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Broadband shock-associated noise is a component of jet noise generated by supersonic jets operating offdesign. It

is characterized by multiple broadband peaks and dominates the total noise at large angles to the jet downstream

axis. A new model is introduced for the prediction of broadband shock-associated noise that uses the solution of the

Reynolds-averaged Navier–Stokes equations. The noise model is an acoustic analogy based on the linearized Euler

equations. The equivalent source terms depend on the product of the fluctuations associated with the jet’s shock-cell

structure and the turbulent velocity fluctuations in the jet shear layer. The former are deterministic and are obtained

from the Reynolds-averaged Navier–Stokes solution. A statistical model is introduced to describe the properties of

the turbulence.Only the geometry andoperating conditions of the nozzle need to be known tomakenoise predictions.

This overcomes the limitations and empiricism present in previous broadband shock-associated noise models.

Results for various axisymmetric circular nozzles and a rectangular nozzle operating at various conditions are

compared with experimental data to validate the model.

Nomenclature

D = jet exit diameter
Dj = fully expanded jet exit diameter
fai = unsteady force associated with speed-of-sound

fluctuations
fvi = unsteady force associated with velocity fluctuations
K = turbulent kinetic energy
k1 = axial wave number
l = axial length scale of turbulence
l? = cross-stream turbulent length scale
Md = nozzle design Mach number
Mj = fully expanded jet Mach number
NPR = nozzle total pressure ratio
po = total pressure
p1 = ambient pressure
p0 = pressure fluctuation
R = radial distance to observer in spherical coordinates
Rv = two-point cross-correlation of turbulent velocity

fluctuations (y; �; �)
Rvnm = two-point cross-correlation of broadband shock-

associated noise source term (y;�; �)
r = radial distance in cylindrical coordinates
S = spectral density �x; !�
TTR = nozzle total temperature ratio
To = total temperature
T1 = ambient temperature

�uc = axial convection velocity
vi = Cartesian velocity components in the xi directions
a = local speed of sound
� = ratio of specific heats
" = viscous dissipation rate
� = separation in the x3 direction
� = separation vector
� = separation in the x2 direction
� = dilatation rate fluctuation
� = polar angle of observer
� = separation in the x1 direction
� = logarithm of the pressure �x; t�
�ng, v

n
gi = periodic vector Green’s function �x; y; !�

�ng, v
n
gi = periodic vector Green’s function �x; y; t � ��

�1 = ambient density
�s = turbulent time scale
	 = azimuthal angle of observer
� = specific dissipation rate
! = angular frequency

Subscripts

s = shock-cell fluctuation
t = turbulent fluctuation

I. Introduction

B ROADBAND shock-associated noise (BBSAN) is one compo-
nent of jet noise from supersonic jets operating at offdesign

conditions. In this paper a model is developed to predict BBSAN.
This component dominates the radiated noise at large angles relative
to the jet downstream axis, when the jet is operating offdesign. The
method builds on the noise generation mechanisms that have been
proposed in existing prediction methods, but the focus is on the
development of a new BBSAN prediction scheme that is free of the
limitations of previous models. Only the operating conditions of an
offdesign supersonic jet and the nozzle geometry need to be specified
tomake a prediction. The long-term goal of the present approach is to
make BBSAN predictions from nozzles that are not axisymmetric
and include highly offdesign operating conditions and realistic
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engine nozzle geometries. However, the results in the present paper
are primarily for axisymmetric jets operating at a variety of nozzle
total pressure ratios (NPR� po=p1) and total temperature ratios
(TTR� To=T1); a rectangular-nozzle case is also included.

Current prediction methods for BBSAN are based primarily on
empirical correlations of radiated noise and jet data. These methods
are restricted to axisymmetric single-stream, dual-stream, or simple
rectangular-jet nozzle geometries. These BBSAN models were
developed mainly based on observations in unheated jets, though
some corrections for the effect of jet heating have been introduced.
BBSAN is still a very important component of noise in hot jets. In
heated jets, the BBSAN and mixing noise are often of the same
intensity, though they radiate in different directions. Mixing noise is
dominant in the jet’s downstream arc and BBSAN is dominant in the
upstream arc. However, this is only the case for the peak noise levels.
At low frequencies in particular, the jet mixing noise is dominant at
all angles to the jet axis. Aswill be shown, this is because theBBSAN
spectrum decays very rapidly at low frequencies.

Broadband shock-associated noise is present in supersonic jets
operating at offdesign conditions. This can occur for either conver-
gent or convergent–divergent nozzles. Under these conditions, the
pressure at the jet exit differs from the ambient value. This imbalance
generates a system of shocks and expansions in the jet plume. The
interaction between the turbulence in the jet shear layer and this
shock-cell structure is the source of shock-associated noise. Shock-
associated noise is observed as a strong spectral peak, with additional
peaks at lower intensities at higher frequencies, at relatively large
angles to the jet downstream axis. The peak frequency is a simple
function of the jet shock-cell spacing and the convection velocity of
the jet shear-layer turbulence. The amplitude of BBSAN depends on
the ratio of observer distance to the jet diameter, the polar and
azimuthal observer angles, the geometry of the nozzle, the degree of
offdesign operation, and, to a lesser degree, the stagnation temper-
ature. The degree of offdesign operation (the offdesign parameter)
dependence is quantified by the factor 
:


�
����������������������
jM2

j �M2
dj

q
(1)

where Md is the design Mach number of the nozzle, and Mj is the
fully expanded jet Mach number, which depends solely on the NPR:

Mj �
�

2

� � 1
�NPR

��1
� � 1�

�
1=2

(2)

where � is the ratio of specific heats.
The first prediction scheme for broadband shock-associated noise

was developed byHarper-Bourne and Fisher [1]. Their methodology
and the resulting prediction scheme exemplify an excellent coupling
of experimental observations and theory. Their proposition was that
BBSAN depends on the nearly coherent interaction between the
turbulence in the jet shear layer and the jet’s nearly periodic shock-
cell structure. This can be modeled as a series of correlated point
sources that radiate either constructively or destructively. Harper-
Bourne and Fisher’s prediction scheme depends on a knowledge of
the rate of decay of the turbulence correlation between shocks, aswell
as the characteristic spectral shape of the radiated noise generated by
each interaction. These were obtained using a least-squares
procedure to match the model with experimental noise measure-
ments. The nozzles considered in the experiments were convergent
and operated at TTR� 1:0. The method has also been applied to
heated jets successfully but predictionswere not shown in the original
paper. The method is used in the SAE ARP876 [2] prediction for
single-stream shock-associated noise from convergent nozzles at
supercritical conditions and is also included as amodule in the current
version of the Aircraft Noise Prediction Program (ANOPP) [3].

A second prediction method for shock-associated noise was
developed by Tam [4]. The basic physical model was that described
by Tam and Tanna [5]. Tam [4] argued that the shock-cell structure in
the jet could be modeled, following the work of Pack [6], as a
waveguide, where the waves are forced by the pressure imbalance at
the jet exit and are confined by the jet shear layer. The simplest model

that can be used for the jet is a vortex sheet. The effects of the slow
divergence of the jet and the dissipative effects of the turbulence on
the shock cells can also be included in the same general framework as
shown by Tam et al. [7]. The large-scale turbulence in the jet shear
layer is modeled as a random superposition of instability waves
supported by the jet mean flow, as described by Tam and Chen [8].
The interaction between the downstream-traveling instability waves
and the nearly periodic shock-cell structure results in an interference
pattern of traveling waves. The phase velocity of these waves can be
greater than that of the instability waves alone and gives rise to noise
radiation at large angles to the jet downstream axis, including the
upstream direction. Since there is a random set of instability waves
interacting with the shock cells, the resulting radiation pattern
involves broad lobes rather than a sharply directional radiation. Tam
[4] argued that a complete calculation of the large-scale turbulence
spectrum would be computationally very expensive. So the eventual
prediction formula is based on a simple growth and decay formula for
the instability waves and their phase velocity and on empirical
formulas to correct the shock-cell spacing from the vortex sheet
approximation. In addition, the spectral width is determined with a
best fit to the measured noise data. The predictions give good overall
agreement with noise measurements in both the jet’s near and far
fields and certain key features of the measured spectra are captured.
These include the variation of the frequency of the broadband
spectral peakwith observer angle (the same prediction is provided by
the Harper-Bourne and Fisher [1] model), the narrowing of the
spectral shapes as the observer moves towards the jet upstream
direction, and the presence of secondary spectral peaks at higher
frequencies than the main peak. It should be noted that the Harper-
Bourne and Fisher [1] model also predicted multiple harmonics of
the shock peak with decreasing amplitude when the nonuniform
spacing of the shock cells was included. Tam [9] extended his
original model to account for jets operating at moderately offdesign
conditions as well as to incorporate a correction for the effect of jet
heating (though no comparisons were shown for heated cases). More
recent versions of ANOPP [3] have incorporated Tam’s [9] model for
BBSAN.

Lele [10] compared the models of Harper-Bourne and Fisher [1]
and Tam [9] and argued that a distributed phased-array of noise
sources can be used to interpret Tam’smodel. Lele’s [10] comparison
of the two models showed that in some select cases a modified form
of the model of Harper-Bourne and Fisher [1] compared more
favorably than Tam’s [9]with respect to experimental data. However,
comparisons were only made for slightly offdesign jets and a small
amount of heating.

Recently, numerical simulations of supersonic jets operating
offdesign have been performed. Notable examples are the studies by
Shur et al. [11,12], using a hybrid Reynolds-averagedNavier–Stokes
(RANS) with large eddy simulation method. These studies included
simulations of unheated and heated jets as well as jets operating at
offdesign conditions. Nonsimple geometries, including a beveled
nozzle and simulated chevrons were studied. The results are very
encouraging and indicate the quality of noise predictions that can be
achieved through a judicious use of discretization method, grid
distribution, and turbulence modeling. However, the computations
are still expensive and time-consuming.

In the present approach, the development of the jet flow, including
the internal flow in the nozzle, is predicted using a steady RANS
calculation. A two-equation turbulence model is used. These
calculations are much faster than time-accurate flow simulations.
The results of the RANS simulations are used to characterize the jet
mean flow, including the jet’s shock-cell structure, as well as to
provide estimates of the turbulent fluctuation levels and the turbulent
length and time scales. The incorporation of this information within
the BBSAN noise model described below enables the BBSAN to be
predicted on the basis of the jet nozzle geometry and operating
conditions alone.

In the next section the BBSAN prediction formulas are developed.
The flow simulations and their validation are then described, as is the
numerical implementation of the model. Predictions are then
performed for single axisymmetric jets operating at under- and
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overexpanded conditions. The effects of jet heating are also
demonstrated. Comparisons are made with both measurements and
existing BBSAN noise prediction models. An example of the use of
the model for a rectangular-jet case is also included. The effect of the
choice of calibration case for the model’s empirical coefficients is
described in Appendix A.

II. Broadband Shock-Associated Noise
Model Development

The BBSAN model builds on the analysis developed by Tam [4].
Tam’s analysis is considerably simplified if the following forms of
the inviscid compressible equations of motion are used:

D�

Dt
� @vi
@xi
� 0 (3)

Dvi
Dt
� a2 @�

@xi
� 0 (4)

D

Dt
� @

@t
� vi

@

@xi
(5)

where a is the local speed of sound, vi are the velocity components in
the xi directions of a Cartesian coordinate system, and � is related to
the logarithm of the pressure p:

�� 1

�
ln �p=p1� (6)

Following Tam [4], the instantaneous flowfield properties are
separated into four components; that is,

�
vi

� �
� ��� �s � �t � �0

�vi � vsi � vti � v0i

� �
(7)

where the overbar denotes the long-time-averaged value, the
subscript s denotes the perturbations associated with the shock-cell
structure, the subscript t denotes the fluctuations associated with the
turbulence, and the prime denotes the fluctuations generated by the
interaction of the turbulence and the shock-cell structure. It will be
assumed that the shock-cell structure satisfies the steady linearized
version of Eqs. (3) and (4). In addition, it is assumed that the unsteady
linearized version of these equations is also satisfied by the turbulent
velocity fluctuations. This is justified if the important components of
the turbulence, as far as the broadband shock-associated noise is
concerned, are coherent over relatively large axial distances. These
components are described well by a linear instability wave model.

On making these assumptions, the inhomogeneous equations for
the fluctuations associated with the interaction of the turbulencewith
the shock cells can be written:

@�0

@t
� �vj

@�0

@xj
� @v

0
i

@xi
� � (8)

@v0i
@t
� �vj

@v0i
@xj
� v0j

@ �vi
@xj
� �a2

@�0

@xi
� fvi � fai (9)

The terms on the left-hand sides of Eqs. (8) and (9) are the linearized
Euler equations in terms of the perturbation quantities �0 and v0i. The
terms that appear on the right-hand sides represent the sources of the
BBSAN. They are defined by

���vsj
@�t
@xj
� vtj

@�s
@xj

(10)

fvi ��vsj
@vti
@xj
� vtj

@vsi
@xj

(11)

and,

fai ��a2s
@�t
@xi
� a2t

@�s
@xi

(12)

where � is a dilatation rate generated by the interaction between the
shock cell and turbulent pressure gradients and velocity perturb-
ations, fvi is the unsteady force per unit volume associated with
interactions between the turbulent velocity fluctuations and the
velocity perturbations associated with the shock cells, and fai is the
unsteady force per unit volume related to the interaction of fluctua-
tions in the sound speed (or temperature), caused by the turbulence
and the shock cells, and the associated pressure gradients. In
traditional approaches to turbulence mixing noise, these equivalent
sources have been treated separately and, for the moment, the same
assumption will bemade here. The solution to Eqs. (8) and (9) can be
written in terms of the vector Green’s function that satisfies the
equations

@�ng
@t
� �vj

@�ng
@xj
�
@vngi
@xi
� ��x � y���t � ���0n (13)

@vngi
@t
� �vj

@vngi
@xj
� vngj

@ �vi
@xj
� �a2

@�ng
@xi
� ��x � y���t � ���in (14)

where �ng � �ng�x; y; t� �� and vngi � vngi�x; y; t � �� are the

components of the vector Green’s function, x denotes the observer
position, y denotes the source location, ��� is theDirac delta function,
�ij is the Kronecker delta function, and � is the source emission time.
For small perturbation pressures, �0 ’ p0=��p1� � p0=��1a21�.
Then the solution for the far-field pressure p0�x; t� can be written

p0�x; t� � �1a21
Z 1
�1
� � �
Z 1
�1

�
�0
g�x; y; t � ����y; ��

�
X3
n�1

�ng�x; y; t � ���fvn � fan ��y; ��
�
d� dy (15)

The periodic Green’s function is also introduced, given by

�ng�x; y; t� �� �
1

2�

Z 1
�1
�ng�x; y; !� exp��i!�t� ��� d! (16)

�ng�x; y; !� �
Z 1
�1
�ng�x; y; t � �� exp�i!�t� ��� dt (17)

From this point, only the source term associated with the velocity
perturbations will be considered. It is expected that the scaling of the
other source terms would be similar. The exception would be the
source term associated with the temperature fluctuations. However,
the importance of this term remains the subject of debate in the
prediction of turbulent mixing noise in heated jets. The simulations
by Ray [13] suggest that this entropic term is not important in
unheated jets. So, for the moment, this term will not be considered
further. Then the pressure is given by

p0�x; t� � �1a
2
1

2�

Z 1
�1
� � �
Z 1
�1
�ng�x; y; !�fvn�y; ��

	 exp��i!�t � ��� d! d� dy (18)

Now the autocorrelation of the pressure can be formed. It is given by

p0�x; t�p0�x; t� �
�

� �
2
1a

4
1

�2��2
Z 1
�1
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Z 1
�1

X3
n�1

X3
m�1

�ng�x; y; !1��mg �x; z; !2�

	 fvn�y; �1�fvm�z; �2� exp��i!1�t� �1� � i!2�t � �2�
� i!�
� d!1 d!2 d�1 d�2 dy dz (19)

MORRIS AND MILLER 2933



The spectral density is given by the Fourier transform of the
autocorrelation of the pressure:

S�x; !� �
Z 1
�1
p0�x; t�p0�x; t� �
� exp�i!�
� d�
 (20)

The integration with respect to �
 can be performed immediately.
Before proceeding it is necessary to examine the form of the two-

point cross-correlation of fvn. It is dependent on the strength of the
shock cells and the turbulentfluctuations and its product is significant
in regions where the shocks and expansions intersect with the
turbulent shear layer. It is assumed that the two-point cross-
correlation function of the BBSAN source term can be written as

fvn�y; �1�fvm�z; �2� � Rvnm�y;�; �� (21)

where �� z � y and � � �2 � �1. This is consistent with the
statistics of the turbulence being locally a function of the separation
distance and time delay between the two source locations. Then the
integrations with respect to �1, !1, and !2 can be performed, giving

S�x; !� � �21a41
Z 1
�1
� � �
Z 1
�1

X3
n�1

X3
m�1

�ng�x; y;�!�

	 �mg �x; y � �; !�Rvnm�y;�; �� exp�i!�� d� d� dy (22)

The Green functions could be calculated numerically for a given
mean flow. This could involve a locally parallel approximation or the
full diverging flow. The problem could also be formulated in terms of
the adjoint Green’s function for the linearized Euler equations, as
described by Tam andAuriault [14]. This approach is presently being
taken by the authors, as it appears to be important for dual-stream
jets. However, BBSAN is radiated predominantly at large angles to
the jet downstream axis, where the refractive effects of themean flow
would be small or absent. In view of this, the Green function is
approximated by the Green function in the absence of a mean flow.
The components of the vector Green’s function are then readily
related to the Green function of the Helmholtz equation. In the far
field, for jyj � jxj,

�ng�x; y; !� � �
i!

4�a31R

xn
R
exp

�
i!jx � yj
a1

�
(23)

where xn is the nth component of x, and R is the magnitude of x.
Then,

�mg �x; y � �; !� � �mg �x; y; !� exp
�
�i !x
a1R

� �
�

(24)

With the use of these approximate forms for the far-field Green’s
functions, the spectral density can be written as

S�x; !� � �21!
2

16�2a21R
2

Z 1
�1
� � �
Z 1
�1

xnxm
R2

Rvnm�y;�; ��

	 exp

�
i!

�
� � x � �

Ra1

��
d� d� dy (25)

The summation terms in Eq. (25) are not shown but are implied by
the repeated subscripts n and m.

From the form of fvi given by Eq. (11), and on dimensional
grounds, it is taken to scale as

fvi �
psvt
�1a1l

(26)

where ps represents the shock-cell strength, vt is a characteristic
turbulent velocity fluctuation, and l is a characteristic turbulent
length scale. These will be determined from the RANS computa-
tionalfluid dynamics (CFD) solution. For simplicity, use is alsomade
of the Proudman form for the cross-correlation; that is,

xnxm
R2 Rvnm�y;�; �� � Rvxx�y; �; �� (27)

where Rvxx�y;�; �� � hfvx�y; t�fvx�y � �; t� ��i, and fvx is the
component of fvi in the direction of the observer.‡ Use of these
relationships gives

Rvxx�y;�; �� �
1

�21a
2
1l

2
ps�y�ps�y � ��Rv�y;�; �� (28)

where

Rv�y; �; �� � vx�y; t�vx�y � �; t� �� (29)

is the two-point cross-correlation function of the turbulent velocity
fluctuations in the observer direction.

The far-field spectral density can then be written as

S�x; !� � !2

16�2a41R
2

Z 1
�1
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Z 1
�1

1

l2
ps�y�ps�y � ��Rv�y;�; ��

	 exp

�
i!

�
� � x � �

Ra1

��
d� d� dy (30)

It is convenient to introduce the cross spectral density of the turbulent
velocity fluctuations. This enables the turbulent velocity statistics to
be characterized either in terms of the cross-correlation or cross
spectral density. The cross spectral density is given by

Sv�y;�; !� �
Z 1
�1
Rv�y;�; �� exp�i!�� d� (31)

To emphasize the quasi-periodic nature of the shock-cell structure
and to assist in the implementation of the model, the axial spatial
Fourier transform of the shock cell’s pressure perturbation is defined.
It is given by

ps�y� �
1

2�

Z 1
�1

~ps�k1; y2; y3� exp�ik1y1� dk1

~ps�k1; y2; y3� �
Z 1
�1

~ps�y� exp��ik1y1� dy1
(32)

where k1 is the wave number in the axial y1 direction. These
relationships can be substituted into Eq. (30). It should be noted that
the axial Fourier transform of the shock-cell pressure perturbation is
only applied to one of the two terms in the integrand. This has been
found to be convenient in the evaluation of the BBSAN noise
prediction formula given below. After some integrations, the spectral
density is found to be given by

S�x; !� � !2

32�3a41R
2

Z 1
�1
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Z 1
�1

1

l2
ps�y� ~ps�k1; y2 � �; y3 � ��

	 exp�ik1�y1 � ���Sv�y;�; !� exp
�
�i! x � �

Ra1

�
dk1 d� dy (33)

with �� ��; �; ��.
A model is now proposed for Rv�y;�; �� in the form

Rv�y;�; �� � K exp��j�j=�s� exp���� � �uc��2=l2�
	 exp����2 � �2�=l2?� (34)

where �s is the turbulent time scale, l? is the turbulent length scale in
the cross-stream direction, andK is the turbulent kinetic energy. The
scales �s, l, and l? are found directly from theCFDRANS solution. It
should be noted that this form has been chosen, to some extent, for
being a reasonable representation as well as being convenient.
However, it clearly denies the possibility of there being significant

‡It should be noted that these simplifications could be relaxed and a more
complicated anisotropic model could be used for the turbulence statistics.
However, in the early development of the model described here, the simplest
modeling assumptions have been made.
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negative loops in the cross-correlation. The effect of this omission
and the use of the simplified form of cross-correlation given by
Eq. (34) is being considered by the authors.

The observer location is now written in spherical polar
coordinates, given by

x � R�cos �; sin � cos’; sin � sin’� (35)

Then the far-field spectral density can be written as

S�x;!�

� 1

16�
����
�
p

a41R
2

Z 1
�1
� � �
Z 1
�1

�
Kl2?
l�s

ps�y� ~ps�k1; y2; y3�exp�ik1y1�

	!
2�2s exp��l2�k1 �! cos�=a1�2=4�!2l2?sin

2�=4a21�
�1��1�Mc cos�� �uck1=!�2!2�2s �

�
dk1 dy

(36)

In the derivation of Eq. (36) it has been assumed that the shock-cell
structure is independent of the cross-stream direction over the
distance of significant cross-correlation of the velocity fluctuations,
such that ~ps�k1; y2 � �; y3 � �� can be replaced by ~ps�k1; y2; y3�.

Equation (36) provides the prediction formula for the BBSAN.All
of the parameters can be determined from a RANS CFD solution. In
the case of an axisymmetric jet, the integrations with respect to the
cross-stream direction can be reduced to a single integration in the
radial direction. The implementation of this prediction model is
described in the next section.

III. Implementation

The implementation of the BBSAN model developed in the
previous section requires aRANS solution from aCFD solver using a
two-equation turbulence model. The NPARC Alliance Wind-US
[15] CFD solver has been used to generate the RANS solutions.
Computational grids for the RANS solver are constructed with
Gridgen using the exact dimensions of the nozzles of the corre-
sponding experiments. Nozzle coordinates are loaded as databases in
Gridgen and the nozzle contour is formed from them. The inlet of the
nozzle is extended upstream for stability purposes, but this does not
affect the flowfield in the jet itself. If the lip thickness of the nozzle is
known, then its value is also used. Otherwise the nozzle lip thickness
is set to zero. All the nozzles used in the present paper use accurate
nozzle lip thicknesses. The computational grids are all structured for
finite difference schemes. However, unstructured finite element
computational grids could also be used. The prediction scheme itself
is independent of the type of computational grid. Boundary
conditions for the RANS calculations include an inlet boundary
condition for the nozzle inflow, freestream boundary conditions for
the far field, a downstream pressure condition for the jet outflow, an
axisymmetric boundary condition along the jet centerline, and no-
slip walls. Slip walls are specified on the inside of the nozzle wall
near the inlet boundary, but these transition into no-slip walls
upstream of the converging section of the nozzle. The boundary
conditions in the farfield are specified by setting an ambient pressure,

temperature, and a freestream velocity of 0:001c1 for stability. The
inlet boundary conditions control the physics of the jet by holding the
total pressure and total temperature to values based on the
experimental NPR and TTR. An initial inflow Mach number is also
set, but it is allowed to vary, whereas the total values remain constant.
The computational domain extends 75 nozzle diameters downstream
from the nozzle exit plane and 50 diameters in the cross-stream
direction. The RANS solutions are based on the Menter [16] shear
stress transport (SST) turbulence model that provides the mean
quantities, including K and �, where K is the turbulent kinetic
energy per unit volume and � is the specific dissipation rate. The
number of grid points in a typical calculation for an axisymmetric jet
is 200,000 to 500,000. Solutions of the flowfield are overresolved
and amuch lower number of grid points in the computational domain
could be used. The flows have been overresolved so that grid
independence studies of the various BBSAN calculations could be
performed by interpolating to lower resolutions. Grid convergence
studies were performed in Wind-US using grid sequencing. The
RANS CFD simulations have been validated by comparisons with
experimental measurements in shock-containing jets. This is
described by Miller et al. [17].

The integration in Eq. (36) is performed on a structured grid with
constant spacing between grid points. This is done for two reasons.
First, this method allows grid independence studies using the highly
resolved CFD solution databases. Second, it simplifies the
calculation of the Fourier transform of ps, since the grid spacing is
constant with respect to x, r or y, and z. Thus, a standard discrete
Fourier transform or fast Fourier transform library can be used. This
also ensures that the radial locations of ~ps and the otherfield variables
are the same. Arrays that hold interpolated values in the integration
regions are allocated based on the values in the parameter input file.
Interpolation of CFD data is performed with an inverse weighted
interpolation scheme. Two interpolated regions are constructed. The
first is the source integration region and consists of a structured
computational grid in two- or three dimensions over the sources of
the BBSAN. The second interpolated region is the wave-number
integration region, which also has constant grid-point spacing. The
range of the wave-number integration region in the axial direction is
based on the desired axial wave-number resolution.

The variables that are interpolated onto the integration region are
K, ", p, and u. Figure 1 shows the integration region superimposed
on the CFD solution with contours of u for the axisymmetric jet with
Md � 1:00,Mj � 1:50, TTR� 1:00, andD� 0:0127 m. The CFD
solution is axisymmetric and is only calculated for the top half plane.

The characteristic scales required in the BBSAN model are found
from K and � on the interpolated integration region. The time and
length scales are taken to be �s � c�K=�, l� clK3=2=�, and
l? � c?l, where c� , cl, and c? are constants. These three constants
are the same for all jet conditions. An additional constant, Pf, is
needed in themodel to scale the amplitude of the spectral density. The
scaling is the same for all jet operating conditions and a good value is
Pf � 101:2 � 15:85. The constants used in all the predictions shown
below are c� � 1:25, cl � 3:25, and c? � 0:30. These constants are
found by performing a parametric study relative to a single selected
jet condition and observer angle with various sets of experimental

Fig. 1 Interpolation of um=s onto the integration region from the CFD solution, forMd � 1:00,Mj � 1:50, TTR� 1:00, andDj � 0:0127 m. The line

encloses the source integration region.
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data. The results presented below use the same coefficients for all the
predictions.

Once the field variables have been interpolated onto the source and
wave-number integration regions, the shock-cell pressure is found by
subtracting the ambient pressure. Note that the integration region is
only downstream of the nozzle exit. The shock pressure is mirrored
across x=D� 0, so that the discrete data of ps form an even function
and a discrete Fourier transform results in a real result. The Fourier
transform of the shock pressure is taken with respect to the
streamwise direction, x after a Hanning window has been applied.
Values of ~ps are real and the magnitude of the shock pressure, j ~psj, is
shown in Fig. 2. It is shown below that each of the peaks of thewave-
number spectrum, ~ps, contributes to peaks in the predicted BBSAN
spectrum. The strongest peak in the spectrum corresponds to the
fundamental shock-cell spacing and the subsequent peaks at higher
wave number correspond to its spatial harmonics. The waveguide
model for the shock-cell structure given by Pack [6] would give only
lines in the spectrum.

Before describing the BBSAN noise predictions, the effect of
temperature on the radiated noise should be considered. It is clear
from Eq. (36) that the source strength is controlled by the shock-cell
strength and the turbulent kinetic energy. The former would be
expected to be unaffected by heating at a fixed pressure ratio, but the
latter will depend approximately on the square of the jet exit velocity.
Thus, as the jet heating is increased, the level of BBSAN should also
increase. This was not noted in the paper of Harper-Bourne and
Fisher [1], but they report good agreement in predictions for jets
operating at 1100K. Recently, a large number of measurements have
been carried out byViswanathan et al. [18] that confirm the scaling of
BBSANwith TTR. Although heating initially increases the BBSAN
levels, the levels remain almost unchanged with further increases in
total temperature. The reason for this is unclear but intriguing. Tam
[9] introduced a temperature correction effect in his BBSAN model
and the same correction is used here. That is, the spectral densities are
multiplied by a temperature correction factor:

Tcf �
�j
�1

�
1� � � 1

2
M2
j

��1
(37)

It should be noted that this has a smooth variation with temperature
increase, not the steplike character observed in the measurements.

IV. Results

The scaling coefficients in the BBSANmodel control the shape of
the spectrum and, in part, its magnitude. c� is set to 1.25 and controls
the relative magnitude of the spectrum and is the primary means to
control the sharpness of each BBSAN peak. cl is set to 3.25 and
determines the turbulent length scale in the streamwise direction. It
controls to some degree thewidth of the peaks, the smoothness of the
spectra, and the relative magnitude of the BBSAN as a function of
observer angle. Increasing cl smooths the BBSAN peaks, increases
the width of each peak in the BBSAN spectrum, and lowers the
relativemagnitude between the peaks and troughs. It should be noted
that the value of cl of 3.25 is much larger than that used by Tam and
Auriault [14] in their model offine-scale turbulentmixing noise. This
reflects the fact that BBSAN is controlled by the large-scale
structures in the jet shear layer that are coherent over relatively large
axial distances. The coefficient c? is set according to experimental
observations, which show that the cross-stream length scale is
approximately 30% of the streamwise length scale and is therefore
set to 0.30. The value of c? controls the rate at which the high-
frequency predictions decay. These values were chosen based on the
predicted spectrum of a jet at �� 100
, operating at Md � 1:00,
Mj � 1:50, and TTR� 1:00. Finally, Pf is chosen by matching the
BBSAN peaks at �� 100
. The same values of c� , cl, c?, andPf are
used for all the calculated spectral density shown below.

A. Single-Stream Axisymmetric Jets

BBSAN predictions have been made for the jet conditions shown
in Table 1 based on correspondingWind-USCFD solutions using the
Menter [16] SST turbulence model. The cases selected include both
unheated and heated jets operating at over- and underexpanded
conditions for two different nozzle geometries with design Mach
numbers Md � 1:00 (convergent) and Md � 1:50 (convergent–
divergent). Only selected cases are shown in this section. The CFD
simulations for all the cases use a jet exit diameter, D� 0:0127 m.

Fig. 2 Magnitude of the Fourier transform of the shock-cell pressure, j~psj.

Table 1 Jet operating conditions for the RANS CFD and BBSAN predictions

Md Mj NPR TTR D, m Dj, m fc 
 Tj, K Uj, m=s

1.00 1.22 2.50 1.00 0.0508 0.0517 7,116 0.704 225.6 368.3
1.00 1.22 2.50 2.20 0.0508 0.0517 10,554 0.704 496.1 546.2
1.00 1.22 2.50 3.20 0.0508 0.0517 12,729 0.704 721.6 658.7
1.00 1.47 3.50 3.20 0.0508 0.0546 13,792 1.073 655.5 752.8
1.00 1.64 4.50 3.20 0.0508 0.0575 14,102 1.298 610.1 811.2
1.00 1.50 3.67 1.00 0.0127 0.0138 31,031 1.118 202.1 427.4
1.00 1.50 3.67 2.20 0.0127 0.0138 46,026 1.118 444.6 633.9
1.50 1.30 2.77 1.00 0.0127 0.0121 31,887 0.749 219.0 385.6
1.50 1.30 2.77 2.20 0.0127 0.0121 47,296 0.749 481.8 571.9
1.50 1.40 3.18 1.00 0.0127 0.0124 32,923 0.540 210.5 407.0
1.50 1.60 4.25 1.00 0.0127 0.0131 34,097 0.557 193.8 446.4
1.50 1.70 4.94 1.00 0.0127 0.0135 34,285 0.801 185.6 464.4
1.50 1.70 4.94 2.20 0.0127 0.0135 50,853 0.801 408.4 688.9
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However, other CFD simulations for the same operating conditions
but with different diameters have been performed and the results are
very similar for the BBSAN prediction.

The BBSAN predictions are made at various angles � from the
downstream jet axis at a radial polar distance of 100D from the center
of the jet exit. Predictions are lossless and the corresponding
experimental data in each case have been corrected for humidity and
atmospheric absorption, so that the presented sound pressure levels
(SPLs) are also lossless. The experimental data provided by Boeing
was measured at 97.5 D from the nozzle exit, and the Pennsylvania
State University (PSU) datawasmeasured at 150D. Both sets of data
have been corrected to 100 D. The PSU experimental data have the
origin for the observer position in spherical coordinates centered at
x=D� 5:0 or 0.0635 m, but this is of less importance for BBSAN,
since the source region is relatively close to the jet exit and the
dominant radiation is at large angles to the jet downstream axis. The
Boeing experiments were performed with heated air, and the PSU
experiments were performed with helium/air mixtures to simulate
heated jets. The exit diameter of the convergent nozzle in the Boeing
experiments is 0.0622 m (2.45 in.), and the diameter of the PSU
nozzle is 0.0127 m (1=2 in.). Experimental data, measured in the
Small Hot Jet Acoustic Rig (SHJAR) facility at the NASA John H.
Glenn Research Center at Lewis Field, have also been used for
evaluation of the predictions. The SHJAR jet nozzle has a 2 in.
diameter with microphones at R=D� 50with an origin at the center
of the nozzle exit. These data have also been scaled to 100 D.

The source integration regions chosen for the convergent jets with
D� 0:0127 m are 0:0001 � x � 0:1421 m and 0:0001 � r �
0:0127 m with 300 and 75 grid points in the x and r directions,
respectively. The shock pressure used for the Fourier transform was
taken from 0:0001 � x � 0:4000 m using 512 grid points. The data
are mirrored about x=D� 0:0, so the total number of points in the
Fourier transform is 1024. This yields a wave-number spacing�k of
approximately 7:86 m�1. The source integration region for the
convergent–divergent jets is 0:0001 � x � 0:1421 m and 0:0001 �
r � 0:0127 mwith 400 and 100 grid points in the x and y directions,
respectively, while the wave-number integration range remains the
same.

The model developed in the present paper is only for the BBSAN,
which is only one of the components of offdesign supersonic jet
noise. Thus, it is useful to separate the individual noise components
from the total spectrum. Viswanathan [19] has developed a
framework that separates the individual components of the total noise

spectra into mixing noise and BBSAN. The Boeing data presented
below for the converging nozzle predictions show this breakdown to
help illustrate the capability of the prediction scheme. Specifically,
the proposed model for BBSAN is compared directly against the
extracted shock component from the total noise for the two
convergent nozzle cases.

The BBSAN predictions are presented in terms of SPL per unit
Strouhal numberSt. The case that has been used tofix the coefficients
for the turbulence scales is the underexpanded converging jet with
Mj � 1:50 and TTR� 1:00. Results of the model prediction in this
case, in addition to various experiments, are shown in Fig. 3. There
are eight comparisons of the predictions with experimental data for
different observer angles � with respect to the downstream jet axis.
Each comparison is labeled with its corresponding observer angle
and the maximum SPL level of the experiments conducted by
Boeing. The screech tones are not used to find the maximum value.
Experimental data fromBoeing, NASA, and PSU are shown for each
observer angle. Though there are minor differences between the
different sets of experimental data, the overall agreement is good.
Also shown are predictions basedon theBBSANprediction formulas
provided byTam [4,9]where appropriate. The breakdown of the total
Boeing spectra into the BBSAN and mixing noise compo-
nents is also shown. At the different observer angles the predictions
are in good agreement with respect to all the experiments. The
predictions capture the multiple peaks in the BBSAN spectra as well
as the broadening in the spectral shapewith decreasing angle to the jet
downstream axis. For these operating conditions the amplitude of the
primary peak in the BBSAN is relatively insensitive to the observer
angle. This is captured by the predictions. It is important to emphasize
that the predictions at every angle use the same scaling coefficients.
As the angle to the jet downstream axis decreases, the primary peak in
theBBSAN spectrummoves to higher Strouhal numbers. This is also
predicted in theBBSANmodels ofHarper-Bourne and Fisher [1] and
Tam [4]. The increase in the relative importance of themixing noise at
lower Strouhal numbers is evident in the experiments. Though this
case was originally chosen to calibrate the model, the presence of
screech tones makes this case not the best choice. In particular, it is
known that the presence of screech can increase the turbulence levels
and this is clear inmeasurements of themixing noise component (see
Viswanathan et al. [18]). An initial recalibration of the coefficients in
a nonscreeching jet is given in Appendix A.

Before showing predictions for other jet operating conditions, it is
interesting to show how the overall BBSAN is constructed. The

Fig. 3 Comparisons of BBSAN predictions with experiments for Md � 1:00, Mj � 1:50, TTR� 1:00, and R=D� 100.
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wave-number integration in Eq. (36) can be limited to contributions
associated with individual components of the shock cell’s wave-
number spectrum. This is equivalent to examining the contributions
of the interactions of the turbulence with the Fourier modes in a
waveguide model of the shock-cell structure. Figure 4 shows these
contributions and the corresponding peaks that they generate in the
BBSAN spectrum. This selection of wave-number ranges replaces
the summation over Fourier components of the waveguide model for
the shock-cell structure in Tam’s model [4]. However, in the present
model, the spectral width is controlled by both the spectrum shape
associated with the turbulent velocity fluctuations and the finite
bandwidth of the dominant lines in the Fourier transform represen-
tation of the shock-cell structure.

The remaining BBSANprediction results are presented in order of
increasing Mj and then the associated TTR as shown in Table 1.
Using the same NPR as the previous case, heating is added to the
converging nozzle flow at a TTR� 2:20. The BBSAN predictions
are shown in Fig. 5. Overall, the spectral shape of the predictions is
excellent and the peaks of each BBSAN component are captured. In
earlier predictions, the levels were overpredicted by approximately
6 dB. This was before Tam’s [9] temperature correction, Eq. (27),
was used. Tam [9] argued that as the jet temperature increases, for
supersonic conditions, the growth rate and amplitude of the large-
scale turbulent structures should decrease. This is supported by
instability theory. Thus, it is expected that the turbulence levels
should decrease as the jet temperature increases. This is not found in

Fig. 4 Total BBSAN prediction and the accompanying contributions from selective integrations over contributing wave numbers of ~ps representing
different waveguide modes of the shock-cell structure; Md � 1:00,Mj � 1:50, TTR� 1:00, R=D� 100, and �� 120:0.

Fig. 5 Comparisons of BBSAN predictions with experiments for Md � 1:00, Mj � 1:50, TTR� 2:20, and R=D� 100.
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either the K-� or K-" RANS simulations. In the absence of an
improvedRANS turbulencemodel for the effect of jet heating, Tam’s
correction factor has been adopted here as an empirical correction for
the effects of jet heating. Turbulence modeling may be one of the
issues that contributes to the poor scaling of the BBSAN intensity
with increasing TTR. It could also be attributed to a failure to capture
this phenomena with the acoustic model. The reason why the
BBSAN intensity does not continue to increase with increasing TTR
beyond a threshold value is not understood and is a topic of current
research.

Two overexpanded cases of Md � 1:50, Mj � 1:30, and TTR�
1:00 and TTR� 2:20 are shown in Figs. 6 and 7, respectively. In the
unheated case the peak levels are underpredicted and the spectral
peaks are somewhat narrower than in the experiments. In the heated
case, there is good agreement between the predictions and the
experiments. In the unheated case the BBSAN is evident at all angles
to the jet axis. However, in the heated case, themixing noise is clearly
dominant at angles less than 80 deg to the jet downstream axis. There
is also close agreement between the present predictions andTam’s [9]
model in the heated case. In the unheated case, Tam’s model

Fig. 6 Comparisons of BBSAN predictions with experiments for Md � 1:50, Mj � 1:30, TTR� 1:00, and R=D� 100.

Fig. 7 Comparisons of BBSAN predictions with experiments for Md � 1:50, Mj � 1:30, TTR� 2:20, and R=D� 100.
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overpredicts the levels, whereas the present model underpredicts
them slightly.

Two slightly offdesign cases have been predicted with over- and
underexpanded jets forMd � 1:50 and TTR� 1:00. Predictions for
jets withMj � 1:40 and 1.60 are presented in Figs. 8 and 9, respec-
tively. SHJAR data at Mj � 1:38 and 1.61, as well as predictions
using Tam’s [4] model are also shown. The general shape of the
dominant BBSAN peak agrees well between the two prediction
schemes, with the current implementation having a slightly narrower
peak. When the observer angle is less than �� 90
, the present

prediction schemegives levels that are lower than the peaks predicted
by Tam’s model. However, the overall amplitude of Tam’s model at
larger observer angles is generally higher than the measurements in
the overexpanded case and similar to the measurements in the
underexpanded case. The present predictions give the correct
amplitude in the overexpanded case and are too low in the under-
expanded case.

In the predictions presented thus far, the peak magnitude of
BBSAN decreases in the downstream direction of the jet and
increases slightly as the observer angle moves towards the upstream

Fig. 8 Comparisons of BBSAN predictions with experiments for Md � 1:50, Mj � 1:40, TTR� 1:00, and R=D� 100.

Fig. 9 Comparisons of BBSAN predictions with experiments for Md � 1:50, Mj � 1:60, TTR� 1:00, and R=D� 100.
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direction. This agrees with experimental data and the BBSAN
components shown by Viswanathan et al. [18]. This behavior is
shown by the present predictions with a model that does not include
the influence of the mean flow refraction effects on the BBSAN.
Miller andMorris [20] show that themeanflow effects in dual-stream
jets for sources in the outer shear layer are negligible. However,mean
flow effects cannot be ignored for the inner shear layer, as sound from
these sources must propagate through the outer high-speed stream.
This effect is included by Tam et al. [21] in their extension of Tam’s
[4] BBSAN model to dual-stream jets.

B. Single-Stream Rectangular Jet

To demonstrate the use of the BBSAN prediction model in three-
dimensional jets, both unheated and heated rectangular jets have
been considered. In this case both the CFD solution and the source
integration must be conducted in three dimensions. The operating
conditions examined are given in Table 2. Results are only shown for
the underexpanded case.

The unheated and heated rectangular-jet CFD calculations with
Md � 1:5 were validated by comparisons with schlieren visual-
izations [22]. The rectangular nozzle chosen has Md � 1:50, based
on area ratio, and operates either over- or underexpanded with
Mj � 1:30 or Mj � 1:70 and TTR� 1:00 or TTR� 2:20. The
experimental results are documented in Veltin and McLaughlin [23]
and Goss et al. [24]. The nozzle exit width and height are 0.0208 m
and 0.0119 m, respectively, giving an aspect ratio of 1.75.
Microphones were placed at 1.905m from the jet at various polar and
azimuthal angles. The experimental data were extended to 100 De,
where De is the equivalent diameter of the rectangular jet, to be

consistent with the axisymmetric jet predictions presented in the
previous section. The characteristic frequencies of the rectangular
jets are based on the fully expanded equivalent diameter Dej found
from De and NPR.

Unlike the axisymmetric version of the code, the three-
dimensional BBSAN implementation evaluates the integrals over
three-dimensional source and wave-number integration regions.
Since there is an additional integral that needs to be evaluated in the z
direction, the run time of the computer code can increase greatly. To
reduce the execution time, careful choices are made of the range and
number of indices for the integration. Based on the conclusions for
the integration studies for the axisymmetric jet, source integration
ranges for the four rectangular cases are chosen as 0:001 m<
x < 0:1437 m, 0:001 m < y < 0:011 m, and 0:001 m< z<
0:021 m with grid index values of 300, 75, and 75, respectively.
Since the RANS CFD simulations use planes of symmetry of the
nozzle, the implemented BBSAN code automatically integrates
across these planes. There is no restriction in the implemented
version of the BBSAN model regarding the flowfield, even though
planes of symmetry were used to construct the RANS solution. The
same implementation of BBSAN can be applied to any three-
dimensional jet flowfield. The range of the wave-number integration
region is chosen as 0:001 m< x < 0:250 m with 512 grid points.
Evaluation of Eq. (36) only includes contributions from regions
where K exceeds 10% of its maximum value. The solution is found
relatively quickly by specifying a limited range for thewave-number
integrations to only encompass peak values of the wave-number
spectrum. For example, the wave-number resolution is given by
�k� 12:57 m�1, and only wave-number contributions in the range
of�25 m�1 > k > �166 m�1 and 25 m�1 < k < 166 m�1 are used.

Table 2 Jet operating conditions for the RANS CFD and BBSAN predictions for the rectangular jet.

Md Mj NPR TTR De, m Dej, m fc 
 Tj, K Uj, m=s

1.50 1.30 2.77 1.00 0.01778 0.0184 21,001 0.749 219.0 385.6
1.50 1.70 4.94 1.00 0.01778 0.0206 22,581 0.801 185.6 464.4
1.50 1.30 2.77 2.20 0.01778 0.0184 31,150 0.749 481.8 571.9
1.50 1.70 4.94 2.20 0.01778 0.0206 33,493 0.801 408.4 688.9

Fig. 10 Comparisons ofBBSANpredictionswith experiments for the rectangular jetMd � 1:50,Mj � 1:70,TTR� 1:00, andR=De � 100 in theminor-

axis direction.
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Figure 10 shows predictions for the underexpanded unheated
rectangular jet operating atMj � 1:70 in theminor-axis plane. In this
case, the magnitude of the BBSAN is invariant with azimuthal angle.
The predictions at all observer angles align with those of the
experiment. The first BBSAN peak and subsequent minor peaks at
higher frequencies generally align with those of experiment.
Figure 11 shows predictions for the heated underexpanded
rectangular jet withMj � 1:70 and TTR� 2:20. The peak frequen-
ciesmatch those of the experiment verywell atmost angles except for
larger observer angles, though the agreement is still quite good. At
low observer angles the BBSAN is much weaker than the mixing
noise, since the jet is heated. The predicted values of BBSAN do not
contribute to the total spectra, just as in the corresponding heated-
circular-jet case.

V. Conclusions

ABBSANpredictionmodel has been developed that requires only
the specification of the operating conditions and geometry of the
nozzle. The RANS CFD solution is the only input required by the
BBSANmodel. Avector Green’s function is used to find the acoustic
pressure in the far field from the compressible linearized Euler
equations. The final prediction formula involves an integration over
the BBSAN source region and an axial wave number. The model can
be applied to any kind of jet flowfield, nozzle shape, offdesign
parameter, or temperature ratio. An exponential/Gaussian model for
the two-point cross-correlation of the turbulent velocity fluctuations
is used. The model does require values for the turbulent length and
time scales as a function of spatial position. Thesevalues are linked to
the RANS CFD simulation by simple formulas and scaling
coefficients.

TheBBSANmodel has been used to conduct parametric studies of
the source and wave-number integration regions, including grid
density studies of these regions, to obtain grid-independent solu-
tions. The model has been calibrated by adjusting the scaling
coefficients that represent the relevant turbulent length and times
scales at one operating condition only. These coefficients are only
calibrated against the single operating condition of a cold under-
expanded jet. The scaling coefficients have not been optimized for a

wide range of jet conditions. This optimization has not been
performed in order to help better illustrate the model’s capability. An
example of a recalibration of the model based on a heated jet case
without screech is given in Appendix A.

Awide range of calculations of single-stream jetswith variousMd,
Mj, and TTR have been chosen to test the BBSAN model and its
implementation. Selective integration over small ranges of the axial
wave-number region has shown how the peaks of the wave-number
spectrum contribute to different peaks in the predicted BBSAN
spectral density. The effect of jet heating is to increase the noise
levels, for the same NPR, by 5–6 dB for a TTR� 2:20 compared to
the unheated case. This can be associated with a jet velocity scaling
given by U3

j. However, the measured experimental changes are

smaller and do not change beyond a moderate amount of heating. A
temperature correction factor suggested by Tam [9] has been
implemented for all predictions, heated and unheated. This adjust-
ment does not change the shape of the spectrum, it only changes
its amplitude. The general form of the BBSAN model developed is
fully three-dimensional and has been used for rectangular-jet noise
predictions. These predictions compare very favorably with
measurements.

Though the present BBSAN model has been shown to be very
successful, there are improvements that could be made. It is possible
that the predictions at high frequencies could be improved by adding
a frequency dependence to the characteristic turbulent length scale l.
Experimental data show that the length scale decreases with
increasing frequency, whereas it remains constant in the model. In
addition, the assumed form for the two-point cross-correlation
function of the turbulent velocity fluctuations is exponential/
Gaussian in nature and is based on similar forms used in the
prediction of turbulent mixing noise. However, the components of
the turbulence that aremost important for BBSAN are the large-scale
coherent structures. The statistical properties of these structures
would be expected to show significant positive and negative peaks in
their cross-correlations. The effects of changes in the model for the
turbulent velocity cross-correlation could be examined. Further-
more, the cross-stream length scale has been assumed to be
independent of separation direction. So the prediction formula could
be further improved by allowing for a dependence on separation

Fig. 11 Comparisons ofBBSANpredictionswith experiments for the rectangular jetMd � 1:50,Mj � 1:70,TTR� 2:20, andR=De � 100 in theminor-

axis direction.
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direction, thus improving predictions for highly three-dimensional
flowfieldswith anisotropic turbulent length scales in the cross-stream
direction. A near-field prediction formula should also be developed
so that the model can be implemented in noise prediction codes that
take into account scattering by the aircraft structures.Near-field noise
is also important for structural loading estimates as well as sound
transmission studies for both civilian and military aircraft. A vector
Green’s function could be evaluated numerically rather than
assuming that propagation effects through the mean flow are not
negligible. This is likely to be most important for dual-stream jets,
where the BBSAN from the primary jet must propagate through the
secondary stream. Preliminary dual-stream jet calculations have
been made by the authors, and there is evidence that the presence of
the high-speed secondary stream does affect the predicted directivity
(see also Tam [21]).

Appendix A: Effect of Calibration Constants

The coefficients, c� , cl, and c?, have been calibrated for a
Md � 1:00, Mj � 1:50, and TTR� 1:00 jet at �� 100
. These
coefficients, the associated amplitude scaling factor Pf, and the
temperature correction, have been used to make all predictions
shown in this paper. The same coefficients are used for each observer
angle, nozzle geometry, and jet conditions creating a true prediction
scheme. However, screech tones are very evident in the jet spectra
(see Fig. 3). Screech is not often found in heated jets or on full-scale
scale engines. To examine the effects of a different choice of
coefficients, their values have been determined for the Md � 1:50,
Mj � 1:70, and TTR� 2:20 jet. The angle chosen for calibration is
�� 100
 as before. The best coefficients for a jet without screech are
given by c� � 0:85, cl � 3:00, c ? �0:30, and Pf � 101:3. These
coefficients yield good predictions for a wide range of jets without
screech. FigureA1 shows predictions for theMd � 1:50,Mj � 1:70,
and TTR� 2:20 jet at R=D� 100. Experimental data from PSU,
Tam’s [4] model, and two BBSAN predictions are shown. The black
line shows BBSAN predictions using the original coefficients,
c� � 1:25, cl � 3:25, c ? �0:30, which were calibrated for the
screeching jet operating atMd � 1:00,Mj � 1:50, andTTR� 1:00.
The predictions using the new coefficients are shown in red. Since the

jet is heated the temperature correction factor has been applied to
both BBSAN predictions. Use of the new coefficients to predict the
BBSAN shows that more precise scaling is captured of the variation
of BBSAN with observer angle, the peak BBSAN magnitudes
are captured successfully, and the width of the primary and
sometimes secondary BBSAN peaks matches the experimental data
successfully.
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