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EXPERIMENTAL STUDY OF COAXIAL NOZZLE EXHAUST NOISE

by Jack H. Goodykoontzl and James R. St'.one2
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

Experimental results are presented for static acoustic model tests of various
geometrical configurations of coaxial nozzles operating over a range of flow con-
ditions. The geometrical configurations consisted of nozzles with coplanar and
non-coplanar exit planes and various exhaust area ratios. Primary and second-
ary nozzle flows were varied independently over a range of nozzle pressure
ratios from 1.4 to 3,0 and gas temperatures from 280 to 1100 K. Acoustic data
are presented for the conventional mode of coaxial nozzle operation as well as
for the inverted velocity profile mode. Comparisons are presented to show the
effect of configuration and flow changes on the acoustic characteristics of the
nozzles.

INTRODUCTION

In addition to the conventional mode of coaxial nozzle operation, a second
mode has emerged in recent years as a result of studies identifying the variable
cycle engine as a promising prospect for use on supersonic aircraft (ref. 1).
The concept of this second mode involves inverting the velocity profile such that
the velocity of the outer stream is greater than that of the inner stream. Model
studies (refs. 2-4) have shown noise attenuation benefits exist for this method of
operation in addition to favorable system economics. The conventional coaxial
nozzle has also shown noise attenuation characteristics compared to a single
stream conical nozz!lc over a certain range of velocity ratios (ref. 5). Asa
result of the noise reduction traits of coaxial nozzles, an experimental acoustic
program was initiated for further investigation of these traits. Acoustic data
were needed in order to compare the results from different nozzle configurations
(area ratio, coplanar, non-coplanar exits) and determine an optimum configura-
tion in terms of noise atfenuation, as well as to help in the understanding of the
noise generating processes.

lAerospace Engineer, Section A, Jet Acoustics Branch.
2Head, Section A. Jet Acoustics Branch, Member AIAA.



This paper presents the results of an experimental program to determine
the noise generating characteristics of coaxial nozzles over a range of flow con-
ditions and nozzle geometries. Included are results for the conventional mode
of coaxial nozzle operation (peak velocity in the inner stream) and results for
the inverted-velocity profile case (peak velocity in the outer stream). Gas tem-
peratures ranged from 280 to 1100 K for both streams with nozzle pressure
ratios ranging from 1.4 to 3.0.

APPARATUS AND PROCEDURE
Facility

A photograph of the flow facility is shown in figure 1. A common source
of unheated laboratory air was used to supply flow for two parallel flow lines;
one line for the inner nozzle and the other for the outer nozzle., Each flow line
had its own air and fuel flow control and flow measuring systems. The air in
each line was heated by jet engine combustors. Mufflers in each line attenuated
flow control valve noise and internal combustion noise. The system was de-
signed to give maximum nozzle exhaust temperatures of 1100 K and nozzle pres-
sure ratios up to 3.0 in both the inner and outer stream flow lines.

Sideline microphone arrays were used for the tests described herein. Mi-
crophones were placed at a constant 5.0 meters distance from and parallel to
the nozzle axis, as shown in figure 2. Both centerline microphones and ground
level microphones were used. The centerline array consisted of 0.635 cm con-
denser microphones with the metal protective grids removed to improve the
microphones' performance at high frequencies. The ground level array con-
sisted of 1.27 cm condenser microphones placed at the equivalent acoustic ray
locations as the corresponding centerline microphones, 1 cm above grade. A
detail of the ground microphone installation is shown in figure 2(¢c). The loca-
tions of the microphones were selected to accommodate other acoustic test pro-
grams (ref. 6). The ground plane of the test area was composed of asphalt in-
terspersed with patches of concrete (fig. 1).

Test Nozzles

Four different coaxial nozzle configurations were tested in the experimental
program; three with coplanar exits and one with a non-coplanar exit. Dimen-
sions of the nozzles are given in figure 3. The area ratios given in the figure
are the ratios of the outer nozzle flow area to the inner nozzle flow area. The



diameter ratios, another important geometric parameter, are the ratios of in-
side to outside diameters of the outer stream. The diameters, D1 and Dz,

are inside diameters of the respective nozzles. The inner nozzle was common to
all configurations and the coaxial nozzle area ratio was varied by changing the
outer nozzle. A photograph of the non-coplanar nozzle is shown in figure 4.

The outer wall of the inner nozzle was coated with a high temperature ceramic
material to minimize heat transfer between the two streams during coplanar
operation. The interior of the upstream portion of the inner nozzle supply line
was also lined with insulating material. Thermocouples were installed on the
outer wall of the outer nozzles as shown in figure 4.

Procedure

After a steady-state condition was attained for given nozzle pressure ratios
and total temperatures, an on-line analysis of the noise signal from each micro-
phone in succession was conducted. One-third octave band sound pressure level
spectra were digitally recorded on magnetic tape and subsequently processed to
give free-field lossless data. To convert to free-field (free from ground reflec-
tions) the assumption of a pure harmonic point source and infinite ground imped-
ance was made and ground reflection corrections were calculated for each mi-
crophone location and frequency (ref. 7). The measured spectral data (for each
microphone) were then adjusted for the ground reflection. Atmospheric attenua-
tion of the noise signal was added to the spectral data (ref. 8). A single spectrum
for a given angle (from nozzle inlet) was obtained by combining the two sets ob-
tained from the ground microphones and centerline microphones. The spectrum
from the ground microphones was used over a frequency range from 100 to 1000 Hz
and the spectrum from the centerline microphone was used over a frequency
range from 5000 Hz to 80 kHz. The data from both microphones were arithmeti-
cally averaged over the intermediate frequency range from 1250 to 4000 Hz.

Ideal nozzle exhaust velocities were calculated from total pressures and
static temperatures and assuming complete expansion to atmospheric conditions,
The static temperatures were derived from the measured total temperatures
after correcting the total temperatures for thermocouple radiation heat losses
(ref. 9).

CONVENTIONAL COAXIAL NOZZLE RESULTS

A conventional coaxial nozzle is defined herein as one in which the inner
nozzle exhaust velocity is greater than the outer nozzle exhaust velocity. The



results are presented in terms of the variations of lossless free-field sound
pressure levels with nozzle exhaust velocities and area ratio (outer to inner).
In most cases the non-coplanar nozzle results are presented together with the
coplanar nozzle results and the effect of variation in this geometric variable is
implicit in the figures.

Effect of Flow Variation

Variable inner nozzle exhaust velocity and constant outer nozzle exhaust
velocity. - Typical results for this case are shown in figure 5. The results
shown in the figure were obtained from the nozzle configuration with an area
ratio of 1.9. However, for a given set of flow conditions, the shapes of the
directivity patterns and spectra were substantially the same for all nozzle con-
figurations and only a variation in magnitude of sound pressure levels was evi-
dent.

The directivity patterns shown in figure 5(a) are given for a constant radius
from the nozzle exit nf 10.0 meters and were calculated from the sideline mi-
crophone array at 5.0 meters after extrapolation in accordance with the inverse
square law, The peak noise location is shown to occur in the rear quadrant be-
tween 145° and 150°. Sound pressure level spectra at three different angles are
shown in figures 5(b) to (d) and indicate, as expected, an increase in levels as
the inner nozzle exhaust velocity is increased. In addition, at an angle of 460,
figure 5(b), both supersonic inner nozzle flow conditions shcw evidence of shock
noise being generated (above 1250 and 2500 Hz at pressure ratios of 2.99 and
2.19, respectively).

Shock noise also is present at an angle of 950, figure 5(c), for the 2.99 pres-
sure ratio data above frequencies of about 3150 Hz.

Constant inner nozzle exhaust velocitv and variable outer nozzle exhaust
velocity. - Only Jimited amounts of data were obtained to characterize the nnise
of the conventional coaxial nozzle for this flow condition. Spectra at three g~

ferent angles, a constant sideline distance of 5.0 meters, and inner nozzle sub-
sonic flow are shown in figure 6 for the coplanar nozzle. Data for three different
flow conditions are shown for each angle; flow from the inner nozzle alone, inner
flow plus a relatively low outer nozzle exhaust velocity (216 m/sec), and inner
and outer nozzle flows with about the same exhaust velocity (570 and 592 m/sec,
respectively). Compared to the noise from the inner nozzle alone, the addition

of the low outer nozzle exhaust flow tends to decrease the sound pressure levels
in the high frequency end of the spectra with little or no effect in the low frequency
end. Conversely, and again compared to the results from the inner nozzle alone,



the addition of a high outer nozzle exhaust velocity increases the sound pressure
levels in the low frequency end of the spectra with only a slight increase in high
frequency noise at 46° and 95° (figs. 6(a) and (b) and practically no change at
139° (fig. 6(c)). These trends were the same for all coplanar nozzle configura-
tions. The results for the non-coplanar nozzle are shown in figure 7. The dif-
ferences in spectral sound pressure levels are not nearly as great as those with
the coplanar nozzle, which is consistent with the lower flow rate in the outer noz-
zle as a result of the smaller outer nozzle flow passage of the non-coplanar
nozzle,

The addition of a low outer nozzle exhaust flow to a supersonic inner nozzle
flow has less effect on the sound pressure level spectra as shown in figure 8,
The results shown are for the 1.9 area ratio nozzle but are typical of all nozzle
configurations.

Effect of Area Ratio

The data obtained in this study indicated that velocity ratio is an important
parameter when trying to determine the effect of area ratio on the noise signa-
ture of a coaxial nozzle. Several examples are shown for various velocity ratios
with area ratio as the parameter in the following figures. The data are not ad-
justed for nozzle size.

At a velocity ratio (outer to inner) of 0.45 and with inner nozzle supersonic
flow, there is a reduction in what appears to be broadband shock noise at angles
of 46° and 95°, figures 9(a) and (b), as the area ratio is increased. At an angle
of 1390, figure 9(c), only the 3.2 area ratio nozzle shows a definite reduction in
high frequency mixing noise. At a lower velocity ratio (0.28) and with inner noz-
zle supersonic flow (not shown) no effect was noticed as the area ratio is varied.

With inner nozzle subsonic flow and a velocity ratio of 0.37 (fig. 10), there
is very little effect of area ratio (over the range 1.4 to 3.2) for the coplanar noz-
zles at an angle of 95° as shown in figure 10(a). The non-coplanar nozzle data
are also shown in the figure and indicate higher sound pressure levels in the high
frequency end of the spectrum compared o the coplanar nozzle data. The spec-
trum obtained for flow from the inner nozzle alone is also shown in the figure for
comparison and is the same as that shown in figure 6. At an angle of 1390, fig-
ure 10(b), the trend for a reduction in high frequency noise as the area ratio is
increased is more evident. The change in slope of the data from the 3.2 area
ratio nozzle in the high frequency end of the spectrum cannot be explained but is
consistent with other measurements at angles of 148° and 151° from the nozzle
inlet. At higher velocity ratios and subsonic inner nozzle flow, the data indi-
cated essentially no further effect of area ratio.



In general, the effects of area ratio as well as velocity ratio are quite simi-
lar 10 those obtaini:d for unheated coaxial jets (ref. 5).

COAXIAL NOZZLE INVERTED VELOCITY PROFILE RESULTS

The coaxial nozzle inverted velocity profile results are presented primarily
in terms of the effect of flow and area ratio variations on the lossless free-field
sound pressure level spectra at various directivity angles. Again, the non-
coplanar nozzle results are presented along with the results for the coplanar
nozzles and the effect of this geometric variable is not treated separately. It
may well be that the outer-to-inner diameter ratio of the outer stream (fig. 3)
is a more important geometric parameter (ref. 10).

Effect of Flow Variation

Constant inner nozzle exhaust velocity and variable outer nozzle exhaust
velocity. - Overall sound pressure level directivity patterns are shown in fig-
ure 11(a) for a constant inner nozzle subsonic exhaust velocity. The lossless
free-field data are presented for a constant distance from the nozzle exit of
10.0 meters and are typical for all configurations tested, in that the peak noise
location occurs at angles between 139° and 149° from the nozzle inlet. Sound
pressure level spectra at three angles and a constant sideline distance of
5.0 meters for the same flow conditions as that in figure 11(a) are shown in fig-
ures 11(b) to (d). At an angle of 46°, figure 11(b), the maximum outer nozzle
exhaust velocity data show the presence of shock noise above a frequency of
1600 Hz. At 950, figure 11(c), the levels merely increase with an increase in
outer nozzle exhaust velocity. At an angle of 139° (peak noise location), fig-
ure 11(d), the spectra show a local minimum in the mid-frequency sound pres-
sure levels. The effect is especiallv noticeable at the two lower outer nozzle
exhaust velocities where two peak sound pressure levels are evident (500 and
3150 Hz).

Data for an inner nozzle supersonic exhaust velocity are shown in figure 12.
Shock noise appears to he evident at an angle of 460, figure 12(a), for both flow
conditiong., At 950, figure 12(b), shock noise may have an influence on the data
for the high outer nozzle exhaust velocity condition. At an angle of 1390, fig-
ure 12(b), the results indicate only an increase in sound pressure levels across
the entire frequency range when the outer nozzle exhaust velocity increases,
with very little change in the shape of the spectra.




variable inner nozzle exhaust velocity and constant outer nozzle exhaust
velocity. - The spectral results for the coplanar nozzle with outer nozzle sub-
sonic flow velocities are shown in figure 13. The data cover a range of inner
nozzle exhaust velocity from zero tc a velocity equal to that from the outer noz-
zle. At an angle of 95°, figure 13(a), the shapes of the spectra are approxi-
mately the same for all flow conditions, with the low inner nozzle exhaust ve-
locity sound pressure levels being somewhat lower (4 to 5 dB) in the low fre-
quency end of the spectrum. At an angle of 139°, figure 13(b), the spectral
shapes between 200 and 4000 Hz are considerably different when the inner noz-
zle exhaust velocity is varied. The maximum values of sound pressure levels
are shown to occur when both streams are flowing at the same velocity. As the
inner nozzle exhaust velocity is reduced, a reduction in sound pressure levels
occurs. When the inner stream is cut off completely, the levels return to a
value almost as great as when both streams were flowing at the same velocity.
The results imply that a velocity ratio exists where sound pressure levels are
minimized over a certain frequency range for this angle. This trend was the
same for all coplanar nozzles tested in this program and is consistent with
earlier tests of inverted-velocity-profile coaxial nozzles (e.g., see ref. 10).

The results for the non-coplanar nozzle are shown in figure 14. In this
case there is merely a reduction in low frequency (below 4000 Hz) sound pres-
sure levels at both angles, as the inner nozzle exhaust velocity is reduced.
Above approximately 10 kHz the sound pressure levels for all flow conditions
approaches that for flow from the outer nozzle annulus alone.

For outer nozzle supersonic exhaust velocity the results from the co-

planar nozzle indicate very little reduction in the sound pressure levels at 46°
and 95° as the inner nozzle exhaust velocity is decreased, figure 15(a) and (b).
Also, at 46° (fig. 15(a)), apparent shock noise persists for all values of inner
nozzle exhaust velocities. At 139° (fig. 15(c)), there is a significant reduction
in the mid-frequency (400 to 4000 Hz) levels as the inner nozzle exhaust velocity
is lowered. Again, these trends are typical of all coplanar nozzles tested in
this program.

For the non-coplanar nozzle with a constant outer nozzle supersonic ex-
haust velocity, decreasing the inner nozzle exhaust velocity caused a general
decrease in the sound pressure levels at angles of 460, 95°, and 139°, as shown
in figure 16. This result was found to be the same for all angles.



Effect of Area Ratio

As the area ratio of the nozzle was increased, for the same flow conditions,
there was an increase in the sound pressure levels at a given angle consistent
with the increasing flow in the high velocity outer stream. In addition, in the
rear quadrant of the acoustic test area, a change in the shape of the spectra was
noticed in that two peak sound pressure levels occurred for certain combinations
of area ratio and velocity ratio. Typical results are shown in figures 17 to 20
for various flow conditions. The data are not adjusted for nozzle size so that
for a given flow condition thrust levels are different for the various nozzles.

Results are shown in figure 17 for inner and outer nozzle subsonic exhaust
velocities. At an angle of 95°, figure 17(3}, the shapes of the spectra for the co-
planar nozzles are approximateiy the same, showing only an increase in the sound
pressure levels as the area ratio is increased. At an angle of 1390, figure 17(b),
two local peaks in the sound pressure level spectra exist for the coplanar nozzle
of area ratio 1.9 and 1.4. The area ratio 3.2 nozzle data and the data for the
non-coplanar nozzle suggest the existence of two peak levels but the evidence is
not as great as with the lower area ratio coplanar nozzles.

With an increase in velocity ratio to 1.47 and outer nozzle supersonic flow
velocities, the shape and trends of the spectral data at an angle of 95°, figure
18(a), are similar to that for the lower velocity ratio conditions of figure 17(a).
Also, there was no apparent evidence of shock noise in the forward quadrant for
the flow conditions of figure 18. At 139°, figure 18(bj, the highest area ratio data
no longer show the existence of two peak sound pressure levels. As the area ratio
is decreased, the appearance of two peak levels is evident for the coplanar nozzle.
The two peak sound pressure levels are also evident in the non-coplanar nozzle
data.

Results for a velocity ratio of 2.85 are shown in figure 19. Again, the outer
nozzle exhaust velocitly is supersonic and the inner nozzle exhaust velocity is sub-
sonic. The shapes of the spectra at an angle of 460, figure 19(a), imply the exis-
tence of shock noise for all nozzles with the peak shock noise occurring at higher
frequencies as the area ratio is decreased, At 950, figure 19(b), the shapes of
the spectra are somewhat similar for the coplanar nozzles, The differences in
levels with area ratio are now greater than previously noted for the low velocity
ratio data of figures 17(a) and 18(a). At a directivity angle of 139°, figure 19(c),
the results indicate that the spectra are relatively flat in the mid-frequency range
for the area ratio 1.9 and 1.4 coplanar nozzles as well as for the non-coplanar
nozzle.

The data in figures 17 to 19 are shown for increasing velocity ratios but it
sho tld not be implied that the suppression of the mid-frequency sound pressure



levels are necessarily a direct function of this parameter. For example, data
for inner and outer nozzle supersonic exhaust velocities with a velocity ratio of
1.33 are shown in figure 20. Shock noise is present at an angle of 46°, figure
20(a), butat 95° and 139° (figs. 20(b) and (c)), the spectra are generally similar
in shupe for all nozzle area ratios (except for apparent shock noise peaking at
2500 Hz at an angle of 95° for the area ratio 3,2 nozzle).

CORRELATION OF OVERALL SOUND PRESSURE LEVELS

The results of the present work with a semi-empirical relationship used in
jet noise prediction are compared in this section. Correlations of the data from
all nozzle configurations tested over a wide range of flow conditions are shown in
figures 21 to 23 in terms of a normalized overall sound pressure level as a func-
tion of a non-dimensional mixed jet velocity. The OASPL is normalized to ac-
count for the jet density variations and differences in total area between the noz-
zles. The density function (pm/pIS A)wm, and mixed jet velocity, Vy,» 8re mass-
flow weighted variables, where W is obtained as a function of Vm'/ca from
the relation of reference 11. Comparisons are shown at 460, where shock noise
is predominant (if present), at 95°, where convection effects are small, and at
139° (near the peak noise angle), where convection effects are significant.

Single stream results are shown in figure 21; the results were obtained by
operation with flow from the inner stream only and by operation with flow from
the inner and outer streams at the same temperature and pressure. The results
agree reasonably well with the circular jet prediction of reference 11, indicating
the validity of the acoustic results from the present facility. The slightly high
levels at 46° and 95° (tigs. 21(a) and (b)) for the highest velocities are due to
shock noise.

Results for the conventional coaxial mode of operation (V,,'V, of 0.3 and
0.5) are shown in figure 22. The normalized OASPL's increase with increase
in mixed jet velocity but at higher levels and a different rate than that predicted
for a conical nozzle. Three data points are highlighted in figure 22 to aid in
interpreting the anomaly of these results; especially since it was shown in fig-
ure 6 that a decrease in high frequency noise occurred as a result of the addition
of a low velocity outer nozzle flow to the high velocity inner nozzle flow. The
main consideration is that the model scale ideal thrust is the same for the three
numbered data points in figure 2. Point nurber one represents the OASPL for
a single stream conical nozzle with the same nozzle exhaust, velocity as the inner
nozzle of the coaxial configuration represented by data point number two. Point
number three represents the OASPL for a conical nozzle with an exhaust velocity
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approximately equal to that of the mixed jet velocity (V) of the coaxial nozzle.
The arcas of the conical nozzles were scaled up to account for the necessary in-
crease in mass flow rate to maintain equal values of ideal thrust. The unscaled
model spectral data for points 1 and 2 are similar to that shown in figure 6. The
results in figure 22 indicate that, at constant ideal thrust, the addition of a by-
pass (or outer nozzle) flow substantially reduces exhaust noise for a constant
inner nozzle exhaust velocity (points 1 to 2). Further noise reduction is realized
for a conical nozzle operating at an exhaust velocity that is equal to the mixed
velocity of the coaxial nozzle (points 2 to 3). The noise reduction benefits are
reduced as the velocity ratio of a constant area ratio coaxial nozzle is increased.
Deviations from the conical nozzle prediction are much more noticeable as the
angle from the nozzle inlet increases,

Inve..ced-velocity-profile results are shown in figure 23. At 46° and 95°
(figs. 23(a) and (b)), the results are quite similar to the mixed-flow conical
nozzle prediction although there is some influence of shock noise in the experi-
mental data. At 139° (fig. 23(c)), the benefits of the inverted velocity profile
can be seen. The conical nozzle prediction agrees with much of the experimen-
tal data, primarily at high area ratio (low radius ratio). The low area ratio non-
coplanar nozzle (high radius ratio) shows noise levels more than 9 dB below the
conical nozzle prediction at high V m/c:a and velocity ratio in the 1.5 to 2.0
range.

The effect of velocity ratio, Vz/ Vl, on the noise relative to that of a mixed-
flow conical nozzle is illustrated in figure 24 for an angle of 139°. These plots
include both conventional and inverted velocity profiles. For all four configura-
tions it can be seen that a minimum exists for the inverted velocity profile con-
ditions., For the 3.2 and 1.9 area ratio nozzles (0.52 and 0. 62 radius ratios)
(figs. 24(a) and (b)), the minimum is only about 3 dB below the conical predic-
tion. As the area ratio is decreased (or radius ratio increased) the minimum
is still further reduced, to 4 dB at 1.4 area ratio (0. 68 radius ratio, fig. 24(c)),
and to over 9 dB at 1.2 area ratio (0. 95 radius ratio, fig. 24(d);. It can also be
seen that the velecity ratio at which this minin.um occurs decreases somewhat
with decreasing area ratio.

SUMMARY OF RESULTS

An experimental program was conducted to determine the noise generating
characteristics of a coaxial nozzle over a range of nozzle geometries and flow
conditions. Included, are results for the conventional mode of coaxial nozzle
operation, peak velocity in inner stream, and results for the inverted-velocity
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profile case, peak velocity in the outer stream. The results of the tests are
summarized as follows: '
i. Fur the conventional mode of coaxial nozzle operation,

(a) For a given area ratio, an increase in the flow in the outer stream
caused a reduction in high frequency sound pressure levels when the inner noz-
zle exhaust velocity was subsonic, When the inner nozzle exhaust velocity was
supersonic the addition of outer nozzle flow had little or no effect on the spectral
sound pressure levels.

(b) For a given flow condition, increasing the area ratio caused a de-
crease in the high frequency sound pressure levels over a certa’; outer to {nner
velocity ratio range,

2. For the inverted velocity profile mode of coaxial nozzle operation.

(a) For a given area ratio and outer nozzle flow either subsor.ic or
supersonic, decreasing the inner nozzle exhaust velocity caused a reduction in
mid-frequency sound pressure levels to a minimum value. These effects were
predominant in the rear quadrant of the acoustic test arca near the peak noise
location,

(b) For a given flow condition and with either subsonic or supersonic
flow from the outer nozzle, a decrease in area ratio caused a double peaked
spectral shape with the mid-frequency range being effected most, These effects
were predominant near the peak noise location.

SYMBOLS

(All dimensions in 8] units)

Am nozzle total arca

Ca atmospheric acoustic velocity
Dl inner diameter of inner nozzle
D, inner diameter of outer nozzle

OASPL  overall sound pressure level, dB

RD distance from nozzle exit to microphone
SPL sound pressure level, dB
t inner nozzle wall thickness

WV, o+ \\*2\'2)

mass flow rate weighted veloceity, (
W+ W,

\

A%
m
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\v’1 inner nozzle exhaust velocity
Vv, outer nozzle exhaust velocity
W1 inner nozzle mass flow rate
W, outer nozzle mass flow rate
R 3.5
, , . _ 2Vi/c)
Wi velocity function based on mixed nozzle conditions,
. . 3.5
Lo. 6+ (V,,/c.)
Q outer nozzle convergence angle (see fig. 3)
7] angle measured from nozzle ialet
PISA gas density at international standard atmosphere
_ Wz"l + W, p,
© mass flow rate weighted gas density, ==
m .t
Pl gas density based on inner nozzle conditions
P, gas density based ¢n outer nozzle conditions
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Figure 3. - Schematic of experimental coaxial nozzles.

Figure 4, - Non-coplanar nozzle; area ratio, 1.2,
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flow,
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