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Introduction

NE of the key technical elements in NASA’s high speed re-

search program is reducing the noise level to meet the fed-
eral noise regulation. The dominant noise source is associated with
the supersonic jet discharged from the engine exhaust system.
Whereas the turbulence mixing is largely responsible for the gen-
eration of the jet noise, a broadband shock-associated noise is also
generated when the nozzle operates at conditions other than its de-
sign condition. For both mixing and shock noise components, be-
cause the source of the noise is embedded in the jet plume, one can
expect that jet noise can be predicted from the jet flowfield compu-
tation. Mani et al.! developed a unified aerodynamic/acoustic pre-
diction scheme by applying an extension of Reichardt’s aerody-
namic model’> to compute turbulent shear stresses which are
utilized in estimating the strength of the noise source. Although
this method produces a fast and practical estimate of the jet noise,
a modification by Khavaran et al.® has led to an improvement in
aerodynamic solution. The most notable feature in this work is that
Reichardt’s model is replaced with the computational fluid dynam-
ics (CFD) solution of Reynolds-averaged Navier-Stokes equations.
The major advantage of this work is that the essential, noise-re-
lated flow quantities such as turbulence intensity and shock
strength can be better predicted. The predictions in Ref. 3 were
limited to a shock-free design condition and the effect of shock
structure on the jet mixing noise was not addressed. The present
work is aimed at investigating this issue. Under imperfectly ex-
panded conditions the existence of the shock cell structure and its
interaction with the convecting turbulence structure may not only
generate a broadband shock-associated noise but also change the
turbulence structure, and thus the strength of the mixing noise
source. Failure in capturing shock structures properly could lead to
incorrect aeroacoustic predictions.

Method of Solution
The solution technique to compute the noise field is essentially
based on the methodology developed in Ref. 1, as modified in Ref.
3, and details are documented in Ref. 3. As mentioned earlier, a
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major modification was made such that Reichardt’s aerodynamic
model has been replaced with a CFD solution. This improvement,
as shown in Ref. 3, not only eliminates some of the empiricism in
the original method of Ref. 1 but also provides a better estimate of
source strength and sound/flow interaction. More critically, for the
imperfectly expanded jet flow conditions, a CFD solution can
properly predict the shock structure which is not taken into ac-
count in Reichardt’s model.

To compute the flowfield, the PARC code* with a k-¢ turbu-
lence model® was used. This code solves the complete Reynolds-
averaged Navier-Stokes equations in conservative law form using
the Beam and Warming approximate factorization algorithm and
has been verified for a variety of aerodynamic problems. As far as
dealing with shock structure goes, this code has a tendency to nu-
merically attenuate downstream shocks. While the basic numerical
schemes and turbulence modeling may be responsible for this at-
tenuation problem, the effect of mesh size has not been addressed
properly in the open literature. To investigate this issue and com-
pare aerodynamic and acoustic results, convergent and conver-
gent-divergent (CD), axisymmetric nozzle geometries were se-
lected. These nozzles have the same equivalent diameter and both
aerodynamic and acoustic test results have been reported in Ref. 6.
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Fig. 1 Centerline axial velocity profile: a) CD nozzle, NPR = 3.312
and b) convergent nozzle, NPR = 3.323.
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Fig. 2 Turbulent intensity profiles along the lipline: a) convergent
 nozzle and b) CD nozzle.
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Fig. 3 Noise spectra for the convergent nozzle, NPR = 3.323: a) 6 =
120 deg and b) 6 = 160 deg.

Results and Discussion

The basic philosophy in studying the grid issue is that the grid
size in a radial direction has little effect on resolving shock struc-
tures, and thus only the number of grids in the axial direction is
varied. Figure 1a shows the centerline axial velocity profile for the
CD nozzle operated at a nozzle pressure ratio (NPR) of 3.312. The
design pressure ratio (DPR) for this nozzle is 3.121. Both coarse
(141 x 61) and fine (441 x 61) grid solutions are depicted. Here U;
and D, correspond to the fully expanded jet exit velocity and the
equivalent nozzle diameter, respectively. Although the shock
strengths are relatively weak due to a slightly imperfectly ex-
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Fig. 4 Comparison of measured noise spectra between convergent
nozzle and CD nozzle of same equivalent diameter at the same nozzle
pressure of 3.3: a) 0 = 60 deg, b) 0 = 90 deg, c) 6 = 120 deg, and d) 6 =
160 deg.



1922 AIAA JOURNAL, VOL. 32, NO. 9: TECHNICAL NOTES

14 —

Fine grid

=~w===Coarse grid

20 r
O
15 —
L
Z
7]
[~
3]
E 10}
i
2
]
2
=1
[es
51—
Fine grid
=====Coarse grid
O Data
N/ | l | | I -I
(4] 2 4 6 8 10 12
b) X/Deq
120 —
3
100 |
& Fine grid
===== Coarse grid
Y o} Data
80 Lo bl Lol Lo Lol
102 108 104 105
) Frequency, Hz

Fig. 5 Comparison of fine and coarse grid selutions with data for the
convergent nozzle geometry, NPR = 3.323: a) centerline axial velocity
profile, b) turbulent intensity profiles along the lipline, and ¢) noise
spectrum at 0 = 120 deg.

panded test condition, the fine grid solution exhibits a better cap-
turing of the downstream shock structures. For the similar NPR of
3.323, the convergent nozzle geometry shows much stronger
shock data as is shown in Fig. 1b. Here 141 X 71 and 421 x 71
grids were used for coarse and fine grid solutions, respectively.
The predicted axial velocity profile along the centerline clearly
shows that proper grid resolution is required for a better flowfield
solution including shock structures. As explained earlier, the tur-
bulence intensity is directly related to the strength of the mixing
noise sources. Depicted in Fig. 2 are fine grid solutions of a turbu-

lence intensity profile along the lipline compared with experimen-
tal data. The nozzle geometries and pressure ratios are the same as
those mentioned earlier and a fair agreement with data is shown.

Based on the fine grid solutions of mean and turbulent quanti-
ties, one-third octave band sound pressure levels for the conver-
gent nozzle geometry are compared with measured data at a 12.2-
m radius in Fig. 3. Here 6 is measured with respect to the upstream
inlet axis. Only sound pressure levels in the rear quadrant region
where the mixing noise is dominant are shown. Good agreement
between prediction and data shows that the CFD-incorporated
noise prediction scheme, which was demonstrated for the shock-
free condition in Ref. 3, also works as well for shock-containing
flow conditions. Similar comparisons were made for the CD noz-
zle geometry at an underexpanded (NPR = 3.312) and an overex-
panded (NPR = 2.62) condition and a good agreement was
achieved.

An interesting observation can be made by comparing the noise
data between convergent and CD nozzles. Figure 4 shows mea-
sured noise data at several different observer angles for convergent
and CD nozzle geometries operated at the same pressure ratio of
3.3. The equivalent diameter for two nozzles is the same here. It is
obvious that the differences in spectra at angles of 60 and 90 deg
are due to the shock noise contribution. Note that, for the same
pressure ratio and the nozzle equivalent diameter, the mixing noise
as observed at angles of 120 and 160 deg is almost identical. Con-
sidering the distinctive difference in the flowfield between the two
nozzle geometries it appears that the mixing noise is almost inde-
pendent of the shock strengths. This observation was also reflected
in the prediction and provides an indication that the turbulence
mixing noise is relatively insensitive to the variation of the shock
structure.

Earlier, the effect of grid resolution on aerodynamic solution,
especially the shock structure, was discussed. The question then
naturally arises as to whether or not the noise is also affected by
the grid resolution. To investigate this issue the test condition for
the convergent nozzle geometry is considered. Depicted in Fig. 5
are the centerline axial velocity profile, lipline turbulent intensity,
and the sound pressure level spectrum at 120 deg showing coarse
and fine grid solutions. Despite the difference in mean flow quanti-
ties as represented by the centerline axial velocity profile in Fig. 5a
the noise predictions exhibit little dependence on the grid resolu-
tion as is shown in Fig. 5¢. This may be explained by the fact that
the turbulent intensity distribution, which provides the estimate of
the noise source strength, is about the same on the average be-
tween coarse and fine grid solutions as is shown in Fig. 5b. It
should be noted, however, that proper capturing of shock struc-
tures is still very important from the viewpoint of the sound propa-
gation where the mean flow gradients determine the radiation pat-
terns. This is more crucial in computation of the broadband shock-
associated noise which is generated by the interaction between the
shock-cell structure and turbulence.

Conclusions

In this study the turbulent mixing noise generated by imper-
fectly expanded supersonic jets is computed and compared with
experimental data. The noise computation is based on CFD-gener-
ated aerodynamic results using the PARC code and the acoustic
prediction methodology described in Ref. 3. The nozzle geometry
selected for the comparison consists of convergent and CD, axi-
symmetric nozzles. The effect of better grid resolution on captur-
ing more accurate shock structures is investigated and demon-
strated. Both aerodynamic and acoustic predictions agree well with
measured data. Comparison of measured noise spectra between
convergent and CD nozzles of the same equivalent diameter shows
that, at the same nozzle pressure ratio, the mixing noise contribu-
tion is almost identical in spite of quite a difference in shock struc-
tures in the flowfield. The prediction also reveals the same obser-
vation, which implies that the turbulence mixing noise is barely
affected by the shock strengths. Similar arguments hold for the ef-
fect of grid resolution on the noise prediction. Although the fine
grid solution agrees much better with aerodynamic data, the mix-
ing noise spectra show little difference between fine and coarse
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grid noise predictions. This may not be true when it comes to in-
corporating the nonaxisymmetric nozzle geometry and sound/flow
interaction where the mean flow gradients dominate the whole
mechanism of sound radiation. Accurate prediction of the flow-
field including the shock structure is more important in properly
estimating the shock-associated noise.
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Diverging Solutions of the Boundary-
Layer Equations near a Plane of
Symmetry
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Introduction

XPERIMENTS with converging and diverging turbulent

boundary layers near a plane of symmetry are described by
Pompeo et al.! The test section used to generate the boundary lay-
ers on the plane y = 0 is shown in Fig. 1. The experiments were
compared with computations based on a finite-difference bound-
ary-layer code by Bettelini.? The prediction of the diverging flow
agreed fairly well with the measurements and posed no special
problems. The prediction of the converging flow, on the other
hand, was very difficult. The results were very sensitive to the
choice of parameters, and diverging solutions were observed for
some combinations of parameters. It is the purpose of the present
paper to investigate this tendency with different methods. Cases 1
and 2 are based on integral methods for laminar flow as described
by Eichelbrenner.? In case 1 the crossflow satisfies only the corre-
sponding boundary condition at the wall which leads to a simple
equation for the growth of the boundary-layer thickness. In case 2
the crossflow momentum equation is also taken into account, and
case 3 uses Bettelini’s code.? All three methods show that there
exists a critical crossflow intensity beyond which the boundary-
layer thickness 8(x) diverges at some x, in the test section, and the
same holds true also for turbulent flow. The results of case 1 and
case 2 show that the skin friction vanishes at x,. This divergence
can, therefore, be called separation. However, it is a very peculiar
case as no pressure gradient exists that could decelerate the x com-
ponent of the flow. A similar situation exists in the plane of sym-
metry of a cone at angle of attack. Moore* observed that the
diverging flow on the windward side of cone posed no problems
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whereas the converging flow on the leeward side became undeter-
mined before separation of the crossflow took place. Boericke’
observed similar problems when using a finite-difference code.
The flow on the leeward side of a blunted cone, as investigated by
Der,S is very similar to the present case. “Separation” is observed
in both cases in spite of a vanishing axial pressure gradient. Good
surveys of the state of the art are given by Refs. 3 and 7-9.

Assumptions and Equations
The external velocity field near the plane of symmetry (z = 0)

was based on experiments of Pompeo et al.,! namely, w,(x, 8, z) =
w,(x) - z and u,(x, 8, 2) = U + w,(x) - 22/ 2 with

() =A- expl(x—x0)/B -
w,(x) = A - expl(x — x)“/B] Wy = P

For the converging flow good approximations are A =—31.4 57,
B =0.231 m?% and x; = 1 m. The boundary layer was assumed to
start at x = —0.5 m and to end at x = 2.5 m. Figure 7 in Pompeo et
al.! and w, are comparable.

The velocity components near the plane of symmetry can be
written as

u=ugx, ) +u(x,y) z+---
V=v0()€,y)+v1(x,y).z+...
w=wix,y)  -z+---
Introducing these equations into the boundary-layer equations

leads to the following expressions valid in the plane of symmetry
near z = 0.
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Fig.1 Test section and boundary-layer thickness 3(x).



