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Abstract
Jets issuing from rectangular and elliptic disk nozzles of various aspect ratios have been studied for their noise
characteristics. The overall sound pressure level and directivity were measured for these jets. The effects of aspect ratio,
measurement plane (major- vs. minor-) have been analyzed. The results show that the sound pressure levels are entirely
different for higher and lower aspect ratio elliptic and rectangular jets. At lower aspect ratios (AR=2:1), the noise emissions
from major axis plane dominate while for higher aspect ratios jets (AR>2), the noise from minor axis plane dominate.
Further, the relationship between sound pressure level and average shock-cell length is observed to be quadratic at emission
angles of 30° and 90° for both rectangular and elliptic jets.
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Nomenclature
AR
Aspect ratio
De
Equivalent diameter
L„
Shock cell length
M!
Jet Mach number
OASPL Overall Sound Pressure Level
ß

0
A, B, C
a, b

Directivity angle
Coefficients of quadratic fit
Coefficients of linear fit

Introduction
Noise reduction remains a challenging task in the
context of ongoing research in supersonic
combustion, flow induced noise, and related areas.
In this direction, the use of non-circular geometries

is widely being recommended for noise suppression
and mixing enhancement applications. /!/Numerous
studies have been carried out in this direction some
of which are described as follows: Gutmark et al. Ill
investigated the near field pressure fluctuations of
circular and elliptic jet with an aspect ratio of 3:1
and concluded that the pressure fluctuations along
minor axis plane is dominant by an order of
magnitude compared to major axis plane. Further the
radiation of circular jet major axis plane of the
elliptic jet. Lee and Baek /3/ performed experiments
with different aspect ratio elliptic slot jets using 3D
Laser Doppler Velocimetry technique and concluded
that the elliptic jet with AR of 2 showed high
turbulent mixing characteristics compared to the
other elliptic jets. Srinivasan et al. IM performed
flow studies from various non-circular slot jets like
rectangular, elliptic and triangle configurations
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under correctly expanded and underexpandcd
conditions. They verified the effect of sharp corners
in jet flows and concluded that slot jets have faster
decaying rate and shorter core length compared to
contoured nozzles. Further they showed that the
slots with sharp corners (rectangular and triangular
slots) showed higher spreads than elliptic jets.
Bridges and Hussain /5/ measured the directivity of
circular and elliptic jets (AR 2:1 and 4:1) at low
speeds (Ë·/ < 0.35) at the same distance of 24
diameters. They found that the minor plane is noisier
than the major plane, at all Mach numbers, and that
the maximum difference in OASPL between the two
axes occurs around 75° emission angle. Further, they
tripped the boundary layers and found that
differences across the major and minor planes
almost vanished, and resembled the circular jet.
Thus, they showed the crucial effect of initial
condition. Srinivasan et al. 161 investigated the noise
characteristics of twin elliptic slot jets. The spacing
between two elliptic slot jets is found to be crucial
parameter than aspect ratio. Other related works on
elliptic jets can be seen in references /7-10/.
Rectangular jets are extensively studied by Tarn
/I I/, Krothapalli /12/ and, Raman and Rice 713, 14/
and Raman /15/ especially on the hydrodynamic
instability mechanisms associated in screech tone
generation. Therefore, the complicated behavior of
the elliptical and rectangular jets from disk-nozzles,
operating at higher underexpanded conditions is not
yet completely understood.
With this motivation, jets issuing from noncircular geometries have been studied for their noise
characteristics. The geometries considered in the
present study are rectangular jets of aspect ratio
(AR) 1, 2, 4, and 6, and elliptic jets of aspect ratio 1,
2, 3, and 4. Jets issuing from slots made on thin
plates of thickness 1.5 mm have been used rather
than contoured nozzles to maintain uniform and
negligible boundary layer thickness along the
azimuthal direction, as recommended by Husain and
Hussain /16Ë These devices are also referred to as
disk nozzles in the literature. From the applications

point of view, "expeditious manufacturing and ease
of installation may dictate the use of slots in
preference to nozzles" as pointed out by Quinn and
Marsters /17/. The subsequent section explains the
experimental setup, procedure, test conditions,
measurements undertaken and their uncertainty
estimates, etc. for this study.

Details of Experiments
The experiments were carried out at the high
speed jet test facility of the Indian Institute of
Technology Kanpur, as shown schematically in Fig.
1. The experimental models (disk nozzles) were
mounted on the disk holder attached to the settling
chamber end plate. The area of all the geometries
was kept equal to the area of a 10 mm diameter
circular slot, and thus the equivalent diameter (De)
of all the slots were 10 mm. The slot dimensions
were accurate within ±0.05 mm. The test facility can
also be augmented by a mobile anechoic chamber
for acoustic measurements. The dimensions of the
chamber are 7' ÷ 4.5' ÷ 4.5', measured from tip-totip of the anechoic wedges. The cut-off frequency of
the chamber was 630 Hz. Details of the design and
construction have been reported by Srinivasan and
Rathakrishnan /18/. The jet noise was measured
using a Larson Davis model 800 Â precision
integrating sound level meter with a 1/8" Â & Ê
Type 4138 condenser microphone. This microphone
is certified to have a flat response in the range 10 Hz
to 50 kHz within ± l dB, and 6.5 Hz to 140 kHz
within ± 2 dB. The microphone was calibrated using
a CA 250 precision acoustic calibrator. This acoustic
calibrator gives a uniform monotone of 250 Hz at
114 dB (re. 20 /<Pa). The accuracy of the noise
measurement, according to the manufacturer's
specifications is ± 0.3 dB. All sound pressure levels
are referred to 20 /<Pa. The overall sound pressure
level (OASPL) measurement was conducted at
various underexpanded sonic conditions (fully
expanded Mach numbers ranging from 1.0 to 2.0)
at two emission angles of 30°and 90° measured from
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Exit Passage

Fig. 1: The experimental setup showing the jet test facility and the anechoic chamber.

Rotating Arrangement
on Traverse

Measurement Locations: 1. 90 to jet axis (Jet exit plane)
2. yf to Jet axis

Brought to you by | Purdue University Libraries
Authenticated
Download Date | 6/9/15 7:43 PM

148

Disk with
Elliptic slot

Major axis plane

Minor axis plane

(c)

Fig. 2: Measurement locations of (a) sound pressure level, (b) directivity, along major and minor axis planes (c).
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Fig. 3: Variation of overall sound pressure level with Mach number for rectangular and elliptic jets at emission
angles 90 and 30 degrees.
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the downstream jet axis at a radius of 50 equivalent
diameters (see Fig. 2a). The 50 De location was
decided, since the anechoic enclosure was small.
The signal from the microphone was taken out
through an extension cable so that, the readings from
the sound level meter can be taken outside the
chamber, to further minimize the sound reflecting
surfaces in the chamber. The sound pressure
directivity was measured at a radius of 24 equivalent
diameters, for fully expanded Mach numbers of 1.0
and 1.5. A crank-shaped fixture (see Fig. 2b) was
fabricated from a brass rod, and machined so that
one end goes inside the probe-yawing mechanism of
the traverse. Since the probe-yawing mechanism has
angular calibrations of one degree, the microphone,
fixed to the other end of the rod can be moved along
a radial arc, from the jet axis to the jet exit plane,
and positioned anywhere within ± 1°. The
microphone positions for these measurements are
shown in Fig. 2. Since the noise emission of
underexpanded jets is closely related to the shock
structure of the jet core, the shock cell length was
also measured for the rectangular and elliptic jets
from the online shadowgraph images. Figure 2c
shows the measurements planes namely major and
minor axis planes along which the readings are
recorded. These planes are defined in line with the
definition available in literature. That is, the plane
containing the major axis of the jet is called the
major axis plane and that which contains the minor
axis is referred as the minor axis plane.

Results and Discussion
The variation of overall sound pressure level
with exit Mach number and â are shown in Fig. 3 for
rectangular and elliptic jets, at emission angles 90
and 30 degrees. For all the jets, measurements were
made in both the major and minor planes and the
microphone was located at a distance of 50
equivalent diameters pointing towards the jet centre.
At 90°, the minor plane is noisier than the major
plane by up to 15 decibels, for higher aspect ratio

jets like AR 4:1 and 6:1 rectangular jets and 3:1 and
4:1 elliptic jets. The reason for this behavior in
rectangular jets is attributed to the fact that, the
screech tone emission is dominant along minor axis
plane as observed by Gutmark et áú. /19/ which
contribute to higher OASPL levels along this plane.
Further, for high aspect ratio rectangular jets, the
opposite corners are far apart and hence the
streamwise vortices generated from these corners do
not affect the feedback mechanism responsible for
screech generation. This feature is clearly seen from
figure where the minor axis plane of higher aspect
ratio jets emits larger OASPLs compared to lower
aspect ratio jets. On decrease of the aspect ratio, the
influence of the streamwise vortices is expected to
be maximum which ensures the difference in noise
emission from minor and major axis plane to be
minimal as observed from the figure. As expected,
among the rectangular jets, the noise emission is
found to be least from square jet where the
streamwise vortices influence the most on jet flow.
In the case of rectangular jets, the streamwise
vortices emanate from the vertices. Since the
vertices of a higher aspect ratio rectangle are more
close to the major-axis compared to the minor-axis,
acoustic shielding provided by the streamwise
vortices, is effective only for noise emission along
the major axis direction. This is a possible reason
why the minor plane is noisier than the major plane
at 90° (jet exit plane). The noise in general tends to
stabilize at high Mach numbers. At an emission
angle of 90°, a drop in sound pressure levels can be
observed at higher Mach numbers from Fig. 3. The
reason for this can be given based on the findings of
Raman /13/ that the acoustic feedback and
receptivity diminish at high levels of underexpansion. At emission angle 30°, the trend along
the minor plane is oscillatory, while along the major
plane it is almost monotonic. The square and the 2:1
rectangular jets show low noise levels. In the case
of elliptic jets, beyond Mach number 1.5, there is a
trend reversal; major-plane is noisier than the minorplane, a consequence of the predominance of shock
associated noise. As Mach number increases further,
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differences between major- and minor-planes
become narrow. The noise emissions from elliptic
jets are also compared with those of circular jet,
which surprisingly has a lower noise level compared
to all the elliptic jets, especially at higher Mach
numbers. This indicates that while screech is
suppressed in circular jets beyond certain Mach
numbers, the elliptic jets stills screeches at higher
Mach numbers. At 30° emission angle, the majorplane is noisier compared to the minor-plane, and
more so at higher levels of underexpansion. It is
evident that high underexpansion makes the shockassociated noise more directional.
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Fig. 4: Relative sound
pressure
directivity,
expressed as the difference in OASPLs
measured along major and minor planes of
(a) rectangular jet and (b) elliptic jet at
Mach 1.5

Figure 4 presents the difference in the noise
levels between the major and minor planes of
rectangular and elliptic jets at Mach number 1.5 for
various aspect ratios. There is a remarkable
difference between the smaller (2:1) and larger
aspect ratios jets. It is observed from the figure that
the lower aspect ratio (2:1) jets emit more noise
along their major planes. These results are in agreement with those of Jothi and Srinivasan /20/ wherein
they considered an elliptic jet of aspect ratio 1.86.
The reason for the noisier major planes was
attributed to the presence of higher amplitude
screeching component along major axis, plane
compared to the minor plane. However, for higher
aspect ratio jets (AR>2), the minor planes arc noisier
than major axis planes. This may be explained by
the fact that with increase in aspect ratio of the
elliptic jet, the radius of curvature increases in the
minor plane. This leads to large coherent structures,
and their interaction with the shock cells leads to
higher noise generation. This trend was also partially
observed by Powell /21/ who measured the noise
levels for circular and 4:1 elliptic jets at two
emission angles (30° and 90°), and found that the
major plane was noisier than the minor plane at 30°
emission angle, at lower frequencies, and minor
plane noisier than the major plane at higher
frequencies. This trend reversed at 90° emission
angle. In case of low speed jets (M < 0.35) from an
elliptic jet of AR 2:1 and 4:1, Bridges and Hussain
/4/ observed that minor plane is noisier than the
major plane which contrasts with the case of
supersonic jets as observed. They also observed that
the maximum difference in OASPL between the two
axes occurs around 75° emission angle.
The relation between average shock-cell length
and noise of rectangular and elliptic jets is shown in
Fig. 5. At emission angle of 30°, which is closer to
the jet flow, the turbulent mixing noise is dominant
along with screech content. As both the planes are
dominant in turbulent mixing noise at this emission
angle, the difference in OASPL of major and minor
axis plane is observed to be smaller ever for higher
aspect ratio jets. In this case also, the noise emission
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from square and 2:1 aspect ratio rectangular jet is
found to be less than that of higher AR rectangular
jet.
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Fig. 5: Variation of overall sound pressure level with average shock-cell length for rectangular and elliptic jets,
at different emission angles.

At emission angles of 30° and 90°, a curve is fit
for OASPL plots varying with shock cell length
(Fig. 5) and their coefficients are in shown in Table
1. The relation between the OASPL and shock cell
length seems to be quadratic at 30° - the preferred
direction
for
shock-associated
noise.
This shows the strong dependence of shockassociated noise with shock-cell length and hence

this approach, with further refinement, shock cell
length may be considered as an additional known
parameter in successful prediction of shock
associated noise apart from velocity, temperature
and emission angle alone. At 90°, it is grossly nonlinear (quadratic), particularly for elliptic jets as
observed from Table 1.
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Table 1
Coefficients of linear and quadratic curve fit for various geometries

Emission angle 90 degrees
Geometry
a

Square
Rect. 2:1
Reel. 4:1
Rect. 6:1
Circle
Ellipse 2:1
Ellipse 3:1
Ellipse 4:1

16.5375
17.9465
16.2281
14.7757
12.4053
16.8611
17.0706
17.5232

Linear fit
OASPL = a(Ls/De) + b
sum of squares
b
of residuals
93.0348
11.7183
31.0291
92.9255
92.4263
18.8788
94.7333
71.389
94.8871
83.9016
91.5145
104.679
91.2718
15.4962
6.2648
90.8423

Quadratic fit
OASPL = A(LS/DC)2 + B(LS/DC) + C
sum of squares
A
B
C
of residuals
-0.2237
16.883
92.9508
11.6986
-3.2514
23.1843 91.5261
25.5309
-2.8056 21.3123
90.9839
12.5711
-7.8453 29.3885 90.3932
7.8419
-7.6874 28.1033
89.6856
12.3512
-3.8619
24.3823
89.1604
90.3286
-1.3519
19.624
13.8892
90.5095
-0.4453
18.3148
6.1312
90.623

Emission angle 30 degrees
Geometry

Square
Rect. 2:1
Rect. 4:1
Rect. 6:1
Circle
Ellipse 2:1
Ellipse 3:1
Ellipse 4:1

Linear fit
OASPL = a(Ls/De) + b
sum of squares
b
a
of residuals
20.6248
13.3635 101.763
1 1 .8444
14.2938 101.205
102.029
41.8142
13.3782
64.515
102.499
14.0433
48.0091
103.327
13.2293
30.0502
101.025
15.5296
100.792
8.1007
15.471
100.651
9.1043
15.7601

Conclusions
The above results point out that aspect ratio plays
a key role in the noise characteristics of rectangular
and elliptic jets. Lower aspect ratios seem to be
more advantageous in noise suppression applications
than higher aspect ratios. The results also
demonstrate that the acoustic characteristics of
higher and lower aspect ratio jets of elliptic and

Quadratic fit
OASPL = A(LS/DC)2 + B(LS/DC) + C
sum of squares
A
B
C
of residuals
-3.2584
18.3942
100.54
16.4394
-1.9178
17.3833
100.38
9.9313
-6.961
25.9923
98.451
2.9856
-7.5135
28.038
98.342
6.2301
-5.4346
24.327
99.649
12.2497
-2.2364
19.885
99.662
25.328
18.0241
6.4942
-1.3518
100.03
20.2973
-2.5527
99.395
4.7154

rectangular geometry are entirely different. At lower
aspect ratios (AR=2:1) jets, the noise emission from
major axis plane dominates while for higher aspect
ratios jets (AR>2), the noise from minor axis plane
dominates. Further, the relationship between sound
pressure level and average shock-cell length is
observed to be quadratic at emission angles of 30°
and 90° for both rectangular and elliptic jets, based
on curve-fit residuals.
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