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Effect of Density on Noise Radiation from Subsonic
Inverted Velocity Profile Jets

Virendra Sarohia* and P. F. Massiert
Jet Propulsion Laboratory, California Institute of Technology Pasadena, Calif.

In this study, experiments were performed to investigate the influence of jet density in the generation of noise
from inverted velocity profile subsonic jets. Such jets consist of low-speed gas flow in the center and a higher-
speed annular flow. A combination of helium, nitrogen, and argon gases at various flow velocities were ex-
panded through center and through annular convergent nozzles to obtain the desired density effects.
Shadowgraphs of the jet flow were obtained, and mean velocity profiles and radiated noise were measured. The
results clearly show that a difference in density between the inner and outer flows is an important factor in the
development of the jet flow and in the production of jet noise.

Nomenclature
A = area
d = center nozzle exit diameter
D = annular nozzle exit diameter
r = transverse coordinate
V =mean velocity in ̂ direction

= mean annular flow nozzle exit velocity
Q = mean center flow nozzle exit velocity

X — streamwise coordinate
P0 = density of center flow
Of = angle to the intake (see insert in Fig . 2)

j
V

Introduction

THERE have been numerous investigations in the past to
determine the influence of gas temperature on the

production of jet noise. M The present study was motivated
by the fact that large differences in gas temperatures and
consequently in density exist in the noise-producing mixing
layers of present day jet -engine exhaust streams. Changes in
the temperature of a jet relative to the surrounding fluid5

have been shown to modify the quadrupole sources. Also,
additional noise sources have been identified related to noise
from hot jets, for example, the presence of entropy fluc-
tuations which are caused by the temperature fluctuations.6

Then, other sources of noise from heated jets have been
identified,7 such as those that result from the presence of
velocity fluctuations in a mean transverse density gradient of
dipole and monopole origin. A consequence of the presence of
all these noise sources caused by changes in the temperature is
that noise radiated from hot jets has not yet been satisfac-
torily explained. Thus, there is still a controversy on the
dependence of temperature on noise. For example, in Refs. 1
and 4 the radiated noise has been shown to be influenced by
the jet temperature; whereas, in Ref . 3 it is reported that there
is no dependence on temperature. As an attempt to resolve
this controversy of noise from heated jets, the effect of
density alone on modification of noise sources was un-
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dertaken. The density difference of the noise producing hot
jets was simulated by gases of different molecular weights.

However, the influence of the density of the jet on radiated
noise has been studied for a limited range of nozzle flow
conditions.8 The results clearly indicated that the pressure of
the radiated noise signal varied directly with the jet density.
No detailed measurement of the jet flow was made. This study
also does not report how the density affects the directivity
pattern of the radiated jet noise.

It is known that large changes of density ratio that occur
across the noise-producing mixing layer of a jet engine can
significantly modify the mixing and the growth of the jet.9

This modification in the turbulent mixing region is ac-
companied by a significant change in the entrainment of a
different density fluid.10 Very little is known of the changes in
jet development which occur due to density differences
between the two streams and the relationship to the
production of jet noise. This paper addresses itself to this
important consideration.

In the variable stream control engines (VSCE), which
employ inverted velocity profiles,11'12 there is some control
over the jet stream temperature, and, therefore, the density of
the streams.13 As a consequence of the promising potential of
the inverted profile jet proposed for use in an advanced
supersonic transport,13 it was decided to simulate such a jet to
investigate the influence of density ratio in the production of
jet noise. It is anticipated that the present findings will be of
fundamental importance in determining the role of jet density
in the production of noise from hot jets. These results will
also assist in optimizing the shape of the inverted velocity
profile for maximum noise reduction.

Experimental Apparatus and Instrumentation
The experimental setup employed to investigate the effect

of density on jet noise consisted basically of a coaxial nozzle
arrangement shown in Fig. 1. The exit diameters of the center
and the annular nozzles were d= 1.27 cm and Z> = 2.03 cm,
respectively. Hence, the area ratio ^annularA4center was 1>56-
Argon, helium, and nitrogen gases were passed through the
two nozzles, both separately and simultaneously. Com-
binations of the flow of these gases through the center and the
annular nozzles provided the desired density effects on mixing
that simulated the combination of hot and cold jets which
emerge from coannular nozzle jet engines. In carrying out
these experiments, a particular gas at a fixed annular-flow
velocity Vj was established while the low-speed center-flow
velocity V0 was varied. The exit velocity V0 was computed
from the mass flow rate passed through the center nozzle.
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Fig. 1 Coaxial nozzle test apparatus.

This flow rate was measured by use of carefully calibrated
rotameters. The mean velocity profile at various downstream
locations was evaluated experimentally across the entire
radius of the jet from measurements obtained by traversing a
pitot tube across the jet.

This experimental setup was located in an anechoic
chamber where the far-field noise measurements were made.
The radiated noise was measured by using microphones which
had a diameter of 1.27 cm. The microphone data were
recorded on a tape recorder and played back through an all-
digital spectrum analyzer to obtain the spectrum of the jet-
noise signal. A narrow 100-Hz bandwidth was used for the
spectrum analysis of the pressure signal. Instant spark
shadowgraphs of the jet flow were taken using an electronic
stroboscope with a flash duration of less than 0.3 jus. The
density gradients needed for taking spark shadowgraphs were
provided automatically flowing different gases through the
center nozzle with nitrogen gas flowing through the annulus.

Results of Jet Noise Measurements
In the present investigation it was observed that the annular

jet without any flow through the center nozzle was as noisy as
an equivalent area circular jet with the same exit velocity.
These findings were consistent with those of Williams et al.14

They also reported, however, that when the central space of
the annular jet was ventilated to the atmosphere, a 2 to 3 dB
noise reduction was observed in comparison to an equivalent
velocity circular jet. These findings, as discussed below, were
observed in the present study as well.

Typical results indicating the influence of center flow on the
noise emitted by a fixed subsonic annular flow of angles with
respect to the intake of 6f = 60, 90, and 140 deg are shown in
Fig. 2. The radiated noise at various angles was normalized to
an arc of radius 100£>. Throughout these tests the annular
flow nitrogen gas was kept constant so that Vj was always 295
m/s. The influence of flowing argon, helium, and nitrogen
gases through the center nozzle was studied over a range of
center velocities V0, from 0 to 300 m/s. As pointed out
previously, there was a sharp decrease in the radiated noise at
all angles as a small quantity of flow was introduced through
the center nozzle and gradually increased. A reduction in
noise of as much as 6 dB was obtained. This occurred at
center velocities between about 50 and 100 m/s. At larger
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Fig. 2 Influence of density of the center flow on noise radiated from
an inverted profile jet with nitrogen gas in the annulus.

center velocities the noise reduction became less. This resulted
primarily because a high-velocity center flow, V0> 120 m/s,
contributed directly to the overall noise generated by the
coaxial nozzle flow system. It is also quite evident from the
results shown in Fig. 2 that the density of the center flow
greatly influences the radiated noise and also its directivity.

Results of jet noise measurements in Fig. 2 at a given center
velocity V0 further indicate that for a gas of higher density
(e.g., nitrogen) in the center results in less noise production
than when a lighter gas discharges from the center nozzle. It is
important to note that such a comparison at a given value of
V0 is not a comparison at a given thrust. The comparison that
can be made here is based on an arbitrary choice of a
reference flow condition taken to be at the minimum noise
condition with nitrogen flow in the center. This reference
condition together with the equivalent thrust for helium flow
in the center have been marked by arrows in Fig. 2. For
nitrogen gas flowing in the center, the velocity V0 is 91 m/s.
To achieve the same thrust with helium gas through the center
nozzle the value of V0 is 242 m/s. As indicated in Fig. 2, an
excess noise of.the order of 10.5 dB would be generated with
the helium gas. This is at an angle of 07 = 140 deg. Similar
calculations were performed for the results presented in Fig. 4
which are discussed later in this section, with V0 = 60 m/s as
the reference condition. In this case a center velocity of



632 V. SAROHIA AND P. F. MASSIER AIAA JOURNAL

10 dB

</»

i i I i n i T

I I I I I I I I I I

0 2 4 6 8 10 12 14 16 18 20 22 24
FREQUENCY, KHz

0

Vj"295m/S;V 0 -84m/s
—— ANNULAR FLOW ONLY (NITROGEN)
—— ANNULAR (NITROGEN) AND CENTER (NITROGEN) FLOW
— - ANNULAR (NITROGEN) AND CENTER (HELIUM) FLOW

Fig. 3 Effect of density of the center flow on the spectrum of the
radiated noise with nitrogen flow in the annulus.

V0 = 159 m/s was required. Thus, an excess noise of about 7
dB was generated by flowing helium gas instead of nitrogen
through the center nozzle. Note that this is not the only means
of comparison of noise for a given thrust that an engine
designer has at his disposal.

The spectrum showing the influence of the center flow
density on radiated noise at 07 = 60, 90, and 140 deg for
Ky = 295 m/s and K0 = 84 m/s is indicated in Fig. 3. It is
interesting to note that the influence of the density of the
center jet on the reduction of jet noise is more pronounced in
the rearward quadrant close to the jet axis, e.g., at 07 = 140
deg, than in/the forward quadrant, 07 = 60 deg. At 07 = 60 deg
there was noise reduction with helium and nitrogen gas flow
in the center over the entire frequency range. At 07 = 140 deg,
however, helium gas flow in the center did not change the
noise spectrum as compared to no flow in the center. On the
contrary, with nitrogen gas flowing through the center
significant reduction of the relatively low-frequency com-
ponent of jet noise was observed at 07 = 140 deg. These results
indicate that a low-density gas flow (simulating a high-
temperature stream) in the center does not greatly alter the
mean velocity profile of the jet flow many diameters
downstream where most of the low-frequency noise is
generated. It would be expected, however, that the mean
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Fig. 4 Influence of the density of the center flow on noise radiated
from an inverted profile jet with helium gas in the annulus.

velocity profile downstream would be affected with high-
density flow in the center. This is discussed in more detail in
the next section.

The results in Fig. 4 and 5 represent the influence of the
center flow density on the noise radiated from the jet with
helium gas flow through the annulus. Comparisons are made
with both helium and nitrogen gases flowing through the
center. This arrangement simulates more closely the density
distribution of an inverted velocity jet where high-
temperature flow discharges from an annulus, e.g., the VSCE
discussed previously. The strong dependence of density of the
center flow in modifying the radiated jet noise and the
directivity pattern is evident with the low-density gas flow in
the annulus just as it is with the higher-density annular gas
flow (Figs. 2 and 3). The minimum noise for a fixed annular
flow Vj occurred at a center flow velocity around 60 m/s.
Nitrogen gas in the center produced as much as 5-7 dB less
noise than the lower-density helium gas at the same velocity
V0. The spectra of the radiated noise again show that in the
forward quadrant, i.e., 40 deg < 07 <90 deg, the introduction
of inner flow influences both the low and the high-frequency
contents of the radiated noise; whereas, close to the rearward
quadrant, i.e., deg <07<150 deg, there was more noise
reduction in the low-frequency range. From the results of
Figs. 4 and 5, it is apparent that the modification of the jet
flow region which generates relatively low-frequency noise is
the one that is largely altered by the higher-density nitrogen
gas flow in the center. With low-density gas flow in the an-
nulus, there is less potential for noise reduction where the
center flow also consists of a low-density gas flow. Hence,
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Fig. 5 Effect of the density of the center flow on the spectrum of the
radiated noise with helium flow in the annulus.

both the velocity and the density distribution are important
factors in optimizing the noise reduction potential of inverted
velocity profile jets.

Mean Velocity Profiles
To acquire further understanding of the mechanisms by

which the density of the center flow influences the noise
radiation from inverted velocity profile jets, mean velocity
profiles by traversing a pitot tube were obtained at selected
axial locations along the jets. These measurements showed
that without any center flow, subatmospheric pressure existed
in the central region of the jet in the vicinity of the nozzle exit.
This condition had also been observed previously.15 The
subatmospheric pressure caused the streamlines of the an-
nular flow to curve radially inward. In the present study, this
subatmospheric region was observed at axial distances as far
as X/d = 0.5 from the nozzle exit. Because of this rapid
closure of the inner mixing layer of the annular jet (without
center flow), the annular jet "filled up" the center region and
became almost a circular jet at an axial distance of ap-
proximately 3.0 center jet diameters (X/d=3.Q). This is
probably the main reason that noise radiated from annular
jets is very nearly the same as that radiated from equivalent
nozzle-area circular jets.
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Fig. 6 Effect of center flow on mean velocity profiles at XId - 0.75.
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Fig. 7 Influence of center flow density on mean velocity profile for
an inverted flow.

At XId = 0.75 annular mean velocity profiles with no center
flow and with center flow velocity ratios V0/Vj = Q.\\ and
0.60 are shown in Fig. 6. The annular flow velocity at the
nozzle exit was kept constant for all of these tests at V} = 290
m/s. Nitrogen gas was passed through both the center and the
annular nozzles. A few distinct changes in the development of
the annular jet occur with the introduction of center flow.
First, because of the absence of subatmospheric pressure near
the nozzle exit, the jet flow was not drawn radially inward and
consequently, the mean annular velocity profile was displaced
radially outward. This outward radial displacement is ac-
companied by a reduction in the width of the annular portion
of the jet. It is important to note that even at XId as low as
0.75, where d is the diameter of the inner jet, the center flow
modifies the annular flow. Thus, as one would expect, the
radial displacement of the annular jet is a function of the
center flow velocity V0, as indicated in Fig. 6. Note also in
this figure that the annular flow had rapidly accelerated the
flow that discharged through the center nozzle.

The influence of the density of the inner flow on the an-
nular flow at V0/Vj = 0.60 and X/d = 0.15 is indicated in Fig.
7. As a reminder, the annular flow in this case was nitrogen
with Fy = 290 m/s. With helium gas flow in the center the
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Fig. 8 Effect of the density in the center flow on the development of
the mean velocity profile.

annular flow was larger in radial extent and in addition, the
radial outward displacement of the annular flow was not as
great as with nitrogen flow in the center. Velocity profiles
obtained further downstream at X/d = 6.0 are shown in Fig.
8. It is apparent that with helium flow in the center the mean
velocity profile was nearly the same as with no flow through
the center, however, the velocity profile differs; in fact, the
maximum velocity was lower than for the other two cases.

All of these results are consistent with the noise data shown
in Figs. 2-5. For example, at low center flow velocities
V0 < 100 m/s most of the noise is produced by shearing action
along the center and inner "surfaces" of the annular flow.
Near the nozzle exit, which is where the relatively higher-
frequency noise is generated, there is not much difference in

the noise levels at the high frequencies, as is indicated in Figs.
3 and 5. Even though there is a displacement of the annular
flow between helium and nitrogen center flow conditions as
indicated in Fig. 7, not much difference in the slopes of the
velocity profiles was observed. This similarity in velocity
profiles was also observed farther downstream, as shown in
Fig. 8. Hence, it would be expected that the conditions with
helium flow in the center would be more nearly like those with
no flow discharging through the center nozzle and that the
difference in radiated noise would not be excessive. This is
consistent with the data of Figs. 2-5. For the conditions with
nitrogen flow in both the center and in the annulus the
velocity profile, e.g., in Fig. 8 shows that not only the velocity
gradients but also the mean jet velocities are less than for the
other cases; hence, the noise would be expected to be lower,
particularly the relatively low frequency jet noise, and this
result is consistent with the noise data shown in Figs. 3 and 4.

Flow Visualization
An even better understanding of the role that the density of

center flow plays in noise radiated from inverted profile jets
can be obtained from spark shadowgraphs of the jet
flowfield. Typical results are shown in Figs. 9 and 10 for
Ky = 295 m/s and two values of F0 = 30 and 231 m/s,
respectively. These shadowgraphs show the dramatic changes
that occur in the inner mixing layer of the annular flow as the
density of the center flow varied. In both figures the annular
flow is nitrogen. The low density helium gas in Fig. 9 did not
seem to penetrate radially outward into the annular region as
much as the nitrogen gas flow did for the same velocity V0. It
is evident in Fig. 9 that the helium flow converges radially
inward and, consequently, accelerates toward the center as it
flows downstream. This reduces the effective shear with
respect to the annular flow. Consequently, the mixing of the
two streams is reduced and becomes less effective in altering
the dissipation of the noise producing annular flow. This may
be the reason that in Figs. 9 and 10 the helium gas seems to
remain unmixed and identifiable in large "chunks" as far as
10-12 diameters from the nozzle. The flowfields observed in
Figs. 9 and 10 with the higher-density nitrogen gas flow in the
center differ significantly. These density effects on the
development of the annular flow are such that the annular

Annular Flow—Nitrogen Center Flow—Nitrogen

Annular Flow—Nitrogen Center Flow—Helium

Fig. 9 Shadowgraphs showing the influence of center flow density on the development of inverted profile jets for low center velocity with annular
flow Vj295 m/s and center flow V0 = 30 m/s.
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Annular Flow—Nitrogen Center Flow—Nitrogen

Annular Flow—Nitrogen Center Flow—Helium

Fig. 10 Shadowgraphs showing the influence of center flow density on the development of inverted profile jets for high center velocity with ;
nular flow Vj = 295 m/s and center flow y0=23l m/s.

flow is slowed down faster when the higher density gas is in
the center. These shadowgraphs show what happens along the
jet in a pictorial sense and provide an explanation for the
mean velocity profiles as, for example, shown in Fig. 8.

Discussions and Conclusions
The present experimental investigation clearly demonstrates

the importance of jet density in the production of jet noise for
inverted velocity profile jets. In the flow system investigated,
both the density p0 and the velocity V0 of the center flow play
a key role in the development of the high-speed annular flow
and, consequently, the radiated noise. For a given annular
flow, the degree to which the center flow is capable of radially
displacing the annular mean profile (Figs. 6-8) will depend
upon the momentum p0V2

0 of the center flow. Furthermore,
the entrainment of the low-density center flow by high-speed
annular flow is much greater than with high-density center
flow.10 Therefore, the extent to which the center flow in-
fluences the growth of the annular flow will be a function of
the center nozzle mass flow rate P0V0. The density of the
center flow plays such an important role in the production of
noise radiated from high-speed annular flows because the
momentum, mass flow rate and entrainment of the center
flow by the annular flow is directly related to the density of
the center flow p0 (for a fixed velocity V0). It is anticipated
that these findings will be of use for design engineers seeking
methods to optimize the radiated noise from the inverted
velocity profile jets of variable stream control engines.

The main conclusions of this investigation are:
1) The density of the center flow is' very germane to the

production of noise by the annular flow of an inverted
velocity profile jet. A more dense gas flow in the center tends
to produce less noise than a less dense flow.

2) The minimum far-field noise for a given annular flow
was observed to occur with a center flow velocity in the range
of 50-100 m/s. This minimum noise was dependent on the
density of the fluid passed through the center nozzle.

3) The directivity pattern of the radiated noise signal
depended strongly on the density of the center flow.

Acknowledgment
This paper presents the results of one phase of research

carried out at the Jet Propulsion Laboratory, California

Institute of Technology, under Contract NAS 7-100, spon-
sored by NASA. The authors express deep gratitude to M.
Noel and T. Bui for their dedicated assistance in carrying out
this research. In addition, the assistance of F. H. Slover, W.
Bixler, and J.J. Godley in assembling and conducting these
experiments is greatly appreciated.

References
^och, R.G., Duponchel, J.P., Cocking, B.J., and Bryce, W.D.,

"Studies of the Influence of Density on Jet Noise," Journal of Sound
and Vibration, Vol. 28 (A), 1973, pp. 649-668.

2Lush, P.A. and Fisher, M.J., "Noise from Hot Jets,"
Proceedings of Agard Conference No. 131 on "Noise Mechanism, "
Sept. 1973.

3Rollin, V.G., "Effect of Jet-Temperature on Jet Noise
Generation," NACATN-4217. March 1958.

4Tanna, H.K., "An Experimental Study of Jet-Noise Part I:
Turbulent Mixing Noise," Journal of Sound of Vibration, Vol. 50,
March 1977, pp. 405-428.

5Lighthill, M.J., "On Sound Generated Aerodynamically II.
Turbulence as a Source of Sound," Proceedings of the Royal Society,
A222, 1954, pp. 1-32.

6Ribner, H.S., "The Generation of Sound by Turbulent Jets,'
Advances in Applied Mechanics, Vol. 8, 1964.

7Mani, R., "The Influence of Jet Flow on Jet Noise. Part 2. The
Noise of Heated Jets," Journal of Fluid Mechanics, Vol. 73, April
1976, pp. 779-793.

8Lassiter, L.W. and Hubbard, H.H., "Experimental Studies of
Noise from Subsonic Jets in Still Air," NACA TN-2757, Aug. 1952.

9Brown, G.L and Roshko, A., "On Density Effects and Large
Structures in Turbulent Mixing Layers," Journal of Fluid Mechanics,
Vol. 64, April 1974, pp. 775-816.

10Brown, G.L., "The Entrainment and Large Structures in Tur-
bulent Mixing Layers," paper presented at the 5th Australian Con-
ference on Hydraulics and Fluid Mechanics, Dec. 1974, pp. 352-359.

11 Crouch, R.W., Coughlin, C.L., and Paynter, G.C., "Nozzle
Flow Profile Shaping for jet Noise Reduction," AIAA Paper 76-511,
July 1976.

12Banerian, G., "Status of Some Current Research in Jet Noise,"
AIAA Journal, Vol. 16, Sept. 1978, pp. 875-888.

13Hines, R.W., "Variable Stream Control Engine for Supersonic
Propulsion," Journal of Aircraft, Vol. 15, June 1978, pp. 321-325.

14 Williams, T.J., AH M.R. M.H., and Anderson, J.S., "Noise and
Flow Characteristics of Coaxial Jets," Journal of Mechanical
Engineering Sciences, Vol. II, Feb. 1969, pp. 133-142.

15Ko, N.W.M. and Chan, W.T., "Similarity in the Initial Region
of Annular Jets: Three Configurations," Journal of Fluid Mechanics,
Vol. 28, April 1978, pp. 641-656.


