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Experimental and Analytical Study of Jet Noise Modeling
L. F. MOON* AND S. W. ZELAZNYf

Bell Aerospace Division of Textron, Buffalo, N. Y.

Detailed turbulence profiles were measured at 28 axial locations extending from the nozzle exit to 12 nozzle
diameters downstream for a circular jet exhausting into an ambient environment. Measurements include mean
velocity, turbulence intensity, shear stress, as well as sound intensity, spectral distribution, and directivity. A noise
model was developed which accurately predicted sound amplitude, spectral distribution, and directivity pattern in
terms of self and shear noise components. A turbulence model was also developed which accurately predicted mean
velocity, turbulence intensity, and shear stress in axisymmetric jets with predictions starting in the potential
core. Turbulence and noise models were computationally coupled and the sensitivity of noise predictions to
inaccuracies in the predicted turbulence field studied. It is shown that errors of only 20% in predicted peak
turbulence intensity level in the core region results in up to a 5-db difference in the predicted over-all sound
pressure level.
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Nomenclature
jet radius
speed of sound
ratio of v'2/u'2, specified empirically
sound intensity
fourth-order length scale, jV Rijij{il
shear layer half width
Mach number
convection Mach number
distance from nozzle exit to observer
fourth-order correlation coefficient, (UiUj(rj,o)ukUi(£,o)y/

r = radial coordinate
ri, r2 = inner and outer edges of the mixing region, Fig. 1
rlu = half width of the shear layer in the core region
t = time, moving frame of reference
U = instantaneous or mean axial velocity
Ut = instantaneous velocity
Uj = jet velocity at exit
Ui = turbulent velocity
u' = rms value of longitudinal fluctuating component
V — eddy volume
i?' = rms value of transverse fluctuating component
Xf = coordinates (tensor)
|x| = distance from eddy to observer
a, [I, y = constants
£ = eddy viscosity
f - denned by Eq. (10)
rj,£ = points of evaluation in eddy
9 = angle defined in Fig. 1
p = density

T = time, fixed frame of reference
\l/ = angle defined in Fig. 1
CD = radian frequency
< > = time averaged quantity

Subscripts
1 = evaluated in axial direction
2 = evaluated in transverse direction
c = value at centerline
e = value at freestream
o = evaluated at far field conditions
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r = evaluated in radial direction
se = evaluated for self noise
sh — evaluated for shear noise
u = value at velocity half width
x = evaluated in direction of observation

Introduction

THE ability to theoretically predict complex turbulent jet
flows and acoustic fields is important when seeking to

optimize jet engine performance while minimizing noise genera-
tion. Before such predictions can be made, it is necessary to
model both the turbulence and the sound. That is, it is necessary
to first obtain a description of the flowfield using a turbulence
model and then estimate the aerodynamic noise using the
appropriate aerodynamic parameters in the sound model.

The theory of aerodynamic noise began with LighthilFs two
classic papers1'2 on the subject. During the more than two
decades since the original formulation a considerable amount of
effort, both theoretical and experimental, has been expended in
an attempt to more accurately estimate the sound produced
from turbulent flows, in particular, from turblent jets. However,
at least two questions remain: 1) have the sound generation
mechanisms been modeled in terms of the appropriate turbulence
parameters (velocity and velocity gradients, turbulence intensity,
length, and time scales, etc.) and 2) can these flow parameters
be predicted with sufficient accuracy, i.e., a degree of accuracy
which allows useful estimates to be obtained for the sound
radiated from the flow given an accurate sound model?

The objective of the experimental and analytical investigation
reported herein was to determine the sensitivity of noise level
predictions to inaccuracies in the predicted turbulent flowfield
parameters used in the sound model. Figure 1 shows a schematic
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Fig. 1 Schematic of axisymmetric jet and coordinate system used to
designate point of sound observation.
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of the axisymmetric jet considered and the coordinate system
used in designating the sound observation point in the far field.
In Sec. II, a sound model is developed and a description of the
detailed experimental jet data obtained in this investigation is
presented. Empirical models for eddy viscosity and turbulence
intensity are presented in Sec. III. and shown to give good
agreement with the jet mixing data used as standard test cases
at the NASA Workshop on Free Turbulent Shear Flows.3 In
Sec. IV the sound and turbulence models were computationally
coupled and predictions made for the velocity, turbulence
intensity, and sound pressure levels. The sensitivity of sound
pressure level predictions to inaccuracies in the initial turbulence
intensity profiles were examined.

Sound Model
Background

LighthilFs approach to the problem of aerodynamic sound
production is an "exactly valid one."1'2'4 It assumes that the flow
in a given region changes at a rate equal to the total inward
normal momentum and that the momentum changes at a rate
equal to the total inward normal component of the complex
stress system. It makes no simplifying assumption concerning
the shear stresses and their relation to rates of strain. His
formulation includes: 1) the sound generation mechanism,
2) convection of sound with the flow, and 3) sound dissipation
by conduction and viscosity. Having an exact formulation of the
problem, however, does not guarantee an exact solution as is
evidenced by the inexactness with which aerodynamic sound
can be predicted some twenty years after the formulation of the
problem and after much experimental and theoretical work by
many researchers. Lighthill demonstrated that for aerodynamic
sound generation the equations of continuity and momentum
could be cast in the form of nonhomogeneous wave equation
for which a solution exists. However, the solution is in terms of
covariances which are very difficult to measure or estimate.
It is this point that has led to many of the discrepancies in the
prediction of sound produced by jets. Realizing these difficulties,
Lighthill turned to a dimensional analysis argument in a first
attempt to deduce the dependence of the radiated sound on the
fluctuating flowfield. His arguments led to a now famous <I7>8

law, where < Uy is the bulk jet exit velocity. This law, although
a very useful empirical relationship, masks the dependence of the
sound generation on the turbulence structure.

Derivation
We first sketch the classical derivation in order to clarify the

differences which have allowed the present improvement in the
acoustic modeling. The classical theory of the physical
mechanism of noise generated by turbulent air flows as
formulated by Lighthill1 is:

(d2p/dt2) - a0
2(d2p/dxi dxt) = d^j/dXi dxj (1)

The lefthand side of this equation describes the propagation
of sound in a medium at rest, and the righthand side is a
collection of source terms. Expressing the source term identified
by Lighthill in the conventional manner of turbulence theory
(i.e., dividing the velocity-field into a mean and a fluctuating
part), Csanady5 showed the source term was composed of terms
containing not only turbulence parameters, which had previously
been identified, but also terms containing mean velocity gradient.
A short time later Jones,6 working with Csanady, identified a
term containing the second derivative of mean velocity. Thus,
the forcing function representing the generation of aerodynamic
noise was shown to be dependent upon several different
mechanisms: fluctuating shear stress interactions with 1) them-
selves, 2) the first derivative of mean velocity, and 3) the
second derivative of mean velocity. Jones concluded that at least
for a round jet only the first two of these are of any practical
significance, with the second one possibly dominant.

Dividing the velocity field into a mean and a fluctuating
part (i.e., £7, = < [/,-> + UL) and assuming an idealized mixing

layer characterized by <l/i> = <£Mx2,x3)> and <[/2> =
<(73> = O.7 Eq. (2) can be transformed to :

(d2p/df2) - a2(d2p/dx; dxj') = Sr (2)
where S' is given by :

^ uj) + 2 ~
dxi

(3)

Equation (2) is the ordinary wave equation for which the solution
is known. The first term on the right side of Eq. (3) is called
the self noise since it involves only turbulence quantities. The
second term is called shear noise since it is dependent on the
gradient of the mean velocity as well as turbulence quantities.8

The solution of Eq. (2) for the first term in Eq. (3) yields
the intensity of the self noise generated from a unit volume of
turbulence,9"11

16*2|x|2p.fl.s 5T4
(4)

and the solution for the second term gives the intensity of the
shear noise generated from the same turbulence volume.5'12-13

f
}
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:> \ dr J drz

Many assumptions and simplifications have been made in
arriving at these results and these as well as the details of the
solution can be found in the cited references.

The total intensity of self noise plus shear noise, before
allowance is made for the effects of convection and refraction,
reaching the far field due to a unit volume of turbulence is
given by combining Eqs. (4) and (5). The radiation due to self
noise depends on the second time derivative; whereas the shear
noise radiation depends on the first time derivative; thus the
self noise should radiate at a higher characteristic frequency
than the shear noise. The directivity associated with the shear
noise causes the high-frequency self noise to dominate toward
the sides of a jet,- and the lower frequency shear noise to
dominate ahead and behind the jet.

Convection of eddy sound sources by the mean flow has
been discussed by many authors and different convection factors
have been identified for each sound generating mechanism. The
convection factor for self noise as given by Lighthill1 and
modified by Ffowcs Williams9 and Ribner10'11 for a moving
frame of reference is [(1 — Mc cos 6)2 + ase

2] ~ 5/2. The convection
factor for shear noise as given by Jones8 and modified to eliminate
the singularity at 1 — Mc cos 9 = 0 following Ribner for a moving
frame of reference is [(l-Mccos^)2 + as/J

2Mc
2]"3/2. The effect

of mean flow convection is to increase the sound intensity in the
downstream direction.

Refraction of eddy sound sources by the jet flow bends the
sound rays away from the jet axis; thus, weakening the sound
along the core and causing a so-called zone of silence along
the jet axis. Effects of refraction increase with increasing
frequency. Schubert14 has suggested that jet noise directivity
at a particular frequency can be obtained by first computing
directivity due to self noise and shear noise with convection,
then multiplying by a refraction factor. The form of this factor
is as yet unknown; fortunately, for observation angles greater
than 20° this factor may be neglected.

Combining Eqs. (4) and (5) with the convection factors and
neglecting refraction, one arrives at an expression for the sound
intensity in the far field due to a unit volume of turbulence:

2 ^4

-,——t^<(u2)2yRxxxxdV x

1
15/2
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cos40

V4n2\x\2p0a0 dr

2l!_
d?

sin2 0 cos2 9
(6)

where the covariances have been written in terms of correlation
coefficients. The sound generation mechanisms and directivity
patterns described by this equation are applicable to circular,
coannular, and two-dimensional jets. The derivation of Eq. (6)
has followed strictly classical methods and assumptions. It
represents an important result in that it includes explicitly
the self (first) and shear (second and third) noise terms with
their different intensities and directives, and clearly shows the
relationship of these sound producing mechanisms to the mean
and turbulence properties of the flow.

It appears at this point that the mechanisms for aerodynamic
sound generation from a unit volume of turbulence are quite
well understood; however, the solutions of the Lighthill wave
equation with this complicated forcing function still contain
very complicated second- and fourth-time derivatives of two-
point turbulence correlations. As yet, these derivatives cannot
be predicted directly and must therefore be written in terms
of predictable turbulence quantities. To simplify this equation,
reasonable approximations, based on turbulence measurements,
must be made. Many researchers have contributed to our
understanding of the correlations and how they can be
modeled.14-23

We will now discuss our approach to the solution of Eq. (6)
which permits sound radiation to be accurately estimated from
measured flow quantities without the requirement of high order
differentiation of measured data. In modeling the very compli-
cated integrals in the preceding equation, the following assump-
tions were made. 1) Each eddy radiates at two characteristic
frequencies, one corresponding to the quadrupole radiation (self
noise), and one corresponding to dipole radiation (shear noise).
2) The time dependence of the sound produced from each
eddy can be written in terms of these characteristic frequencies.
3) Three orthogonal length scales, two about equal in length
and a third about twice as long are associated with each
sound producing eddy. 4) The characteristic frequencies can be
written in terms of these length scales, the length scale in the
direction of the flow being characteristic of the shear noise
and transverse length scale being characteristic of the self noise.
5) The volume of each sound producing eddy can be characterized
by a constant times the product of these characteristic orthogonal
length scales. 6) The velocity fluctuations are normally distributed
throughout each eddy. 7) Each sound producing eddy radiates
independently of the surrounding eddies.

Some of the forementioned assumptions are not, at least for the
present, supported by the mathematical rigor that one would
like; however, they can be justified by heuristic arguments.
Lighthill,1 in analyzing his sound theory suggested that the
time dependence could be expressed in terms of a characteristic
frequency. Re-examination of the sound generation mechanisms
indicate that, if LighthilFs suggestion is appropriate, the time
dependence must be expressed in terms of at least two
characteristic frequencies or times: one frequency corresponding
to the self noise and a second corresponding to the shear
noise. This assumption does not limit the sound radiated
from a turbulent jet to only two frequencies, it only limits the
sound radiated from each eddy within the jet to two dominant
frequencies. Each eddy can however have characteristic
frequencies different from adjacent eddies. This two-frequency
assumption for each eddy can be further supported by examining
the turbulent flow structure. In the shear region of a turbulent
jet, the region of maximum sound production, the eddies
are stretched in the direction of the flow due to vorticity.
Based on turbulence measurements, it is evident that this
stretching process causes the length of the eddy in the flow

direction to be about twice its length normal to the flow.
The shape of the eddy might thus be thought of as near
cylindrical with its volume given by a constant times the
product of its characteristic lengths. The proportionality constant
must have a numerical value near one, being exactly one for a
rectangle and n/4 for a cylinder. If these eddy volumes are
considered to be independent sound radiators, it is likely that
they will radiate predominantly at the fundamental frequencies
of the volume, i.e., the two predominant frequencies are
proportional to the mean eddy velocity divided by the
appropriate length scales.

Using the above assumptions, Eq. (6) can be integrated over
the eddy volume to yield:

[(1 - Mc cos 6)2 + ase
2Mc

2]5/2

cos sin2 8 cos2 -0
2n2\x\2

Poa0
5

(7)
where cQse = yse((Uy/l2t3) and to* = y*((Uy/li). Equation (7)
describes the sound intensity, spectral distribution, and direc-
tivity pattern of the sound radiated from a unit volume of
turbulence in terms of self noise and shear noise components.
By integrating this equation over-all sound producing eddies,
the total contribution to the sound reaching a point in the far
field due to the self noise or shear noise can be determined
independently or by integrating over slices of the jet and the
sound generated as a function of location in the jet can be
determined. In addition, the spectral distribution of the sound
reaching a far field point can be calculated for both the self and
shear noise mechanisms. The sum of these two distributions,
which is the only distribution which can be measured, gives the
total spectral distribution. This two-frequency method of
modeling sound also allows one to predict the experimentally
observed change in peak frequency as a function of angle about
the jet producing the sound, i.e., low frequencies near the jet
axis and higher frequencies away from the axis.

Another important aspect of this model is that it retains
the physical dependence of the sound generation on the
turbulence mechanism. Turbulence parameters retained in the
sound model are : turbulence intensity, shear stress, length, and
time scales as well as local mean density, velocity, and velocity
gradients. Retention of these parameters allows one to determine
effects on sound generation of initial jet turbulence levels,
velocity gradients, length scales, and temperature. Because the
sound has been modeled in terms of local turbulence parameters,
in order to be a useful sound model, these local turbulence
parameters must be predictable in terms of initial jet conditions.
This brings up a very important point, i.e., are the major
inaccuracies in predicting aerodynamic sound due to in-
sufficiencies in the sound model itself or are these inaccuracies
due to the use of inappropriate turbulence models? To shed some
light on this question, an experiment was conducted in which
detailed measurements of the appropriate turbulence parameters
were measured and used to numerically integrate Eq. (7). Sound
intensity and spectral distributions predicted as a result of this
integration were then compared with experimental values. A
discussion of this experiment and the results are presented in the
following sections.

The simplest geometry which can be experimentally investi-
gated and which will help in understanding the relationship
between turbulence and sound generation is an axisymmetric
free jet. In addition, the turbulent structure for this case is well
known from experimental studies. Solution of Eq. (7) requires
a knowledge of the following: density, mean velocity, mean
velocity gradients, Reynolds stresses, length, and time scales
as well as several constants. For axisymmetric jets, some
information about these properties is available from the
literature.

As a first approximation, the constants ocse and as/2 can be
assumed equal and assigned the value 0.55 which Ribner10
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found gave the best fit when compared with measurements for
round jets. Assuming the sound producing eddies to be cylindrical
volumes, fise and flsh can be set equal to n/4. The final set of
constants, yse and ysh> can again as a first approximation be
set equal to one another. This approximation forces the self
noise to radiate at twice the frequency at which the shear noise
radiates. The magnitude of y can be approximated for an axisym-
metric free jet from the time scale measurements of Chu.15

From these measurements, y was estimated to have a magnitude
of 0.3. Refinements in each of these constants could be made if
additional turbulence data were available.

The least understood of the remaining flow parameters in
Eq. (7) are the length scales. Since the length scales appropriate
for describing the sound generation are defined in terms of
integrals of the fourth-order velocity correlations they are, as yet,
impossible to predict directly. Jones17 measured three of these
length scales in a two-dimensional jet and showed that for this
particular jet the length scales grew approximately linear with
distance from the jet axis. Chu15 measured these same length
scales for a circular jet. Jones compared his data with that of
Chu and suggested that discrepancies between the two sets of
data are due to instrumentation errors. Some instrumentation
errors are indicated; however, most of the error is due to
comparing length scales from jets of different geometry, size,
and velocities as a function of distance from the jet exit only.
Since sound is generated from history-dependent turbulent
eddies, these length scales are also history dependent and thus,
not comparable on a basis of distance from the jet axis alone.
A more suitable correlation needs to be found. For circular
jets it appears that these length scales can be written in terms
of the shear layer half width (/s). The shear layer half-width
grows approximately linearly with distance downstream of a
circular free jet; however, the rate of growth changes for different
diameter jets. Based on very sparse data, the length scales
have been related to the shear layer half width by15'17

/! - 0.358/s (8a)
;2 = /3=0.179/s (8b)

The sound model can be further simplified for application to
circular free jets, the turbulence structure being heavily studied,
by assuming the correlations <wx

2>. <WiW r 2 >, and <w r
2> can all be

modeled in terms of the single correlation <Wi 2 >. This restrictive
simplification need not be made; it does, however, allow all
remaining variables in the model to be recovered from a one-
dimensional measurement.24 The error introduced by this
assumption should cause the sound intensity to be slightly over
predicted.

Experiment
The validity of the sound model, i.e., Eq. (7) plus the

assumptions discussed above, can be demonstrated by comparing
measured sound intensity, spectra, and directivity with values
calculated from measured values of <LT>, d(Uy/dr, <w2) and ls.
A | in. circular nozzle was selected for experimental study.
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Fig. 2 Comparison of measured over-all sound pressure level and
directivity with prediction made using measured turbulence data (f in.

diam., exit velocity 500 fps, observation distance 64.6 in.).
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Fig. 3 Comparison of measured spectra with predictions made using
measured turbulence data (| in. diam., exit velocity 500 fps, observation

distance 64.5 in.).

The nozzle was mounted on a three-dimensional traversing
table located in one end of a 17x20x20-ft semianechoic
chamber. A fixture for holding a hot-wire/film probe was
attached to the base of the traversing table. Surveys of the
flowfield were made by moving the nozzle relative to the fixed
probe. For measurements of jet noise, a microphone boom was
mounted in the ceiling and centered over the nozzle. The boom
was constructed to allow the distance between the microphone
and the nozzle to be varied as well as the angle between the
jet centerline and the microphone. Detailed information about
the facility is available.24

Measurements of axial mean velocity and turbulence intensity
profiles were made using a constant temperature anemometer
(TSI Model 1050). Twenty-eight separate profiles were measured
in the jet from the nozzle exit to twelve nozzle diameters
downstream. Each profile contained an average of 20 data
points.24 Typical profiles are shown in Fig. 9.

Measurements of over-all sound pressure level (OASPL) were
made using a condenser microphone system (B&K Model
4145-2619-2606). The sound spectra were determined at each
measuring point using a ^-octave band analyzer (GR Model
1523-P3). These data are shown in Figs. 2 and 3.

Comparisons of Sound Predictions with Data
From the measured turbulence data, the remaining unknown

flow parameters were evaluated, i.e., d(Uy/dr and ls were
determined. Using these flow data in addition to the constants
determined earlier, Eq. (7) was numerically evaluated. The
OASPL radiated from the sound producing region of the jet
is given as a function of distance and angle as

OASPL (R,ij/) =
(% Cr0

= 2na0p0 it
Jo Jo

rdrdz (9)

Figures 2 and 3 show comparisons between measured and
calculated OASPL, directivity pattern, and spectral distribution.
Predictions of OASPL and directivity are seen to be in excellent
agreement with the experimental data (generally less than 2%
error). The frequency spectra are slightly under predicted (error
generally less than 5%). Since contributions to the low frequencies
come primarily from regions in the jet far downstream of the
nozzle exit, the major errors in the low-frequency predictions
can be attributed to integrating for only 12 diam. Inclusion of
the region further downstream would have increased the low-
frequency predictions while having very little effect on the
OASPL predictions.

The predicted peak frequency is, also, slightly lower than
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Fig. 4 Total sound radiated from successive slices of jet (f in. diam.,
exit velocity 500 fps, observation distance 64.5 in.).

measured. Peak frequency as well as the predicted level in each
^-octave band are strongly dependent on the magnitude of the
turbulence time and length scales. Small errors in the magnitude
of these scales could also account for the inaccuracies in
predicting the sound spectra.

Since the total sound radiated from the jet has been calculated
by summing the sound radiated by individual eddies, the total
sound reaching the observation point which originates from
successive slices of the jet can be determined. The axial distribu-
tion of sound sources is shown in Fig. 4 for three separate
observation angles. From this figure it can be seen that only a
very small contribution to the over-all sound intensity is made
by the regions of the jet beyond about 8 or 10 diam. downstream
of the nozzle exit. This, however, does not imply that major
contributions to the low-frequency bands cannot come from this
region.

Thus, we have shown that accurate sound radiation predic-
tions, including directivity and spectral distribution as well as the
axial distribution of sound sources, can be made from measured
mean and turbulence flow parameters. Next we examine the
ability to model the turbulence to the required accuracy.

Turbulence Model
The turbulence model summarized below is shown to model

most of the test cases used as the NASA-Langley Working
Conference on Free Shear Flows,3 i.e., incompressible and
compressible quiescent jets, wakes, coflowing streams of constant

0.20 r
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D EXP. ,z= 3, SAMI (REF. 27)

0.08 h

0.04

density, heated jets, and coflowing streams of hydrogen mixing
with air. The predictive technique used to solve the species
continuity, momentum, and energy equations is a derivative of
the method used by Zeiberg and Bleich,25 i.e., the equations
are simplified using the boundary-layer approximations, the
radial velocity is eliminated using the von Mises coordinate
transformation and the resulting equations are solved by employ-
ing an explicit finite difference method. An eddy viscosity
approach is used, hence it is not necessary to introduce additional
equations, e.g., the turbulence kinetic energy equation, and
specify initial turbulence kinetic energy profiles. A unique feature
of the turbulence modeling effort reported herein is the develop-
ment of explicit empirical relationships for the shear correlation
coefficient and turbulence intensities.

Eddy Viscosity and Turbulence Intensity Models
The eddy viscosity and axial turbulence intensity models are

given below in Eqs. (10) and (11); details on how these equations
were developed are reported by Zelazny26

0.036 ft |p U-peUerdr

where
_e_ _ 1.05-0.1Se-4.6£
^~ 1.0 + 0.05C4

(lOa)

'= Gc(0 for f ^ 0 (lOb)

s_ _0.945-0.135e-4.6(l-0
^= 1.0 + 0.05(1-C)7 = GC(0 for C < 0 (lOc)

(lOd)
and

Gjr\\pU-peUe\rdr
fl)(l + 2/)(l +0.6|Mc-Me|

1/2

(11)
where the time average brackets < > have been deleted with the
understanding that only time averaged parameters are
considered.

Equations (10) and (11) have been shown to accurately
correlate data covering a wide range of flow conditions with
calculations starting in the jet core. It is important to note that
the expression for su correctly reduces to the same form as
Prandtl's velocity difference model as z — > oo and to Gortler's
model for two-dimensional jets as z -> 0.

Comparisons of Turbulence Predictions with Data
Comparisons between experimental axial velocity and

turbulence intensity data and their values predicted using Eqs.
(10) and (11) are shown in Figs. 5 and 6. The two cases
presented therein are for the data of Sami,27 an incompressible
quiescent jet, and Maestrello and McDaid,28 a compressible
quiescent jet. Comparisons for twenty-two additional cases were
considered and are reported in Ref. 26. In addition, the turbulence

O EXP MAESTRELLO
AND McDAID (REF 28)

PREDICTED

10 20 30 40 50 60 70 80

Fig. 5 Predicted and experimental axial turbulence intensity profiles
at z = 3 and 10 for data of Sami.

Fig. 6 Centerline velocity decay, calculations started at z/D = 1.0,
data of Maestrello and McDaid.
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Fig. 7 Comparison between predicted and measured sound pressure
level as a function of observation angle (observation distance

R = 64.5 in.).

model was shown to accurately predict the flowfield of
compressible wakes29 and has been used by Holdeman30 in
characterizing jet engine exhaust dispersion. These results
demonstrate that reasonable agreement (generally less than 20%
error) of both turbulence and mean parameters can be obtained
for circular and coannular jets. The significance of 20% error
in turbulence intensity on predicted sound pressure levels was
studied using the computationally coupled turbulence and sound
models and is presented in the following section.

Turbulence and Noise Predictions
The sound and turbulence models, Eqs. (7-1 1) were computa-

tionally coupled in order to predict the sound spectra and
pressure levels given the initial velocity profile at the jet exhaust
plane. The shear layer half width, /s, is obtained directly from
the computer velocity profile and the length scales.

In previous investigations22'23 both the initial mean velocity
and turbulence intensity profiles were required to start computa-
tions which result in the solution for the velocity and turbulence
intensity throughout the entire flowfield. In most practical
applications the initial turbulence intensity level is not known
and is very dependent on the upstream history of the flowfield.
This fact underscores a basic weakness of methods requiring
initial turbulence profiles to begin flowfield predictions. To
examine in detail the consequences of not having initial turbulence
intensity profiles available, two sets of predictions were made
for the over-all sound pressure level at various observation
angles. The first set of calculations used both the initial
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Fig. 8 Comparison between predicted and measured spectra (observa-
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Fig. 9a Predicted and experimental axial velocity profile at z = 2.0 in.

experimental velocity and the turbulence intensity profiles.
Results (Fig. 7) show that excellent agreement between the
experimental and predicted over-all sound pressure levels were
obtained for the 300, 500, and 700 fps jets. These results are
comparable to results obtained using a turbulence model which
requires initial turbulence intensity profiles such as a turbulence
kinetic energy approach. The comparison between the predicted
and experimental spectra for \ji = 30° and R = 64.5 in. is shown
in Fig. 8. Note that both the shape and peak OASPL were
correctly predicted although shifted toward the high frequency
end of the spectra. This shift is due to the differences between the
predicted and experimental length scales which are highly
sensitive to small differences between the predicted and experi-
mental mean velocity profiles.

A second set of calculations were made which represent a
more realistic case where turbulence intensity levels are not
available to start the calculations. Therefore, Eq. (11) was used
to obtain the initial u' profile, rather than use the experimental
values. As in the previous case the starting profile for mean
velocity was obtained from the experimental data. Comparisons
of predicted and experimental values for U and u' at z = 2.0 in.
downstream are shown in Fig. 9a. The predicted velocity field
was in excellent agreement with the experimental data; however,
the length scales differed by 31% and the predicted turbulence
intensity, Fig. 9b, was 20% higher than the peak experimental
value and a factor of 3 lower near the centerline. The effect of
the over-prediction in the peak turbulence intensity on the sound
pressure level is shown in Fig. 7 as the dashed line. Note that
for the 500 fps jet, the over-all sound pressure level was over the
experimental value by approximately 5 db at \j/ = 90°. Similar
trends were obtained for the 300 and 700 fps jets.
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Fig. 9b Predicted and experimental axial turbulence intensity profiles
at z = 2.0 in.
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Conclusions
1) A sound model was developed, Eqs. (7) and (9), which,

when given - the detailed experimentally obtained flowfield,
accurately predicted the sound amplitude, spectral distribution,
and directivity pattern in terms of the self and shear noise
components. 2) A turbulence model was developed, Eqs. (10) and
(11), which accurately predicted mean velocity, shear stress, and
turbulence intensity (generally less than 20% error). 3) Errors
of only 20% in the predicted peak turbulence intensity level in
the core region results in up to 5-db difference in the predicted
over-all sound pressure level. 4) Unlike most boundary-layer
type flows noise predictions are highly sensitive to inaccuracies
in the starting conditions. Therefore, the key to obtaining
accurate noise predictions obtained from computationally
coupled turbulence and sound models is to start with accurate
(at least less than 20% error) initial turbulence intensity profiles.

It is recommended that future studies of the turbulent flowfield
as related to noise characterization focus on the role upstream
parameters (e.g. geometry, mode of injection) have on the exit
plane turbulent field.
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