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Abstract

This paper investigates the effect of anisotropy on
aerodynamic mixing noise due to a fine-scale turbulence.
The usual assumption of isotropic turbulence is replaced
with that of an axisymmetric turbulence. The analysis
is based on source terms of Lilley’s equation. In addi-
tion, acoustic-flow interaction is accounted for in terms
of a high-frequency solution to the axisymmetric Lilley’s
equation. In the limiting case of isotropy, various source
correlation terms derived here will simplify to those ob-
tained with an isotropic turbulence model. A Reynolds
averaged Navier-Stokes solution with a k-e turbulence
model for a Mach 1.0 jet was used to make acoustic pre-
dictions. A parametric study of the turbulence scales
indicates that anisotropy increases the peak noise level.

1. Introduction

Ongoing efforts at NASA-Lewis are underway to de-
velop jet exhaust mixers that will reduce noise compared
to base geometries operating under similar conditions.
This effort has shown a need for more sophisticated pre-
diction tools to address new parameters that may affect
aerodynamic noise generation and propagation. To de-
velop these tools some of the usual assumptions for mod-
eling of sources of a fine-scale turbulence may have to
be revised. An improved prediction model needs to ad-
dress turbulence characteristics as observed through ex-
periment. One class of such observations confirms the
non-isotropy of turbulence. For example, measurements
by Jones' and Bradshaw? at low subsonic Mach num-
bers of 0.1 and 0.3 and the more recent measurements
by Zysman® and Podboy* for high subsonic and tran-
sonic jets confirm a high degree of anisotropy among
turbulence intensity components. Figure 1 shows the
measured root-mean-square of the turbulent velocities for
three nozzle geometries cited in Ref. 4. These geometries
are low-bypass ratio mixers operating at a pressure ratio
of 1.96. Indications are that the mean flow creates a pre-
ferred direction and that turbulent intensities of v and w
in a span-wise direction are distinctly different from that
of u in a stream-wise direction.

"Copyright ©1998 by the American Institute of Aeronautics and Astronautics, Inc.

Hence, if we neglect the small difference in intensi-
ties of v and w, clearly an axisymmetric turbulence is a
natural extension beyond isotropy. In this paper, we pro-
pose an axisymmetric turbulence model, compatible with
conditions of symmetry as stated in Ref. 5, and derive
closed-form expressions for quadrupole sources of various
orientations. The sources are associated with a fine-scale
turbulence and are modeled after two-point time-delayed
fourth-order space-time velocity correlations. It will be
shown that the usual assumption of space and time sepa-
ration is not a requirement in modeling the turbulent ve-
locity correlations. A Reynolds averaged Navier-Stokes
solution with a k-¢ turbulence model will provide the
mean flow and the turbulence kinetic energy. Two new
parameters are addressed in connection with turbulence
anisotropy. These are length scale ratio and the ratio be-
tween components of turbulence intensity in an axisym-
metric turbulence. The analysis continues with model-
ing of the self- and shear-noise terms of Lilley’s equation
and inclusion of the mean flow refraction effects. Sam-
ple spectra and directivity predictions for a low-bypass
ratio dual-flow coaxial jet, and role of anisotropy param-
eters are discussed. It is demonstrated that increasing
the turbulence anisotropy will increase the overall noise
level.

2. Source Modeling

The theory of axisymmetric turbulence was origi-
nally proposed by Batchelor®. Further developments in
the theory, including a complete derivation of axisym-
metric tensors, were worked by Chandrasekhar®. Here
we propose a model compatible with the requirements of
symmetry as stated in references b and 6 and derive two-
point velocity correlations describing the noise sources
of the fine-scale turbulence. In the limiting case, these
models will simplify to that of Batchelor’s” isotropic tur-
bulence model; hence, velocity correlations of various ori-
entations reduce to those of an isotropic turbulence.

We start with a fourth-order space-time velocity cor-
relation and assume that it may be expressed in terms of
second-order correlations

v v vy = (v ) (v vp) + (vivy ) (v vp) + (vivg)(vsvg,),

(1)
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where viv}
¥ and y_7 separated by a vector gand a time-delay 7. Let’s

conslder a source correlation term due to a unit volume

1s the velocity correlation between two points

of turbulence
ot —
Ii]'kz(T) = pz/_ﬁvivj%%dg’ (2)
£ T

for 0 < | €| < co. Substituting (1) into (2), we obtain

L) = ¢ IGO0 + (oM. 9

The corresponding noise spectra for a source of frequency
Q is the Fourier transform of the autocorrelation function

I :
—/ Iijkz(T)elﬂTdT.

Lijpe ) = o | (4)

2.1 Isotropic Turbulence

To carry on with the integration of Eqs. (3) and
(4), it is convenient to assume space and time separation
as suggested by Ribner® and express two-point velocity

correlations as L .
vivy = Rij(£)g(7). (5)

In section 2.3, we argue that separability 1s not a re-
quirement in modeling two-point correlation functions
and non-separable expressions may lead to identical re-
sults. For a homogeneous isotropic turbulence, the space
factor R;; was given by Batchelor” as

Ry(€) = S + 56706 - P66/ ()
where u? represents 1/3 of the turbulence intensity and
J' = 0f/0&. The three components of the separation
vector are represented as & for ¢ = 1,2, 3. Function f(£)
may be expressed as f(§) = exp(—wE2/L?). This expres-
sion makes f(£) decrease to zero for large & with suffi-
cient rapidity to make fooo EM f(€)dE converge for m > 0.
Length L is the longitudinal integral length-scale, rep-
resenting the linear extent of the region within which
velocities are appreciably correlated. Substitution of (5)

and (6) in (3) will give

64

o2 2713
L (r) = p2ﬁg2(7)%

2/2

12990 = I3333 = L1111,

(7)

1
I1922 = I1133 = I2233 = §I1111,
I =7 = = 7T .
1212 = N1313 = agzs = o

2

2.2 Axisymmetric Turbulence

We assume that index 1 refers to a stream-wise di-
rection that also coincides with the axis of turbulence
symmetry. In a span-wise plane, turbulent velocity com-
ponents for an axisymmetric turbulence are related

3= (8)

Let 3 = (1-— u_g/u_%) and express the turbulence kinetic
energy k as

1 — — —
k=g(u] +ui+ui) =

In an axisymmetric turbulence, two-point velocity corre-
lations are given as®

vt = € a(hm
iU, — Citm
T ogy

where skew tensor ¢, 1s

(10)

Gim = Qreimiér + (Q2Am + Q3&m )ik Aele, (1)
and scalar functions @1, )2, and @3 are functions of | é' [,
&1, 7, and source location §. Turbulence is assumed as
locally homogeneous, and the incompressibility condition
dv;v; /0¢; = 0 is identically satisfied by expression (10).
Unit vector X is in the direction of turbulence symmetry,
and €jen, is the usual alternator. With A = (1,0,0), Eq.
(11) may be written as

Gim = Exl€imp@1 + €15(81m Q2 + EmQ3)]. (12)

Interchangeability requires vwé = v;v;, and when we use
(10) and (12) it leads to the following relations between
scalar functions @1, )2 and Q)3

0 0 )
(53% - 52%)622' =0, (l =1, 2) (130)
_ 9 &g
s = (351 &3 353)621' (135)

We propose a set of scalar functions ()1 and J» kinemat-
ically compatible with conditions (13a)

_2 2 2 2 2
Q) = _(%)g(T)e—ﬂ(ﬁl/Ll%Qa/Lz)’ (14a)
Qs = —(u2 — )g(r)eE/LIFE/LD) (14b)

Function @3 is derived from (13b). In (14), £2, = €2 +&2,
and L; and Ls denote stream- and span-wise correla-
tion length-scales, respectively. It is implicit that g(r)
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be a function of source coordinate i . We note that the
above scalar functions are different from those proposed
by Goldstein® and used thereafter by Bechara et al'°.
Various two-point correlations derived from the above
scalar functions are compatible with Batchelor’s model
as given in Egs. (5) and (6). Moreover, the analysis al-
lows for flow/acoustics interaction by multiplying each
source correlation by its corresponding directivity fac-
tor obtained from a solution to the axisymmetric Lilley’s
equation. A substitution of Eq. (14) into (12) and (10)
combined with (3) leads to the following general expres-
sions for quadrupole sources of an axisymmetric turbu-
lence

64 ? 273A2
Li(r) = p° ey 2(7')(1)27\/%’ (15a)
19992 = I3333 = C1 11111,
I1122 = T1133 = Calh111,
I9233 = C3li111,
Ii212 = Ii313 = Calh111,
I2393 = Csli111,
where
3 9 1 —1\2
Cr= 55 + 5o [9(A + A7 48(A + A71) + 80
—%(6—A2—|—3A‘2), (15b)
1.3
Cs = g[Z(A +ATH —4(A+ ATH 4T - 247 4457
+20(A% =2 - A7),
1 1
Ch = % Ca= 16(5+2A *—8p), Cs= 5(01 — ),
and _
L2 U%
- S 1 (16)
Ly u?

In the limiting case of an isotropic turbulence, A = 1,
3 =0, and coefficients C; (i = 1,---5) reduce to those
given by Eq. (7).

Equation (4) combined with (15a) gives spectral
component I1111(§2). The integral length-scale L, is asso-
ciated with turbulence kinetic energy and its dissipation
rate € (see Ref. 11) as

Li=a(ud)®?)e, €= v(0u;[0x;)(0u;[0z;), (1T)
where «7 is an empirical constant. Similarly, the turbu-
lence characteristic frequency £2,, which 1s the inverse of
the characteristic time-delay 7,, relates to k and ¢

1 k
TOIQ—OIOQ?, (18)

where «y is a proportionality constant. From (17)
and (18), we find that the longitudinal length-scale is
inversely proportional to the characteristic source fre-
quency

% k0'5 3

G (19)

The Transverse integral length-scale L, may be writ-
ten similarly as Ly ~ (u3)3/?/¢; however, in the present
study, we specify the ratio of length-scales as an arbitrary
parameter A and write Ly = L1A. Using Eqgs. (9) and
(19) in (15a), it follows that

3

@13V2 5 0% o 503
ozz) 4 P 6T4g (kA (2

Li=(

_ 5)_13/2~
(20)

() = (

2.3 Non-Separable Two-Point Correlations

We now demonstrate that space and time separa-
tion is not a requirement for modeling the source func-
tions. Indeed, similar results may be obtained with non-
separable correlations. As indicated earlier, a two-point
velocity correlation of an isotropic turbulence as defined
in Eq. () is separable in space and time. For axisym-
metric turbulence, the question of separability depends
on selecting scalar functions ()1 and Q3. A simple in-
spection of Eq. (14) shows that these functions result in
factorable correlations. For example, the axial two-point
correlation is

v = (2+52 5 + & €)621, (21)

which after a substitution of (14a) gives
1}11}1 = u2{1 — 7T€23 }g( ) —”(ff/Lf‘nga/Lg). (22)

This expression is factorable in variables gand T.

Now, let’s consider a new set of kinematically ac-
ceptable scalar functions leading to non-separable corre-
lations.

u2 2 2 2 2
Qi = —(Sh)emOELTHER D (230)
Qs = —(ul — ud)e~ThNE/LTHER/LD), (23b)

From (23a) and (2

1) we have

JRE— _— 2 2 2 2 2

orol = w1 — Th(ﬂ%g}e—wh(r)(sl/L1+523/L2>, (24)
2

This expression is clearly not factorable in space and
time. A substitution of (24) in (3) gives the axial
quadrupole source

(u})* LA

Tiaa(7) IPZ%{/%—SM(T)} e

(25)
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Other source terms relate to I;3717 through coefficients
C; exactly as given in (15b). Now, comparing (15a) and
(25), we can conclude that two sets of scalar functions,
(14) and (23), integrate to an identical source if A(1) =
g_4/3(7'). Similar arguments apply to the special case of
an isotropic turbulence.

This example illustrates that 1) the separability assump-
tion i1s simply a more convenient way of integrating the
source correlation terms and 2) other non-separable func-
tions may integrate to identical results.

3. Noise Sources and Mean-Flow Effects

We assume that the mean flow is parallel and that
local density and sound speed are functions of radial co-
ordinate r only

U=U(r), p = p(r), a = a(r). (26)
Lilley’s equation for an inviscid flow linearized about a
unidirectional transversely sheared mean flow is

1 d dp _dU &%p

L(p; = —=D3p—DV?p——(loga®)D—+2— ——

(p; V) a2 P v dr( 09¢) 8r+ dr dxdr
0? dU  9?

= PP Gy 1) TG ey

(27)

where r, ¢, x denote the cylindrical coordinates, D is con-
vective derivative D = %—i—U%, and V? is the Laplacian
operator in a cylindrical coordinate system.

The terms on the right hand side of (27) are the
self- and the shear-noise source terms, respectively. Addi-
tional sources appear on the right hand-side of this equa-
tion as a result of the linearization process. Reference 12
argues that the remainder source terms (together) pro-
duce a negligible acoustic field. Using a direct numerical
simulation (DNS) of the unsteady Navier-Stokes equa-
tion, Colonius et al'? compute the acoustic field due to a
plane mixing layer and compare that result with acoustic
predictions from Lilley’s equations. Their DNS calcula-
tions agree quite well with predictions of Lilley’s equation
using simplified sources, 1.e. self- and shear-noise terms.

To account for refraction due to interaction of the
mean flow with radiated sound, Balsa'® worked out a
high-frequency Green’s function for the axisymmetric Lil-
ley’s equation. Refraction in non-axisymmetric jets can
be studied in the high frequency limit using methods of
geometric acoustics'*. Ray-acoustics, however, is com-
putationally intensive and may not be a very practical
approach when dealing with complex geometries.

Here we employ Balsa’s solution and write the
Green’s function G for a monopole source convecting
downstream with convection velocity U,

LG U, 2) = e” "8z — U4)8(r — r,)8(¢ — ¢0)/7, (28)

4

where subscript o refers to source location and 2 denotes
source frequency. Let S and S5 be the Green’s functions
to the following equations, which correspond to self- and
shear-noise terms of Lilley’s equation,

L(S1; U 2) = pD{e‘mté(l‘ —Ut)d(r —re)8(¢ — ¢o)/7},

(29)
—iaedU
L(Sa;U, ) = —2pe d—é(d;—Uct)é(r—ro)é(qb—qbo)/r.
r
(30)
It is easily shown that
. 1— M,cos
Sl = —Zpg(m ; (31)

where M, = U/as and M, = U./a and 6 is the po-
lar observer angle with respect to downstream jet axis.
Similarly, neglecting higher order derivatives of the mean
velocity in the operator part of Lilley’s equation, i.e.

d"U /dr™ = 0 for (n > 2), we obtain

dUu

So = (—2p—)G. 32
= (2020 (32)
In deriving (31) and (32), we neglect the density gra-
dient dp/dr. Transverse gradients of the mean density
produce additional sources of monopole and dipole type
as discussed by Mani'®. From (31) and (32), the Green’s

functions for the two source types are related

2dU/dr 1 — M.cost
i 1— M,cost

SQ = ( )Sl (33)
Appropriate double derivatives of the 57 and S; with re-
spect to source coordinates z; result in directivity factors

due to quadrupole sources of self- and shear-noise

025,
6%’ 61‘]' ’

Dy; = (¢=1,2). (34a)

Next, the magnitude of D;; is averaged circumferentially
with respect to ¢ and ¢,. For self-noise (£ = 1) it follows

that
1 +7 +7 -
:F/W d¢o/_ﬂ d¢ | D} |

al']'

(34b)
A listing of quadrupole directivity factors a;; associated
with self-noise terms of different orientation are provided
in the Appendix. Directivity factors b;; for shear-noise
are

b — (QdU/dr 1— M.cost
E Q 1 — M,cost
In the far-field, mean-square sound pressure may be

considered a superposition of mean-square acoustic ra-
diation from independent correlation volume elements

)Zal']'.

(35)
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within the jet. A unit volume of turbulence will con-
tribute to self-noise as

Z(Self—noise) = NI111011+ [2220a22 + I3333033+2(11122

+271912)a124+2(11133+211313)a13+2(T2233+ 2 T2323) aas.

(36)

For axisymmetric jets, aze = agz and a2 = a13, and (36)
simplifies

Z(Self—noise) = NIi11{a11 + 2C1a9: + 4(Ca + 2Cy) a1

—|—2(03 + 205)03/2 }

Similarly, for shear-noise, we have

(37)

Z(Shear—noise) = b1y 12121 +b12 122024+ b13 12323, (38a)

or
> (Shear—noise) = 1111 {Cabry + (C1 + Cs)bia}. (386)

Combining common factors from directivity elements a;;
with source term /111, and keeping notation a;; to rep-
resent new directivity factors, power spectral directivity
of an axisymmetric jet 1s expressed as

. +o0
Piar(R, 0,Q) ~ // Ai{arr +2C a2z + 4(C2
g

iy J—o0

—|—204)Cllz + 2(03 + 205)&23}6iﬂTdeg, (39&)
- +oo
Pihear( R, 0,) ~ /_/ Ao {Cyary + (Cy
gJ—o0
—|—C5)Cllz}6iﬂ7—d7'dg, (39b)
where
Loo)2 ] T
Ay = () () . (40a)
(4mRaas)?(1 — M,cos0)?(1 — M cost)?
2dU /dr 1 — Mccost
Ay = < ZA;. 400
2= Q 1 — M,cost ! (405)
To proceed with integration on 7, we notice
oo ot 2 iQ 4 oo 2 iQ
/_Oo ﬁg (T)e”7dr =Q /_Oo g (m)eTdr.  (41)

Various time-delay functions were attempted. Here we
assume ¢(7) = exp(—+/(0/2)% + (7/7,)?) where ¢ is an
empirical constant (¢ ~ 0.80) and 7, is defined in (18).
A normalizing factor of exp(o/2) is dropped from g(r) as
it multiplies other constants. The present form of g(r)
provides an overall improvement in predicted spectra at

5

high frequencies compared to a Guassian function g(7) =
exp(—12/72) used in Ref. 11. Hence

g(r) = e~ VTPHCTR P,

00 14+ (Qr,/2)?
where K 1s a modified Bessel function of the second
kind and of order one. Then from (20), (41), and (42),
the spectral density for the axial quadrupole source com-
ponent becomes

, (42)

Ko/ T4+ @20

14+ (Q7,/2)?

) 9 \ ~13/2
Al ]l ——= .
( 36)

Source and observer frequencies are related through a
modified convection factor

N111(Q) ~ P’k (Qr)

(43)

Q= w\/(1 = Mocost)” + (k03 fac)’.  (44)
The empirical convection constant «. was determined
from comparison of predicted spectra with data.
Finally, Eq. (39), in conjunction with (40) and (43),
is integrated over the jet plume. The final expressions for
self- and shear-noise will depend on a pair of empirical
proportionality factors. These calibration constants must
be determined from sample noise measurements. We use
the fact that shear-noise, as defined in (39b), has zero
contribution at # = 90° (see expressions for a1 and a1
in the Appendix) and determine the constant factor mul-
tiplying self-noise. Near the downstream jet axis, on the
other hand, shear-noise appears to peak. Contributions
due to combined sources are matched with peak noise
level near jet axis to determine the second constant.

4. Numerical Results

Flow field and acoustic predictions are presented
here with emphasis on noise prediction and study of
anisotropy parameters. Nozzle geometry consists of an
axisymmetric dualstream flowfield (Fig. 2a) with a hot
primary core (T,, = 1442°R) and a cold bypass flow
(To,p = 542°R) separated from the core by a “splitter”
surface. Acoustic data was taken at an ambient Mach
number of (Ms = 0.27) to simulate takeoff conditions.
Flow measurements were taken at a lower freestream
Mach number of (Ms = 0.10) due to excessive vibra-
tion of the LDV system. Table 1 describes the total
pressure setting for the primary, bypass, and freestream
for above test conditions. Flow computations were per-
formed at both freestream conditions to validate flow as
well as acoustic predictions.

American Institute of Aeronautics and Astronautics



Mean flow calculations were performed with the
NPARC!'® Navier-Stokes solver and Chien’s'” k-¢ turbu-
lence model. The computational grid (Fig. 2b) starts at
about 3 diameters upstream of the nozzle exit and ex-
tends to nearly 17 diameters from exit plane. In the ra-
dial direction, the external flowfield boundary conditions
are specified at 17 diameters from centerline. Figure 3
shows predicted flow profiles for mean velocity and tur-
bulence kinetic energy at (Mo, = 0.10). Although more
data at larger values of X/D would be highly desirable,
the predictions seem to capture the general trend, and
in particular the maximum level of turbulence near the
lipline at (X/D = 4.0) is close to measurement of Zys-
manet af. Centerline values for the above parameters
(Fig. 4) show a relatively high level of turbulence at the
end of the computational grid. No measurements were
available for validation beyond (X/D=4.0).

Table 1
Moo Pop Pob Pooo
0.10 28.02 26.43 14.31
0.27 28.81 26.13 15.10

Noise predictions are based on plume integration of
expressions (39a) and (39b), starting from the nozzle exit
plane. Additional high frequency noise may be gener-
ated within the nozzle due to primary and bypass jets
mixing prior to exit plane. These considerations were
not accounted for in the current predictions. The overall
sound pressure level directivity due to self- and shear-
noise sources as well as total directivity of the mixing
noise are shown in Figure 5. At 907, self-noise 1s the only
contributing source, while shear-noise appears to peak
near the downstream jet axis. As indicated earlier, two
unknown calibration constants for expressions (39a) and
(39b) were determined from acoustic measurements at
90° and 150°.

Spectral distribution (Fig. 6) indicates a dominance
by shear-noise in the low-frequency regime and in a down-
stream direction. Anisotropy parameters A and u3/u?
were selected as 0.50 and 0.60, respectively. A deficiency
in the high-frequency noise is noticed with decreasing
observer angle #. One possible explanation may be com-
plete neglect of the internal noise sources in present pre-
dictions. In addition, simplifications such as an assump-
tion of constant density in the source terms of equation
(27) may affect high-frequency noise. For hot jets, ad-
ditional sources of dipole and monopole type related to
dp/dr and d?p/dr? will appear in modeling of self- and
shear-noise terms of Lilley’s equation. These sources can
be accounted for in a similar fashion if one assumes that
singularities of various orders contribute independently
to total acoustic intensity.

The significance of non-isotropy parameters A and

6

u_g/u_% was studied by changing the above factors inde-
pendently. Figure 7 shows that although reducing the
length-scale ratio A = Ls/Ly decreases the noise inten-

sity, reduction in the turbulence intensity ratio u2/u?
works the opposite way and dominates the overall trend.
In general, an increase in acoustic intensity of both
self- and shear-noise is noticed with increasing source
anisotropy. Figure 8 shows the SPL directivity of the
total noise for the indicated range of anisotropy param-
eters. These observations point to a delicate sensitivity
between jet noise and underlying turbulence characteris-
tics. Although full non-isotropy is ideal, an axisymmetric
turbulence may be accurate enough to model most jets
of practical interest.

5. Concluding Remarks

We studied the impact of source anisotropy on aero-
dynamic mixing noise due to a fine-scale turbulence. An
axisymmetric turbulence model was presented with the
axis of symmetry aligned with jet axis. It was argued that
space and time separation is not a requirement for model-
ing turbulence correlation functions and closed-form so-
lutions for various fourth-order two-point space-time cor-
relations were obtained. Source strength as well as time-
and length-scales of noise generating turbulent eddies
were linked to compressible Reynolds averaged Navier-
Stokes solution with a k-¢ turbulence model. Both self-
and shear-noise terms of Lilley’s equation were presented.
Acoustic/flow interaction was accounted for as a solution
to an axisymmetric Lilley’s equation for a transversely
sheared mean flow and in a high frequency limit.

Noise prediction and study of non-isotropy param-
eters were discussed for a Mach 1.0 dualflow jet. Pre-
dictions indicated an overall increase in noise level with
increasing turbulence anisotropy. An increase in stream-
wise turbulent intensity relative to its span-wise com-
ponents resulted in a higher noise level for both noise
sources. We neglected density gradients in the current
source modeling. It was suggested that a more rigor-
ous analysis would find additional sources of dipole and
monopole type associated with transverse density gradi-
ents.

Internal noise may also have a significant bearing
on overall directivity and spectra specially when inter-
nal mixers are used. A complete prediction tool requires
additional modules to address internal noise sources and
their propagation and diffraction in the presence of noz-
zle boundaries.
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Appendix

Directivity factors for various convecting quadrupole
source components are (see Ref. 18)

_ cos® 0 811 _ gg cos” § B12
an = (1— M, cos)*’ a2 = 2(1 — M. cos 6)?’
3 1
an =3 G B2, dos = 3 9 B3, (A1)

and g2 is the value of the shielding function ¢*(r) at the
source location r,

(1-M, 6059) (%= )2 cos?6
(1- M, 6059) .

g*(r) = (A2)

The location r,, where g%(r,) becomes zero, is referred to
as a turning point. When ¢? becomes negative, a shield-
ing zone exists. The amount of shielding depends upon
the proximity of the source with respect to the turn-
ing point 7, as well as the number of turning points.
This dependence is incorporated through shielding co-
efficients 11, B22 ---. For example, when there i1s only
one turning point 7,1, the shleldmg coefﬁ(ﬂents be-
come constant multipliers of exp(—2K [ "V g2(r) |dr)
where K = Q/as. A complete listing of B;; for various
source correlation elements and their dependence on the
number of turning points is given in Ref. 18.
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Figure 1. Measured root-mean-square

turbulent intensities [3, 4] for the three types of
internal exhaust mixers at NPR=1.96, M_=0.10.

(X is from ejector exit plane).




Figure 2a. Splitter nozzle geometry.

Xis from exit plane and

Figure 2b. Computational grid (400x133).

D is nozzle exit diameter.

American Institute of Aeronautics and Astronautics



20

Prediction (NPARC)

© DATA Prediction (NPARC)

o DATA

15F

X/D=0.05 X/D=0.05

X/D=2.0

15 X/D=4.0

(K*/a,)%
5
@]

Sl

(&3]
T T T T T T

) ' . 0 05 1
| 20

15}
! X/D=8.95 15 X/D=16.7

(@]
o
[6;]
=
(K**/a_)%

=

o
——1 ©

0 T - 1 T - |

0 0.5 1 15 2
r/'D
Figure 3a. Comparison of predicted and Figure 3b. Comparison of predicted and
measured [3] axial velocity profiles for measured [3] turbulence kinetic energy
the Splitter nozzle (NPR=1.96, M_=0.10, profiles for the Splitter nozzle.

T=1442°R).

American Institute of Aeronautics and Astronautics



SPL, dB

118
116
114
112 8
{10 @
1s

0.4 S~ U, 1°
14

0.2 e K, 15

o= 10 1 af

X/D

Figure 4. Predicted centerline values for mean velocity
and turbulence kinetic energy (X is from nozzle exit plane).

115

o - Self Noise

fffff Shear Noise
Self+Shear

Data

110

©
(6]
LI L

\

\
/

/
/

|

| |

|

|

1 T 1 1
20 40 60 80 100 120 140 160

Angle from Inlet
Figure 5. Sound pressure level directivity for the Splitter nozzle at

NPR=1.96, T=1442°, M_=0.27 and on a 50.0 ft. arc. Non-isotropy
parameters are A=0.50 and u2/u?=0.60.

American Institute of Aeronautics and Astronautics

180



110
105
100
95
90
85
80

75 /1 selfNoise
70 / _____ Shear Noise N

Self+Shear \
65k / . Data

= 6=90°

SPL, dB

60\\\\" | el “\"“H AN | [ | [ | L\®

110
105 B
100
95
90
85
80
75
70
65

SPL, dB

| : R | Lol S Ne

| ; I el el ISRV
60 10° 10° 107 10°
110 Freq (Hz)

105F

100} 0=110° Figure 6. 1/3-octave band spectra on a 50.0

ft. arc. Predictions use a non-isotropic source
modeling with A=0.50 and u/u?=0.60.

Angle 8 is from nozzle inlet.

SPL, dB

1l ; RN | I | I Lo
010 10° 10° 10°

Freq (Hz)

2
American Institute of Aeronautics and Astronautics



Self Noise

Self Noise

Self Noise

20 40 60
Angle from inlet

5dB
L A
o 1.0
gt - 05
2L
z |
o
D
<
1
1 |\\\ 1
g uzju?
ol — 1.0
of | ----06
21
Z |
Q[
o S
e N
7 .
\
|
LN
o [
R
21
z |
i
O -
e N
U): \

T80 100 120 140 160 180 25 ——49"

60 80 100 120 140 160 180
Angle from inlet

Fgguzre 7. Sensitivity of self- and shear-noise components to non-isotrpy parameters A
uy/u; in an axisymmetric turbulence model. Predictions are for the Splitter nozzle and

on arc=50.0 ft.

American Institute of Aeronautics and Astronautics



SPL, dB

120

115

110

105

100

>
c

=N

Figure 8. Sound pressure level directivity vs. non-isotropy parameters

Aand Ui,

60 80 100 120 140 160
Angle from Inlet

American Institute of Aeronautics and Astronautics

180



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank)

3. REPORT TYPE AND DATES COVERED
Technical Memorandum

2. REPORT DATE
May 1998

4. TITLE AND SUBTITLE

5. FUNDING NUMBERS

On the Role of Anisotropy in Turbulent Mixing Noise

WU-537-05-21-00

6. AUTHOR(S)

A. Khavaran and E.A. Krejsa

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

8. PERFORMING ORGANIZATION
REPORT NUMBER

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135-3191

E-11207

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

National Aeronautics and Space Administration

Washington, DC 20546—0001 NASA TM—1998-207922

AIAA-98-2289

11. SUPPLEMENTARY NOTES

Prepared for the Fourth Aeroacoustics Conference cosponsored by the American Institute of Aeronautics and Ag
and the Confederation of European Aerospace Societies, Toulouse, France, June 2—4, 1998. A. Khavaran, NYM
2001 Aerospace Parkway, Brook Park, Ohio 44142 (work performed under NASA Contract NAS3-27186); E.A. H
NASA Lewis Research Center. Responsible person, E.A. Krejsa, organization code 5940, (216) 433-3951.

tronautics
A, Inc.,
rejsa,

12a.

DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified - Unlimited

Subject Categories: 07 and 71 Distribution: Nonstandard

This publication is available from the NASA Center for AeroSpace Information, (301) 621}-0390.

13. ABSTRACT (Maximum 200 words)

This paper investigates the effect of anisotropy on aerodynamic mixing noise due to a fine-scale turbulence. Thg
assumption of isotropic turbulence is replaced with that of an axisymmetric turbulence. The analysis is based or
terms of Lilley's equation. In addition, acoustic-flow interaction is accounted for in terms of a high-frequency soly
the axisymmetric Lilley's equation. In the limiting case of isotropy, various source correlation terms derived here
simplify to those obtained with an isotropic turbulence model. A Reynolds averaged Navier-Stokes solutidrewith
turbulence model for a Mach 1.0 jet was used to make acoustic predictions. A parametric study of the turbulenc
indicates that anisotropy increases the peak noise level.

usual
source
tion to
will
a
b scales

14. SUBJECT TERMS

15. NUMBER OF PAGES

. . . 20
Acoustics; Jet noise; Noise 16. PRICE CODE
A03
17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



