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Conventional Profile Coaxial'Jet Noise Prediction

James R. Stone,* Donald E. Groesbeck,t and Charles L.. Zolat
NASA Lewis Research Center, Cleveland, Ohio

A semiempirical model for predicting the noise generated by conventional velocity-profile jets exhausting

from coaxial nozzles is presented and compared with small-scale static data. The present method is an updated

. version of that part of the original NASA Aircraft Noise Prediction Program (1974) relating to coaxial jet noise.
The new procedure is more theoretically based and has also been improved by some empirical adjustments.

Nomenclature

A =area

c = speed of sound )

D =nozzle hydraulic diameter

F = functional relation; Eq. (4)

Fy =frequency shift parameter defined in Eq. (3)
¥i = center frequency, one-third octave band

M =Mach number, V/c

m =exponent defined in Eq. (2)

OASPL  =overall sound pressure level, dB (20 uN/m?)

D =pressure

R = source-to-observer distance

S = effective Strouhal number

SPL =sound pressure level, one-third octave band, dB
(20 uN/m?)

T =total temperature

UOL - =predicted OASPL uncorrected for refraction, dB
(20 uN/m?)

V =velocity

Y =minimum -(perpendicular) distance of observer

from engine axis (Fig. 1), deg
=jet angle of attack (Fig. 1), deg
=density )
= polar angle from inlet axis (Fig. 1), deg
=effective polar angle, 0 (V;/c,) %!, deg
=Mach angle, 180 deg —sin~! (1/M;), deg
=azimuthal angle (Fig. 1), deg
= modified (aircraft) directivity angle (Flg 1), deg
=density exponent, Eq. (Alb)

Exe e R

Subscripts

a = ambient or apparent

c = convection

e =effective

ISA =international standard atmosphere (288 K and

- 101.3 kN/m?)

= fully expanded jet

shock noise

0° =parameter evaluated at § =90 deg
=aircraft
=fully expanded primary (inner) jet
= fully expanded secondary (outer) jet

N~ DO Y~

Introduction

LTHOUGH the numerous aspects of the mechanisms of
noise generation by coaxial jets are not fully understood,
the necessity of predicting jet noise has led to the development
of empirical procedures. The NASA interim prediction
method for jet noise! and several different methods based on
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extension of the Society of Automotive Engineers (SAE)
method for circular jets? are in current use. The NASA in-
terim method has already been shown to agree reasonably
well with model and full-scale static and flight data® for
coaxial jets having low to moderately high bypass ratios. The
circular jet method has since been improved by incorporating
a more theoretically justified formulation of source con-
vection effects.* It is appropriate, furthermore, to in-
corporate the improved convection formulation*® in the
conventional velocity-profile coaxial jet mixing noise
prediction procedure, along with the empirical improvements
motivated by the comparisons- of Ref. 5 and some minor
changes in the treatment of flight effects. For the case of
supersonic primary (inner stream) and/or secondary (outer
stream) jets, broadband shock/turbulence interaction noise is
predicted by an extension of the semiempirical method
developed for circular jets by Harper-Bourne and Fisher.$
The formulations of these predictions for jet mixing and
shock noise are presented in this paper. The validity of these
improved predictions is established by fairly extensive
comparisons with model-scale static data. Because sufficient
appropriate simulated-flight data are not available in the
literature, verification of flight effects must be deferred.

Formulation of Procedure

The output of this prediction procedure is an array of SPL
spectra at each angle of interest. (Acoustic power relations are
not given explicitly, but power computations may be made by
integrating the results numerically over all angles.) The jet
mixing noise and shock noise are assumed to be symmetric

-
=

—PRIMARY

INLET-,

ENGINE ANGLE s
OF ATTACK
F i ALTITUDE
MINIMUM
ENGINE AXIS DIRECTIVITY || SouRcE-TO- _
ANGLE, 6 -| OBSERVER e

DIRECTION
OF MOTION - MODIFIED DIREC-
TIVITY ANGLE,

DISTANCE, Y | -~

\—PROJECTION OF ENGINE P
{ AXIS ON GROUND PLANE P
i

\ =" SOURCE-To- N
e -~
L \OBSFkRVER DISTANCE, R TmMuTHAL
(NPe . ANGLE
/‘ - //
//
/

_ A®oBservaTION POINT
//

~

P

Fig. 1 Geometric variables describing position of airplane noise
source with respect to an observation pomt



MARCH 1983

about the jet axis. The geometric variables describing the
position of the observer relative to the engine are shown
schematically in Fig. 1. The noise levels predicted are free
field (no reflections), far field, and lossless (i.¢., the effects of
atmospheric absorption are not included).

Jet Mixing Naise
Olsen and Friedman’ correlated shock-free cold-flow
coaxial jet noise data for a wide range of conditions based on
an extension and modification of the method of Williams et
-al.8 The method of Ref. 7 is modified and extended to ac-
count for the case of a heated, shock-free primary jet.

UoL

The effects of area ratio, velocity ratio, and temperature
ratio on the OASPL uncorrected for refraction (UOL) relative
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Fig. 2 Recommended frequency shift parameter for coaxial jets with
respect to isolated primary jet, based on extension of the method of
Olsen and Friedman.”
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to that of the isolated primary jet (UOL,) is given by,

‘ T V,\m

UOL-UOL, =5 1og(~’.)+1o 10g[(1— —2>
7H2 I/'1
I+ (A,V3/4,V2) 14
+12[+(22/11)]] )
[I+(A,/A)H T

In Eq. (1), UOL, is the OASPL uncorrected for refraction for
the isolated primary jet calculated from the relations given in
the Appendix, which is based on Ref. 4. The exponent m is
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Fig. 3 Recommended one-third octave band spectrum for shock

noise.
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Table1 Recommended spectra for jet mixing noise

Frequency Corrected directivity angle (referred to inlet), 0" =60(V,/c,) 01 deg
parameter,0-110 120 130 140 150 160 170 180 190 200 250
log S Normalized sound pressure level, SPL —UOL, dB
-3.6 | -85.0 |{-90.0 |-95.0 |[-100.0 [-100.0 {-100.0 {-100.0 | -90.0 | -80.0 | -70.0'} -60.0
-1.8 | -40.5 [-40.4 {-40.4 | -40.3 | -40.1 | -39.5 | -37.5 | -36.0| -35.0 | -34.0 ] -33.8
-1.7 | -38.0 [-~37.8 |-37.4 | -37.1 | -37.0 | -36.4 | -33.5{ -33.0 -32.5 | -32.0 { -32.0
-1.6 |-35.6 |~35.4 |-34.4 | -33.8 | -33.5 | -33.3| ~30.0| -30.0] -30.0 | -30.0| -31.0
-1.5 | -33.3 |-33.2 |-31.4 | -30.3 { -30.0 | <29.5 [ -27.0 | -27.0| -27.5 | -28.0 | -30.0
-1.4 | -30.9 [-30.9 |-28.5 | -26.8 | -26.4 | -25.5 | -24.5 | -25.0| -25.5 | -26.0 } -31.0
-1.3 | -28.6 |-28.6 |-25.7 | -23.4 | -23.0 | -22.8 | -22.5 | -23.0 | -23.5 | -24.0 | ~32.5
-1.2 | -26.2 |-26.2 |[-22.9 | -19.8 | -19.4 | -20.0} -20.5 | -21.0} -21.5 | -22.0 | -34.5
-1.1 {-24.0 |-24.0 [-20.1 | -16.2 | -16.8 | -17.5 | -18.5 | -19.0 | -19.5 [ -20.0 { -36.6
-1.0 | -21.8 |-21.8 |-17.3 | -13.2 | -14.5 | -16.2 | ~16.5 | -17.0} -17.5 | -18.5 | -38.8
.9 | -19.5 |-19.5 |-14.7 | -11.2 | -13.1 | -14.7 | ~15.5{ -16.0| -17.0 | -19.0 | -40.,1
-.8 | -17.5 |-17.4 {-13.0 | -10.2 | -11.0 | -13.5 | ~14.5{ -15.5| -17.5 } -20.0 | -42.5
-.7 [.-15.9-|-15.6 {-11.5 ~-9.5 -9.4 { -12.6 | -14.0 | -16.5| -18.5 | -21.0 | -45.0
~.6 §-14.7 |-14.0 | -9.7 -8.8 -8.3 | -12.0] -14.5 | -18.0| -20.0 | -22.0 | -47.5
-.5 | -13.7 {-12.4 { 9.0 -8.1 -7.7 | -11.7 | ~15.8 | -20.0| -21.8 | -23.5 | -50.0
-4 {-12.8 |-11.0 | -8.9 | -g.a | -8.3| -12.6 | -17.9 | -22.2| -24.1 | -25.9 | -52.5
-3 j-12.1 }-10.2 | -9.1 -8.9 -9.8 § -14.5 | -20.0 | -24.4} -26.4 | -28.3 | ~55.0
-2 1 -11.6 | -9.9 | -9.6 -9.8 | -11.6 | -16.4 | -22.1 | -26.6 | -28.7 { ~30.7 | -57.5
-.1 }-11.3|-10.2 |-10.8 | -11.3 | -13.4 | -18.3 | -24.2 | -28.8 | -31.0 | -33.1 | -60.0
.0 | -11.1 {-10.6 |-12.0 } -12.9 | -15.2 | -20.2 § -26.3 | -31.0} -33.3 | -35.5 | -62.5
+.1 §-11.,2 |-11.1 {-13.3 | -14.5 | -17.0 | -22.1 | -28.4 | -33.2| -35.6 { -37.9 | -65.0
.2 }1-11.31-11.8 |-14.6 | -16.1 | -18,8 | -24.0{ -30.5 | -35.4}| -37.9 | -40.3 | -67.5
.3 | -11.7 |-12.7-(-15.9 | -17.7 | -20.6 | -25.9 | -32.6 | -37.6| -40.2 | -42.7 | -70.Q
4 1 -12.3 1-13.7 |-17.2 | -19.3 | -22.4 | -27.8 | -34.7 | -39.8 | -42.5 | -45.1 } -72.5
.5 | -13.0 {-14.7 [-18.5 | -20.9 | -24.2 | -29.7 | -36.8 | -42.0 | -44.8 | ~47.5 | -75.0
.6 | -13.7 |-15.8 |-19.8 | -22.5 } -26.0 | -31.6 | -38.9 | -44.2 | -47.1 | ~49.9 | -77.5
.7 | -14.6 |-16.9 [-21.1 | -24.1 | -27.8 | -33.5| -41.0 | -46.4 | -49.4 | -52,3 | -80.0
.8 | -15.6 | -18.0 [-22.4 | -25.7 | -29.6 | -35.4 | -43.1 | -48.6 | -51.7 | -54.7 | ~82.5
.9 | -16.7 |-19.2 |-23.7 § -27.3 ] -31.4 | -37.3 | -45.2 | -50.8§ -54.0 } -57.1 | -85.0
1.0 | -17.8 1-20.4 |-25.0 | -28.9 § -33.2 | -39.2 | -47.3 | -53.0| -56.3 | -59.5 | -87.5
1.1 | -18.9 [-21.6 |-26.3 | -30.5 | -35.0 | -41.1 | -49.4 | -55.2 | -58.6 | ~61.9 | -90.0
1.2 | -20.1 |-22.8 |-27.6 | -32.1 | -36.8 | -43.0| -51.5 | -57.4 | -60.9 | -64.3 | -92.5
1.3 | -21.3 {-24.0 |-28.9 | -33.7 | -38.6 | -44.9 | -53.6 | -59.6 | -63.2 | -66.7 | -95.0
1.4 | -22.4 [-25.2 {-30.2 | -35.3 | -40.4 | -46.8 | -55.7 | -61.8 | -65.5 | -69.1 | -97.5
1.5 §-23.6 [|-26.4 }-31.5 | -36.9 | -42.2 | -48.7 § -57.8 | -64.0| -67.8 | -71.5 |-=100.0
1.6 | -24.8 |-27.6 |-32.8 | -38.5 | -44.0 | -50.6 | -59.9 | -65.2 ] -70.1 } -73.9 [-102.5
1.7 | -26.0 {-28.8 |-34.1 { -40.1 | -45.8 | -52.5 { -62.0 | -68.4 | -72.4 | -76.3 {-105.0
1.8 | -27.2 1-30.0 |-35.4 | -41.7 | -47.6 | -54.4 | -64.1 | -70.6 | -74.7 | -78.7 |-107.5
3.6 | -48.8 {-51.6 }-58.8 | -70.5 | -80.0 | -88.6 |-101.9 |-110.2 | -116.1 {-121.9 [-152.5
oASPL-| - .0 +.1 +.5 +1.1 +.4 -3.2 -5.8 | -7.7 -9.0 | -10.6
uoL | . -
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given by
m=1INA,/A;; A,/A,;<29.7

=6.0; A,/A,229.7 )

Spectra

The shapes of the SPL spectra for shock-free coaxial jets
were generally found to be similar to those of the isolated
primary jet, but with the peak frequency shifted.” In Fig. 2
the effect of area ratio and velocity ratio on the frequency
shift parameter Fg is shown, where

Fs= (1_ §.1.) [i + T,V,A,/ T VA, ]_2 3)
S/L2 I+ (T,V,A,/T,V,A),)

In Eq. (3), S, is the effective Strouhal number for the isolated
primary nozzle calculated from the Appendix. From Eq. (3)
and Fig. 2, the nondimensionalized frequency ratio (coaxial to
isolated primary) S/S; can be calculated, which gives the
frequency shift relative to the isolated primary nozzle. The
SPL (f) can then be obtained from Table 1.

OASPL

The overall sound pressure level is obtained by integrating
the spectral results over the frequency range of interest.

Shock Noise

The shock noise, for each stream which is supersonic, is
calculated separately. It is assumed that there is no interaction
between the two streams. This method was evolved from the
model of Harper-Bourne and Fisher® and the experimental

results of Seiner and Norum.? The overall sound pressure "

level uncorrected for refraction, for either stream which is
supersonic, UOL, ,, is given by

$,J?

. pa 2 Ca 4
UOLSJ=162+10 log ( ) (—) ]
« PIsA

Cisa
A, (M7-1)?2
10 1 (J>+101 [——;—]
0 oe\ R i Wy VmE
—10 log[l—Mcosyl+F(6—8,,) - (4a)

where y is the angle of the observer relative to the direction of
aircraft motion, the Mach angle is given by 6,,=180 deg
—sin~! (1/M;), and the subscript j=1 refers to the primary
(inner) stream and j=2 to the secondary (outer) stream. The
function F'is given by

F=0  for 0<6,,
=—0.75 for 6>0,, : (4b)

The appropriate nondimensional frequency parameter is
given by

ID;
S,;= (0—7—{/]>\/W—7(1 — M cosy)

X\/[1+0.7(?)0050]2+0.0196(~?>2 -(55

a a

where D; is the hydraulic diameter. Note that the convection
velocity factor is 0.7 instead of the 0.62 value used for jet
mixing noise, but that the 0.2 value of the turbulent length
scale ratio is retained, which leads to the 0.0196 factor. The
shock noise peaks at S, ; =1.0 and varies with logS, ; as shown
in Fig. 3. The SPL,; as a function of frequency is then
determined from Fig. 3, where S, ;(/f) is obtained from Eq.
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Fig. 4 Comparison of predicted and experimental effect of primary
conditions on lossless free-field OASPL directivity on 5.0 m sideline
(secondary velocity V, =215 m/s, temperature T, =279 K); area ratio
A, /A, equals: a) 1.2, noncoplanar; b) 1.4, coplanar; ¢) 1.9, coplanar;
d) 3.2, coplanar.
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(5). Some effects of jet temperature and directivity angle on
spectral shape and level have been observed by von Glahn!?
and others for circular jets; perhaps such effects are also
applicable to coaxial jets, but they are not presently included.
Shock noise is not projected to be a factor for future high-
bypass engines, since both jet stream conditions are subsonic
at takeoff and landing.

PREDICTED EXPER-  PRIMARY  (INNER-STREAM)
CONICAL COAX-  IMEN-  VELOCITY, TEMPERATURE,
MIXED 1AL TAL vy, T,

misec K
—_ 0 593 1129
——w-== 0 453 832
—_——— 0 322 596
—_——— A 219 - 216

a

60

SOUND PRESSURE LEVEL, SPL, dB

d 2 5 1 2 5 10 20 50 100

FREQUENCY, f, kHz
Fig. 5 Comparison of predicted and experimental effect of primary
velocity and temperature on lossless free-field subsonic spectra at 5.0
m sideline (3.2 area ratio coaxial coplanar nozzle, 10 cm primary
nozzle diameter, secondary velocity V,=216 m/s, temperature
T, =280 K), directivity angle f equals: a) 45 deg, b) 90 deg, c) 125 deg,
d) 145 deg.
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Comparisons with Experimental Data

This section contains limited comparisons of the present
prediction method with experimental data for model coaxial
jets. Although there exists a great deal of additional ex-
perimental data with which comparisons may eventually be
made, the present comparisons are considered to be sufficient
to demonstrate the validity of the procedure. Comparisons
with conical nozzle data are presented in the Appendix to
illustrate the validity of the conical nozzle basis for the present
method.

Static Jet Mixing Noise

Multiple sideline jet noise measurements were obtained by
Goodykoontz et al.!! for a series of four coaxial nozzles
having secondary-to-primary area ratios A,/A4, of 1.2-3.2
and a common primary nozzle diameter of 10.0 cm. These
data are corrected for source position by the method of Ref.
4.

OASPL

Sideline directivity patterns for each nozzle configuration
are shown in Fig. 4. In each case, the secondary conditions are
held essentially constant at ¥, =215 m/s and T, =279 K, and
the primary conditions are varied widely. It can be seen that
the prediction method is reasonably accurate in predicting the
noise directivity for this wide range of inner-stream con-
ditions. It can also be seen, by comparing the results for the
various configurations, that the effects of area ratio and of
noncoplanar exits are predicted reasonably well. It is also
significant that the prediction method produces proper
limiting results as the velocity ratio V,/V,; and temperature
ratio 7,/T, approach unity. Not only does the present
prediction agree with the experimental data in this limiting
case, but it agrees better with these data than does the noise
predicted (see Appendix) for a single-stream circular nozzle
operating at the equivalent mixed-flow conditions (velocity,
temperature, and mass flow rate). The standard deviation of
the prediction method with respect to this data set is 1.8 dB
and the average overprediction is 0.5 dB. Data for the other
sideline distances (not shown) show similar agreement.
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TOTAL © L9
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0 x 4 60 80 100 120 140 160 180
DIRECTIVITY ANGLE, 6, deg

Fig. 6 Comparison of predicted and experimental effect of area ratio
on supersonic jet mixing and shock noise lossless free-field OASPL
directivity on 5.0 m sideline (high primary Mach number.M; =1.38,
high primary velocity V; =790 m/s, T, =1130 K, 10 em primary
nozzle diaméter, secondary velocity V), =216 m/s, temperature
T, =278 K. (Data from Ref. 11.)
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PREDICTED EXPERI- MACH PRIMARY (INNER-STREAM)
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Spectra

Spectral comparisons for these same conditions are shown
in Fig. 5 for an area ratio of 3.2 at directivity angles of 45, 90,
125, and 145 deg. Generally the agreement is good except at
high frequencies near the jet axis, where there is an apparently
anomalous reversal of slope which is worse at large
propagation distances. This accentuation of anomalous

behavior at large distances is not unexpected, since at large

distances the corrections for atmospheric attenuation are
large and nonlinear propagation effects might become im-
portant. These discrepancies were much less, even for large 0,
for the closer sideline data (not shown). There is some ten-
dency to overpredict the low-frequency noise and un-
derpredict the high-frequency noise for the case where the
conditions of the two streams approach equality. This
problem is not a major one however, since the integrated
measure, overall sound pressure level is reasonably accurate,
and this is not a case of interest for real engine cycles.

Shock Noise

While shock noise is not likely to be a significant factor for
future high-bypass engines, it should be included for

SOUND PRESSURE LEVEL, SPL, dB
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120

110

-1 2 51 2 5 100D 50 100
FREQUENCY, f, kHz

| LN
1.2 5 1 2 5 10 2 50 100
€) FREQUENCY, 1, kHz -
Fig. 7 Comparison of predicted and experimental effect of supersonic primary conditions on lossless free-field spectra at 5.0 m sideline (3.2 area
. ratio coaxial coplanar nozzle, 10 cm primary nozzle diameter, secondary velocity ¥, =216 m/s, temperature T, =280 K), directivity angle § equals:
a) 45 deg, b) 90 deg, c) 110 deg, d) 135 deg, e) 150 deg.

generality and for the predictions of the noise for older, lower
bypass engines and possible future supersonic transport
engines. Therefore, limited directivity and spectral com-
parisons with the static experimental results of Ref. 11 at
supersonic primary conditions are included.

OASPL

Sideline directivity patterns are shown in Fig. 6 for a fully
expanded primary Mach number M, of 1.4 and primary
temperature 7, of 1130 K, producing a primary jet velocity
V, of 790 m/s. The secondary conditions are held essentially
constant at ¥, =216 m/s and 7, =278 K. The predicted shock
noise is indicated by the dash-dot curve, predicted jet mixing
noise by the dashed curve and the total predicted noise by the
solid curve. These comparisons at high Mach number indicate
not only that the level of shock noise is predicted reasonably
well, but that the mixing noise levels are predicted reasonably
well even in the presence of shoclgs in the flowfield.

Spectra
Spectral comparisons for these same conditions are shown

in Fig. 7 for the 3.2 area ratio nozzle along with data at

/
i
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EXPERI-  PREDICTED NONDIMENSIONAL JET

_dlfferent primary cond1t10n§. A.t the h1.gh Mach number, it MENTAL T 6 MACH NO.
appears that the shock noise is predicted reasonably ac-. . VELOCITY, DENSITY, . M.
curately, and comparisons at the smaller area ratios (not Vilea Pilpa !
shown) are consistent with these results. Especially for the o _ 2.55 0,44 1.74 (C-D)
large area ratio shown, the shock noise at low Mach number is a T 148 .4 1,00 (Conic)
overpredicted. This very well could be due to the large mass ° A L ég 22 -72
flow of the secondary impinging on the primary, causing an ’ ’ -

10— 0900000000

effectively lower primary pressure ratio and Mach number.
Perhaps the most important result of these comparisons is
that the jet mixing noise prediction validity is demonstrated to
an inner-stream jet velocity of at least 790 m/s.

100

90
Conclusion .

An improved semiempirical model for predicting the noise 80
generated by jets exhausting from coaxial nozzles with £
conventional velocity profiles is presented and compared with = 70
small-scale static data. The prediction of jet mixing noise is :’;
based on the extensive experimental study and empirical g o, 60 p
correlation of Olsen and Friedman’ for the effect of the E
secondary (outer-stream) relative to the isolated primary S 12
(inner-stream) jet. The isolated primary prediction used as a «2
base is-an improved NASA method for conical nozzles.* The & 110
effect of a primary nozzle plug is included in the prediction, 2
but is not validated in the present paper. The shock noise for a § 100
supersonic primary or secondary is calculated from a model
based on extension of the method of Harper-Bourne and 90
Fisher.® The predictions formulated for both sources cover
the full angular range of 0-180 deg. There are no inherent 80
limitations on the range of the prediction methods, and
comparisons with static model data are presented for primary n
jet velocities of 200-795 m/s. These comparisons indicate that ? L Lol |
the overall sound pressure level is predicted within a standard b 051 2 5 1 2 50

deviation of 1.8 dB. FREQUENCY, f, kHz

Appendix: Single-Stream Jet Mixing Noise Prediction

Formulation
The coaxial jet noise prediction presented herein uses the
noise .of the hypothetical isolated primary jet as a building
block. This Appendix presents these primary jet relationships,
which are based on Ref. 4, with minor improvements and with
the addition of plug nozzle effect from Ref. 1. The overall
sound pressure level, without correction for refraction, o
UOL,, is given by >
N2/ ¢ \4 A S | 60% P A%y,
UOL,=141+10 log[(ﬁf’—) (—")]+10 log(——g) = 80 e
N Pisa Cisa R » AKK/X '
. o T
w vV 7.5 a
+10 10g (22 )"+ 10 105 (= ) A N B R
a a ; c)
It} B3O
—15 log[ (1 +M_cost)? +0.04M?] o ‘
§ 120
— 10 log[I — M cos¥] +3log(2A’ + £) (Ala) T
0 wD? 2
100
where
90
V.=V, [I-(Vy/V,)cosal?? (Alb)
80
= -1 Alc
0.6+ (V,/c,)* (Ale) 0
' 60 I | |

M. =0.62(V,—V,cosa)/c, d 2 51 2 5 10 2 50

FREQUENCY, f, kHz

The modified directivity angle ¥ is the angle of the observer ig. Al Comparison of predicted and experimental effect of single-

relative t.o the direction of aircraft n}otron. The angle of stream jet conditions on lossless free-field shock-free spectra on a 3.66
attack « is the angle of the upstream axis of the jet relative to m are (experimental data of Tanna et al.'? for 5.08 cm diam conical
the direction of aircraft motion. For flyover directly over the and \circular convergent-divergent nozzles), directivity angle 8 equals:

observer, ¥ =8— «. Spectral relationships are given in Table 1, a) 57 deg, b) 86 deg, ¢) 116 deg, d) 155 deg.
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where SPL-UOL is given at various corrected angles,
6'=0(V,/c,)%" as a function of the logarithm of the ef-
fective Strouhal number S. For the single stream case, §=S,,
where

S4A ( D,
v V4A, /7

e

S,=

0.4 Tl 0.4(1 +cosh’)
) (F> [1—M,cosy]

V,—-V, 2 V,—V,\ %
X {[1+0.62<—15—0)c059] +0.01538(—’~—") }

a ,ca

VI 2 VI 2 123
.+ {[1+0.62(;— )cose] +o.01538( C—) ]}

a a

(A2)

Table 1 differs somewhat from that given in Ref. 4, in order
to produce a more accurate prediction at the peak noise angle
and near the jet axis, based on the comparisons of Gutierrez.5

Validation

Since minor improvements have been made with respect to
Ref. 4, some of the comparisons shown therein with the data
of Tanna et al.!? are repeated here using the modified
prediction. In Fig. Al spectral comparisons with the data of
Ref. 12 are shown at directivity angles of 57, 86, 116, and 155
deg for jet velocities of 0.8-2.55 times the ambient sonic
velocity. The agreement is reasonably good.
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