37 67.84

OASPL and SPLlOO-kHZ in dB

We now focus our attention in the lateral and slightly
forward direction, § = 100°, where screech and broad-
band shock noise are supposed to be significant. To be

consistent with earlier studies of these phenomena, we
study the effects of imperfect expansion in jets with
same exit velocity and Mach number. First, we ex-
amine over-expanded and pressure-matched jets with
M; = 1.5 and U; = 700 m/s. Figure 7 presents the
near and far fields of these jets, with and without coflow
C400. Note that the frequency coordinate is now log-
arithmic to better depict the low-frequency spectral
components. Comparing jets OE630 and PM700 in
Figs. 7(a) and (b), we note that the near field of
the over-expanded jet exhibits a pronounced peak at
St=0.5, which is suppressed by the coflow. The coflow
also reduces all the higher spectral components by 7-
10 dB. The far field of the over-expanded case, shown
in Fig 7(c), shows a series of small peaks near St=0.8,
considerably higher than the frequency of the peak in
the near field. The coflow suppresses those peaks and
reduces the high-frequency components by 5-8 dB. The
coflow seems less effective in reducing the far field spec-
trum of the pressure-matched case, seen in Fig. 7(d),
and instead introduces a strange, broad peak at low
frequency.

In Figure 8, we present the effect of under-expansion
in the § = 100° direction for jets with M; = 1.5 and
Ui = 920 m/s. Comparing the near fields, Figs. 8(a)
and (b), and the far fields, Figs. 8(c) and (d), we note
that under-expansion makes the spectrum very peaked.
As we move from the near field to the far field, the
peak shifts to higher frequency and its amplitude is
reduced, a feature also seen in the over-expanded case
above. The coflow is effective in reducing the near-
field peak, Fig. 8(a), and the spectral components that
follow it. In the far field, the coflow does not produce
any spectacular changes.

Suppression of the screech tones by the coflow is prob-
ably a result of the coflow’s ability to impede upstream
propagation of signals that reach the nozzle lip of the
jet. Thus, it interferes with the feedback loop which
sustains screech. It is possible that a sonic or super-
sonic coflow will eliminate screech altogether.

There is good correlation of the reduction in the
medium-to-high-frequency components measured in
the § = 100° direction with that measured in the di-
rection of peak emission. Compare, for example, Fig.
5 to Fig. 7 and Fig. 6 to Fig. 8. Whenever the coflow
produces appreciable noise reduction in the direction
of peak emission, a similar benefit occurs in the lat-
eral direction. Similarly, an ineffective coflow in one
direction is also ineffective in the other direction. This
suggests that Mach waves have an indirect effect on
noise in the lateral direction, even though their prop-
agation vector is in the downstream direction. This
is not unexpected when one considers that each Mach
wave is an envelope of spherical disturbances, the last
of which (forming the tail end of the Mach wave) is cen-



tered at or near the nozzle exit and propagates in all
directions. See for example the computations of Fenno
et al. [12]. The higher the convective Mach number
of the disturbance, the larger is their strength. Hence,
reducing the convective Mach number by means of a
coflow should bring noise reduction in all directions,
not only in the direction of Mach wave emission.

Effect of M, and Ujr on Mach wave
emission

We demonstrated above that the far-field peak noise
emission depends solely on the fully-expanded values
of Mach number and velocity. In this section we exam-
ine further the effect of those two parameters on Mach
wave emission and Mach wave suppression by means
of a coflow.

We begin by comparing the far-field spectra of jets with
M. = 1.5 and decreasing velocity Uife, shown in Fig.
9. The effect of coflows C400 on jets with Uyg > 630
m/s and C200 on jets with Uyge < 630 m/s is shown.
The spectral peaks decline with decreasing Ujge, al-
though the drop is marginal at the higher velocities.
The coflow is most effective in reducing the noise of
jets with velocities of 630 m/s and 700 m/s, producing
a drop of around 13 dB at the mid and high frequen-
cies. Higher-speed jets have a long Mach-wave emitting
region so this particular coflow, C400, has difficulty
eliminating Mach waves far from the exit. In lower-
speed jets, Mach waves are not as dominant a source
of sound, so their elimination results in a smaller noise
benefit.

Similar trends are seen in comparing spectra of jets
with Mg = 1.3 and decreasing Uy, presented in Fig.
10. The maximum coflow benefit is observed at Uy =
630 m/s, where the spectrum is reduced by 18 dB for
St>0.5. Evidently, decreasing the jet Mach number at
fixed velocity reduces the Mach-wave emitting length
of the jet, thereby enhancing the ability of the coflow
to eliminate Mach waves.

Figures 11 and 12 summarize the results in terms of
OASPL and SPLjgg.kn,, respectively, where the noise
is plotted versus fully-expanded jet velocity for differ-
ent fully-expanded jet Mach numbers. We note that
both noise metrics increase rapidly with velocity at
moderate velocities, but taper off at higher velocities.
This is significant because it indicates that a reduction
in jet velocity from 900 m/s to 700 m/s — via internal
mixing of the core and bypass streams, for example
— buys very marginal noise benefits, on the order 2-
3 dB. The figures also illustrate that the peak far-field
noise is virtually the same for over-expanded, pressure-
matched, and under-expanded jets with the same Mg,
and Ujge, consistent with our earlier observation. In
terms of SPLgg_kHz, the best noise reduction achieved

with addition of the coflow occurs in the velocity range
of 600-700 m/s and is 12 dB for Mg = 1.5 and 18 dB
for My¢e =~ 1.3. This reduction is plotted in Fig. 13
versus Uyge. The fact that the noise benefit decreases
for jet speeds less than 600 m/s, for which Mach wave
emission is less dominant, indicates strongly that the
primary action of the coflow is indeed Mach wave elimi-
nation versus reduction in the mean shear. The bypass
ratios of the coaxial jets with best noise reduction were
1.7 for PM700-C400 and 2.4 for OE630-C400, values
which are reasonable for a supersonic engine.

V. Concluding Remarks

The noise characteristics of perfectly and imperfectly
expanded, low-density supersonic jets were studied
with microphone surveys of the near and far fields. Ap-
plication of a subsonic coflow at conditions designed to
prevent emission of Mach waves from the jet was also
investigated. This is a summary of the main conclu-
sions:

(a) Peak noise emission in the far field is insensitive
on the nozzle pressure ratio and depends solely on the
values of the fully-expanded jet Mach number and ve-
locity. This holds for both single and coaxial jets.

(b) In the direction of peak emission, application of
the coflow reduces near-field and far-field spectra at all
frequencies except the very low ones. Far-field noise
reduction at St>0.5 was best for jet velocities in the
range of 630-700 m/s, where reductions of up to 18 dB
were measured.

(c) In the lateral direction, imperfectly expanded jets
show distinctive screech tones in the near field, whose
relative amplitude is reduced, and whose frequency is
increased, in the far field. Addition of the coflow sig-
nificantly attenuates the screech tones.

(d) Coflows that reduced the high-frequency compo-
nents in the direction of peak emission were also effec-
tive in reducing such components in the lateral direc-
tion.

(e) Addition of a coflow to certain jets produced a
broad, low-frequency spectral peak in the lateral di-
rection. The origin of this peak is not understood. It
may be tied to a specific nozzle geometry and needs to
be further studied.

We did not yet have the opportunity to test the effect
of the coflow on under-expanded jets with moderate
and low speeds. Also, we did not optimize the coflow
velocity and Mach number for a given jet configuration.
It is hoped that such investigations will occur in the
near future.
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parison of over-expanded and pressure-matched jets at equal Uyge = 700 m/s and Myg = 1.5. (a)
OE700, r/D; = 3, 8 = 40°; (b) PM700, /Dy = 3, 8 = 40°; (c) OET700, »/D, = 80, 8 = 40°; (d)
PM700, r/D; = 80, § = 40°.
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Figure 6: Effect of imperfect expansion on the peak noise emission of single and coaxial jets: com-
parison of under-expanded and pressure-matched jets at equal Ujge = 1010 m/s and Myg =~ 1.75.
(a) UE1010, r/D; = 3, 8 = 40°; (b) PM1010, /Dy = 3, 6 = 40°; (¢) UE1010, /Dy = 80, § = 50°;
(d) PM1010, /D, = 80, 8 = 50°.
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Figure 7: Effect of imperfect expansion on lateral noise emission in the direction # = 100° for single
and coaxial jets: comparison of over-expanded and pressure-matched jets at equal nozzle exit values
Uiy =700 m/s and M; = 1.5. (a) OE630, r/D; = 3; (b) PM700, /Dy = 3; (c) OE630, r/D; = 80;
(d) PM700, /Dy = 80.
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Figure 8: Effect of imperfect expansion on lateral noise emission in the direction § = 100° for
single and coaxial jets: comparison of under-expanded and pressure-matched jets at equal nozzle
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Figure 9: Effect of Uyg on far-field peak noise emission of single and coaxial jets with Myg = 1.5:
(a) PM920, 6 = 50°; (b) PM700, 6 = 40°; (c) PM630, § = 30°; (d) PM430, § = 20°.
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Figure 10: Effect of Ujg on far-field peak noise emission of single and coaxial jets with My =~ 1.3:
(a) OE820, 8 = 20°; (b) OE630, 8 = 30°; (c) OE430, § = 20°.
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Figure 11: Effect of Mif and Ui, on far-field
OASPL in the direction of peak emission for sin-
gle and coaxial jets. Solid lines connect data
with My = 1.5, dashed lines connect data with
lee ~ 1.3.
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Figure 12: Effect of Mys and Upg on far-field
SPL1gg-xHz in the direction of peak emission for
single and coaxial jets. Solid lines connect data
with My = 1.5, dashed lines connect data with
lee ~ 1.3.
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Figure 13: Reduction of far-field SPL;go.kmz, in
the direction of peak emission, resulting from ap-
plication of the coflow. Solid lines connect data
with Mys = 1.5, dashed lines connect data with
lee ~1.3.



