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SUMMARY

This report presents a method for predicting the noise characteristics
of a coannular jet exhaust nozzle with an inverted velocity profile. The
method equates the coannular jet to a single stream equivalent jet with the
same mass flow, energy, and thrust as the coannular jet. The acoustic charac-
teristics of the coannular jet are then related to the acoustic characteris-
tics of the single jet. The method presented in this report also includes
forward flight effects by incorporating a forward velocity exponent, a Doppler
- amplification factor, and a Strouhal frequency shift.

A comparison of the prediction method with the model test data shows that
(1) for the static cases the spectral correlations were generally greater than
90 percent and the spectral sound pressure level standard deviations were gen-
erally less than 4 dB in the aft arc direction. (2) For the static cases, the
predicted overall sound pressure levels were generally within 4 dB of the
measured values. (3):This method predicts the acoustic characteristics of
coannular nozzles without centerbodies better than coannular nozzles with
centerbodies located in the primary stream exhaust where the flow must either -
overexpand or neck down. (4) For the forward flight cases, the method under-
prediéts the jet noise by approximately 3 dB in the forward arc, and overpre-
dicts the jet noise by approximately 2 dB in the aft arc. (5) For the low
ve]ocity forward flight cases the spectral correlation coefficients were greater
than 90 percent and the standard deviations of the spectral sound pressure
Tevels were generally less than 4 dB. (6) For both the static and wind tunnel
cases the spectral correlations, sound pressure level deviations, and overall
sound pressure level differences between measured and predicted values were
not affected by changes in equivalent jet velocity.

It is recommended that (1) the forward flight effect on jet noise be
reevaluated using additional data to determine whether the Doppler amplifi-
cation factor exponent should be greater than unity, and that (2) additional

‘data be obtained at higher jet exhaust temperatures and velocities to reduce
extrapolation errors incurred in evaluating noise levels of variable cycle
engines.



INTRODUCTION

In recent years, advanced engine designs which employ coannular jet
exhausts have been studied for application to supersonic transport configur-
ations. These engines are efficient at both supersonic and subsonic flight
speeds. The coannular jet exhaust flow scheme has been shown to significantly
reduce the engine jet exhaust noise levels during takeoff and Tanding
operations.

The prediction method presented herein was developed from three
extensive sets of coannular Jjet noise model test data sponsored by NASA
Lewis Research Center (refs. 1, 2, and 3). These data have been correlated
by S. P. Pao of NASA Langley Research Center (ref. 4), which provides the
basis for the prediction method.

Because the coannular jet contains twice as many flow parameters as
the single jet, the prediction scheme is more complex than the SAE single
jet prediction method (ref. 5). The noise emitted from a coannular jet
contains two major components: the premerged noise produced by the secondary
flow stream and the noise produced by the portion of the jet plume where:
the two streams have merged. In the forward direction angles, the premerged
noise is predominant. However, in the aft arc, there are two distinct peaks
to the jet noise spectral distribution. The low frequency peak is associated
with the plume noise of the merged jet, and the high frequency peak is asso-
ciated with the premerged noise of the secondary or outer flow stream.

The method presented herein equates the coannular jet to a singig stream
equivalent jet which has the same mass flow, energy flow, and thrust as the
coannular jet. The acoustical power of the coannular jet is then derived by
computing the power of the single jet and applying a coannular jet noise
benefit function. From the acoustic power, the overall sound pressure level
in a given direction is defined. Then the spectrum is defined which is
composed of the premerged and postmerged jet noise components. The prediction
method also includes forward flight effects by incorporating a forward
velocity exponent and a Doppler amplification factor. Also, the frequency
is shifted in proportion to the relative velocity, which is the difference



between the nozzle exit velocity and the forward flight velocity.

The following constraints should be applied to the method presented
due to the limited data base. The outer to inner stream nozzle exit area
ratio should not be less than 0.4 or greater than 2.5. The outer to inner
stream velocity ratio should not be less than 1.0. The equivalent jet velo-
city should be greater than 0.85 times the local ambienf speed of sound. The
test data upon which this method is based have a range of equivalent jet
velocities from just below the ambient speed of sound to 2.5 times the local
ambient speed of sound. This prediction method is designed for obtaining
free field unattenuated source noise levels. It should be noted that coannu-
lar jet area ratio and radius ratio are not included explicitly due to the
Timitations of the data base.

LIST OF SYMBOLS

Ae equivalent fully expanded jet area, m2

A] nozzle exit plane area of primary stream, m2

A2 nozzle exit plane area of secondary stream, m2

c_ ambient speed of sound, m/s

D( ) . directivity function

De equivalent jet diameter, m

Dh hydraulic diameter of secondary stream, m

dB decibel

f one-third octave band frequency, Hz

G(6,0) normalized spectral distribution in one-third
octave band

H secondary stream annular exit height, m

m total mass flow of the equivalent jet, kg/s



OAPWL

0ASPL(6)

OASPLm(e)

mass flow of the primary stream, kg/s
mass flow of the secondary stream, kg/s

number of one-third octave band frequencies

overall sound power level, re: 10712 y

predicted overall sound pressure level,

re: 2 x 1072 N/mé

measured overall sound pressure level,
re: 2 x 1072 N/m2

predicted overall mean square pressure, Nz/m4
one-third octave band predicted mean square

pressure, Nz/m4

2, 4
measured overall mean square pressure, N /m

one-third octave band measured mean square

pressure, N2/m4

ambient atmospheric pressure, N/m2
power deviation factor, W

international standard atmospheric pressure,

N/m2

power reduction factor, W

radial distance between source and observer, m

spectral mean square pressure correlation
coefficient

peak Strouhal number of the first spectral
component

peak Strouhal number of the second spectral
component



SD
SPL(e,f)

SPLm(e,f)

spectral sound pressure level standard deviation,
dB '

predicted one-third octave band sound pressure

level, re: 2 x ]0'5 N/m2

measured one-third octave band sound pressure
level, re: 2 x 1072 N/m

total temperature of the equivalent single jet, K
international standard atmospheric temperature, K

total temperature of the primary stream, K

total temperature of the secondary stream, K
ambient air temperature, K

forward velocity of the jet nozzle, m/s

fully expanded jet velocity of the equivalent
jet, m/s

fully expanded jet velocity of the primary stream,
m/s ‘

fully expanded jet velocity of the secondary
stream, m/s

magnitude of peak mean square pressure of second
spectral component relative to first spectral
component, N2/m4

ratio of specific heats for the equivalent jet

ratio of specific heats for the primary stream

ratio of specitic heats for the secondary stream

directivity angle from the inlet axis, deg.



I total sound power, W

P, ambient air density, kg/m3

Pa density of equivalent jet, kg/m3

9 | normalized Strouhal number for the first spectral
component

gy normalized Strouhal number for the second spectral
component

¢ directivity angle from flight path, deg.

w density exponent

DESCRIPTION OF DATA BASE

The inverted flow profile coannular jet data base was obtained from model
scale experimental work (refs. 1, 2, and 3), The static tests of references
1 and 2 consist of 98 separate test conditions with three different nozzle
configurations. The first two configurations shown in figures 1 and 2 (models
"2 and 3) have area ratios of 0.75 and 1.2 respectively. The third configur-
ation (model 4) has a centerbody within the core flow stream which extends
past the core flow nozzle exit plane. The area ratio for model 4 of figure
3 is 0.647. The wind tunnel tests of reference 3 consist of 92 separate
test conditions with two different nozzle configurations which have inverted
flow profiles. The wind tunnel nozzle configurations (models 7 and 8) have
area ratios of 0.75 and 1.2 respectively, and are shown in figures 4 and 5.
In all models the core flow exit plane was offset from the secondary flow
exit plane.

The acoustic data covered thirty one-third octave bands. A1l the tests
were conducted in outdoor facilities using a polar array of microphones. The
table below Tists the frequency range, directivity range, and microphone dis-
tance for each of the test models.



Model

Forward
Velocity

0

0

0
30-130 m/s
30-130 m/s

Frequency
Range
0.1-80 KHz
0.1-80 KHz
0.05-40 KHz
0.1-80 KHz
0.01-80 KHz

Range of

Directivity Angle

60
60
30
70
70

165 degrees
165 degrees
160 degrees
150 degrees

Distance to
Microphone
4,57 m
4,57 m
12.2 m
3.05m
3.05m

00 N bW

150 degrees

The acoustic data were corrected to remove atmospheric attenuation effects
in accordance with ARP 866 (ref. 6). SphericaT divergence effects were included
to correct the data base to a radius of 45.7 m (150 ft); In the case of model
4, the data were also corrected for ground reflection and attenuation effects
using the method of reference 2, The forward flight data of models 7 and 8
of reference 3 already have been corrected for the effects of the wind tunnel
flow shear layer on the directivity and intensity. In addition, Doppler fre-
quency shifts were incorporated into the data to account for the relative
motion effect between the source and the observer. This effect is included

in the prediction but is not present in the wind tunnel.

For all cases used in the development of this prediction method, the
secondary stream flow velocity was greater than the primary stream flow
velocity. The table below lists the range of temperatures and velocities of

each flow stream for each of the models.

Velocity Range, m/s Temperature Range, K
Model Primary Secondary Primary Secondary
2 294 - 624 310 - 872 381 - 1098 380 - 1133
3 298 - 441 319 - 859 389 - 810 702 - 1089
4 291 - 609 295 - 847 286 - 814 392 - 1097
7 284 - 306 303 - 683 370 - 410 390 - 669
8 297 - 307 430 - 638 339 - 407 396 - 710




The applicability of the prediction method presented herein is limited
to the velocity range and temperature range of the model test data base. The
maximum secondary flow velocity was 872 m/s for the static cases and 683 m/s
for the wind tunnel cases, which is less than the 975 m/s for the secondary
flow velocity of a varible cycle engine for an SST design. Similarly, the
maximum secondary flow total temperature of the data was 1133 K for the
static cases and 710 K for the wind tunel cases, which are considerably less
than the variable cycle engine secondary flow temperatures of 1750 K.

PREDICTION PROCEDURE

The noise prediction method presented in this report is based on deter-
mining the noise characteristics of a single equivalent jet, which has the
same total mass flow, energy flow, and thrust as the coannular jet. First,
the overall acoustic power level of the coannular jet must be defined. It
was found that for the static case (no forward velocity), that the acoustic
power of the coannular jet is sometimes as much as 4.0 dB lower than the over=-
all sound power level of the single equivalent jet. The power of the single
equivalent jet for the static case is determined using the current SAE
prediction method (ref. 5). A jet noise benefit function is employed to ,
obtain the power level of the coannular jet. For the case with forward vel-
ocity, a procedure by Hoch (ref. 7) is employed. This procedure employs a
power function to account for changes in source strength and sound convection.
Also a Doppler amplification factor is used. Both the Doppler factor and
the power function vary with directivity angle. The overall sound pressure
level in a given direction at a given radius is computed from the overall
sound power level using a directivity index which is independent of forward
flight velocity. Finally, the one-third octave band sound pressure level
is computed by a two component method. The first component is associated
with the secondary stream of the premerged jet. The second component is
associated with the post merged region of the fully mixed jet. The one-third
octave band spectra is corrected for forward velocity effects by basing the
Strouhal numbers on the difference between the jet nozzle velocity and the
forward flight velocity.
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Equivalent Jet

The single equivalent jet has the same mass flow, energy flow, and
thrust as the coannular jet. The mass flow of the single equivalent jet 1is

g = My + My, (1)

where
m=p A V. (2)

The condition of equivalence of mass flow and thrust gives

MYy rm Y

e . .
My + my

v (3)

Since the gas constant for air is not significantly changed by the addition
of a small amount of combustion products, the equivalent temperature can be
defined from the total energy flow as

. .Y.] . Y2 :
M A\GT) TP R\vT) T2
T, = . = (4)
e . Y1 . Yo
m =) +m {+—
1\ 2 \7,-1

where
1%
TR - (5)

The equivalent specific heat ratio 1s defined from the mixing of the gases
of each stream, as

Y
Yo ';'1 (‘ﬁll) + ’;'2 (ngl)
= - - < (6)

Y. -1~
e m + my




Because the fully expanded jet static pressure is equal to the ambient
static pressure, the equivalent jet density is

2

_ Te Ye_] Ve 7

e " P )T =77 \C_ .
The equivalent area is (from equation 2)
m
o

= 8

A 5o (8)

the equivalent jet diameter is

1/2
4 A
D, = ( ne) ; (9)

and the secondary stream hydraulic diameter {is

D, = 2H. (10)

Acoustic Power

The jet acoustic power 1 is calculated for the single jet using the
current SAE prediction method (ref. 5) and applying . a coannular jet power
benefit function, Q.

- wiv\8 /v vy
_ -5 3 Pe e e e 2
I =6.67 x10 P Cao Ae (-p—;) (E) P('c—m') Q(C_;’VT)' (]])

The density exponent, w, is the same as in reference 5 and is given as a
function .of Ve/c°° in table 1 and figure 6. The power deviation factor
P(Ve/cm) represents the deviation of sound power from the U8 law of
dependence and is shown in table 2 and figure 7. The coannular jet power
benefit function Q(Ve/cw, V2/V]) is shown in table 3 and figure 8.

The overall sound power level can be obtained from equation 11 as

10



P, Te
OAPHL = 10 Log, "HT \/T_ +197 dB.  (12)
p.Cu A P1sa ISA |
The effect of forward flight on acoustic power includes the Doppler
amplification factor and a velocity exponent. Both of these terms are related
to the directivity angle. Therefore the forward velocity effect is included

along with the directivity effects in the determination of the mean square
pressure.

Directivity and Overall Mean Square Pressure

The mean square pressure at a given observer position relative to the
position of the jet is

)
p2(e) = Pw & DlosVe/c) (Ve'va)m(e ,

T 4?2 (-V_cose/c)) \ TV (13)

4gr e

where r 1is the distance between the source and the observer, and D(e,Ve/cm)
is the normalized directivity factor and is given in table 4 and figure 9.
The forward velocity exponent function m(e) was taken from Hoch (ref. 7)

and is presented in table 5 and figure 10. The Doppler amplification factor
(1 - V,/¢c, cos ¢) depends on the angle between the flight path vector

and the vector between the source and observer. This angle, denoted as, ¢,
is different than the directivity angle, 6, when the jet axis is not along
the flight path. Figure 11 shows the geometric variables used for computing
the overall mean square pressure at a particular directivity angle.

_ The overall sound pressure level, computed from the mean square pressure,
is:

=2 p
- p-(e) ©
OASPL = 10 Log, 4 ’ p 2.1 (P ) t + 197 dB. (14)

n



Spectral Distribution

The one-third octave band spectra in a given direction are composed of
a single component for directivity angles below 110 degrees where the high velo-
city, secondary stream jet noise is predominant. At directivity angles equal
to or greater than 110°, the one-third octave band spectra consist of two
components. The Tow frequency component is associated with the jet noise
from the merged portion of the exhaust, and the high frequency componeht is
associated with the secondary stream flow. Figure 12 shows a djagram of
the two component spectra. The peak Strouhal number of the first spectral
component S](Ve/cm, 8) applies to all directivity angles. For direct-
ivity angles equal to or greater than 110°, there is a second component peak
Strouhal number, Sz(ve/cw, 8). The values of S] and S, are Tisted in tables
6 and 7 and are shown in figures 13 and 14, respectively.

Figure 12 shows that there is a difference in amplitude between the first
and second peaks. At directivity angles equal to or greater than 110 degrees,
the parameter, o, indicates the relative magnitudes of the mean square pres-
sure of the second peak with respect to the first peak. a«* is defined from the
parameter, a(Ve/cw, Vo/Vys 8) as

p-J

2
o’ = o F . (15)
Ae

The values of o are presented in table 8 and figure 15.

The one-third octave band mean square pressure

52(0,%) = B%(o) G(6,07) , for 6 < 110°, (16)
and
G(6,0,) o°G(08,0,)
-2 _ -2 1 209 o
p(e,f) = p~(e) ( Tt T , for 6 > 110°, (17)

where the values of G(e8,0) are given in table 9 and figure 16. The values
of ay and'c2 are defined from S] and 82 by

12



| £D 7\ 04
N TSV ev Tg > (18)
1 ~ Ya

and

£D T\ 4
9 =SV hv Tg . (19)
2 T~ 'a

The forward flight effect is incorporated into equations 18 and 19 in the
computation of the peak frequency, the frequency corresponding to a o value
of 1.0. This frequency is dependent on the difference between the nozzle
Jet exhaust velocity and the aircraft forward flight velocity. A temperature
correction factor is included in equations 18 and 19 which corresponds with
the frequency shift due to temperature in accordance with the SAE single jet
method of reference 5.

The one-third octave band sound pressure level is defined by

SPL(e8,f) = OASPL(s) + 10 Logyq 6(6,07), for 6 < 110°, (20)
and
G(e,c]) a‘G(e,cz)
SPL(8,f) = OASPL(6) + 10 Logyy \ 75 * 75— > (21)

for 6 > 110°.
DATA COMPARISONS

Comparisons were made to evaluate the predicfion method against the
model test data for 48 static cases from references 1 and 2 and 22 wind tunnel
cases from reference 3. The predicted values were corrected to incorporate
shock noise as well as jet noise, as shock noise does exist in the model
data. The shock noise was predicted over the range of frequencies and
directivity angles for each case using Stone's method from reference 8. For
each case at each directivity angle for which spectra data are available,

13



the spectral mean square pressure correlation coefficient, the spectral
sound pressure level standard deviation, and the overall sound pressure level
difference between the measured and predicted values were computed. '

The mean square pressure correlation coefficient, R, for a range of n
one-third octave band frequencies 1is

([ e =1

3 [PP(e.1) o (e,1)]
R = =] (22)

n 12
ki (520,012 = [p2 (0,1)17
i= i

[T I o B
—_

The spectral sound pressure level standard deviation, SD, in units of
decibels for a range of n one-third octave band frequencies is

1/2

n~M =

k3 [SPL(s,i) - SPLm(e,i)]2
1

SD = T (23)

The difference between the predicted and measured overall sound pressure
level, OASPL, at each directivity angle is

AOASPL(8) = OASPL(e) - OASPLm(e). (24)

The data comparison study consists of two parts: the static comparison
and the forward flight comparisons.

Static Case Data

The static data comparison consists of evaluating 48 typical data cases.
These include 33 cases from reference 1 (models 2 and 3) and 15 cases from
reference 2 (model 4). Table 10 lists the flow properties for the 48 cases
including equivalent velocity and the ratio of the secondary flow velocity
to the primary flow velocity. Table 11 shows the spectral mean square pres-
sure correlation coefficient, the spectral sound pressure level standard
deviation, and the difference in overall sound pressure level between the
measured and predicted values for each case at nine directivity angles.

14



The variation of the comparison parameters of table 11 with normalized equiv-
alent velocity are shown on figures 17, 18, and 19, respectively, at direct-
ivity angles of 60, 90, 120, and 150 degrees.

Figure 17 shows that at 90 and 120 degrees the correlation coefficient
exceeds 90 percent except in 7 cases. At 60 degrees it can be seen that
there is considerable discrepancy which is partially attributable to the
relatively low jet noise levels. At 150 degrees the model 4 cases generally
seem to have a low correlation, whereas only 4 of the model 2 and model 3
cases are below 90 percent. This may be due to the fact that the jet exhaust

flow of model 4 overexpands as it flows over the plug surface.

Figure 18 shows the variation of standard deviation of the spectral
sound pressure Tevels with normalized equivalent velocity for the 48 data
cases. From figure 18 it can be seen that at 90, 120, and 150 degrees less
than 7 cases exceed a standard deviation of 4 dB, whereas at 60 degrees almost
a third of the cases exceed a standard deviation of 4 dB. The standard devi-
ation indicates a discrepancy between the measured and predicted values but
does not indicate the direction of this discrepancy. Therefore the difference
in overall sound pressure levels for these 48 cases were determined.

Figure 19 shows the variation of the difference between predicted and
measured overall sound pressure levels with normalized equivalent velocity for
the 48 data cases at directivity angles of 60, 90, 120, and 150 degrees.
Figure 19 shows that at 90 degrees, the method overpredicts for model 2 and
underpredicts for models 3 and 4. At 120 degrees the method underpredicts
the noise of model 4, whereas models 2 and 3 appear to not be biased. At
150 degrees the predicted OASPL levels average slightly higher than the
measured values, except at the lower equivalent jet velocities, where they
are 2 to 4 dB higher. At 60 degrees it can be seen that there is consider-
able scatter in the OASPL differences. This corresponds to the Tow jet noise
Tevel problems that were seen in figures 17 and 18.

From table 11 and these figures 17, 18, and 19, it can be seen that
the prediction method does not correlate better at higher jet velocities
than at lower velocities. Also at angles below 90 degrees, there are some
large discrepancies between the prediction method and the measured data, which

15



can be partially attributed to the lower levels of jet noise which are pro-
duced in the forward arc and thus to the lower difference in noise level
between the jet noise and the background noise.

Appendix A shows spectral plots of the measured and predicted sound
pressure levels for 16 of the 48 static data cases.

Wind Tunnel Case Data

The wind tunnel or forward flight data comparison consists of evaluating

22 typical data cases of reference 3 (models 7 and 8). Table 12 lists the
flow properties for the 22 cases including equivalent velocity and the ratio

of the secondary stream velocity to the primary stream velocity. In the wind
"~ tunnel test, the microphones are stationary with respect to the nozzle, whereas
in forward flight they are not. However, the power level and directivity are
affected by the wind tunnel flow velocity which alters the strength and
direction of the acoustic waves. Also, the frequency is shifted by the wind
tunnel flow. However, the frequency shift defined by equations 18 and 19 has
incorporated a Doppler shift. Therefore, to correct from forward flight
prediction to wind tunnel prediction, the predicted forward flight frequencies
were corrected by the Doppler frequency shift which is

fwind tunnel = Tforward flight [V - Vyle., cos(e)]. - (28)

Table 13 shows the spectral mean square pressure correlation coefficient,
the spectral sound pressure level standard deviation, and the difference in
overall sound pressure level between the measured and predicted values for
each case at the nine directivity angles for which measured data are available.
Figures 20, 21, and 22 respectively show the variation of these comparison
parameters as a function of normalized equivalent velocity at directivity angles
of 70, 90, 120, and 150 degrees. Appendix B shows comparisons between the
predicted and measured spectral sound pressure level distributions for several
typical wind tunnel data cases at directivity angles of 70, 90, 120, and 150
degrees. The spectral plots of Appendix B show that in the high frequency
range the measured data rises abnormally. This was attributed to electrical
interference and therefore the four highest frequencies were not included in
evaluating this prediction method.

16



From table 13 and figure 20 it can be seen that the correlation coef-
ficients are generally close to or above 90 percent except for the high forward
velocity cases. Figures Bl, B4, B7, and B8 of Appendix B shaw typical spectral
plots for these high velocity cases. From these four figures, it can be seen
that there appears to be something other than jet or shock noise present at
the low frequencies. Furthermore, this Tow frequency interference phenomenon
increases as the directivity angle increases and also as the forward velocity
increases. Therefore, at the higher forward velocities figure 20 shows that
the correlation coefficient is low.

Table 13 and figure 21 show that at the low forward velocities the
spectral sound pressure level standard deviation is less than 4 dB except at
the directivity angle of 150 degrees where it varies from 4 dB to almost 6 dB.
However, at the higher forward velocities the standard deviation is large due
to the low frequency interference phenomenon.

From table 13 and figure 22 it can be seen that the method underpredicts
the overall sound pressure level at all directivity ang]es’except at 150
degrees where the method overpredicts. The amount of discrepancy in the over-
all sound pressure level is about 3.5 dB at 70 degrees, 1.5 dB at 90 degrees,
2 dB at 120 degrees, and -2.0 to +2.0 dB at 150 degrees. In general there
appears to be no trend in the overall sound pressure level difference with
changes in either the jet velocity or forward velocity. Also at a directivity
angle of 90 degrees it is anticipated that the overall sound pressure level
discrepancy will be at a minimum because the forward velocity effect is reduced
to zero in the prediction method per equations 13 and 18.

The prediction method is acceptable at directivity angles of 90 and 120
degrees. At the directivity angle Of 70 degrees the method predicts Tow at all
forward flight speeds. At the directivity angle of 150 degrees at the higher
flight velocities the prediction method is poor in that it overpredicts the
jet noise overall sound pressure level by as much as 3 dB.

In general this prediction method is acceptable for the forward flight
cases. However for comparison purposes it should be noted that in reference 3,
a least squares fit of the data was made and a forward velocity power index
and Doppler amplification factor for noise convection were determined. Using

17



the method of this report the power index of equation 13 shown in table 5 and
figure 10 is about the same as the forward velocity power index factor of
reference 3. However, the Doppler amplification factor of equation 13 is
raised to the first power in the presented prediction method. In the data
correlation of reference 3, the Dbpp]er amplification factor is raised to a
power of 4 at a directivity angle of 70 degrees and to a power of 10 at a
directivity angle of 150 degrees. The value of the Doppler amplification
factor exponent also depends on the total pressure ratio. The fact that this
Doppler amplification factor exponent is considerably greater than unity and
that it was derived from test data correlations indicates that the prediction
method presented herein will underpredict the jet noise at directivity angles
below 90 degrees, and overpredict the jet noise at directivity angles above
90 degrees. Furthermore, the amount of discrepancy will increase as the for-
ward velocity increases. However, the amount of OASPL discrepancy in the
method of this report is generally less than 2 dB at directivity angles of
90, 120 and 150 degrees, which is probably within the range of the model test
data scatter.

CONCLUSIONS

For the static case data without the centerbody plug the coannular jet
prediction method presented herein yields correlation coefficients above
90 percent at directivity angles of 90, 120, and 150 degrees. For the static
case data with the centerbody plug the correlation coefficient is Tower at a
directivity angle of 150 degrees. One reason for this difference may be due
to the overexpansion, or turning, of the flow as it passes over the centerbody
plug. The standard deviations for all the nozzle configurations were generally
less than 4 dB at directivity angles of 90, 120, and 150 degrees. At the
directivity angle of 60 degrees, where the jet noise levels are relatively
Tow and the data may be affected by background noise, the correlation
coefficients were sometimes considerab]y less than 90 percent and the standard
deviations sometimes exceed 10 dB. In general the overall sound pressure
levels were predicted within 4 dB at directivity angles of 60, 90, and 150
degrees.v At 120 degrees the method appeared to underpredict by sometimes

more than 6 dB.
18



For the wind tunnel cases, the coannular jet prediction method presented
herein yields correlation coefficients above 90 percent for the lower forward
velocities at directivity angles of 70, 90, 120, and 150 degrees. Also at
the lower forward velocities, the standard deviations were less than 4 dB
at directivity angles of 60, 90, and 120 degrees, and varied from 4 to 6 dB
at the directivity angle of 150 degrees. At the higher forward velocities,
there appeared to be some low frequency interference phenomenon which increased
as the directivity angle increased and as the forward velocity increased.
Therefore at the higher forward velocities the correlation coefficient
and standard deviation were not good. However this low frequency phenomenon
did not affect the SPL values near the peak level, and therefore did not
affect the overall sound pressure levels. For the forward velocity cases
the difference between the measured and predicted overall sound pressure
levels were less than 4 dB at directivity angles of 70, 90, 120, and 150
degrees, except for two cases at 70 degrees.

For the forward flight cases this method underpredicts the jet noise
by approximately 3 dB in the forward arc as shown on Figure 22a. Similarly,
at the higher directivity angles this method overpredicts the jet noise by
approximately 2 dB, as shown on Figure 22d. To correct this a Doppler
amplification factor exponent could be employed in addition to the forward
velocity exponent.

For both the static and wind tunnel cases changes in equivalent jet
velocity did not affect the correlation coefficients, the sound pressure level
standard deviations, or the difference between the measured and predicted over-
all sound pressure levels.

Since, at supersonic jet velocities, a shock noise prediction is
included in the jet noise correlation and the results obtained were found
to be satisfactory, it is evident that shock noise is present in the
model test data.

The applicability of the prediction method presented herein is limited
to the velocity range and temperature range of the model test data base.
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TABLE 1.

JET NOISE DENSITY EXPONENT,

Logyq (Vg/c,)

D 0O 0 00 0 O oo o

4
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.30
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.20
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.10
.05
.0

.05
.10
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.25
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.35
.40
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log;4(V, /c,)
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TABLE 2.
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TABLE 3.

COANNULAR JET NOISE POWER REDUCTION FACTOR,

‘]0 Log]O(Q), dB '
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TABLE 4.

COANNULAR JET NOISE DIRECTIVITY INDEX,

10 Log]O(D), dB

-

Directivity LOg]O(Ve/C”)

angle,6 Ne0D .08 W10 15 $ 20 o 25 30 30
0 =8,60 20,70 «11,55 #12°00 =13,00 w13,04 =13,98  @iH,49
10 B 40 w0,50 wi{,36 12718 12,72 13,14 -};::! -1a:09
2n eB 20 =3 10 11,10 1y 4§ ni2,42 -12,84 {3,248 13,09
30 8,00 *0,10  w10,85 #11.55 12,02 ~12,44  =12,93 13,19
40 w7,70 wR B0 =10,55  =11,15  ely,62 »12,04 »{2,37 12,089
50 =7 ,40 =R,50 v10,29% -10,75 11,17 11,54 vi1,84 *12,09
6n 7,00 »A,10 G, 88 »10,35 ©10,72 ®11,02 =11,20 *11.99
70 =b,40 «7,70 g, 98 -9’35 *9,6R g N8 wi0,16 =1u,d0
80 «$5,70 h B0 7,60 7,98 8,22 A 43 “8,53 8,70
an =4,70 5,80 .ty 41 6,75 “6,95 "7,06 *7,09 »7,00
100 »3,20 .U, 10 su,71 »5.06 »5,33 5,47  =§,59 ®5,060
110 ©1,30  w2,00  wa,46  w2PT4  =2,98 w308 #3,19 5,20
120 .90 50 o 14 - 02 ", i3 16 “, 16 *10
130 3,40 3,20 3,00 1,04 1,03 3,06 3,12 3,40
140 &,20 5,70 5,99 6,26 Aol b.b1 6ab8 6,71
150 6,30 7.00 7449 7,81 7495 B,02 8,08 8,09
160 6,10 A 30 6485 6,14 5,97 5,73 5460 9,50
170 5,10 4,30 3a064 2,96 2,33 1,74 1418 ledd
180 4,60 3,80 2e94 2.26 1063 .99 Wb 0 60




TABLE "5,

JET NOISE FORWARD VELOCITY INDEX,

Directivity
Angle, 6
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TABLE 6.

LOCATION OF FIRST PEAK STROUHAL NUMBER,

) Logy(Sq)
Directivity Logyo(Vy/c,)

ang]e,e n.on .05 .1_(\ .15 .20 .25 .30 .35
gn 0,00 0,00 Ng00  N,00  0end 0,00 0,00 8,00
100 =, 08 -, 08 -, 05 - 08 -, 0% -, 08 w09 -, 0%
110 w,12 v, =, 12 “,12 w,12 »,12 '0;2 .12
120 -, 27 -, 22 *,R2 - 2 ., 2 .,22 w,23 ., 24
130 e 3%  =,33  «,33 #,33 @,33 w35 « 36 «,37
tao Y] -, U2 Y- - U4 -, qe v 45 - 49 »w, 83
150 @50 ®=,50 e,30 =50 e,52 =,57 = 62 w,46
is0 «,58 -, 59 o, 01 - 62 .65 w77 . H7 -, 94
170 w75 w77 e, 19 =, B2 e.p8 e1,06 ef, 17 w1,25

TABLE 7.

LOCATION OF SECOND PEAK STROUHAL NUMBER.
Logy(S,)
Directivity Logyo(Ve/c.,)

anglesd 1q,00 .05 10 415,20 @5  ,30 3§
110 «,59 »,59 -, 89 “,59 ., 59 -,59 “,59 ., 59
1290 w,34 =35 @, 35 e« 35 w17 «.39 w4l =45
130 s, 20 = 24 w24 =24 e, 25 e,29 «,39 9,52
140 w,21 =,20 =, 1B e,4B e, 25 =38 »,50 =, b6
180 -;Ob w12 ..19 0'27 -‘36 -.“8 u.&o - 89
{60 Y 13 w22 -, 34 43 =, 56 . U7 wi,27
170 ©u03 =13 =24 =36 e,82 =69 ef,04 =f,34
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TABLE 8.
FACTOR RELATING RELATTVE HEIGHT OF SECOND SPECTRAL PEAK TO FIRST SPECTRAL PFAK.

10 Log]o(a)

Directivity angle = 110 degrees

V.V Logyo(Ve/c,,)
2" N,00 08 i W15 20 » 25 « 30 e 19
1,0 3,70 3,70 3,70 3,70 3,70 3,70 3,70 3,70
1,1 3,70 3,70 3,70 3,70 3.v0 3,70 3,70 %7y
1,2 3,70 3,70 3,70 3,70 3,76 3,70 3,70 1,70
1,3 2. 70 X, 70 2,70 3,70 3,70 3,70 3,70 1,70
1,4 3,70 3,70 3,70 3,70 3,70 3.70 3,70 %, 74
1.5 3.70 3.1” 3,1“ 3.70 3.70 1|7(’ 3.70 }.’n
1.6 3,70 .70 3,70 3,79 3,70 3,70 3,70 3.70
107 3,70 3,70 3,70 3,70 3,70 3,70 3,70 3,70
1,8 3,70 3,70 3,70 .70 3,70 1,70 3,70 1,740
1,9 L PRAL 3,70 3,70 3,70 5,70 1,70 3,70 1,79
2,0 S 70 3,70 3,70 3.70 3.0 3,70 3,70 3,79
2,1 3,70 3.70 3,70 3,70 3.7¢ 3,70 3,70 2,70
2,2 370 3,70 0 370 3,70 3,70 3,7¢ 8,70 3,70

Directivity angle = 120 degrees

Vv, | Logyq(Ve/c,)
n,00 NS 10 2 15 20 085 30 2 35
1,0 3.58 3,58 3,58 3,58 3.58 3,58 3,54 .58
1.1 3,59 3,59 3,60 3.51 3.62 3,62 3,03 3463
1,2 3,61 363 3,64 3,66 3,48 .70 3,72 3,92
1,3 3,70 3,70 3,70 3,70 3.0 3,72 3,79 3,80
1.“ 3.75 3.75 .76 3,77 3.78 3,79 Y .0é 3,90
1,% 3,80 3,82 3,483 3,88 3, A8 3,92 3,96 4,08
1,6 3,814 3,86 3.9 3,99 4,082 4,08 411 4,20
1,7 3,97 4,01 4,05 4,10 4,qU0 4,18 4,24 4,%2
1,8 4o09 4,13 4 1T 4,22 4,38 4,28 4,38 a,40
1,9 U,2% 4,28 4,3} 4,35 u,36 4ydo 4,46 4,85
| 8,0 U440 . 4,44 4 us 4,53 4,85 4e59 4,68 U, 7
2,1 Le61 4,64 4,67 4,71 U,73 LBeT6 4 81 4,87
2.8 Ge01 U,64 4,67 4,71 4,73 6e76 4,81 4,R7
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Table 8. - Continued.

10 Log]O(a)

Directivity angle = 130 degrees

VoIV, Logyo(Ve/Ca)
6,00 N5 o 10 15 20 25 o SV
1,0 mh RR oS5, Ly w3 70 e1,90 ., 10 1,56 2,97
1.1 oy, ) =3 04 ], ,51 -, up .Y 2,587 3,38
1,2 |[®2,53 1,82 =,n0 oS4 1,7% 2,92 3,13
‘.3 .1.20 - ay .07 1.“6 a.?3 3’3‘ “.07
{1,0 -, 2l JUB 1,23 gt 2.82 3,01 4,6
1,8 .78 ), 34 1,97 Y 3,1h6 4,07 4,18
1.6 {otH 2,14 2.65 3,24 3,89 -} 5,09
1,7 Pt P Mo 3,30 5,78 Y 4,9e §, 40
1,8 T,14 5,08 1,40 4,28 byne 5e¢30 5,09
1,9 T.08 3,98 u,32 4,71 5,20 5,51 5,95
2o | 4a02  H32 w65 5,03 6,47 5,84 6,1}
Ce G, 18 i, uhk L 81 5,21 5,61 5,97 0,21
2e8 4,18  dgum 081 5,21 S,61 5,97  s,et
Directivity angle = 140 degrees
V2/V1 Log]o(Ve/Cw)
onL.00 05 W10 W15 W20 W25 30
1,0 lwiy, bk @12,20 ejp,pd  =B,HS  =0,93 eL 90 5,41
1,1} wg,90 -3,75 ]S wb 00 i, 17 vz, B i 38
1,7 wh B9 5 A9 wu To =3 .50 T4 » 99 .21
1.3 i, 54 =% nk 2 73 el 864 - ad e B0 1,43
1,4 "05? 1,41 LA RRD ",12 76 1.06 8050
1.8 »,59 =, 0k L 1,1% 1,0% .78 3,51
1ab 9 1437 1,60 24417 3,0% 3,77 4,38
1.7 2.48 2,51 P98 5,51 dgat d,by 5.1¢
1,8 2,92 1,31 1,70 u, 2% T I 524 5,60
1,9 j,.04 4gny houn. 4 By 5,27 K,69 IR
2,0 | 4,89 400 4,9% 538 5,7¢ 6,08 0,38
2,1 u,82 8,17 S, 4% H,63 b,.%2 hln men}y
2.2 U.b¢e 8,12 LR 8,83 P, G De638




Table 8. - Concluded.

10 Log10(d)

Directivity gng]e = 150 degrees

0,00 -] W10 + 15 020 45 .50 . 35
1,0 [#22,3% »19,72 «16,79 «13,51 w9 A9 =h,5% eU, 17 2,81
1ol |®1h,0b =jd, 0] »12,32 9,74 =b,87 4,00 =g g2 , A2
1,8 |®13,82 w11, 8a w9 63 7,165 4,44 =2, 20 =, 00 W68
1,3 #Q,65 w?7,92 «§5,98 @3, B0 «},77 -, 37 93 2,09
1,4 | =4,89 wd 03 w3 0K 2,00 -, 54 b3 1,7 2,68
1.5 #3,33 =2,45 =i, ub *, 36 W60 1,63 2,ud 3,31
1,6 | =1,69 =,97 =,16 WTd 1,88 2,36 3,02 3,74
1,7 2N o 91 1,08 1,84 2,54 3,18 3,70 4,32
1.8 98 t,us .04 2,67 3,326 3,78  U4,30 4 R4
1,9 2.11 2,54 3,03 3,57 4,07 4,54 5,04 &,08
240 1,286 3,0 4,06 U4,52 4,98 6,35 5,89 4,05
2,1 Ue37  Ue67 5,00 5,38 S.94 £,03  m,32 6,89
2.2 5,38 5,73 6,182 6,57 b,A8 7.1% 7.37 7.57 .

Directivity angle = 160 degrees

VZ/V] Log]O(Ve/cm)

0,400 - IO 15 -1\ .25 .30 V35
1,0 |=37,12 »32,31 «24h,91 =20,88 {5 03 weh, b7 1,69 B,08
Lol |@34,91 27,77 «23,13 #17,93 =12 uf «d, 8p 1,99 3.,R8
1,2 |=27,68 =24,12 »19,90 w15,16 =»9,69 =3 29 2,21 3,76
1,3 (222,65 «19,40 wip, 1R @12 % 7,89 ef, 8y 2,33 X, A9
Lo [®18,20 ®18,73 »12,95 «9,84 o5,48  «,91 2,42 3,44
1,5 |®15,67 «13,3Y win,71 =7,76 i, 19 -, 14 2,45 3,57
146 [=13,17 11,07 8,72 6,07 «3,09 45 2,59 3,84
1,7 10,94 «9 14 7,13 wd, 87 w2 18 93 2,64 3,52
1,8 [=1n0,13 @R 27 6,17 3,83 =1,%9 1.28 2,72 1,47
1.9 ©9,38 7,52 5,42 =3,08 -, 73 1,61 2,78 3,08 |
2,0 *8,73 =6, ,87 =4,77 w2, U3} - =25 1,80 2,17 3,44
2,1 | «8,23 «6,38 «g,31 1,98 W12 1,9% 2,77 - 3,44
2,2 7,81 5,98 3 95 ae},62 .39 1,99 2,77 3,04
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TABLE 9.

NORMALIZED SPECTRAL DISTRIBUTION.

10 Log]O(G), dB

DTﬁECTIVTTY QNGLE'GIDEGHEES
2110 120 130 140 190 - 160 ' 70

: =2 B I I B IR 2 B B
® T8 e TF "8 e TS TR T® 9 ‘S "0 "6 "0 e Ty e "8 "B %% "9 %8 e s s Ve *

MWW~ CPEPIFTRAE RN =SNG

P i Yol Pt i Bt

«2E 60 026,72 =31,32 e3h,15 w41 .30 =50,00 53,20
w2l b0 24 ,%2 wpH 42 «32 .88 37,40 =UU,60 «4?,40
w22,00 22,32 =25,52 28,95 33,50 39,20 eu2,00
“ 30,20 -20;12 =22,062 25,35 «29,60 32,20 =34,90
wlB, 480 w=IR 07 PN 12 w22,28 «2S5,70 2R,7U0 =3§,060
wlb, 60 o146, 27 17,82 19 4n 22,20 20,90 24,80
o480 e{u, 74 15,72 «i7,.0p0 =[9, 10 w21,30 =2%,10
13,24 w1%, 42 =13.92 «iu,78 15,00 =17,80 =19,80
12,44 @12 42 »12,57 e13,10 =13,90 ei{5,00 wip,60
vl 74 *11,67 11,42 «if,55 «11,90 12,50 13,50
o11,70 wif 02 10,52 10,26 «i0,10 «in, 10 =10,%0
=10,86 =1n,57 10,00 . by =§, 85 wh,30 =l , 860
'lc.?a .’ﬂ.u? -Q‘ﬂa »9,18 'a.“O '7053 -b.51
=10,84 10,54 10 (1 wq 4§ 8,95 WA 4N «7,70
®11,14 =10,98 =10 57 a«in, 315 w~{0,00 9,90 9,70
wi1,64 ={y1,63 =11,52 wlf,un w=ii,4n e19,50 «j1,80
w{2,32 <~12,3%0 =12,57 12,058 12,90 ={3,30 «{3,70
»13,24 =13,.22 13,62 =13,95 eld4,40 18,10 ei§,5¢
10,20 w10,32 14,82 15,15 «15,90 wla,70 17,90
15,28 15,52 =16,12 =16,80 17,40 e18,40 19,30
16,49 14,92 17,52 17,95 =18,90 =24,10 w21,30
17,70 ®wiB, 204 =18.,92 =19,55 20,4 w21,80 23,00
®18,89 #19,62 20,32 21,05 =21,80 «23,350 w25,00
“«20,29 20,97 ®21,72 22,65 =23,50 25,30 26,90
w21 ,56 22,37 @23 22 24,15 =25,30 27,10 ep8,80

“22,71 «23,67 24,57 «25,70 27,00 29,00 30,60

w30,06 25,0 ®25,97 27,26 28,90 e30,80 32,50

25,34 =26.37 =27,37 28,75 =30,60 =32,50 =34,30
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“TABLE 10.

COANNULAR JET FLOW PROPERTIES FOR STATIC DATA CASES.

CASE | MUDEL VE Vas/vi T1 T2 Wy ¥ vi v2 P1/Pa  PR/PA
M/B DEG x DEG RG/8 KG/S M/8 M/§

! 2 315,10 1,189 3B0,.,9  377.,4 2,280 1,989 93,8 340,2 1,920 1,780
2 P 450,3 1,178 T00.9  394,3 1.658 3,497 401,7 47344 1,530 3,190
3 4 486, 2,098 199,58 102,60 24293 2,715 303,99 637.6 1,530 3,220
4 2 433,72 1,893  40%,7 705,90 2,244 2,094 302,77 573,0 1,920 2,480
5 I LE TR S B LR A7 .1 705,08 24,297 1,4R1 29k, UGB,B 1,520 1,800
6 P3BPLB 1 T2R w0R2,1 HBAS .9 2,266 1,319 301,R 521,5 1,580 1,770
7 2 580,5 2,561 N1342 1077,1 24249 2,233 309,77 793,1 1,530 3,210
B 2. UAALZ 20 2A8 413,7 1068,0 2,263 1,72% 310,0 T0B.4 1,840 2,490
9 2 n98,9 1,432 695,96 70U,y 1,7)8 2,096 4pn,A 573,9 1,530 2,500
10 2 OBB9,8 {794 7048 901,85 1,679 R,376 402,3 721,8 1,530 34190
1 ? 32,7 1,276 LLLRY: 9a3,7 2,304 o785 207,72 3Rd4,d4 1,520 1,290
12 2 UL56,2 1,344 693,2 906,8 (4694 1,280 397,85 S34,0 1,520 1,800
13 2 562,6 {,81% T00.9 1093,7 1,711 {1,716 39,9 724,8 1,%20 2,5%0
14 2 887,9 1,473 B1240 703,20 1,532 2,6%7 429,8 632,58 1,%20 3,180
-1 2 B&1,2 1,%14 RORGT 907,19 14569 1,846 431,17 653,2 1,530 2,500
16 ? 45,8 1 20l HOR g u BOT7,1 14625 1,302 029,72 534,00 1,520 1,810
17 2 b4 ,1 1, nrae BOR,7  1097,1 1,589 2,168 431,00 797,1 1,%20 3,180
18 2 495,59 1,138 ROBeT7 10R9,Y 14H12 1,177 033,19 579,7 1,530 1,780
19 2 n17,3 1,313 Bl0e0 1083, 2,084 1,674 "41.A Titlel 1,990 2,470
20 2 899,10 1,068  ROBGT 1UGAT,1 2,142 1,176 S46,5 SBa,2 2.020 1,790
21 2 639,91 027 826,99  TaB,» 2,881 2,062 620,9 637,9 2,500, 3,190
22 P 754,31 3Rp B29,3 1099,3 2,376 2,7R4 k24,2 H65,3 2,500 4,040
23 2 682,01, 172 R12.1 1093.3 2,609 [,6B4 AH10,R T15,7 2,450 2,4BQ
2u 2 890 ,3  1,288  1087,1% T19,8 1,382 2,079 8&n2.a 646,85 1,530 3,230
25 3 59%,3 1;?9n 109443 Gnu,8 1,374 {,8K2 8084 655,9 {,540 2,530
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‘Table 10. - Concluded.

|CASE| MUuDEL VE Vp/vy T T2 w1y w? vi ve P1/PA  PR/PA
M/8 PDEG n BEG K RG/S Kib/S -M/8 M/8
26 2 AB1,5 1,572 1077,1 10R2,s 1.866 2,1Rb Sod,y 792,85 1,540 3,190
27 T OBB6,2  1,4m4 B10,9  701,8 1,123 3,4K1 A34,0 635,5 1,530 3,200
28 T B31,& 1,326 B09,Y  TO0,@ 1,151 2,703 4%2,R 573,9 1,530 2,510
20 3 64%,8 2,567 448,77 109,y 1.617 2,963 319,7 820,8 1,520 3,450
%0 T S3IK, R 2.295  u19,B T0RB.Y 1,704 2,165 312,4 T16,9 1,540 2,500
31 3 431,04 1,935 397,86 10BU,A 1,774 1,516 303,60 S86,1 1,930 1,810
32 1 16,4 1,668 3RG,13 702,1 1,823 1,089 209,n 31B,8 1,530 1,300
3% Y T4B, 4 f,04%  B4%,T 1079,8 1,230 3,414 4d41,? B85B,9 1,540 4,060
34 a4 XUT,Y 1,529 2B2,2  Sul,3 4,739 2,4Rd 293,88 449,y 1,782 2,048
15 ] uQG, 2 1,990 W30,0 B32,8 3,498 2,900 13A,T  673,% 1.642 2,980
36 n 501,00 1,817 678,9 T30, 2.514 2,758 396,40 598,3 1,525 2,040
37 4 b12.R 1,983 nT742 1000,n PeB4Z 3,130 397,2 TBT,6 1,536 5,55¢2
1Y) 4 670,9 1,99 BOUGU  {URY,p 2,322 3,270 uph,s B45,8 1,509 3,877
19 4 THE,9 |, 480 $57.2 BG1,9 2,372 2,503 31%,0 USpe8 1,377 2.07¢
4n g4 4TT3 1,98  8S1,1  7S2,p 2,423 2,807 315,8 616,9 1,389 2,734
a9 i Sgdh 1,501 §%57.2 TRbe1 34539 2,860 . 826,5 643,51 1,809 ¢,861
42 u 628,% 1,981 58ne7 1061,7 3,584 3,293 424, Bus,u 1,860 3, B4
4y 4 430,17 2,030 2Ru,9 GuB, 0 U 717 3,524 299,66 606,9 1,796 3,179
uy u 4la,u  y,uB% 427.2  523,9 3,503 3,190 336,88 499,46 1,641 2,577
4s 4 AT1,A 2,026  UG26e7 90,0 3488 415 %82,2 673,0 1,619 2,604
0y 4 H64,5 1,517 552,58 573,58 2,813 3,365 32,0 Su9,9 1,552 4,897
a7 0 BAB,R 2,04 B8E.T 1US7,3 2.RH3 2,2AV 36%,6 T39,4 1,552 2,057
48 4 nT18,7 1,243 BOh,7 53,9 3,827 3,110 609,3 TKV7.4 2,401 J.40}
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TABLE 11.

SPECTRAL COMPARISON PARAMETERS FOR STATIC DATA CASES.

CASE

DIRECTIVITY ANGLE

69 75 90 109 120 130 140 150 job

{ CORR CUEF LY s 051 L9486 . 799 826 952 238 2 949 2548
87D DEV 2,785 6,630 1,806 2,395 2,085 4,174 15,926 3,203 9,698
DELTA 0aSPL 1,960 6,813 8§50  ,998 2,148 3,580 14,521 3,098 w2,431

2 | CORR COEF CWBTb L9185 R1B L7449 737 ,a35 741 8BS 1%
810 LEV ’ PBUS 5,587 2,324 3,183 3,188 5,333 4,402 3.989 8,053
DELTA QASPL | @2,408 2,042 =f,327 »1,035 = 092 1,828 2,2%3 2,424 wi,p32

3 CORR CONEF L7099 (R13 RT2 L9913 887  ,945 825  L793  ,619
STD DEvV 3,357 4,024 1,996 2,878 2,908 2,350 |,714 2,969 5,790
DELTA QASPL e 012 =2,3503 =743 ®],387 = 879 «, k97 e,23} 992 4,710

4 CORR CUEF WB71 4915 , 259 854 . 899 s 961 ' 985 933 soll
STD DEV 34360 2,461 1,487 2,972 2,709 2,080 1,302 24772 0,986
DELTA UASPL «, 258 »1,373 w_ 114 1,583 «{ 205 w,A13 WB8U2 24237 2,98}

5 CORR COEF ,942 LBR0 18 AL 911 2953 9AHB 954 W T70
81D DEV 2.3%2 3,529 2,146 3,475 2,563 3,089 3,587 5,509 6,164
NDELTA DASPL o573 1,002 *,170 ~,568 = 144 1,092 3, 1¢8 44251 3,479

] CaRR COEF 937 1867 T o170 .élu 064 0991 906 1808
STD DEV 1,909 3,937 2,537 4,363 2,961 2,360 2,487 34551 4,158
DELTA UASPL J136 L2400 1,038 1,266 1,009 L6859 2,309 3,727 3,299

870 DEV Ha0T9 3,417 2,842 3,737 3,464 2,172 1,722 3,659 7,550
D!LTA_pggPL 1,079 4399 901 *1,008 =, 235 {,081 2,717 3,729

., 325
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Table 11. - Continued.
CASE VIRECTIVITY ANGLE _
by 75 90 10% 120 130 {40 15¢ 165
8 | CORR CUEF w807 ,937 w18 750 894 ,a54  ,976 4955 779
870 DEV 4e379 2,059 2,330 3,939 3,839 2,792 1,851 3,141 5,409
DELTA DASPL 1,473 2585 = 590 ®1,761 3,118 1,768 WBET 2,413 2,982
9 CORR COEF 860 1909 0050 JHBR3 TTY Y.1.) N-1,Y ¢ /90 s 801
870 DEV 3,042 2,270 1,39 2,185  {,932 1,468 2,168 2,901 4,773
DELTA UASPL «f,286 w1 N51 e (77 e, 360 =, 290 hH2  1,U10. 14143 1,311
10 CORR CUEF o784 LHot 0029 897 KX L) . 951 LY 810
870 DEV 3.592 2,811 1,377 2,063 2,094 1,002 1,4H] 2.414 8,780
DELTA UABPL 082 =821 330 =,0ub af 030 #,A73 e,109 =001 1,847
11 CORR CUEF 0979 968 2036 JORY . 708 NP3 983 2979 0,000
810 DEV 14797 2,024 1,642 3,288 2,955 4,720 4,716 4,919 0,000
DELTA QASPRL 1,076 1,337 812 1alel 1,102 3,390 4,699 4,776 (1,000
12 CORR COEF 979 971 061 911 » 983 994 999 WBYE 0,000
810 DEV 24102 1,931 1,322 3,208 1,762 2,155 3,838 4,149 0,000
NELTA UASPL =, 280 240 = 125 338 o204 1,738 3,352 3,038 Q0,009
13 CORR CCEF « 398 o 094 2901 W 850 . 755 RCT-1S 919 JHHe 8457
8TD LEV 6,80 2,767 2,380 2,042 2,130 1,268 2,018 2,879 6,901
NELYA UASKL, ., (55 ®,24s8 PUE w671 =1 727 = 015 2588 1Y 14907
14 CORR COEF W10 o725 008 852 933 RYH 7496 919 862
8Y0 DEV S4923 4,301 1,0uB0 2,487 4,383 1,872 2,499 1,870 4,564
DELTA GASEY «3,37) =3, 248 = 430 2186 2,078 056 w, 351 w, 520 L
18 CURR CUEF 2830 ,929 L9043  ,B9F 967 oue 2827 GYLT 947
81D DEV 4,862 1,402 2,858 2,726 1,818 1,319 |,s29 2,42d 24794
DELTA QASPL -, 521 o167 = 020 »1,765 = 30 e, 533 149 J134 e, 8b¢
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Table 11. - Continued.

CASE DIKECTIVITY ANGLE
b 75 90 1609 120 140 {40 150 165
1o CoRR Cukr W91 J9U0 Lanm 949 99% 084 Q48 L9389  ,908
5T0 Dev 2713 2,731 1,811 2,309 2,269 2,016 4,307 4,265 2,956
NDELTA UASPL NP 1, UBA ohBb6 « 336 Z999 1,839 2,506 2,018 1060
17 CoRe CUEF. N,000  LA98 019  ,BGC 991 974 651  ,950 875
8TD DEV N,onD 2,284 1,903 2,165 2,109 1,430 1,741 24140 5,650
NELTA UASPL N,000 = NUR ,692 =,358 =1 123 =, 787 e,n36 =,3228 =,35¢
18 CORK COEF 0,000 4922 L9783  ,927 989 988 046,935 .86
§T0 DEV 0,000 4,007 2,957 2,390 1,119 1,342 2,825 2.413 b5H.a%4
NELTA CQASPL (,000 =,197 «f 347 =,979 =« 524 LJR30 1,739 1,064 1,011
19 CORR COEF LT W 758 LQ74 2908 990 0981 LK) Y73 870
STO NEV 38,490 3,812 2,839 2,942 2,472 2,175 2,171 24671 240634
NELTA UASPY Ju,412 1,813 1,621 1,080 1,195 1,302 027 wmyHll 520
20 CORR COEF ,679 0965 , 094 Y ,991 L3686 L9080 (Y08 <8080
STD DEV 10,039 3,801 3,471 3,469 4,206 4,393 3,538 3,026 3,278
DELTA DASKL »5,811 4,072 3,044 2,545 2,027 2,444 8856 ®,208 2,260
21 Cokrx CUEF 290 rl N-Y-1.) W97 e YY1 11 -1 1 TV 910
CSTD DRV 12,614 4,706 5,161 4,942 5,199 4,174 3,137 3.3¢1 5,643
DELTA DASRL R,921 3,907 4,150 3,808 3,720 2,492 =215 1.200 2,849
22 CORR CUEF » 985 o715 077 950 980 2073 9806 974 970
§TL DRV 12,1°2 4,579 3,875 3,833 4,276 3,046 2,442 3,977 4,593
NELTA QAR g 596 2,301 3,514 2,293 2,881 1,903 W352 1,728 2.610
el CORR COEF JARY 790 LY 93U L9991 976 «9583 99 XY
ST DEV 10,167 4,219 5,484 3,660 4, 100 3,881 3,323 3,777 4,943
DELTA UASPL 7,031 1,002 2,092 1,694 2,923 1,800 w,029 b4 2,019
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Table 11. - Continued.

CASE DIRECTIVITY ANGLE
k!l 78 90 108 120 130 140 150 165
24 | cokn CUEF TL911 JTT1 4021 JY41 98] 859  ,915  ,950 B35
810 DRV 11,958 3,850 1,679 2,319 2,543 2,405 2,109 24117 4,997
DELTA OASKFL | ek wpf =1,3}} JTTY Leub 1,216 1,211 071 = 708 2,417
25 CORR COEF LAS9 255  ,o80  ,920  ,986  ,023  ,928 (Y89  ,8¢d
8TD DEV 64898 5,211 1,814 2,552 2,016 2,632 2,451 deS09 4,807
LELTA DASPL | w6, 0U8 =3,508 1,289 =,006 539  ,R29  ,710 4279 2,448
2o CORR CUEF HB36 572 063,931 974 ,a06 ,919 .96l «979
8TL LEV 5,079 3,928 2,791 2,564 2,618 2,338 2,628 2,390 1,898
DELTA QASPL =-1,4d2 W17 2,716 t,leb 1,392 1,265 1,085 993 1,383
27 | CuRK COEF 996,962 ,AS6 L9391 L0945  ,929  ,9¢%  .943
§TD DEV 1,573 3,008 3,801 2,985 3,733 2,002 2,110 <ce334 4,948
DELTA CASPL | =1,271 «2,157 =2,027  ,159 1,855 1,863 1,631 718 817
28 CuRK COEF WO G9BO L942 G949 540  ,076  ,G16  «YIU 92V
STD hEV PeBUL 1,302 2,101 24290 3,156 2,062 2,346 2,484 4,689
DELTA LASPL L3540 = %94 e, 567,502 1,208 1,782 1,789 4819 1,059
29 CORK CUEF LB s U 011 927 940 078 1Y 920 W 911
ST DEV 1,930 2,588 3,059 3,310 3,560 2,048 1,794  2,7bd 5,242
DEL 1A (ASPL e, 156 al 516 =1, 631 =1,133 ef 217 =,213 1,615 2,121 1,288
30| CoRk GURF 914 4976 924 ,B4d L9015 L0977  ,455 882,895
§T0 Dev 3,033 1,279 2,17 3,639 3 857 2,173 1,733 3,440 4,942
PELTA UaSPL, 1170 =,007 1 718 2,209 «2,39) « 938 | 024 1,976 1,790
3 CUkN LUL#k .Q“ﬂ e 908 .qu .[‘37 '697 .QUT ‘QLJO .bb“ .a“‘
8YC DEv 3,162 5,006 6,312 Ae133 5,088 2,069 (,718 3,447 JF H45
NDELTA LAa8py wgd S04 «, 735 | ,5H8 2,568 2,793

=3,506 =3,965 3,659

2,999
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Table 11. - Continued.

CASE LIRECTIVITY ANGLE
) 75 9 109 120 130 144 150 165
32 | CORR CUEF LBUE  ,961  ,a8y  L,986  ,995 083  ,000 981 4995
8710 DEV 6,116 U, 228 8,128 4,680 4,162 U244 uw u6d 3,656 5,052
DELTA UASPL w{, U7? JOBY =1 ats s 050 \.196 {.787 28609 2,195 {1,054
33 CORR CUEF «BR7  4B6T  ,944 905  ,962  ,260  ,0854 975 ,BH®
8TD DEV U 87 U, 115 4,363 4,532 §,893 2,849 2,29 1,969 4,289
DELTA UASPL | =1,842° 1,398 «1,140 =1,618 2,497 1,048 =,1360 =4394 =080

CASE DIRECTIVITY ANGLE
&0 90 100 110 12v 1310 14¢ 15U {00
34 LORH COEF . 735 sR24 JRUK 1863 972 s QlUB 2989 W Ve Y11
§YD UVEV 4,302 dab11 5,086 4,215 2,873 2,312 1,363 2,878 6,602
DELTA DABPL | »2,602 »2,59% w2 ,730 =2,b3b «2,202. = A2 2355 1,737 1,209
15 CoRR COEF L8R3 2943 012 953 84U NCTY 92 WB 18 827
8TD DEvV 3,351 3,173 3,052 3,HS4 3 4TS 2,007 2,R17T 2,494 5,997
DELTA NASPL *U, 023 w2, 688 »3 (R ®3,213 =3 083 w2,007 «1,08] ®,024 =] 274
LY. CORR QUEF 2873 s 961 1Y L 272 969 s 45 BT LYY BN/
8TD DEV 2,229 2,869 2,980 3,827 3,564 2,075 2,873 3,258 & ,524
DELTA DASPL | 2,131 ®2,331 o] ,858 03,305 =3,429 2,731 w{,238 *,952 ef,386
LY CORR COEF 2831 964 WOUS T 9a2 937 a3t 853 75¢0 756
STD DEV 2,885 2,491 3,209 4,033 u:u97 u:ane u:o7o 0:312 s:aqa
DELTA OABPL | w2,857 2,221 =1,767 3,704 =d 200 =d,0n% r2,670 wl,8)Y =1,95%9
8 CNRR CUEF 582 327 Yy 2 G859 g4 93k R2o 69Y 5%4
| sto pev 6,119 2,51k 3,083 3,930 5,034 4,576 .80 G.44Y  5.9ab
DELTA OABPL | 6,300 =1,820 =1,978 3,807 mu 500 mli, 176 =2,750 1,874 g, 074
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Table 11. - Continued.

ANGLE

CASE DIRECTIVLTY
60 9r $00 110 1ev 130 140 150 16U

39 | - CORR CIEF L2680 L LY KX 971 983 W97h U8 80U LT
STD DEV Re7TH 3,130 3,608 3,181 1,737 1,137 2,130 3,679 4,051

DELTA CASPL *, 703 =1,560 @, p78 @1,629 ) 236 =,279 2030 24175 2,746

4o CORR CUEF 976 o934 0034 950 , 967 0638 $ 871 2850 2 799
STD DEV 1,917 2,607 3,193 3,391 3,000 2,719 2,997 S$,84) 4,708

DELTA 0a8PL *B87 #1,177 »,719 »2,3597 =2,891 2,456 «,909 0002 1,100

dy LORR COEF . 935 4970 Y 0977 . 9599 2037 YY) 290¢ 898
STD DEV PebBS 2,761 3,067 3,%3 3,232 2,830 2,642 3,196 6,948

DELTA DASPL | «2,3178 =1,H99 «1,%04 =2,937 3,15% 2,108 ®1,349 «],830 w2, 348

42 CORR COEF JAU3 0951 + 987 4965 « 959 920 +823 7€l o644
8§70 DkV 3e387 2,704 3,227 3,840 3,873 3,Ru0 3,671 4,484 5,250

DELTA QASPL *3,342 #1,842 «2,017 @3,311 3,489 =3,182 w2,050 »1,570 @], 647

uy CORR CUEF 876 » 950 , 061 e 944 920 0938 JRB6 ' 873 128
81D DEV 3,000 2,839 3,942 3,572 3,086 2,122 3,085 4,106 5,427

DELTA VASPYL "L,300 =2,432 2,475 =2,967 =X ,372 «1,751 wi, 648 w299 174

4q CORR CLEF 0925 v 957 2935 s 956 W 970 081 0953 21 , 708
STD DEV 3,027 24128 2,437 2,823 2,365 1,384 {,892 5,686 0,265

DELTA UASPL 3,243 w2,091 »] 755 «2,074 w3, 722 179 283 1.d@v 1207

ug 6ORR COEF 966,947 Lq04 957  ,902  ,073 937  ,866 V777
8TD DEV 2,728 3,220 $,957 3,436 2,032 24096 2,056 3,737 5,043

DELTA LABPL *2,203 =2,102 2,379 =2,981 «2,078 w2,n02 0006 1,04% 1,353

a4 CORR CQEF 9569 2957 L8930 2922 L9106 | \918 $ 005 Y JBRE
STD DEV {1,008 1.582 2.?50 24961 3.172 E.hNB ,3.092 3,045 5.359

NELTA OASPL », 053 #,225 «,304 w,Hi0 «) 337 wi, 028 J5HE 1,684 WYY




Table 11. - Concluded.

ASE GIRECTIVITY A~ E
ces #o G 164 B A P éu 130 14 Yot 1460
a7 Conw COEF | 925  ,947  ,012 963  ,993 958 904 /73 uog
§TC OEV 24267 3,233 4,325 U,3un 3,208 2,978 2,943 4,0ee B.ube
NELTA QASPL “{,hh6 22,2109 =3 127 =3, 845 w3 419 w2 680 @, qi0 *,101 2070
48 CORR CUEF 889 2960 Ny 0959 oty 2775 314 e 92Y o714
8YD DEV T 3,328 4,049 3,068 3,739 2,78s 3,211 2,581 UgaRbl H,338

DELTA UASPL 1,037 1,910 L R18 4107  ,203 w2,1B8 w1,689 1,247 2,294

6€
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TABLE 12.

COANNULAR JET FLOW PROPERTIES FOR WIND TUNNEL DATA.CASES.

MODEL VE

CASE Va/ Vv T TR T oW we A ve PI/PA PR2/PA VA
M/8 PDEG K DEGB K KGa/s8 KG/8 M/8 w/8 MO

1 7 406,6 1,56R 302,6 3RA.T 390 L649 300,2 470,6 1,930 3,207 10145
2 7 369,48 1,432 367 .6 391,5 L300 L4944 297,55 426.1 1,508 2,505 101.8
L) Y 489,08 1, R79 402,68 87,6 L4313 544 06,3} §75,5 1,539 3,.el4 31,1
4 7 u8a,1 1,941 389,33 Bop .4 L4413 L5033 299,13 SA0,9 1,530 3,199 61.3
s 7 URN 6 2,068 U022, 1 692,86 L4177 L4990 04,3 63G,3 1,533 3,201 31,1
A 7 41,4 2 0RY 4nB 2 0K .7 L4088  L,472 BOU4,R  H14,3 1,523 3,215 b1,49

7 7 40,8 { 90R 4015 Tni,5 L4417 L3349 300,85 §93,3 1,51% 2,511 6léb |

8 7 46,1 1,900 3943 703,7 L4417 4352 3ui,A S73,3 1,533 2,503 3042
9 7 47%,3 2,159 3BR T 7a5,9 J3R1 L4113 29S5.,4 617,66 1,514 3,212 129,5
10 7 419,101 1,914 3821 591,88 390 L322 29%6,6 S67,5 1,530 24495 129.5
51 7 22,5 1,943 386,55 705,4 L3955 L3301 295,4 573,99 1,517 24501 103,40
12 R 513,7 2,112 X893 7n2,6 L3u0 L8944 TOD,R  K15,5 1,538 3,208 31,1
13 R BoT7.4 2,118 3932 698,2 ,35¢ 545 299,n0 s%3,4 1,522 3,203 6leb
14 8 59,1 1,924 395,4 708,7 ,331 L454 299,3 575,38 1,519 2506 61,3
18 R 48%,6 1,918 304,3 569.8 340 L4858 298,7 572,01 1,519 2,507 30,48
16 R a9 ,4 1,913 4ol 2 SRY,E 304 L6d) J03,6 SR0,6 1, 526 3,200 103,6
17 A 16,6 2,069 d407,1 7I088,4 ,29% 4508 307,85 e36.4 1,536 3Fe201 130,5
1R A 51u,2 2,089 402,1 Tn2,6 304 ,826 I04,2 635,55 1,530 3.200 103,68
19 R 43,4 1,902 3937 787,14 L3nB L4044 299,9 570,66 1,526 2,466 103,9
20 A 455,4 1,.9% 3RB.7 709,33 ,299 ,390 297,R 576,44 1,525 2.511 129,8
el A GR2,2 1,948 379,33 SAS,9 L3449 676 294,77 579,13 1,%27 3,205 61.3
A §95,4 ,345 L85 299,n S5R4,3 1,533 3,219 9.9

4BB,B

1,95u

387,1




Ly

TABLE 13.

SPECTRAL COMPARISON PARAMETERS FOR WIND TUNNEL DATA CASES.

lcase | DIRECTIVITY ANGLE

: 74 an 90 190 ito 120 130 140 150

1 CORR COEP 971 .989 ,079  ,970 958  ,966  ,953  ,915 889
87D DRV 7,112 S,638 6,045 5,034 4,857 S,391 8,281 9,336 9,283
DELTA OASPL | «%,932 «2,73% w],263 «,777 «,839 «,337 e,09] 1,325 w=,677

2 CORR COEF ,9uu ,930 o016 902 843 RTO . 78B4 743 814
8STh NEV B,589 &A% 7 A9 7,102 6,085 4,702 9,147 10,297 10,553
NELTA DASPL 3,417 =1,592 474 0953 BTT G172 =, 11U ] ,820 =] 389

3 CORR COEF. 034 2960 987 s967 918 LAUS A58 943 919
8YD DEV 3,155 3,018 2,891 2,188 2,u8% 1,902 2,589 2,746 4,98}
DELTA OASPL w3 106 w2,316 1,194 «,797 =1 257 wi, 406 =2,145 «BUY 2,508

4 CORR COEF L9906 .qAO 064 - ,939 ,B80 2,918 «B37 .qob ;92“
sTh bEv | 2,948 2,R76 3,042 2,720 2,708 2,478 3,118 2,729 U,749
DELTA DASPL 3,901 2,963 =1 ,899 wf 231 ], 343 w1,432 w2,506 =, 331 2,827

s rNRR COEN 1924 ,949 L0939  ,929 847  ,91B  ,836 o957  ,940
81D DEV 3,096 2,HBR 2,706 2,345 2,787 2,543 2,144 2,649 §,440
NELTA OASPL | «3,478 w2,777 =i 407 ={,590 2,159 «2,408 1,739 ,L,077 2,238

6 CORR COEP L9073 937 L0935  ,B96 | H12 JABA W915 4943 2919
8TD DEV 3,008 2,870 3,174 3,008 3,299 3,035 2,678 2,311 5,018
DELTA OASPL | 3,809 #3,017 of,661 =1 ,574 «2,030 «2,053 «2,0u7 =,317 &,448

Y CORR COEF <915 904 .87} W796 753,882  ,928 ,944  ,922
sth oev 3,878 2,640 2,649 3,162 3,587 3,225 2,601 341023 5,050
DELTA OABPL | @, 275 ®,370 w, 28] w{, 458 =2,283 w2,720 2,198 =,44d8 2,073
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Table 13. - Continued.
CASE | DIRECTIVITY ANGLE
70 80 90 100 110 120 130 140 150
a CORR CNEF ,958 YT 919 848 L7194 WOl W 950 1959 2925
ATD. DEV 2,74y 2,706 2,839 3,001 3,392 2,975 2,287 2,303 4,u3b
DELTA QABRL w689 «i,100 wi,092 ®2,230 =3 008 3,197 =2,114 =,009 1,970
9 CORR COEF JBSB  ,922 ,008  ,B21 725  ,R28 878  .7e8 773
STHh DEV 8,316 5,679 7,706 6,358 § 738 6,382 10,747 14,370 14,79}
DELTA OASPL 5,019 »3,%9) 2,053 #2,024 «2,010 «2,749 =»3,451 »3,210 =, 745
10 CORA COEF 856 L7867 ,7383 L6867 052  ,R09  ,809 594 .63}
8TH DEV B 043  T,771 7,317 6,217 6,407 7,312 12,391 15,263 14,1468
NELTA OASPL | =1, 890 = 40 L1%) = ,958 w! 030 &3 (85 5,052 «5,706 «2,647
11 CORR GOEF L8977 ,B4§  ,R05 ,711  ,0B4 LR35 906  ,923  L879
8TH DEV G, U35 5,092 6,773 U832 B, 078 4, u75 B8B83 10,055 9,625
NELTA DABPL | ey 246 =, 081 WYU4 »1,304 22,033 3,074 =3,137 =2,034 »383
12 CLORR COEF JBTB 920,966 L9785 ,922 056  ,962 987 954
8TN NEV 1.,8%2 3,001 2,091 1,988 2,494 1,018 y.6H) 2,874 5,363
DELTA DABPL «2,837 =1 ,9%7 wi, 122 1,270 «{ 083 | ,558 =, R0} e997 2,070
13 CNRR CNEF 866  ,902 ,088  ,960 894 036,977 98¢ .955
STD DEV 3,008 3,026 2,656 2,374 3,208 2,481 2,961 3,791 5,383
PDELTA DABPL | 3,281 w2,413 «1,229 1,203 «,908 =1,314 =,863 ,57) 2,713
4 | coRR COEF \922 L9110  ,904  ,903  ,B06  L,R99 967 976  ,919|
8TH DEV G,060 2,732 2,297 24489 3,734 2,773 2,037 3,176 5,433
NELTA CASPL | «3,%76 «1,4099 « BB3 «44yS »,56% of JAUTY 1,066 1,272 1,820
15 CORR CUEF .921 .B894  ,aB9  ,9p0 814,011 1066 L9888  ,908
STD NEV 31,852 3,207 2,759 2,635 3,151 2,733 2,035 2,660 4,805
DELTA DASPL 2,262 *,197

w151 «3,20% =1,Q09

~2,u82

-2.817

'1.532

1,485



Table 13.

- Concluded.

CABE DIRECTIVITY ANGLE
70 an 99 100 110 120 130 140 150
16 GORR (DEF L6903 ,931  ,a¥6  ,94R 933 046  ,979  ,9H6  ,925
81D DEV 5,456 4,583 8,052 3,654 4,628 4,350 7,030 B,345 6,703
DELTA DASPL | e 804 1,823 =,160 =, 042 D36 JHUR JUT5 1,476 3,188
17. | €ORR COEF LAk1  ,025 058  ,938 856  ,A96  ,QUB 948  ,877
8Th LEV T818 7,800 7,115 6,423 5,132 8,303 10,392 11,912 11,011
NELTA OQABPL «3,67h #2,0RR = _aiB 1,109 e TUY) =, R79 2,062 =, H21 1,989
18 CNRR COEF YY) .14 N-1.Y] 948 JH64d 012 0963 W 908 e 864
STD DEV O B.314 3,82k 4,990 3,329 4,248 0,314 7,034 B,614 9,943
DELTA CASPL | =3,414 2,180 »,Q76 #1,172 =, 788 1,115 =1,403  ,Cob 2,287
19 CORR COEF 922 877 TS 836 , 7458 YY) cOUs s 961 922
STh DEV O,166 4,730 6,292 3,842 4,69 §,160 9,240 10,631 10,783
NELTA QASRL 3,742 @1 ,015 e, 479 @,922 o}, 180 1,926 2,077 =,B4l 1,39b
20 | GORR cOEF L90B  ,A90  LR1B 794  ,72B 851  ,651 484,887
81N DEV A,838 6,942 7,839 7,231 5,871 6,311 13,183 14,893 12,402
NELTA OASPL i, 355 w2, 338 w],1068 ®1,286 =, 096 w],R0) 4,092 «3,708 J2uu
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(b) Direcvivity angle, 130 degrees.
Figure 15.
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Figure 17. - Spectral mean square pressure correlation
coefficients for static data cases.
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Figure 21. - Spectral sound pressure level standard deviations for
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TEMPERATURE VELOCITY MASS FLOW Py/Pq

PRIMARY 393.8 303.8 2.2629 1.5300
SECONDARY 702.6 637.6 2.714%7  3.2200
EQUIVALENT 565.2 486 .2 4.9677

130 —
120
110 +—
100
90 _— . j
80 o ; —
_ O MEASURED DATA
70 —— JET ONLY. -
N --=-— JET + SHOCK .
o L— L« 1 1, ¢y
30 S0 70 90 110 130 150 170

DIRECTIVITY ANGLE - DEGREES

FIGURE A2 . SPECTRA COMPARISON FOR CASE 3
(R) FLOW PROPERTIES AND DIRECTIVITY PLOT

83



SPL. DB

SPL. DB

110
100
30
80
70
60
80

40 .
31 63 125 250 500 1K 2K 4K 8K 18K 31K 63K 125K

110
100
30
80
70
60
50

40
31 83 125 250 500 1K 2K UK 8K

—]j—[ 1 ‘ LR I | L I | LI l T 1 | | L) I | L) I L l1 1 I LI ' UL
" O 4
. @/em\ —
L. /f q\)\\\ -
¥ %%
- 0 » —
n O MEASURED DATA .
| — JET ONLY _
" ---— JET + SHOCK .
lllllllllllllJlll|ll|ll|lLLlllllJ_l

FREQUENCY, HZ

FIGURE A2 . SPECTRA COMPARISON FOR CASE 3
(B) DIRECTIVITY ANGLE = 60 DEGREES

f]lll'l—lllllllllllll"—lllllljlllllfl

1

o0
O
Q" OSOGQQO

O MEASURED DATA
—— JET ONLY
---— JET + SHOCK

IIIIIILIIIIlJJIlIII_LIIIIIIlIIIIlLI

16K 31K 63K 125K

T ' T ' T l i ] 1 l 1 l 1

I AT T BT N

FREQUENCY, HZ

FIGURE A2 . SPECTRA COMPARISON FOR CASE 3
~ (C) DIRECTIVITY ANGLE = 390 DEGREES



SPL, DB.

SPL. DB

110
100
30
80
70
60
50

40
31 63 125 250 500 1K 2K 4K 8K 18K 31K 63K 125K

110
100
30
80
70
60
50

40
31 63 125 250 500 1K 2K 4K 8K 168K 31K 63K 125K
FREQUENCY . HZ

jllllllllllllll;ll‘—r.ll[llll,llll‘lll]ll

O  MERSURED DATA
— JET ONLY
---— JET + SHOCK

IIIIITIIIIII‘I

vl s be v bev b be b beae by b

-
—
~
—_
-
-
—
-
-
—
-

FREQUENCY, HZ

FIGURE A2 . SPECTRA COMPARISON FOR CASE 3
(D) DIRECTIVITY ANGLE = 120 DEGREES

ll'll]llilj_lllllllll‘ll‘_ll‘l[lll]ll

- O MEARSURED DATA
—— JET ONLY
---— JET + SHOCK

T I i ] | I I ! I l I l T

lllllIllllIll-llll»lLLlllllllIJllllll

-
-
—
—
-
—
-
—
-

FIGURE A2 -~ SPECTRA COMPRRISON.FOR CASE 3.
(E) DIRECTIVITY ANGLE = 150 DEGREES

85



86

OASPL . DB

139
o
T v 1 V1 Y1 71 'T17
O
@)
9

FLOW PROPERTIES FOR CASE S
NOZZLE MODEL 2

FORWARD FLIGHT VELOCITY,Vg = 0.0 M/S
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FORWARD FLIGHT VELOCITY.Vq = 0.0 M/S

TEMPERATURE VELOCITY MASS FLOW P1/P

Tr. DEG K V., M/S W, KG/S
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FLOW PROPERTIES FOR CASE 8
NOZZLE MODEL 2

FORWARD FLIGHT VELOCITY.Vq = 0.0 M/S
TEMPERATURE VELOCITY MASS FLOW Py/Pg

(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FLOW PROPERTIES FOR CASE 21
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(C) DIRECTIVITY ANGLE = 80 DEGREES
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FIGURE R7 . SPECTRA COMPRRISON FOR CASE 21
(E) DIRECTIVITY ANGLE = 150 DEGREES
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FLOW PROPERTIES FOR CASE 22
NOZZLE MODEL 2

FORWARD FLIGHT VELOCITY.Vq = 0.0 M/S
TEMPERATURE VELOCITY MASS FLOW P1/Pq

PRIMARY 829.2 624 .2 2.3763 2.5000
SECONDARY 1099.2 865.3 2.7836 4.0400
EQUIVALENT 9M.9 754 .2 5.1600

REFERENCE RADIUS = 45.7 M

(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FREQUENCY, HZ

FIGURE A8 . SPECTRA COMPARISON FOR CASE 22
(C) DIRECTIVITY ANGLE = 90 DEGREES
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FIGURE A8 . SPECTRA COMPARISON FOR CASE 22
(D) DIRECTIVITY ANGLE = 120 DEGREES
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FIGURE A8 . SPECTRA COMPARISON FOR CASE 22
(E) DIRECTIVITY ANGLE = 150 DEGREES
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FLOW PROPERTIES FOR CASE 23
NOZZLE MODEL 2

FORWARD FLIGHT VELOCITY,.Vy = 0.0 M/S

REFERENCE RADIUS =.45.7 M

TEMPERATURE VELOCITY MASS FLOW P1/Pn

PRIMARY 812.0 610.8 2.6086 2.4500
SECONDARY 1093.1 715.6 1.6841  2.4800
EQUIVALENT 322.3 651.9 4.2927
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FIGURE A9 . SPECTRA COMPARISON FOR CASE 23
(R) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE A3 . 'SPECTRA COMPARISON FOR CASE 23
(B) DIRECTIVITY ANGLE = 60 DEGREES
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FIGURE A9 . SPECTRA COMPARISCH FOR CASE 23
(C) DIRECTIVITY ANGLE = 30 DEGREES
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FIGURE A3 . SPECTRA COMPARISON FOR CASE 23
(D) DIRECTIVITY ANGLE = 120 DEGREES
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FLOW PROPERTIES FOR CASE 26
NOZZLE MODEL 2

FORWARD FLIGHT VELOCITY.Vp = 0.0 M/S
TEMPERATURE VELOCITY MASS FLOW Py/Pp

OASPL, DB

Tr. DEG K V. M/§ W, KG/S
PRIMARY 1077.0 5041 1.3662  1.5400
SECONDARY 10B2.6 792.4  2.1849  3.1900
EQUIVALENT  1080.4 681.5  3.5511
REFERENCE RADIUS = 45.7 M
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FIGURE A10. SPECTRA COMPARISON FOR CASE 26

(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE A10. SPECTRA COMPARISON FOR CASE 26
(B) DIRECTIVITY ANGLE = 60 DEGREES
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FIGURE A10. SPECTRA COMPARISON FOR CASE 26
(C) DIRECTIVITY ANGLE = 30 DEGREES
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FIGURE A10. SPECTRA COMPARISON FOR CASE 26
(D) DIRECTIVITY ANGLE = 120 DEGREES
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(E) DIRECTIVITY ANGLE = 150 DEGREES
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110

FLOW PROPERTIES FOR CASE 32
NOZZLE MODEL 3

FORWARD FLIGHT VELOCITY.Vg = 0.0 M/S

TEMPERATURE VELOCITY MASS FLOW P71/Pg

T1. DEG K V., M/§ W, KG/S
PRIMARY 389.2 293.0 1.8225 1.5300
SECONDARY 702.0 318.8 1.0830 1.3000
EQUIVALENT 506.2 306.4 2.9116
REFERENCE RADIUS = 45.7 M
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FIGURE A11. SPECTRA COMPARISON FOR CASE 32
(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE At11. SPECTRA COMPARISON FOR CASE 32

(C) DIRECTIVITY ANGLE = 30 DEGREES
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FIGURE A1l1. SPECTRA COMPARISON FOR CASE 32
(B) DIRECTIVITY BNGLE = 60 DEGREES
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FIGURE A1l. SPECTRA COMPARISON FOR CASE 32
(D) DIRECTIVITY ANGLE = 120 DEGREES
110 Il[llIIIIllllllllllllll![lllllllll

100 [ ]
90 —
5 80 —
5 O ’
60 [ ]
50 —— JET ONLY ]
I —--— JET + SHOCK

Llo lllllLl 1 l 1 1 l 1 I 11 I 1 1 l 11 ! 1 1 I 11 l | | l/}Ll

31 63 125250 500 1K 2K 4K 8K 16K 31K 83k)125K
FREQUENCY, HZ

FIGURE A11. SPECTRA COMPARISON FOR CASE 32
(E) DIRECTIVITY ANGLE = 150 DEGREES
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0ASPL. DB

Tr. DEG K V. M/S W, KG/S
PRIMARY 843.7 4y41.6 1.2296  1.5300
SECONDARY 1079.8 858.9 3.4141  4.0600
EQUIVALENT  1017.3 748 .4 4.6438
REFERENCE RADIUS = 45.7 M
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FIGURE A12. SPECTRA COMPARISON FOR CASE 33

FLOW PROPERTIES FOR CASE 33
NOZZLE MODEL 3

FORWARD FLIGHT VELOCITY Va = 0.0 M/S
TEMPERATURE VELOCITY MASS FLOW PT/PQ

(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE R12. SPECTRA COMPARISON FOR CASE 33
(B) DIRECTIVITY ANGLE = 60 DEGREES
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FIGURE A12. SPECTRA COMPARISON FOR CASE 33
(C) DIRECTIVITY ANGLE = 390 DEGREES
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FIGURE A12. SPECTRA COMPARISON FOR CASE 33
(D) DIRECTIVITY ANGLE = 120 DEGREES
110 -Illlllllllll ll[llllllll
100 |
90 —
80 i
70 ]
o0 = O  MEASURED DATA _
50 — —- JET ONLY ]
i ---— JET + SHOCK
1 il Lo o e e by b b baabaa by ol
31 63 125 250 500 1K 2K YK 8K 16K 31K 63K 125K
FREQUENCY, HZ
FIGURE A12. SPECTRA COMPARISON FOR CASE 33

(E) DIRECTIVITY ANGLE = 150 DEGREES
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FLOW PROPERTIES FOR CASE 34
NOZZLE MODEL 4

FORWARD FLIGHT VELOCITY.Vp = 0.0 M/S

TEMPERATURE VELOCITY MASS FLOW Py/Pp
Tt1. DEG K V., M/S H. KG/S

PRIMARY 282.2 293.8  4.7391 1.7820
SECONDARY 543.3 449 2 2.4838 2.0480 |
EQUIVALENT 372.0 347.2 7.2230

REFERENCE RADIUS = 45.7 M
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FIGURE R13. SPECTRA COMPARISON FOR CASE 34
(R) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE A13- SPECTRA COMPARISON FOR CASE 34
(B) DIRECTIVITY ANGLE = 60 DEGREES
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FIGURE 913- SPECTRA COMPARISON FOR CASE 34
(C) DIRECTIVITY ANGLE = SO DEGREES
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FIGURE A13. SPECTRA COMPARISON FOR CASE 34
(D) DIRECTIVITY ANGLE = 120 DEGREES
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FIGURE A13. SPECTRA COMPARISON FOR CASE 34
(E) DIRECTIVITY ANGLE = 150 DEGREES




OASPL. DB

FLOW PROPERTIES FOR CASE 38
NOZZLE MODEL 4

FORWARD FLIGHT VELOCITY.Vp = 0.0 M/S

TEMPERATURE  VELOCITY MASS FLOW Py/Pp
Tr» DEG K V., M/S W, KG/S

PRIMARY 804 .4 424.5 2.3213  1.5030
SECONDARY 1087.2 BH5.5 3.2758 3.8770
EQUIVALENT 963.3 - 870.3 9.9977

REFERENCE RADIUS = 45.7 M
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FIGURE A14. SPECTRA COMPARISON FOR CASE 38
(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE A14. SPECTRA COMPARISON FOR CASE 38
(B) DIRECTIVITY ANGLE = 60 DEGREES
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FIGURE A14. SPECTRA COMPARISON FOR CASE 38
(C) DIRECTIVITY ANGLE = 80 DEGREES
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FIGURE A14. SPECTRA COMPARISON FOR CASE 38

(D) DIRECTIVITY ANGLE = 120 DEGREES
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FIGURE A14. SPECTRA COMPARISON FOR CASE 38

(E) DIRECTIVITY ANGLE = 150 DEGREES
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FLOW PROPERTIES FOR CASE 43
NOZZLE MODEL Y4

FORWARD FLIGHT VELOCITY.Vgq = 0.0 M/S

TEMPERATURE VELOCITY MASS FLOW Py/Pg
Tt1» DEG K V. M/8 W, KG/S

PRIMARY 288.8 23939.0 4.7169 1.7360
SECONDARY 648 .8 606.8 3.5233 3.1730
EQUIVALENT 4y2.8 430.6 - 8.2408

REFERENCE RADIUS = 45.7 M
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FIGURE A15. SPECTRA COMPARISON FOR CASE 43
(A) FLOW PROPERTIES AND DIRECTIVITY PLOT



SPL. DB

SPL. DB

110
100
30
80
70
60
50

40 _
31 B3 125250 500 1K 2K 4K 8K 16K 31K 63K 125K

110
100
30
80
70
60
50

40
31 63 125 250 500 1K 2K 4K BK 16K 31K 63K 125K

'lIlll'llllllll'lllll'll'll'll‘ll[l

e

3

-]
—]

- O MERSURED DATA
—— JET ONLY
---— JET + SHOCK

i I 1 l 1 I { l 1 l

vl b by e by v b by e g b loiatlay

FREQUENCY . HZ

FIGURE A15. SPECTRA COMPARISON FOR CASE 43
(B) DIRECTIVITY ANGLE = 60 DEGREES
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FIGURE A15. SPECTRA COMPARISON FOR CASE 43
(C) DIRECTIVITY ANGLE = 90 DEGREES
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FIGURE A15. SPECTRA COMPARISON FOR CASE 43
(D) DIRECTIVITY ANGLE = 120 DEGREES
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FIGURE A15. SPECTRA COMPARISON FOR CASE 43

(E) DIRECTIVITY ANGLE = 150 DEGREES



ORSPL. DB

FLOWN PROPERTIES FOR CASE 48
NOZZLE MODEL 4

FORWARD FLIGHT VELOCITY.Vp = 0.0 M/S
Tt. DEG K V. M/S W, KG/S

REFERENCE RADIUS = 45.7 M

TEMPERATURE VELOCITY MASS FLOW Py/Pq

PRIMARY 806.6 6039.2 3.8269 2.4610
SECONDARY 353.8 757 4 3.1098 3.4010
EQUIVALENT 872.6 6757 6.39367
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FIGURE A16. SPECTRA COMPARISON FOR CASE 48
(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE A16. SPECTRA COMPARISON FOR CASE 48
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FIGURE A16. SPECTRA COMPARISON FOR CASE 48
(C) DIRECTIVITY ANGLE = 30 DEGREES
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FIGURE A16. SPECTRA COMPARISON: FOR CASE 48
(E) DIRECTIVITY ANGLE = 150 DEGREES
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Spectral Distributions
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0ASPL. DB

FLOW PROPERTIES FOR CASE 1
NOZZLE MODEL 2

FORWARD FLIGHT VELOCITY.VRp = 101.4 M/S

TEMPERATURE VELOCITY MASS FLOW P1/Pq
T1.» DEG K V, M/§ W, KG/S

PRIMARY 392.8 300.2 .3900 1.5300
SECONDARY 388.7 470.6 6486  3.2070
EQUIVALENT 330.1 406.6 1.0387

REFERENCE RADIUS = 45.7 M
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FIGURE Bl . SPECTRA COMPARISON FOR CASE 1
(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE B1 . SPECTRA COMPARISON FOR CASE 1
(B) DIRECTIVITY ANGLE = 70 DEGREES
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FIGURE Bl . SPECTRA COMPARISON FOR CRSE 1
(C) DIRECTIVITY ANGLE = 30 DEGREES
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SPL, DB

SPL. DB
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FIGURE B1 . SPECTRA COMPARISON FOR CASE 1
(E) DIRECTIVITY ANGLE = 150 DEGREES
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- FLOW PROPERTIES FOR CASE 5
NOZZLE MODEL 2

FORWARD FLIGHT VELOCITY.Vp = 31.0 M/S

TEMPERATURE VELOCITY MASS FLOW Pt/Pp

PRIMARY - 402.0 304.8 4173 1.5330
SECONDARY 692.6 630.3 4898 3.2010
EQUIVALENT o58.9 480.5 3071

REFERENCE RADIUS = 45.7 M
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FIGURE B2 . SPECTRA COMPARISON FOR CASE S
(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE B2 . SPECTRA COMPARISON FOR CASE S
(B) DIRECTIVITY ANGLE = 70 DEGREES
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FIGURE B2 . SPECTRA COMPARISON FOR CASE 5
(C) DIRECTIVITY ANGLE = S0 DEGREES
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FIGURE B2 . SPECTRA COMPRRISON FOR CRSE §
(D) DIRECTIVITY ANGLE = 120 DEGREES
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FIGURE B2 . SPECTRA COMPARISON FOR CASE &
(E} BIRECTIVITY ANGLE = 150 DEGREES
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OASPL. DB

Tr. DEG K V., M/S W, KG/S
PRIMARY 394.2 301.7 4173 1.5330
SECONDARY 703.7 573.3 3524  2.5030
EQUIVALENT 535.9 426.0 7697
REFERENCE RADIUS = 45.7 M
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FIGURE B3 . SPECTRA COMPARISON FOR CASE 8

FLOW PROPERTIES FOR CASE 8

NOZZLE MODEL 2

FORWARD FLIGHT VELOCITY.Vgy = 30.1 M/S
TEMPERATURE VELOCITY MASS FLOW Py/Pq

(R) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE B3 . SPECTRA COMPARISON FOR CASE 8
(B) DIRECTIVITY ANGLE = 70 DEGREES
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FIGURE B3 . SPECTRA COMPARISON FOR CASE 8
- . (C) DIRECTIVITY ANGLE = 90 DEGREES
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SPL., DB
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FIGURE B3 . SPECTRA COMPARISON FOR CASE 8
(D) DIRECTIVITY ANGLE = 120 DEGREES
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FIGURE B3 . SPECTRA COMPARISON FOR CARSE 8
(E) DIRECTIVITY ANGLE = 150 DEGREES
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ORSPL. DB

138

FLOW PROPERTIES FOR CRSE 9
NOZZLE MODEL 2

FORWARD FLIGHT VELOCITY.Vh = 123.5 M/S

TEMPERATURE VELOCITY MASS FLOW P1/Pp
T1» DEG KV, M/S  W. KG/S

PRIMARY 388.7 235.3 .3810 1.5140
SECONDARY 705.9 637.6 4127  3.2120
EQUIVALENT 553.6 473.3 «7937

REFERENCE RADIUS = 45.7 M
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FIGURE BY . SPECTRA COMPARISON FOR CASE 9
(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE B4 . SPECTRA COMPARISON FOR CASE 3
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FIGURE BY . SPECTRA COMPARISON FOR CASE 3
(C) DIRECTIVITY ANGLE = 30 DEGREES
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FIGURE B4 . SPECTRAR COMPARISON FOR CASE S
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FIGURE BY . SPECTRA COMPARISON FOR CASE 9
(E) DIRECTIVITY ANGLE = 150 DEGREES
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FIGURE BS . SPECTRA COMPARISON FOR CASE 13

FLOW PROPERTIES FOR CASE 13
NOZZLE MODEL 4

FORWARD FLIGHT VELOCITY.VQ = 61.5 M/S
TEMPERATURE VELOCITY MASS FLOW Pt1/Pp

Tr» DEG K V. M/S  W. KG/S
PRIMARY 393.1 299.0 .3538  1.5220
SECONDARY 698.1 633.3 .5851  3.2030
EQUIVALENT 583.2 507.3 .9389
REFERENCE RADIUS = 45.7 M

(R) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE BS . SPECTRA COMPARISON FOR CASE 13
(C) DIRECTIVITY ANGLE = 30 DEGREES
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FIGURE BS . SPECTRA COMPARISON FOR CASE 13
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FIGURE BS . SPECTRA COMPARISON FOR CASE 13
(E) DIRECTIVITY ANGLE = 150 DEGREES
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FLOW PROPERTIES FOR CASE 14
NOZZLE MODEL Y

FORWARD FLIGHT VELOCITY.Vp = 61.2 M/S

TEMPERATURE  VELOCITY MASS FLON Pr/Pq |
Tre DEG K V. M/S W, KG/S

PRIMARY 335.3 293.3 -3311  1.5190
SECONDARY 708.7 9757 4535 2.5060
EQUIVALENT 5765 459.1 7847

REFERENCE RABIUS = 45.7 M
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FIGURE B6 . SPECTRA COMPARISON FOR CASE 14
(A) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE B6 . SPECTRA COMPARISON FOR CASE 14
(C) DIRECTIVITY ANGLE = 30 DEGREES
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FIGURE B6 . SPECTRA COMPARISON FOR CASE 14
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FIGURE B6 . SPECTRA COMPARISON FOR CASE 14
(E) DIRECTIVITY ANGLE = 150 DEGREES
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OARSPL. DB

FLOW PROPERTIES FOR CASE 18
NOZZLE MODEL 4

FORWARD FLIGHT VELOCITY.Vh = 103.6 M/S
T1» DEG K vV, M/S W, KG/S

REFERENCE RADIUS = 45.7 M

TEMPERATURE VELOCITY MASS FLOW Py/Pq

PRIMARY 402 .0 304.1 .3039  1.5300
SECONDARY 702 .6 635.5 .5261  3.2060
EQUIVALENT 592.5 514 .2 .8300

DIRECTIVITY ANGLE - DEGREES

FIGURE B7 . SPECTRA COMPARISON FOR CASE 18
(R) FLOW PROPERTIES AND DIRECTIVITY PLOT
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FIGURE B7 . SPECTRA COMPARISON FOR CASE 18
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FIGURE B7 . SPECTRA COMPARISON FOR CARSE 18

148

(C) DIRECTIVITY ANGLE = 30 DEGREES



SPL. DB

SPL., DB

110llllllllllllllllllllllllllllllll]ll
100 | —
0 — .
80 — —
70 — —
80 - O MEASURED DATA
50 —— JET ONLY |

" ---— JET + SHOCK
) ra v b bea bt s bbb iadlaatlirlag
31 63 125 250 500 1K 2K YK 8K 16K 31K 63K 125K
, FREQUENCY, HZ

FIGURE B7 . SPECTRA COMPARISON FOR‘CHSE 18

(D) DIRECTIVITY ANGLE = 120 DEGREES
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FIGURE B7 . SPECTRR COMPARISON FOR CRSE 18
(E) DIRECTIVITY ANGLE = 150 DEGREES
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ORSPL. DB

FLOW PROPERTIES FOR CASE 20
NOZZLE MODEL 4

FORWARD FLIGHT VELOCITY.Vp = 129.8 M/S
TEMPERATURE VELOCITY MASS FLOW Pt1/Pg

PRIMARY 368.7 £97.7 2993  1.5250
SECONDARY 709.2 576.3 .3900 2.5110
EQUIVALENT 570.0 455 .4 6894
REFERENCE RADIUS = 45.7 M
130 ] l 1] l 1 I I I 1 I ] l ]
120 -
110 + —
100 |- -
i o i
90 - O 0 0 o o
- 2.2.2.0.00 05
80 I~ O MEASURED DATA
70 —— JET ONLY _
_ -—— JET + SHOCK =~
60' 1 | 1 |- 1 l 1 | 1 | 1. | 1 v
30 50 70 90 110 130 150 170
DIRECTIVITY ANGLE - DEGREES
FIGURE B8 . SPECTRA.COMPARISON FOR CRSE 20

(R) FLOW PROPERTIES AND DIRECTIVITY PLOT



SPL, OB

SPL, DB

110
100
a0
80
70
60
50

lllllllIIIIITIIIIIIIIIIIIIIIIlll*rlj

O MERSURED DATRA
—— JET ONLY —
---— JET + SHOCK  _

T T P T T T YT T T 717
O
\

lllllll_lllllllllllllJIIIIllllllllll

40
31 63 125250 500 1K 2K UK 8K 16K 31K 63K 125K

110
100
30
80
70
60
50

40
31 63 125 250 500 1K 2K 4K BK 1BK 31K 63K 125K

FREQUENCY, HZ

FIGURE B8 . SPECTRA COMPARISON FOR CASE 20
(B) DIRECTIVITY ANGLE = 70 DEGREES

lllllljlllllllllill—fllllllllllllrll
O_

OOOO_ﬂ

o) N

O MEASURED DATA
— JET ONLY —
---— JET + SHOCK

LI (L S T O N N B O N
O
\
X
)
/
’I

Jllilll_L]lllll'll'llLlllllLll'lllll

FREQUENCY, HZ

FIGURE EB . SPECTII?I';I COMPARISON FOR CRSE 20
(C) DIRECTIVITY ANGLE = 90 DEGREES

151



110 BRI IR LI I I I L
100 — —
30 — —
%80:- ooo-t
& 70 - -
oo 90 N
L O  MEARASURED DATA
50 | —— JET ONLY —
o ---— JET + SHOCK “

yo LAt oo boo bo g b g boad oo b eadynloalyg

31 63 125250 500 1K 2K 4K 8K 16K 31K 63K 125K
FREQUENCY, HZ
FIGURE B8 . SPECTRA COMPARISON FOR CARSE 20
(D) DIRECTIVITY ANGLE = 120 DEGREES

110 R DL LA L R R R R R ||£| N
100 —
L i
0 -
" _ 4
c380_ Ow
Z F O N
w . -
80 ]
8 L O  MEASURED DATAR
50 —— JET ONLY _
_ ---— JET + SHOCK 4

il e A b Lo by Vg by b g bo e by s by

40
31 63 A25 2560 500 1K 2K 4K BK 16K 31K 63K 125K
FREQUENCY, HZ )

FIGURE B8 . SPECTRAR COMPARISON FOR CASE 20
(E) DIRECTIVITY ANGLE = 150 DEGREES

*U,S. GOVERNMENT PRINTING OFFICE: 1979 - 635-004/31

152












. Report No. 2. Ggwernment Ascession No. 3. Recipient's Catalog No.

NASA CR-3176

4. Title and Subtitle V 5. Report Date
‘A Method for Predicting the Noise Levels of Coannular | October 1979
JetS Wi th InVGY‘ted VE] OCi ty PY‘Of'l 1 es 6. Performing Organization Code
7. Author(s) ’ 8. Performing Organization Report No.

James W. Russell"

10. Work Unit No.

. Performing Organization Name and Address

Kentron International, Inc. N
Hampton Technical Center NAé?TﬁéEoém‘ 0.
Hampton, Virginia 23666

13. Type pf Report and Period Covered

. Sponsoring Agency Name and Address

Contractor‘Report

National Aeronautics and Space Administration 12. Army Project No.
Washington, DC 20546

15.

Supplementary Notes
Langley Technical Monicor: William E. Zorumski

Topical Report

16.

Abstract

This report presents a method for predicting the noise characteristics of
a coannular jet exhaust nozzle with an inverted velocity profile. The method
equates the coannular jet to a single stream equivalent jet with the same mass
flow, energy, and thrust. The acoustic characteristics of the coannular jet
are then related to the acoustic characteristics of the single jet. The method
also includes forward flight effects by incorporating a forward velocity exponent,
a Doppler amplification factor, and a Strouhal frequency shift.

This prediction method was evaluated against model test data including 48
static cases and 22 wind tunnel cases. For the static cases and the low forward
velocity wind tunnel cases the spectral mean square pressure correlation coeffi-
cients were generally greater than 90 percent and the spectral sound pressure level
standard deviations were generally less than 3 dB. Also the correlation coefficient
and standard deviation were not affected by changes in equivalent jet velocity.

The prediction method is limited to equivalent jet velocities which range from
0.85 to 2.5 times the local ambient speed of sound. The outer to inner stream
nozzle exit area ratio should not be less than 0.4 or greater than 2.5. The.
outer to inner stream velocity ratio should not be less than 1.0. The prediction
method is designed for obtaining free field unattenuated source noise levels.

17.

Key Words _(Suggested by Author(s)} 18. Distribution Statement
Jet Noise

Noise Prediction

Variable Cycle Engine Unc]ass1f1ed - Untimited

Subject Category 71

19.

Security Classif. (of this report} 20. Security Classif. (of this page} 21. No. of Pages 22. Price’

Unclassified Unclassified 154 $8.00

For sale by the National Technical Information Service, Springfield, Virginia 22161







National Aeronautics and
Space Administration

Washington, D.C.
20546

Official Business
Penalty for Private Use, $300

NNASN

THIRD-CLASS BULK RATE

Postage and Fees Paid

National Aeronautics and
Space Administration

NASA-451

POSTMASTER:

If Undeliverable (Section 158
Postal Manual) Do Not Return




