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Abstract 

Far-field noise radiated from coaxial cold un
derexpanded jet flows issuing from convergent two
nozzle configurations with coplanar and staggered
exits is investigated experimentally. The coaxial 
jets are operated in the "inverted" mode, i.e., the 
outer (annular} jet flow Mach number is higher than 
that of the inner (round} jet. Keeping all other 
geometrical and operating conditions the same, the 
exit-stagger of the inner (round} and the outer 
(annular} nozzles was varied. It is shown that the 
extent of the exit-stagger affects both the flows 
and the radiated noise from such coaxial underex
panded jet flows and that comparatively, the lowest 
noise levels are achieved when the coaxial nozzle
exits are coplanar. Moreover, the effectiveness 
of the co-flowing inner jet flow in reducing the 
noise radiated from either the annular or the co
axial underexpanded jet flows decreases noticeably 
as the exit-stagger is increased. 
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Nomenclature 

Speed of sound 
Area 
Nozzle diameter 
Frequency in Hz 
Axial location downstream of the annular 
nozzle exit 
Exit-stagger-length relative to the an
nular nozzle exit (Figs. 1&2} 

t 
p 

The location of the intersection of the 
last Prandtl-Meyer expansion Mach wave 
with the outer surface of the extended 
inner nozzle 

M Flow Mach number 
m 
OAPWL 

Mass flow rate 
Overall acoustic power watt level, 
dB re: lo-12 watts 

PWL Acoustic power watt level, 
dB re: lo-12 watts 
Reservoir pressure, psig 
Ambient pressure, psia 
Nozzle radius with reference to the 
central axis (Figs. 1&2} 
Radial location of the pitot-tube with 
reference to the central axis 

SPL Sound pressure level, dB 

T 

* 

re: 2 x lo-4 Jlb 
Lip Thickness at the inner nozzle-exit 
(Fig. l} 
Thrust 
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Subscripts 

Reservoir temperature 
Flow velocity calculated from thrust/ 
mass flow rate 
Fully-expanded jet mean flow velocity 
calculated from P-M expansion of an 
underexpanded jet 
Exit width of the annular nozzle 
(Figs. 1&2} 
Acoustic power in watts 
Angle between the direction of sound 
emission and the jet axis in the down
stream direction 
Angle of divergence (spread} of free 
boundary of the jet flow 
Angle of the last Mach wave of the 
Prandtl-Meyer expansion with the outer 
surface of the extended inner nozzle 
Angle of convergence of convergent 
nozzle (Figs. 1&2} and angle of diver
gence of convergent-divergent nozzle 
Density of undisturbed medium 
Density of the flow 
Fully-expanded jet mean flow density 
Density exponent 
Operating Pressure ratio, 

Reservoir Pressure (absolute} 
Ambient Pressure 

PR + pa 

Pa 

ISA International Standard Atmospheric 
Conditions 
Fully-expanded jet flow conditions 

e Nozzle exit conditions 
o or a Ambient conditions 
t Total pressure 
l The inner nozzle or jet flow parameter 
2 The outer (annular} nozzle or jet flow 

parameter 

Introduction 

The noise radiated from a single round super
sonic high specific thrust, turbulent heated jet 
flow, similar to the exhaust of a turbo-jet engine, 
is inherently too intense. Its reduction is possi
ble if, instead, multi-stream coaxial jet exhaust 
flows are used to generate the same thrust. From 
considerations of the propulsion-efficiency and 
noise-suppression of jet-propelled subsonic air
craft, the use of the high by-pass ratio turbo-fan 
engine with its two-stream exhaust flow is preferred 
over an "equivalent" (generating the same thrust} 
single-stream heated turbo-jet exhaust. In this 
mode of operation of a turbo-fan engine exhaust, the 
inner heated turbo-jet flow of higher mean velocity 
is shrouded by an outer fan-flow stream of slower 
flow-velocity but of higher mass flow rate. How
ever, to achieve the desired reduction in levels of 
noise radiated from underexpanded heated jet flows, 
this mode of operation of coaxial jet flows is not 
effective. Instead, the coaxial (or coannular} jet 
flows need to be operated such that the outer (annu-



lar) underexpanded jet is maintained at a compara
tively higher pressure ratio (i.e., at a higher 
jet flow Mach number) and higher temperature and 
therefore at a higher specific thrust or flow velo
city of the annular jet than that of the inner 
(round) jet flow. This mode of operation of the 
coaxial jets was first attempted by Dosanjh, Yu 
and Abdelhamid1 • 2 • 3 and was shown to embody many 
of the preferred attributes of an effective super
sonic jet noise suppression approach. These 
earlier supersonic jet noise suppression studies 
with cold model jets were extended by Dosanjh, 
Ahuja and Bhutiani4,7 to cold/heated coaxial model 
jets where the outer annular jet was heated to re
servoir temperatures up to 1000°F and the inner jet 
was operated cold. It was shown that in comparison 
with an "equivalent" round underexpanded single 
jet of the same specific thrust, such use of co
axial jets results in substantial noise reductions. 
It has been shown by Bassiouni and Dosanjh8 that 
noise reductions from such coaxial jets are 
achieved over a wide range of operating pressure 
ratios (or jet flow Mach numbers) of the outer 
(annular) underexpanded jet. Motivated by the po
tential of this approach for supersonic jet noise 
suppression and its possible applications to duct 
burning turbo-fan and advanced variable cycle 
turbo-jet engines, more recently the coaxial (co
annular) heated jets operated in such an "inverted" 
mode of operation have been investigated, among 
others, by Guiterrez9, LeelO and Kozlowskill. 

The basic reasons for the observed noise re
ductions from coaxial (or coannular) jets with the 
"inverted" operating conditions, in general, are: 
(a) an annular underexpanded jet flow radiates 
lower levels of noise than an equivalent round jet 
of the same exit area and specific-thrust. Annular 
underexpanded jet flow decays to sonic speed more 
rapidly (i.e., over a shorter spatial distance 
downstream of the annular nozzle exit) than an 
"equivalent" round underexpanded jet. (b) OWing 
to the presence of the co-flowing inner (round) 
jet flow, the mean-flow shear at the inner jet 
boundary of the outer (annular) higher flow velo
city jet is reduced just downstream of the nozzle 
exit. (c) The mixing, the spreading and the de
caying characteristics of the two-stream coaxial 
high speed turbulent jet flows differ from those 
of an "equivalent" single round jet. (d) The re
petitive wave structure of the individual (annular 
and round) underexpanded jets and the associated 
jet mean flows are modified due to the changed 
flow boundary conditions (i.e., both the pressure 
and flow directions are modified) at the interface 
of the co-flowing coaxial jets. 

The behavior of such "inverted" coaxial high 
speed turbulent jet flows (and thus their radiated 
noise and noise-suppression performance), are 
greatly influenced by the geometry and configura
tion of the individual inner (round) and outer 
(annular) nozzles. These geometrical and config
urational factors include: whether the individual 
nozzles are convergent or convergent-divergent; 
contoured or conical; the magnitude of the conver
gence or divergence angles of the individual noz
zles; size and the ratio of the exit areas of the 
individual nozzles; also the width of the annulus 
at the annular nozzle exit; the exit-diameter of 
the round nozzle; the lip thickness at the exit of 
the common wall between the outer and the inner 
nozzles and whether the nozzle-exits are coplanar 
or staggered. 

From investigations of the comparative acous
tic performance of coaxial supersonic jets where 
some of these geometrical parameters were con
trolled, it was established that for maximizing th~ 
noise-reductions from coaxial supersonic jets, 
keeping the specific thrust the same, the use of 
the convergent underexpanded coaxial nozzles (as 
compared to the conical convergent-divergent noz
zles) is advantageousS. It was also shown that the 
noise reductions achieved by coaxial jets operated 
in the "inverted" mode are optimized (keeping all 
other operating conditions and factors the same) if 
the exit-areas of the outer (annular) and the inner 
(round) convergent nozzles are nearly equal.S 
Therefore from the considerations of the relative 
operating pressure ratios of the inner and outer 
jets and the nozzle exit areas commonly used for 
the coaxial jets in the "inverted" mode of opera
tion, the ratio of the rate of mass flows of the 
outer to the inner jets, though higher than one, is 
not as high as normally used in the high by-pass 
ratio turbo-fan engines. Consequently, for the op
timized noise reduction from the "inverted" mode of 
operation of coaxial jets, comparatively low by-pass 
ratios ought to be used. 

From some earlier exploratory studies, the 
radiated noise levels from coaxial supersonic jets 
issuing from coaxial nozzles with staggered exitsl 
were found to be higher than those from the coaxial 
jets issuing from coaxial nozzles with coplanar 
exits. Since the motivation of our earlier studies 
with coaxial jets operated in the "inverted" mode 
was to select the operating conditions and the co
axial flow configurations to optimize noise reduc
tions from supersonic jet flows, the use of the 
coaxial nozzles with coplanar exits was pre
ferred.3,5,7 In more recent noise studies with 
"inverted" coannular jets undertaken by others in 
relation to the possible development of the duct
burning turbo-fan or advanced variable cycle turbo
jet engines,lO,ll coaxial (coannular) nozzle con
figurations with staggered exits seem to be pre
ferred. Therefore a comparative study and an 
assessment of the acoustic performance of the "in
verted" coaxial underexpanded jets issuing from 
coaxial convergent nozzles with either coplanar-or 
staggered-exit configurations, was undertaken. 

Coaxial Nozzles, Experimental Facilities, Pro
cedures and Data Reduction 

Coaxial Nozzles 

The typical model coaxial two-nozzle configura
tion with its nozzle exit areas, exit size (radius 
of the inner round nozzle, rel and the width of the 
annular nozzle w), exit-stagger ~ and other perti
nent dimensions are shown in Fig. 1 and tabulated 
in Table (1). In the coaxial nozzle configuration 
shown in Fig. 1, both the inner (round) and the 
outer (annular) nozzles are convergent. The exit
lip of the inner (round) nozzle is fairly sharp 
(thickness tel or t = 0.04 em) with the ratio of 
the lip thickness to inner nozzle exit radius 
te1/re1 ~ 0.06. To straighten the converging flow 
at each nozzle exit such that the jet flow emerges 
parallel to the nozzle axis, zero convergence 
angles are used over a short length (0.15 em) just 
upstream of the individual nozzle exits (see Fig. 
1). The ratio of the exit areas Ae2/Ael ~ 1.17. 
The stagger length ~ between the outer (annular) 
and the inner (round) nozzle exit (or the ratio of 
stagger length to annular nozzle width, ~/w) was 
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Fig. 1 Details and Specifications of Coaxial 
Convergent Two-Nozzle Arrangement with 
Staggered Exits. 

TABLE 1 

Dimensions and Specifications of Coaxial Nozzles 
with Staggered-Exits Shown in Fig. 1: 

All Dimensions in Centimeters 

Exit- Annular tel Ae2 
Stagger Width l rel re2 

!1, 
w rel Ael w 

0 0.28 0 0.61 0.93 0.06 1.17 

0.32 0.25 1.26 0.61 0.96 0.06 1.17 

0.48 0.246 1.92 0.61 0.98 0.06 1.17 

0.64 0.241 2.70 0.61 0.99 0.06 1.17 

controlled by moving only the outer annular nozzle 
relative to the inner nozzle where in this nozzle 
arrangement (Fig. l),the inner round nozzle is kept 
the same for all the coaxial-nozzle configurations 
with different exit-staggers. Because of the con
vergence angle a = 12.83° of the outer surface of 
the inner convergent nozzle, moving the exit of the 
annular nozzle relative to the fixed inner nozzle 
therefore would have resulted in a different nozzle 
exit area Ae 2 for different exit staggers t/w. 
Therefore, four different end pieces of the outer 
convergent nozzle were used, each designed to keep 
the annular exit area Ae2 and therefore Ae2/Ael 
the same for each of the coaxial nozzle configura
tions when the exit staggers are varied in four 
steps between t;w = 0 to 2. 7. How.ever, because of 
the divergence angle a = 12.83° of the outer sur
face of the inner round nozzle, the local wall 
thickness of the inner nozzle increases slightly 
upstream from the sharp lip of the inner nozzle 
exit. Therefore, when the exit staggers are varied 
from t/w = 0 to t/w = 2.7 in coaxial nozzle con
figuration shown in Fig. 1, even though area ratios 
Ae2/Ael are kept fixed, the annular width decreased 
from 0.28 to 0.24 em (Table 1). 

To ensure that for different exit staggers 
t/w, both the exit area ratios Ae2/A 1 and the 
annular nozzle width w are maintaine~ constant, 
the model coaxial nozzle configuration shown in 
Fig. 2 was also used. The pertinent dimensions of 
this coaxial nozzle arrangement are tabulated in 
Table 2. The coaxial nozzles can be arranged to 
have either coplanar exits or staggered exits. In 
this coaxial nozzle arrangement, the inner (round) 

and the outer (annular) nozzles are both convergen~ 
The lip of the inner nozzle is fairly sharp, i.e., 
te1/tel = D6 and is commonly designated as t/r ~ 0. 
The inner nozzle is straight over a short length 
upstream of its exit. Therefore to adjust the noz
zle exi~for different Ji,fw's, the annular nozzle 
component is moved relative to the straight portion 
of the inner nozzle, thus keeping both the indivi
dual exit areas, their Ae2/Ael as well as the annu
lar nozzle width w, the same for coaxial nozzle 
configurationswith different exit-staggers. 

In addition, the comparison of the acoustic 
performance of coplanar and a staggered-exit co
axial jets was also investigated when the inner 
(conical) nozzle was convergent-divergent with 
divergence angle a=12°. Also, the role of the lip 
thickness at the exit of the inner nozzle was 
studied by using both a sharp lip (te1/r 1 7 0) 
and a somewhat thicker lip <tellrel ~ o.f3) inner 
nozzle where either both nozzles were convergent 
or when the coaxial nozzle comprised an inner con
vergent-divergent nozzle and the outer (annular) 
convergent nozzle. The experimental results for 
these nozzle configurations are reported in Ref. 
12. For these coaxial nozzle arrangements and con
figurations operated in the "inverted" mode, the 
nature of the observed noise reductions and the 
influence of the exit-staggers is similar to the 
ones observed for convergent nozzles with sharp 
lips. Similar to the results from earlier studies 
with coplanar-exit configurations of coaxial jets, 
the maximum noise reductions observed with the 
finite lip thickness and staggered-exit configura
tions were somewhat higher than those attained 
with the sharp lip configuration. For the coaxial 
nozzle configuration with the inner convergent
divergent nozzle, the over-expanded mode of opera
tion of the inner C-D nozzle involves some thrust 
loss and therefore the corresponding acoustic effi
ciency is somewhat higher and the use of conical 
convergent-divergent coaxial nozzles with either 
coplanar or staggered exits does not recommend it
self. Therefore, here only the experimental re
sults for coaxial jets operated in the "inverted" 
mode issuing from coaxial convergent nozzle con
figurations with staggered exits (varied from co
planar exits, t/w = 0 to t/w = 2.7) shown in Fig. 1 
are presented. For comparison, a few experimental 
observations of the noise and flow behavior of co
axial jets issuing from the coaxial nozzles with 
staggered-exit configurations shown in Fig. 2, are 
also included. 

Optical Records and Flow Measurements 

To record the general features of the indivi
dual underexpanded annular and round jet flows as 
well as the behavior of the coaxial jet flows at 
the "inverted" operating conditions, with different 
exit-staggers, the spark shadowgraphs of the co
axial flows were recorded using the coaxial nozzle 
configuration shown in Fig. 2. 

To delineate the subsonic and supersonic re
gions of the combined coaxial jet flows, especially 
at the "minimum-noise" conditions as explained un
der Experimental Results, the stagnation pressures 
were surveyed by a pitot-tube (O.D. = 0.2" and 
I.D. = 0.1") traversed across and along the coaxial 
flows by a traversing mechanism capable of three 
dimensional displacements with an accuracy of 
.001". With the pitot-tube positioned at selected 



Fig. 2 Details and Specifications of an Alter
nate Arrangement of Coaxial Convergent 
Two-Nozzle Arrangement with Staggered
Exits. 

TABLE 2 

Dimensions and Specifications of Coaxial Nozzles 
with Staggered-Exits Shown in Fig. 2: 

All Dimensions in Centimeters. 

Exit- Annular 
Ae2 Stagger Width _Q_ tel 

_Q_ w w rel re2 
rel Ael 

0 0.25 0 0.61 0.88 0.06 1.09 

0.32 0.25 1. 26 0.61 0.88 0.06 1.09 

0.48 0.25 1.9 0.61 0.88 0.06 1.09 

locations in different regions of the coaxial flow~ 
the corresponding spark shadowgraphs were also re
corded. From the presence or absence of the stan
ding shock ahead of the pitot-tube tip, it is pos
sible to deduce whether the local flow is respec
tively supersonic or subsonic. From the shadow
graphic and pitot-tube data, the qualitative 
effects of the exit-stagger .Q.jw (other operating 
conditions kept the same) on the wave structure, 
the turbulent mixing, spreading and decaying of 
the coaxial flows from the nozzle configuration 
shown in Fig. 2, were deduced as discussed under 
Experimental Studies. Such optical and flow 
studies of coaxial jets with staggered exits with 
convergent nozzle configuration shown in Fig. 1, 
are currently under way. 

Acoustic Data and Analysis 

One-third octave sound pressure levels were 
recorded in an anechoic chamber of dimensions 
10' x 13' x 9', at eight azimuthal positions 15° 
apart, from 15° to 120° with respect to the down
stream axis of the jet flow on an arc of 6 ft. 
radius. The acoustic data acquisition system 
mainly comprised a B&K 1/8 inch condenser micro
phone, 2619 cathode follower, type 2107 analyzers 
with adequately extended frequency range up to 
200 KHz, and type 2307A level recorder. Some of 
the acoustic data for the alternate nozzle arrange
ment shown in Fig. 2 was digitized and recorded. 
These acoustic data were corrected for the micro
phone pressure response; the free-field effects 
and the corrections for the atmospheric absorption 
which were necessary particularly because of the 

high-frequency spectral content owing to the small 
size of the model nozzles used. The 1/3 octave 
PWL's and the OASPL's were calculated from the 
corrected 1/3 octave SFL's data. The overall power 
watt levels (OAPWL's) were calculated from the 
OASPL's instead of the SPL's at each angle. The 
jet and acoustic facilities were calibrated and 
validated to ascertain that the upstream flow dis
turbances and the background noise did not influ
ence the recorded acoustic data. The acoustic 
efficiencies n were calculated from the OAPWL's 
where to normalize OAPWL's and to obtain log n, 
the calculated values of the thrust and mass flow 
rate of the coaxial jets, were used. 

Experimental Results and Discussion 

Minimum-Noise Mode of Operation 

Qptimization of noise reductions from coaxial 
nozzle configuration shown in Fig. 1, where both 
the inner (round) and the outer (annular) nozzles 
are convergent, was studied for four different 
exit staggers varied from .Q.jw = 0 (coplanar exits) 
to .Q.jw = 1.26, 1.92 and 2.7. In each of these co
axial nozzle configurations, the outer (annular) 
jet reservoir pressure PR2 (or pressure ratio 
~2 = PR2 + Pa/Pal was kept fixed at a preselected 
value (~2 ~ 3.04) such that the annular jet flow 
is underexpanded. The inner jet reservoir pressure 
PRl ratio ~1 was varied from PRl = 0 or ~1 = 1 
(i.e., the annular jet operated alone without the 
inner jet flow) to ~1 ~ 2.5. The variation of the 
OAPWL of the coaxial jets with the inner jet reser
voir pressure PRl or ~1 (keeping PR2 = 30 psig or 
~2 ~ 3.04 fixed) for each of the four exit-staggers 
is shown in Fig. 3. The radiated overall power 
watt level (OAPWL) for each set of the operating 
pressure ratios ~ 2 , ~1 is observed to decrease and 
attains a minimum value at an inner jet reservoir 
pressure PRl (or pressure ratio ~1 = PRl + Pa/Pa). 
For each coaxial nozzle configuration the noise 
reduction is optimized for an inner jet reservoir 
pressure ratio ~1 which is less than the outer jet 
reservoir pressure ~2· The set of the inner and 
the outer jet reservoir pressure ratios ~2• ~1 

with ~2 > ~1• (keeping all other parameters and the 
coaxial nozzle configuration the same) that results 
in the least OAPWL, is considered to constitute the 
"minimum-noise condition" for the given nozzle con
figuration and the fixed outer (annular) jet opera
ting reservoir pressure ratio ~2· This means that 
the optimization of the noise reductions occurs 
when the Mach number of the outer annular jet 
stream is higher than that of the inner jet flow. 
Since both jets are operated cold, the outer (annu
lar) jet flow velocity vj 2 therefore is also higher 
than the inner jet flow velocity Vjl· 

As the exit stagger ~/w is increased from 
.Q.jw = 0. to 2.7, the OAPWL's at the minimum-noise 
mode of operation of coaxial jets with different 
exit-staggers, vary differently. The variation in 
OAPWL with the increasing ~1• is fairly smooth for 
the coplanar-exit (.Q.jw = 0) configuration and a 
well-defined minimum OAPWL occurs at ~2 ~ 3.04; 
~1 ~ 1.82; Vj2/Vjl = 1.31. For exit-stagger .Q.jw 
1.26, the minimum noise occurs at a higher ~1 = 
2.22; vj 21Vjl = 1.14 and OAPWL is 2 dB higher than 
that for the coplanar-exit configuration. However, 
for .Q.jw = 1.92, two minimum values occur at ~1 = 
1.82 and 2.22 respectively and the OAPWL's change 
sharply inbetween these values of ~1· The first 
minimum OAPWL is 3 dB higher than the co-planar 
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Fig. 3 Variation of the Overall Power Watt 
Levels from Coaxial Jets of Different 
Exit-Staggers with the Inner Jet Reser
voir Pressure. 

Exit
Stagger 

'l/w 
'l/w 
'l/w 

0; 
2.7; 
1.9 

(1st mini
mum) 

Convergent Nozzles (Fig. 1); Sharp 
Lip (t/r ,;, 0) 

Outer jet pressure ratio ~2 - 3.04 
(Fixed) 

Pa = 14.6 psia; Ta ,;, 70°F 

PRl PR2 
psig psig 

12 30 

~1 

1.82 3.04 1.36 0.96 1.31 

'l/w = 1.26 
'l/w = 1.9 
(2nd mini
mum) 

18 30 2.22 3.04 1.37 1.13 1.14 

operation. For exit-stagger 'l/w = 2.70, the m~n~
mum OAPWL is achieved at ~1 = 1.82; vj 2/Vjl = 1.31 
and it is 3.5 dB higher than that for the coplanar
exit configuration. At the minimum-noise mode of 
operation of coaxial jets (keeping all other fac
tors the same), the noise reductions are therefore 
the highest with the coplanar exit configuration 
and progressively decrease with increasing exit
stagger. Furthermore, if each of these coaxial 
nozzle configurations (at fixed ~2) were to be op
erated at the inner jet pressure ratio ~ 1 which is 
either much lower or higher than the ~1 at which 
the minimum OAPWL's are achieved, then OAPWL's from 
this off-minimum mode of operation of coaxial jets 
are noticeably higher. 

Acoustic Efficiency of Coaxial Jets with Staggered
Exits 

Each of the two co-flowing individual jet 
flows of the coaxial jets is thrust producing. If 
the OAPWL's from coaxial jets operated at the same 
annular jet pressure ratio ~2 but with different 
exit-staggers, minimized at different inner jet 
pressure ratios ~1• then the total thrust produced 
by the coaxial jets at each configuration with a 
different·exit-stagger would be different. To in
terpret the variations in OAPWL's and the acoustic 
performance of the coaxial jets with different 
exit-staggers, the total thrust should be consid
ered. Therefore the respective OAPWL's for dif
ferent exit-staggers should be normalized to in
corporate the total thrust produced by the coaxial 
jets by each of the sets of operating pressure 
ratios ~2• ~1· 

The "acoustic efficiency" 
ratio of the radiated acoustic 
the mechanical power in watts. 
the mechanical power P = T x V 
velocity and T is the thrust. 

The acoustic efficiency 

n 
w 

~ x constant 
m 

is defined as the 
power W in watts to 

For a free jet, 
where V is the flow 

The constant is required to convert t~e units 
of the term T2/m into watts. Therefore the acous
tic efficiency determines the amount of sound ra
diated from any jet per unit mechanical power. 
The acoustic efficiency may be expressed as 

OAPWL T2 
log10 n = ~- log10 ~ - 13.67 where 

-12 wref = 10 watts, and thrust T is given in 

lbf and m = lbm/sec. 

Thus, for each mode of operation of coaxial 
jets, the acoustic efficiency at every value of the 
inner jet operating pressure ratio ~1 (for a given 
outer jet pressure ratio ~2) can be calculated using 
the OAPWL's, the calculated total mass flow rate, 
and the calculated total thrust (neglecting some of 
the likely thrust losses). In Fig. 4, the log of 
the acoustic efficiency versus the inner jet re
servoir pressure PRl or pressure ratio ~1 for 
two exit-staggers ('l/w = 0 and 'l/w = 2.70) 
of the coaxial jets, is plotted. The acoustic 
efficiency is noticeably lower (i.e., the radiated 
noise levels are lower) for the coplanar-exit 
('l/w = 0) configuration than that for the staggered
exit ('l/w = 2.7) configuration of the coaxial jets. 

The typical spectral behavior of the sound 
pressure Igvels (SPL's) at azimuthal angles e = 30° 
and 8 = 90 ; the power watt levels (PWL's) and the 
overall sound pressure levels (OASPL's) for the co
planar ('l/w = 0) and the staggered-exit ('l/w = 2.7), 
configurations at their respective minimum-noise 
mode of operation as explained above are compared 
in Figs. 5, 6 and 7 respectively. The acoustic 
spectral levels (the SPL's and PWL's) of the co
axial jets with coplanar-exit are lower than those 
for the staggered-exit. Such comparison of SPL 
at e = 90° (Fig. Sb) shows that for the coplanar 
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Fig. 4 Variation of Acoustic Efficiency of 
Coaxial Jets with Inner Jet Pressure 
for Coplanar and Staggered-Exit Con
figurations. 

Convergent Nozzles (Fig. 1); Sharp 
Lip (t/r ,; 0) 

Fixed outer jet reservoir pressure 
PR2 = 30 psig (Pressure ratio ~2 ,; 3.04) 

Q_jw 

Q_jw 

pa- 14.6 psia; Ta,; 70°F 

0 ~2 ,; 3.04 

2.7 1;2,; 3.04 

1;1 - 1. 82 

~l - 1. 82 

vj2/Vjl 

vj2;vjl 

1. 31 

1. 31 

exit-configuration operated at the minimum-noise 
condition, at higher frequency bands (10 1

' to 0. 5 X 

105) the SPL's for the staggered-exit Q_jw = 2.7, 
on the average, are 7 dB higher than those for the 
coplanar configuration. Ate= 30° (Fig. Sa), 
the SPL's for the staggered exit operation are 
higher at lower frequency bands (2 x 102 to 104 ). 
There is greater evidence of sharp fluctuations 
in the acoustic spectra for the staggered-exit con
figuration, indicating stronger shock structure in 
such coaxial flows. The comparison of OASPL's 
also shows that the acoustic levels for the co
planar configuration are low~r at all azimuthgl 
angles between e = 15 to 120 where at e = 90 • 
this difference in OASPL is about 6 dB. Therefore 
the side-line noise of coaxial jets in the mini
mum noise mode with coplanar-exit configuration is 
relatively lower than that of the staggered-exit 
operation. 

Annular Underexpanded Jet Operated Alone 

The influence of the exit-stagger on the 
acoustic performance of the annular jet alone 
(i.e., no inner jet flow) operated at ~2 = 3.04 
(jet flow Mach number Mj2 ,; 1.37) is shown in 
Fig. 8 where the 1/3 octave PWL and OASPL are 
compared for the coplanar Q_jw = 0 and the stag
gered-exit Q_jw = 2.7 configurations. 

When the outer (annular) jet is operated 
alone, OAPWL's for the configuration with coplanar 
exits are higher than those for staggered-exit 
configurations (Fig. 3) where the difference be
tween the Q_jw = 0 and Q_jw = 2.7 configurations is 
about 2 dB. One-third octave PWL's spectra for 
the coplanar and staggered-exit configurations of 
the annular jets alone, show that over the fre
quency range (2 x 103 to .8 x 105), the radiated 
power watt levels for coplanar-exit configuration 
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Fig. S(a) Comparison of 1/3 Octave Sound Pres
sure Levels from Coaxial Jets with 
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tions: 6 = 30°; Minimum-Noise Mode 
of Operation. 
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are 1 to 2 dB higher than those for the staggered
exit configuration with Q_jw = 2.7 (Fig. Sa). At 
lower frequencies (0.5 to 2KHz), PWL's for the 
staggered-exits are higher. However, the decrease 
from the peak values is so sharp that this part of 
the spectrum does not contribute significantly to 
the calculated OAPWL. 

From the directivity plots of OASPL's (Fig. 
8b), it can be seen that the differences in OASPL's 
between the coplanar configuration Q_jw = 0 and 
Q_jw = 2.7 is small (1.5 dB). The OAPSL peak occurs 
at 30° for both configurations. OASPL's for the 
annular jet alone with staggered-exits at 75° is 
higher and at 90° is lower than the corresponding 
OASPL's for the coplanar configuration. 

Keeping all other factors the same except for 
a slight reduction in annular nozzle width for 
staggered-exits as noted before, the staggered-exit 
operation of an annular jet alone yields somewhat 
lower noise levels than its operation with a co
planar exit. 

The observed differences in the annular jet 
underexpanded jet flows from the annular nozzles 
with coplanar and staggered-exit configurations 
respectively are noted under "Flow Features". The 
extended surface of the inner nozzle downstream of 
the annular nozzle exit and the appearance of the 
additional lip-base oblique shock at the staggered-
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exit of the inner nozzle modifies the annular un
derexpanded annular free jet flows. The noise re
ductions in the annular jet flow with staggered
exits as compared to those from the annular jet 
flows with coplanar-exits by themselves are rather 
modest. The presence of the co-flowing inner jet 
flow when used at the minimum noise mode of opera
tion of coaxial jets, however, plays relatively 
a more dominant role in affecting the substantial 
noise reductions observed from coaxial jets with 
coplanar exits (Fig. 3). If the stagger-length 
is relatively large, then the role of the inner 
jet flow in further reducing the noise levels from 
the annular jet flow alone becomes progressively 
less effective and OAPWL's of the coaxial jets 
essentially approach those of the annular jet alone. 

Additional Studies on the Role of the Exit-Stagger 

Similar noise studies were conducted with co
axial convergent nozzles with staggered-exits of an 
alternate arrangement shown in Fig. 2. The dimen
sions and specifications of the coaxial nozzles are 
listed in Table 2. Different exit-staggers ~/w 
were achieved by moving the outer annular nozzle 
re·lative to the inner nozzle. Since the end por
tion of the outer surface of the inner nozzle was 
designed to be straight, i.e., the convergence 
angle a = 0 as shown in Fig. 2, for different exit-

staggers, both the individual nozzle exit areas 
(Ae2' Aell and the width w of the annulus at the 
exit of the outer annular nozzle were maintained 
the same. 

The detailed experimental results of this 
investigation are available in Ref. 12. Here only 
the comparison of OAPWL's, l/3 octave PWL's and 
OASPL's for the coplanar (~/w = 0) and the stag
gered-exit configuration ~/w = 1.9 is shown in 
Figs. 9, 10 and 11, respectively. The overall 
acoustic behavior of the annular jet alone and the 
coaxial jets at their minimum-noise mode of opera
tion with exit-staggers (~/w = 0 to ~/w = 1.9) of 
coaxial nozzle arrangement shown in Fig. 2 is very 
similar to that discussed earlier for coaxial noz
zle arrangement shown in Fig. 1. However, the 
OAPWL's for the larger exit-stagger (~/w > 1.26) 
vary less sharply with increasing inner jet pres
sure ratios ~I for this alternate arrangement with 
straight extended inner nozzle surface than those 
for the staggered-exit configurations with conver
ging extension for the nozzle arrangement shown in 
Fig. l. 

Flow Features 

As stated before under "Optical Records and 
Flow Measurements", spark shadowgraphs of the 
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coaxial jet flows issuing from the coaxial nozzle 
configuration shown in Fig . 2 were recorded in 
conjunction with the measurements of local total 
pressures with a pitot-tube. A typical set of 
shadowgraphs of the coaixal jets with exit-staggers 
Pv/w = 0; Pv/w = 1 . 25 and Pv/w = 1.92 (nozzle config
urations A, B and C, respectively) at their respec
tive minimum-noise conditions with the outer jet 
pressure ratio t;2 ,; 3.08 is shown in Fig . l2 . Sha
dowgraphs of the individual annular and round jet 
flows operated respectively at the annular jet 
pressure ratio t; 2 ,; 3.08 and the corresponding in
ner jet pressure ratio !;1 required for the minimum
noise mode of operation of the coaxial jets are al
so reproduced in Fig. 12. From these optical flow 
records and the total pressure measurements, an 
attempt was made to establish a qualitative cor
respondence between the salient features of the 
flows and the observed noise variations with the 
coplanar (Pv/w = 0) and the staggered- exit config-

urations of coaxial jets operated at their respec
tive minimum-noise conditions. Additional optical 
data and flow measurement for the off-minimum noise 
conditions of coaxial jets from the nozzle config
uration shown in Fig. 2 are available in Ref. 12. 
These studies also include results from staggered
exit nozzle configuration where instead either the 
lip thickness t/r ,; 0.13 and/or the inner conical 
nozzle was convergent-divergent. Similar optical 
and flow investigations of coaxial jets issuing 
from staggered-exit nozzle configuration where the 
extended surface of the inner nozzle is converging 
as shown in Fig. 1, are currently being conducted. 
In the typical spark shadowgraphs reproduced here 
(Fig. 12), the following flow features of the in
dividual and the coaxial jets with coplanar and 
staggered-exits are noteworthy. 
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Coaxial Jet Flows at the 
Minimum-Noise Mode of 
Operation. Nozzle Ar
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Fig . 2. Both nozzles 
convergent . Sharp Lip 
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(a) For the annular jet operated alone, the 
flow bends inward towards the axis because of the 
inner jet cavity region (Fig. 12: nozzle configura
tion A). The measured angle 83 =5° of the annular 
jet flow boundary just downstream of the coplanar
exit is smaller than the expected Prandtl-Meyer 
expansion angle v 2 = 8 . oo (see flow illustration (a). 
For the exit- stagger Pv/w = 1.25, the inward bending 
of the annular jet flow reduces and the measured 
8j = 6°. For the exit-stagger Pv/w = 1.9, the annu
lar jet flow boundary angle 8· = 11° and therefore 
it diverges more than expectea from the coplanar
exit configuration operated at l;z ,; 3 . 08 (Mj2 = 
1 . 37). By the same token, as noted below the 
divergence of the free boundary of the combined co
axial jets also increases with the increasing exit
staggers. 



(b) In the coplanar-exit operation of coax
ial jets, owing to the co-flowing inner jet flow, 
the shear of the inner flow boundary of the annular 
jet flow just downstream of the nozzle exit is re
duced. Along the interface of the two co-flowing 
jet flows, both the pressure and flow direction 
mutually re-adjust. For the staggered-exit con
figuration, however, the inner boundary of the 
annular underexpanded jet flow just downstream of 
the annular nozzle exit is controlled by the 
straight section of the solid surface of the inner
nozzle extension. As shown in the flow illustra
tions below, the annular underexpanded jet flow 
expands to flow Mach number Mj 2 and bends outwards. 
The Prandtl-Meyer (P-M) expansion fan from the 
annular nozzle exit reflects as an expansion from 
the solid surface. This reflected expansion re
flects back as compression waves from the outer an
nular flow boundary. The flow through the reflected 
expansion speeds up to flow Mach number Mj 2 (Mj 2 > 

Mj2l along the extended solid boundary ana its 
local pressure reduces. Therefore, at the exit of 

COMPRESSION WAllE FRONTS 

-------

(a) Reflection of the Prandtl-Meyer Fan of the 
Underexpanded Annular Jet Flow from the Ex
tended Inner Nozzle Surface 

(b) Illustration of the Wave Structure in Coaxial 
Jet Flows with Staggered-Exits at the Minimum
Noise Condition 

(a) Prandtl-Meyer Expansion Fan 
(b) Lip-Base Oblique Shock into the Annular 

Jet Flow from the Inner Nozzle Lip 
(c) Interface of the Annular and the Inner Jet 

Flows 
(d) Coaxial Jet Flow Boundary and 8j, the Di

vergence Angle of the Coaxial Jet Flows 
(e) Weak Wave Structure in the Annular Jet 

Flow 
(f) Compression Wave Fronts 
(g) Expanded Jet Flow Mach Number Mj2 
(h.) M32• the Mach Number of the Twice 

Expanded Jet Flow 
(i) Pro ection of the Annular Shock of the 

Outer Jet Flow 
(j) The Inner Jet Flow Mach Number Mjl 
(k) Projection of the End ot the Lip-Base 

Oblique Shock 
(1) Wave Structure at the Exit of the Inner 

Jet Flow 

the inner extended nozzle and the initial interface 
between the inner nozzle flow and the twice expan
ded annular jet flow, both the flow pressure and 
flow direction of each of the flows are different. 
To match the flow pressures and flow directions 
just downstream of the inner nozzle exit, an 
oblique shock front is generated at the sharp lip 
of the inner nozzle. Therefore the coaxial jet 
flow behavior at the minimum-noise mode of opera
tion from the coplanar-exit configuration is dif
ferent from that of the staggered-exit configura
tion. 

Moreover, for a given operating pressure ratio 
of the underexpanded convergent annular jet ~ 2 (~ 

3.08); annular width w ~ 0.25 em and the zero di
vergence angle (a = 0) of the solid extended sur
face of the inner nozzle as shown in Fig. 2 and 
Table 2, the annular flow expands to flow Mach 
number M2j = 1.37 with the P-M expan~ion function 
v 2 = 8.13 and the Mach angle ].1 2 = 46.880. There
fore the angle S of the last wave of the P-M fan 
with the solid surface of the inner nozzle 38.75° 
and the intersection of the expansion fan extends 
to Lp/w = cot S ~ 1.25. For experimental confir
mation of this, see Fig. 12. 

The acoustic performance of the coaxial jets 
at the minimum-noise conditions with ~2 ~ 3.08, 
for staggered-exit configurations differs substan
tially from that of the coaxial jets from the co
planar-exit configuration for t/w > 1.25. There
fore, both from flow considerations and the acous
tic performance,it seems that as compared with the 
coplanar-exit configuration, increasing the exit
staggers beyond t/w > 1.25 (for the operating pres
sure ratio of the annular jet ~2 ~ 3.08) has an 
increasingly adverse effect on the acoustic 
performance of the coaxial jets. 

Pitot-Tube Measurements 

To locate the sonic line in the coaxial jet 
flows at the minimum noise condition for the co
planar (t/w = 0) configuration A, the pitot-tube 
was traversed for total pressure measurements along 
the base line (rt/Del = 1) where rt is the radial 
position of the pitot-tube and set of spark sha
dowgraphswas also recorded at L/Del = 2.46. At 
the same point (i.e., rt/Del = 1, L/Del = 2.46), 
the coaxial flow from staggered-exit (t/w = 1.25) 
configuration B when operated at its minimum-noise 
condition was surveyed. From the measured stagna
tion pressure Pt2 by the pitot-tube and the static 
pressure assumed to equal to the ambient pressure, 
the local flow Mach number was calculated by apply
ing the Rayleigh supersonic (pitot-tube) relation. 
For subsonic flow, Mach number was calculated using 
the isentropic pressure Mach number relation. Pi
tot-tube readings (psig) and the corresponding cal
culated Mach numbers are on the following page. 
This table shows that for the staggered-exit (t/w 
1.25) configuration B at minimum-noise condition, 
the pitot-tube is inside the supersonic turbulent 
flow when, at the same point, it was on the sub
sonic side of the sonic line of the supersonic tur
bulent flow for the coplanar configuration A (Fig. 
12) This means that compared to that of coplanar
exit configuration, the staggered-exit configura
tion (t/w = 1.25) at minimum-noise condition has a 
wider and more extended supersonic turbulent flow 
region. Also, with the increasing exit-staggers, 
the decay of the coaxial jet flows along the cen-
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tral axis is somewhat slower resulting in higher 
mean flow Mach numbers at a given axial location. 
The flow diameter of the combined jets Dj at 
L/Del = 2.46, 9· is the angle of divergence of free 
flow boundary o~ the coaxial jet flows (see illus
tration (b) of coaxial flows from staggere-exit 
configuratioNwere measured for three configura
tions at their respective minimum-noise conditions 

9./w = 0 9./w = 1. 25 9./w = 1.9 

D/De2 1.04 1.08 1.13 

9, 5.50° 6.50° 10° 
J 

The combined jet flow diameter Dj and the 
angle of divergence increase with increasing exit
stagger when each of the staggered-exit configura
tion of coaxial nozzles is operated at the same 
outer (annular) jet operating pressure ratios ~2 ~ 
3.08 (Mj2 ~ 1.37) and the inner jet pressure ratio 
is controlled to obtain minimUm-noise mode of opera
tion. Here for nozzle configuration shown in Fig. 
2, for 9./w = 0, ~1 = 1.82 and for'9./w = 1.25, 
~2 ~ 2.02 and for 9./w = 1.9, ~2 ~ 2.22. 

Comparative Assessment of Noise Reductions from 
Coaxial Jets with Staggered-Exits 

The noise-suppression effectiveness of the co
axial jets with different exit-staggers i~ their 
respective minimum-noise mode of operation can be 
assessed by normalizing the OAPWL's. 

Using the Lighthill relation for the intensity 
of the radiated noise from subsonic turbulent jet 
flows, the overall power watt level can be expressed 
as 

p. w a PISA 
OAPWL - 10 log [ (-J-) (-

0
-) A, --]+constant 

PISA aiSA J Po 

T 
80 loglO rna 

0 

This relation has also been experimentally observed 
to be quite adequate even for supersonic shock-free 
jet flows where the density exponent w ~ 2. For 

the coaxial jets at their minimum-noise mode of op
eration discussed here, the individual annular and 
round jets are operated at relatively low pressure 
ratios (typically ~2 = 3.04; Mj 2 = 1.37 and ~1 ~ 

2.02; Mjl = 1.05). Therefore, the shock structure 
in the respective jet flows is rather weak and 
which is further weakened because the co-flowing 
jet flows result in modified boundary conditions 
at their flow interface.4 In the acoustic spectra 
the presence of only the mildly sharp spectral 
peaks (especially for the coplanar-exit configura
tion) indicates that shock structure in the coaxial 
jet flows at the minimum-noise mode of operation is 
rather weak. Therefore, to assess the radiated 
noise, the use of the normalized Lighthill relation 
is extended here to such coaxial flows. 

To use this relation for fully-expanded single 
jet, 
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However, for an underexpanded single jet, 
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If the outer annular jet is considered to be 
the dominant noise generator, then 

and 

and 
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0 

The normalized OAPWL's vs. log10 T/ma are plotted 
in Fig. 13 for the following: 0 

(a) Two-nozzle coaxial jets with different 
exit-staggers shown in Fig. 1 which are operated 
at ~heir respective minimum noise conditions (see 
legend of Fig. 3). For a similar presentation of 
normalized OAPWL's for coaxial jets from coaxial 
nozzle arrangement shown in Fig. 2, see Ref. 12. 

(b) Single convergent round underexpanded 
jets including the "equivalent" single round 
jet4,13. 



(c) Single fully-expanded jet14 , 15 

For coaxial jets at the minimum-noise condi
tion, the outer annular convergent jet is operated 
at a reservoir gauge pressure which is normally 
about twice that for the inner convergent jet. 
Thus for the cold convergent nozzles used here 
with Vj2/Vjl > 1 and Pj21Pjl > 1, the outer annular 
jet is noise-wise dominant. Therefore, to predict 
the radiated noise from the coaxial jets operated 
at the minimum-noise condition, the outer jet flow 
velocity (T2/m2a0 J and Pj = Pj 2 may be taken as the 
representative flow velocity and density effective 
over the total exit area A· = Ael + Ae2 . The nor
malized noise levels for t&e coaxial jets (at min
imum noise condition) are presented in Fig. 13. 
On this basis, the comparison of the acoustic per
formance of the coaxial jets with different exit
staggers at their respective minimum-noise condi
tions shows that 

a) ·The coaxial jets with coplanar-exits op
erated at the minimum-noise condition generate 
noise levels about 11 dB lower than an underexpan
ded convergent round jet operated at the same 
normalized specific thrust T/ma

0
• 

b) The coaxial jets with coplanar-exit 
operated at their minimum-noise condition radiate 
lower noise levels (by about 4 dB) than a fully
expanded jet with the same T/ma0 . 

c) The comparison of the acoustic performance 
of coaxial jets at their respective minimum-noise 
conditions for different exit-staggers (all other 
factors kept the same) shows that the noise reduc
tions decrease with increasing exit-staggers and 
that the noise reductions are the highest for the 
co-planar-exit configuration. The normalized 
OAPWL for the coplanar-exit configuration is lower 
by 3 dB than that for the staggered-exit configura
tion with t/w = 2.7. 

On the other hand, if the representative 
effective flow velocity, U, of the two coaxial jets 
operated at the minimum-noise conditions were to be 
calculated from T1 + T2/m2 + m1 and the measured 
noise levels from the coaxial jets were to be 
plotted as shown in Fig. 13 where the total exit 
area Aj = Ael + Ae2 is used as before but the den
sity is taken now as /Pjl Pj2 instead of Pj2 in 
the preceding scheme. Therefore on this basis 
of compariso~ the observed noise reductions from 
coaxial jets are lower tha~ when the outer jet 
flow velocity is taken as the representative effec
tive velocity. using the mean flow velocity 
T1 + T2/m1 + m2 as the effective flow velocity, 
the normalized OAPWL with the zero exit-stagger is 
about 1 dB lower than an equivalent fully-expanded 
single jet, and for the staggered-exit configura
tions, t/w = 2.7, the noise levels are higher than 
the fully-expanded single jet by about 2 dB. 

For the assessment of the noise-suppression 
performance of the coaxial jets at their minimum
noise mode of operation when the flow velocity of 
the underexpanded annular jet, calculated from 
T2/m2 is considered as the effective representa
tion velocity over the total area of the coaxial 
jets, the normalized OAPWL's and thus the noise 
reductions may have been overestimated. ' On the 
other hand, the calculated represeniative mean 
flow velocity T1 + T2/m1 + m2 is admittedly lower 
than the flow velocity of the outer jet alone. 
Considering the relative operating pressure ratios 
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Fig. 13 Comparison of Normalized Overall Power 
Watt Levels vs. Normalized Specific 
Thurst of Coaxial Jets with Coplanar and 
Staggered-Exits. For Operating Condition 
see Legend, Fig. 3. 

(or flow velocities) of the individual jet flows, 
it is apparent that noise-wise the outer annular 
jet is dominant. Therefore, in fixing the normali
zation factors, the use of the lower effective velo
city results in an underestimation of the noise re
ductions by the coaxial jets at the minimum-noise 
condition. The true estimation of the noise reduc
tions perhaps lies inbetween those given by these 
two schemes for normalizing and comparison. How
ever, in assessing the relative role of the dif
ferent exit-staggers by each of the two schemes, 
the observed difference between the noise reduc
tions from the coplanar-exit and the staggered-exit 
configurations of the coaxial jets at their respec
tive minimum noise conditions remains about the 
same (Fig. 13). 

Conclusions 

It has been shown that 

(1) if the noise-suppression effectiveness, 
i.e., the noise reductions from the coaxial super
sonic jets with the "inverted" operating conditions 
were to be optimized, then besides the selection of 
the appropriate operating conditions of the indivi
dual outer (annular) and the inner (round) jets for 
the minimum-noise mode of operation of coaxial jets 
issuing from coaxial convergent two-nozzle arrange
ments, the use of the coaxial nozzle with coplanar
exits should be preferred over the staggered-exit 
configurations; 

(2) Since the outer (annular) convergent jet 
is operated at a higher pressure ratio or flow Mach 
number and velocity than that of the inner jet and 
since the exit area of the annular jet is also 
somewhat higher than that of the inner jet, the 
annular underexpanded jet-flow is the dominant 
source of noise of the two component flows of the 
coaxial jets. 



(3) The overall power watt level of the ra
diated noise from annular jets alone, keeping all 
other factors the same, reduce with the increasing 
exit stagger. 

(4) For a given coaxial nozzle configuration 
and the outer (annular) jet operating pressure 
ratio, the observed noise reductions from the co
axial jets operated at their minimum-noise mode re
duce with the increasing exit-stagger because the 
role of the inner jet flow in affecting the reduc
tion in the radiated noise from high speed coaxial 
jets becomes less effective. Such effects become 
relatively more evident when the nozzle exits are 
staggered beyond the location of the intersection 
of the last wave of the Prandtl-Meyer expansion 
with the extended inner nozzle surface for the 
given operating pressure ratio (or the jet flow 
Mach number) of the annular jet. 

(5) The sound pressure levels; acoustic power 
watt levels and overall sound pressure levels of 
coaxial jet flows increase with the increasing 
exit-staggers. Also, for the staggered-exit con
figurations, the coaxial jet flows at their respec
tive minimum-noise mode of operation are shown to 
spread comparatively wider and spatially decay 
slower along the flow than the corresponding co
axial flows from the coplanar-exit configuration. 
Therefore a qualitative correspondence has been 
shown to exist between the observed flow features 
and the acoustic behavior of coaxial jets from co
planar and staggered-exit configurations operated 
in the "inverted" mode at the minimum-noise condi
tions. 
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