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Acoustic Characteristics of a High-Subsonic Jet
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NASA Langley Research Center, Hampton, Va.

The acoustic source reglons ofa suhsonlc cold jet were traced as far as the periphery of the
jet by means of the pressure field on a plane rigid surface located in the vicinity of the jet.
The centers of these regions were determined to be from 4 to 18 diam downstream of the exit.

Additional measurements were made of flow variables within the jet.

From these measure-

ments, the downstream kinetic energy dissipation rate was calculated. Finally, the acoustic
radiation characteristics of" several simple nozzle configurations were measured. Results
indicate that, although considerable alternating of directivity and spectral content of the
noise result from varying nozzle geometry, only limited reductions in total sound power

resulted.

Introduction

HE general format for nearly all recent work in aero- -

dynamic noise was established by Lighthill>.? when he
related the sound pressure generated by turbulence to a
system of equivalent quadrupole sources in a medium at
rest. An alternate approach, mathematically equivalent to
Lighthill’s but using simple sources, was developed by Rib-
ner.* Initial application of the Lighthill theory was made
by Proudman,* who determined the sound pressure generated
by isotropic turbulence. Lilley® first used the classification
“self noise’” and ‘“‘shear noise” of jets to separate the high-
frequency noise due to turbulence-turbulence interaction from
the low-frequency noise due to turbulence-shear interaction.
- The effects of convection were discussed by Ffowes Williams®
as well as by Jones.” Application of the theory to the radi-
ation of sound in the presence of surfaces was done by Curle,?
Powell,? Lyamshev,® and Ffowes Williams.!! Acoustic
aspects of combustion instability were reported by Kandra-
tiev and Rimski-Korsakov.’? The distribution of acoustic
sources in the jet was determined by Ribner!® and Powell*
using similarity considerations and Lighthill’s U8 law. Rib-
ner?s recently showed that for a low-speed jet, only nine of
the possible 36 distinet quadrupole correlations yield distinet
nonvanishing contributions to the sound power.

The present paper introduces an experimental techmque
to locate the acoustic source regions of a jet. In addition,
acoustic measurements were made of changes in directivity,
spectral content, and total sound power due to changes in
nozzle geometry.
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Distribution of Sound Sources in a Jet

Lighthill formulated the aerodynamic noise problem using
an acoustic analogy. In this model, the fluid turbulence
giving rise to sound generation and scattering are replaced
by an equivalent distribution of acoustic quadrupole sources
in a medium at rest. Mathematically, the model appears
as the following nonhomogeneous wave equation

A2p/0t2 — ag?Vp? = 0T';;/0x:0x;

where T:; = pviv; — 745 + (P — @o®p)0s5, ao? is the local speed
of sound, p is the density, v; is a component of velocity, 7;; is
the viscous stress, and p is the thermodynamic pressure.

In the absence of surfaces, this wave equation can be re-
placed by the following integral equation for points x in the
far field

Ap(x,t) =

T f Ty t — |x — yl/ao
Tragia] @'l
where Ap(x,f) = p(x,t) — po, and pe is the density of the
acoustic medium at rest.

The autocorrelation of the far-field density fluctuation
can be written as

Ty 1 m
R@xr) = 161‘.2](1 slx|6 ff

where

ii lm(Y:y,:70)dBIYIdaly’l

R‘j””@’yli‘ro) = T‘J'(Y)T,)Tlm(y')‘r’ + ‘TD)
=t—[x—yl/a,ro =7~ (x~y|~[x=yD/a

Efforts to determine the acoustic source locations in a jet
have centered around the determination of the tensor Rwlm

An alternate approach has been used in the present in-
vestigation. Instead of actually measuring Ri;i» within the
jet, measurements of the sound field near the jet have been
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used. Using Kirchoff’s solution of the nonhomogeneous
wave equation, one can show that a plane rigid surface near
_a jet acts as a specular reflector for the sound from the
quadrupole source distribution in the jet. There is thus a
distribution of virtual, acoustic sources induced on the sur-
face. If the surface is sufficiently close to the jet, then the
downstream positions of the virtual sources on the plane sur-
face and the quadrupole sources in the jet should correspond
to within a certain small number of radii. These ideas are
developed below.

In the presence of a rigid surface, the acoustic far field of
the jet can be written as®

1 o f\Tif[y,t — (Ix — y|/a0)]
47 Ox;0z; Ix -y ,

112 d x —yl\ dlyl
o f vom X ¥ a—tP(Y" T w k-7

Powell® shows that this surface integral is equivalent to the
sound that would be generated by an image jet beneath the
surface. The far-field radiation from the surface is

2, _ x—yl\ 2yl
P&Y = = 4ras fbnl YIat ( T >|x‘3'|

Since the pressure on the plate is significant only over a
limited region, the following approximation can be used (Fig.

2):
cosf -yl
P(x,t) = 47r|x|aof ot (y; )d2IYI

The corresponding pressure correlation at x is

Ap = &’ly| +

cos?f o} Y
= 16w Lfs on P ) dre p(z,r)dlyldlz|

R(x,r)

where
1 = t — (,x—yvao)ﬂ'?: t+T— (lX—ZI/ao)
Hence,

_cos?d 20

&) = 1672agr?

[ . Be ]

with

R(yzr*) = py,r)plzm+ v and 7* = 1o — 1y

The power spectral density S, of the pressure at x, is given
by the Fourier transform of (R(x T);

w? cos?d
161r2r2a0

S(x,w) = ffe p{—z—sm@cos[d)(z) qS(y)]}

Ro(y)dlyldlz| (1)

where

Ry = [° Rz expl—ior*ldr

andA =z —yand |x — z| —
$()].

Using Eq. (1), a partial radiation source density is defined
to be the y-integrand and is interpreted as the contribution
to the w-component of the mean square pressure at point x
contributed by a point y on the plate

0520
Tl {—z Pl g eosi(z) - qs(y)l}

Ru(y2)de|

Furthermore, the radiation source density for the plate is
defined as the integral, over all observation points on a hemi-

[x — y| = || sinf cos[¢p(z) —

dx,y,w) =
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sphere (), of d(x,y,w):
D(wa) = fﬂ d<x;y’w)d2lxl
Upon carrying out the integration,?” the equation becomes

Ro(y,2) [ sinw|2|/ao WA,
s [af? [ wPl/as ~ ]d g

D(y,w) =

The function D(y,w) is the power spectral density of the
acoustic pressure radiated from a unit area at point y on the
surface. It corresponds to a distribution of acoustic sources
on the plate. In order to be useful, D(y,w) must be related
to the sources in the jet. The general function relationship
between D and Ry, although easily written formally, is
quite complicated.

One can refine the estimate of the positions of those regions
of the jet giving rise to the virtual source distribution D in the
following manner. If the pressure field on the plate is purely
acoustic, then it is possible to perform a wave vector de-
composition of the field to determine at what angle the sound
has impinged upon the surface. Since pressure perturbations
in space will, by assumption, thus have phase velocity ao, the
phase velocities of the acoustic pressure fluctuations on the
plate will correspond to the directions of propagation of the
sound. These directions will yield the regions of the jet
from which the noise has emanated. A three-dimensional
acoustic pressure wave can be expressed in terms of its wave
vector components as the Fourier integral®®

Pt) = # f o f - f " explitk-r — xaat) JdF (®)

where k| = «.

If it is assumed that the pressure field is homogeneous and
stationary, the space-time correlation can be written in the
form

1 @ © ©
B = o [ 77 abdbatd o k) X
expt[k-X — kray]

where ki, k2, and k3 are the components of k, and X is the spatial
separation vector. Note that

1 o« @© <«
o J S bbb ook

Since (p2(z)) is proportional to the acoustic intensity, M, is
equivalent to a partition of the sound energy into com-
ponents propagating with frequency o = ao(k® + ko2 +
ks?)Y2 and in the direction, as specified in the coordinates of
Fig. 1,

(p¥x)) =

‘

r=1,¢ = tan~1(ky/k), § = cos~(aoks/w)

Fig. 1 Geometry for jet image over an infinite, plane,
rigid boundary.
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Fig. 2 Pressure on the plate.

Following Gel’fand and Shilov,!® the ks-integration is per-
formed to yield

Rouhha0) = o, [ [ 7 dldin X

Mo(kl,k2,k3') eXp[i(le + kahs)] + w
ka’ 41['2002
f w foo dkldkz Mo(kl,kg, - ka') eXE) [’L(]C1)\1 + kz)\z)]
-— 0 - k3
where ks’ = (0?/ae2 — k2 — k2)V2.  Using the notation of
Eq. (1) and letting Ay, A, and As be the downstream, trans-
verse, and vertical component of X, respectively, one has

47::(102 f _‘” oof :° @ deudls X

’ ® ® - '
Mollkrks) o f_ S avan, Mﬁ:———k”—)

ka' 4»7!'20/02 3

The first term on the right is contributed by the image jet,
while the second term is contributed by the real jet. The

@

Rw(Y)Y) = ROw(Oyo)O) =

Ly/ro |

JETQ
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Fig. 3 Geometry of the test sétup.
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two integrals are, of course, equal. Thus, one has
RM(Y!y + 3') = %‘RO(:)()\I,XZ,O) =

w (> Mok ko,ks”) explitkih + kaha)]
frag [ i

Letting N(k1,k2) be the Fourier transform of B,(y,y + %)
with respect to A; and A, then :

Mo(kylenkes’) = (ao%ks'/ )N (k1 k2) (3)

Both experimental and conceptual difficulties arise due
to the obvious nonhomogeneity of the sound field over the
plate (Fig. 2). The approach used to minimize the effects
of the nonhomogeneity is to consider only those frequencies
for which the sound field is nearly homogeneous, that is,
those for which the sound field may be considered homo-
geneous over that region of the plate for which R.(y,y") is
nonnegligible.

Measurement and Analysis

Location of Acoustic Sources

The evaluation of the integrand R,(y,z) was made by mea-
suring pressure fluctuations over a large rigid plate (Fig. 1)
near a cold jet having radius 7, = 1.22 in. The jet exited
from a pipe, with a partially turbulent shear exit profile.
Upstream of the nozzle exit, an acoustic muffler reduced the
flow noise originating in the air supply system to levels well
below those generated by the jet itself. The muffler also
acted as a settling chamber for the flow. The plate was
solidly mounted at a distance & = 7 in. from the center of
the nozzle at an angle of 11.2° relative to the center line of
the jet, Fig. 3. The distance from the plate to the jet was
sufficient to eliminate any Coanda effect. Narrow band
correlation measurements of the fluctuating pressure were
made about a fixed point y, at a position L,/ro = 19.3, lying
on the projection of the jet center line. The correlations
were done along three axes lying on the plate and passing
through y. The axes correspond to the rays ¢ = 0 and =;
¢ = m/4and 5r/4; and ¢ = 7/2and 3r/2in Fig. 1. Narrow
band correlations were made for eight different center fre-
quencies. A bandwidth of 200 Hz was used for center fre-
quencies of 1000, 2000, 3000, 4000, 6000, and 8000 Haz.

100 ~x 10
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Fig. 4 Typical values of R evaluated along three plate
axes at L,/ro = 19.3 for 6000 Hz.
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Bandwidths of 148 Hz and 74 Hz were used for center fre-
quencies of 630 Hz and 315 Hz, respectively. Pressures were
measured using Bruel and Kjaer 0.25-in.-diam condenser
microphones mounted flush with the surface. The normal-
ized power spectra of the pressure over the rigid plate are
shown in Fig. 2.

The power spectral density of the pressure on the plate is
normalized with the local Strouhal number (2fro)/Usl[(Ly)/
(L) + 1] obtained from continuity considerations along the
jet axis, ignoring the effects of induced flow. Uy is the mean
exit velocity; f is the frequency; L1 is the virtual origin of
the flow; L, is the distance from the nozzle exit to the pro-

jection of y on the jet axis (Fig. 3); p? is the mean square
acoustic pressure at L,; and P(f,L,) is the power spectral
density of the pressure. For those test points incorporated
in the figure, the nondimensional power spectral densities
collapse with a minimum of scatter of Strouhal numbers
greater than 1.0, whereas for low Strouhal numbers, the spread
increases. There is evidence of a slight contribution to the
pressure on the plate due to induced flow; however, this
effect is small and limited to very low frequencies. It is
well known that the low frequencies do not scale as well as
the higher frequencies.

The distribution of the approximate root-mean-square
pressure within the experimental frequency bands [P(f)AB]Y2,
is shown for eight different center frequencies in Fig. 2. This
pressure is shown as a-function of position on the plate.
These points lie along the projection of the jet axis on the
plate. Tt is clearly evident that the sound field is nonhomo-
geneous, the nonhomogeneity being apparently greatest for
the low frequencies.

Typical measurements of the narrow band spatial correla-
tions are shown in Fig. 4. Measurements made along the
axes ¢ = 0, m; ¢ = w/4, bw/4; and ¢ = w/2, 37/2 were
used to define B, (y,z) for all points z on the plate. For high
frequencies, these measurements allowed R, to be defined
with sufficient accuracy; whereas for the lower frequencies,
additional test points on a greater number of axes would be
desirable.

The wave-vector spectrum from Eq. (3) is shown in Fig. 5
for five different values of k;. The function is symmetric in
k.. It displays a pronounced maximum on the %; axis,
which corresponds to sound propagating downstream.

The interpretation of wave-vector spectra in terms of
source positions must be done with some caution, as will be
illustrated by the following example. Consider the case of
the sound impinging on the plate, at a frequency of 6000 Haz.
The maximum acoustic intensity on the plate, for this par-
ticular frequency, occurs at L,/r, ~ 19. Various regions of
the jet have contributed to this intensity, and it is desirable
to determine the region contributing most. Using the wave-
vector spectrum, it is necessary to assume that, over the
interval in which the narrow band correlation is nonnegligible,
the spectrum does not change. For the case of the 6000 Hz
sound, this interval is about 9 diam long, centered at L,/r, =

Table 1 Center of source regions from fixed point on
plate at Ly/ro = 19.3

f, Hz ¢, fps (Bo) Lg /7o
2000 2400 61 17
3000 1262 23 8
4000 1250 22 8
6000 1316 27 10
8000 1280 25 * 9

1 The virtual origin used to nondimensionalize the pressure
on the plate was assumed to be —10 7. Subsequent measure-
ment of the velocity field of the jet, however, indicated a virtual
origin of —2r, for Uy = 693 fps. ‘
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Fig. 5 Typical wave-vector spectrum for frequency 6000
Hz.

10. The source region contributing maximally, traced as
far as the jet periphery, thus stretches from about 2 to 8
diam from the jet exit. - For each test frequency, the table
shows the phase velocity ¢, the angle of impingement 8, and
the downstream position of the center of the source region
Lg/r, (Fig. 3).

The calculated virtual acoustic source density D(y,w) is
plotted in Fig. 6 for seven different center frequencies, at
one point on the plate. The high-frequency dependence of
this function is the same as that of the far-field noise of the
jet. This indicates that a unit area of the plate is sensitive
to a fairly extended region of the jet. Were this not the case,
one would expect a high-frequency roll off faster than 1/w?.

Dynamics of a Freejet

The flowfield of a freejet is characterized by downstream
spreading, the entrainment of ambient fluid, viscous dissipa-
tion of energy, and acoustic radiation. Measurements of

104 -

£
o

Fig.6 Radiation §_ WL
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Fig. 7 Mean interface position.

some of these quantities were made for the purpose of relating
them to the acoustic sources in the jet.

The effect of entrainment is to increase the flow of fluid
across stations downstream of the exit over the initial mass
flow issuing from the nozzle itself. The momentum flux,
on the other hand, remains constant, and the kinetic energy
flux decreases in the downstream direction. The respective
definitions of these quantities are given below for a given
station z;, together with simplifying assumptions made for
experimental convenience;

mass flow:
W (x1) =}%im J oU(z1)dS @
momentum flux:
B(xy) =1§imf (poU? + pv1'%dS (5)

where U and »;" denote the mean and fluctuating velocities,
and po is the mean density; the approximations

(pv1"y =~ 0 and {on'%) = po (1'%

are used.
Kinetic energy flux is

E(zy) =l%im 1/2fp[U% + U 3w’ + v’ + v'2)]dS (6)

with approximations
(o't = 0, {p(0r'? + "2 + ') = po(m? + m'? + 0y'?)
(o0’ = po (0%, and (oo’ ("% + 0,/2 + 15'8)) =~ 0

Complete development of these expressions is given in Ref.
20.

o -<RRP>Y2 */To
R = INTERFACE POSITION o I8
o 30
a 2%
10 os oa o 38

-R 6 CORRSIN AND KISTLER
y r-R
o 4
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[~
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2 1 [\ 1 2
y-R
Ci

Fig. 8 Intermittency factor v[(r — R)/cl.
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Fig. 9 Universal velocity profile in the mixing region.

The flowfield of the jet has an interface separating the
turbulence from the irrotational flow in the surrounding
medium. The effect of this fluctuating interface is to intro-
duce an intermittence in the signal from the hot-wire an-
emometer used to measure the turbulence.

The proportion of the time that a point is within the
turbulent region of the jet is termed the intermittency factor
. Estimates of the properties of the flowfield based on
measurements must allow for this intermittency.2

The radial and longitudinal distributions of the mean ve-
locity were measured with a constant-temperature hot-wire
anemometer. Measurements of the static pressure were
made with a standard static pressure tube (0.062-in.-diam)
mounted on a turntable to reduce the error in yaw and pitch.
The turbulent intensity was measured with a dual-channel,
linearized, constant-temperature anemometer using a cross-
wire calibrated for yaw angle and cooling.

The signal used to discriminate between the turbulent and
nonturbulent regions of the jet was |0%(t)/d#2]. The dif-
ferentiation eliminates the low-frequency fluctuations associ-
ated with the potential flow outside the turbulent region.
The signal was then processed in a standard manner to yield

Figure 7 shows the mean position of the interface for several
stations downstream of the nozzle. In Fig. 8 are shown nor-
malized intermittency values which are compared with re-
sults of Corrsin and Kistler.2? .

A round jet, with a partially turbulent exit profile shows
two downstream regions in which the flow profile deforms in a
self-similar fashion. One of these regions is the mixing re-
gion from z/ry = 2 to z/ro = 8. The other region of simi-
larity corresponds to the transition and fully turbulent re-
gions for z/ry > 10.

The similarity relationship in the mixing region, shown in
Fig. 9, is given by the equation

U/U. = exp[—61.53(n + 0.102)2] )

where 7 = (r — o) /(x — o), and the virtual origin 7y = —2r¢.

X/t
10

© > OO0o
&

— fz:p [—1.44 {n+ ,69)2]

r- I'A5
-1y

7=

Fig. 10 Universal velocity profile in the transition and
partially turbulent regions.
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~ In the transition region, the similarity relationship (Fig.
10) is defined by the equation

U/U. = exp[—1.44(n + 0.69)2] 8)

where 7 = (r — 70.5)/(To1 — To.9), and 7g.1, 7o.5, To.9 are those
radii when U/U. is 0.1, 0.5, and 0.9, respectively.

For the range of z/r shown, Eags. (7) and (8) fit the data
fairly well. The virtual origin in Eq. (7) was obtained by
extrapolation of the difference 75.; — 79.5 to zero. None of
the data have yet been corrected for the effects of inter-
mittency. The values of the parameters appearing in Eq.
(8) are in close agreement with those found by Nyar et al.??

The distribution of jet center-line velocity is shown in Fig.
11 for four different exit center-line velocities. There are
two distinet regions of similar behavior. Close to the nozazle,
the ratio of U,/U, falls off as the inverse of z/r.. The
normalization used.in Fig. 11 depends upon the virtual origin
of the fully developed region of the jet, which varies with
V0. Similar distributions have been reported by Laufer.?*

Figure 12 shows the distribution of the pressure coefficient
AP/pUZ2, along the center line. Measurements of the static
pressure are influenced by the interaction between the probe
and the unsteady velocity field. The measurement of this
pressure has been the subject of much argument in the past.
A method of measurement similar to that of Bradbury? and
Toomre?® has been adopted for this test. The static pressure
measured by the probe is defined as P, = p + 1/2pn((vz"?) +
(v’%), where 7 is a constant determined by the experiment
in terms of scale/probe size. The pressure coefficient is then
defined as

Po—Pe ey 1 [0 »
U2 T T ”( gz T Uﬁ)

where vz’ and v,/ are the radial and axial components of
turbulence, respectively. For larger values' of z/r, the

02
Up. ft/sec
&0 © 200
e o s
2693
-0k ﬁb oo 867
Ap 33%8%%
o SRRV
2 08 B L 00
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1 1 L L L 1. 1
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Fig. 12 Distribution of center-line pressure coefficient.
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Fig. 13 Mass flow distribution along the jet.

pressure coeflicient becomes constant indicating self-preserva-
tion of the turbulence.

Measurements of the mass flow are shown in Fig. 13. The
rate of entrainment is seen to increase until it reaches an
apparent constant value at about z/rq = 30.

The kinetic energy flux of the jet, plotted as a ratio with
respect to the kinetic energy flux at the nozzle exit, is shown
in Fig. 14. The rate of decrease of kinetic energy flux along
the jet axis, obtained from a curve which fits the data of
Fig. 14, is shown in Fig. 15. The kinetic energy is seen to
fall off rapidly at a constant rate for the first 10 radii down-
stream.

The total loss in this length is about 35%. This result is
consistent with that of Albertson et al.? Farther down-
stream the rate of decrease drops sharply and varies approxi-
mately as (z/r) 2. These experimental results have not
been corrected for the effects of intermittency.

Correction for the effects of intermittency would yield the
result (Kibens?)

E = lim [, 3y(pvr*ve)ds + lim [ (1 — v){ov,2v,)ds
R—>x R—>x

where vr and v, are the instantaneous velocities in the turbu-
lence and potential flow, respectively.

Similarity considerations can be used to arrive at a rela-
tionship between the rate of decrease of kinetic energy along
the jet and the distribution of acoustic sources. Measure-
ments of the flowfield have shown that there are two distinet
regions of similarity for the jet being studied. One region
corresponds to the mixing region from the exit to 10 radii
downstream; the other corresponds to the fully developed
jet beyond 10 radii. For the fully developed jet, the rate of
decreasé of the energy flux varies as (x — zo) ~2%, where a, is
the virtual origin of that region. Lighthill has shown that
the acoustic efficiency varies as M5 Since the local Mach
number varies as (x — zo) %, the local acoustic efficiency
varies as (x — m)~° The axial distribution of sources

2r Up= 693 ft/sec o

X/Tg

Fig. 14 Normalized distribution of energy flux along the
jet.
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Fig.15 Normalized distribution of the rate of dissipation
of kinetic energy along the jet.

Q(z/ry) must thus vary as (x — 20) ™", a result consistent with
that obtained by Ribner.1?

In the mixing region, the rate of decrease of energy flux is

a constant and the local Mach number is a constant. Thus
the distribution of sources @(x/7) must be constant in the re-
gion. This is again consistent with Ribner’s result.

Engineering Aspects of Jet Noise Reduction

Progress in the development of nozzle suppressors has
proceeded largely by empiricism guided to a certain extent by
" Lighthill’s basic theory. Lighthill was able to determine
the deperidence of the total acoustic power on gross flow
parameters such as the mean exit velocity, without detailed
knowledge of the turbulent stresses. The usual approach
has been to modify a cylindrical nozzle into a suppressor
configuration such as the Boeing multitube nozzle. Com-
paring these two nozzles at constant areas and momenta, one
finds that they will have different flow profiles initially, but
farther downstream they become increasingly alike. The
two jets will radiate nearly the same acoustic power from
the region in which they are similar, hence the suppression
produced by one of them arises from differences in the initial
stages of development of the flowfields.

Presented here are the results of experiments conducted
to establish the dependence of the sound field on nozzle
geometry, flow velocity profile, and temperature profile.
Some of these results have been obtained and discussed

BOEING
21" TUBE
SUPPRESSOR

ROUND- WITH LAMINAR
FLOW EXIT PROFILE

RECTANGULAR

ROUND WITH- PARTIALLY
TURBULENT FLOW
EXIT PROFILE

Fig. 16 Nozzle configuration.
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Table 2 Behavior of the flowfield of a jet; rotational
flow regions

' Mizxing region Fully turbulent region

Ue/Uo (z/r0)° [(@ — z) /1ol -1
U/Ue exp — 61.53(» + 0.102)2 exp — [1.44(y + 0.69)2]
pAUI; Decreasing from 0 to —0.045 Constant at —0.045
R ... (z/r)?
E/Es Decreases at a constant rate (x/rg) 1
from 1.0 to 0.65
d(E/Eb) 0 -
a@/ro) (/o) (x/r0)
%ﬁ"o) Slightly increasing (/7o)
Q(z/ro) (@/10)° (&/r) ™7
Irrotational flow region (ambient fluid)
Vradial ()
[243 (r) = where a = 2

wt w0t (Phillips®)

earlier by such investigators as Lassiter and Hubbard,3®
Powell,*! Lilley,® Tyler, Soffrin and Davis,?? Howes,?* Mollo-
Christensen et al.,?* and Krishhappa and Csanady.?

Acoustic measurements were made in a free field utilizing
both the NASA-Langley anechoic chamber facility and the
Boeing jet facility. Microphones were positioned at 15°
intervals between the angles of 15° and 165° from the jet
axis, on a 12-ft radius. Three different sets of microphones
were used to insure both adequate sensitivity and frequency
response throughout the range of velocities of interest. The
configurations tested are shown in Fig. 16. Figure 17 shows
the effect on total power radiated, of nozzle geometry and
velocity profile. The three nozzles compared have the same

10°F
Wl
"
[ =
£ 10°E
= f
= I
LI
wt +
=
[=]
e L
-l
< L
5 .
= ROUND NOZZLE WITH LAMINAR FLOW EXIT
b o PROFILE
107 © ROUND NOZZLE WITH PARTIALLY
C v TURBULENT FLOW EXIT PROFILE
i RECTANGUL AR NOZZLE ASPECT RAT!05/1
wie
1
10-5 v a el I WY Lo
100 10 102 103

MOMENTUM FLUX~Ib

Fig. 17 Effects of nozzle geometry and flow profile on the
total acoustic power by a jet of constant area.
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Fig. 18 Effects of nozzle geometry and flow profile on the
radiated acoustic power by a jet of constant area and con-
stant flow momentum.

area, 0.032 ft2. All nozzles show the expected variation
of total acoustic power with the fourth power of thrust. The
round nozzle with laminar profile is seen to be a more efficient
noise generator than the round nozzle having a partially
turbulent profile and the rectangular nozzle with an aspect
ratio of 5:1. Powell® has shown that if the velocity profile
of a jet from a round nozzle is modified further into a parabola,
the increase in center-line velocity necessary to maintain a
given thrust is sufficient to increase the sound production to
a level above that produced by the nozzle with the laminar
profile. Figure 18 shows the total acoustic power spectral
densities of four different nozzle configurations, all having
the same area of 0.0324 {t2 and a constant thrust of 48.6 1b.
Evaluation of the acoustic power coefficient, defined to be

K = acoustic power/(pU34 /ao%)

is also shown in Fig. 18. Of the four nozzles shown, the
round nozzle with a laminar flow profile has the highest
acoustic power coefficient. The Boeing 21-tube suppressor
has the lowest acoustic power coeflicient of those nozzles

@ ROUND NOZZLE WITH LAMINAR FLOW EXIT PROFILE
~RECTANGULARNOZZLE ASPECT RATIO 20/1 (FROM THE NARROWER SIDE)
4+RECTANGULAR NOZZLE ASPECT RATIO 20/1 (FRCM THE BROAD SIDE)

x BOEING 2] TUBE SUPPRESSOR

jligl / \

P(f)~(1b/1t2)/Hz
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= \b
SOV
~
e
-
74
=z

<
3
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L L .
102 103 104 RCH
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Fig. 19 Power spectral of the sound pressure from 12 ft
radius at 45° axis from nozzles at constant area and flow
momentum.
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2 RECTANGULAR NOZZLE ASPECT RATIO 20/1 (FROM THE BROAD SIDE)
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Fig. 20 Power spectral density of sound pressure from 12

ft radius at 90° from jet axis from nozzles at constant area

and flow momentum.

tested. It is, however, only slightly better than the rec-
tangular nozzle with an aspect ratio of 20:1.

The acoustic power coefficient is not alone an adequate
index of desirable sound generation characteristics of a
nozzle. Nozzle geometry affects both the directivity of the
sound field and the spectral content of the sound. These
aspects of the acoustic radiation are important in such con-
siderations as subjective response to aircraft noise. Direc-
tional characteristics of four nozzles are compared in Figs.
19 and 20, at angles of 45° and 90° from the jet axis, re-
spectively. At an angle of 45°, the sound field for the
Boeing 21-tube suppressor-reaches a maximum which is a
factor of 3 lower than the maximum for the standard nozzle;
but the maximum for the suppressor occurs at a frequency -
nearly eight times that at which the maximum of the standard
nozzle occurs, For the rectangular nozzle, the maxima,
opposite the two different sides show a difference by a factor
of 2-3, with the sound field opposite the broad side generally
of a higher frequency than that opposite the narrow side.
The sound fields for the nozzles at 90° from the jet axis are
similar in amplitude but show significant differences in
spectral content.

It is apparent from the above results that only a limited
reduction in total acoustic power is possible by modifying
a round nozzle into a suppressor configuration. From this
standpoint, the Boeing 21-tube suppressor achieves a rea-
sonable amount of suppression. Further reduction of ob-
served sound generation by a nozzle can be obtained by
altering the directional pattern of the sound field as well as
the spectral content. This can be realized by varying both
the geometry of the nozzle and the temperature distribution
at the exit.
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