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Interaction of Jet Noise With a Nearby Panel Assembly
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A model of the interaction of the noise from a spreading subsonic jet with a panel-stringer assembly is stud-
ied numerically in two dimensions. The radiation resulting from this flow/acoustic/structure coupling is com-
puted and analyzed in both the time and frequency domains. The jet is initially excited by a pulse-like source
inserted into the flowfield. The pulse triggers instabilities associated with the inviscid instability of the jet mean
flow shear layer. These instabilities in turn generate sound which provides the primary loading for the panels.
The resulting structural vibration and radiation depends strongly on panel placement relative to the jet/nozzle
configuration. Results are obtained for the panel responses as well as the transmitted and incident pressure. The
effect of the panels is to act as a narrow filter, converting the relatively broadband forcing, heavily influenced by
jet instabilities, into radiation concentrated in narrow spectral bands.

Nomenclature
A = panel centered at the jet exit
B = panel located downstream of the jet exit
cv = specific heat per unit volume
CQO = ambient speed of sound
D = width of jet nozzle
Db = stiffness of the beam Mh3/\2(l - v2)
E = total energy per unit volume
/ = time dependent pulse
g - Gaussian function
h = beam thickness
M = modulus of elasticity
Nx = coefficient of nonlinear term in beam equation, defined by

Eq. (2)
p = pressure
R = gas constant
5i = starter pulse defined by Eq. (5)
T = temperature
t = time
Uj = jet exit velocity
UQ = spreading jet profile
u = jet axial velocity component
v = tangential velocity component
x = axial coordinate centered at the horizontal location of the

nozzle exit
y = tangential coordinate centered at the vertical location of

the rigid wall
z = beam transverse deflection
y = physical damping of the beam
€ = amplitude of the starter pulse
v = Poission ratio of the beam
p - density
pb = mass per unit volume of the beam
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Subscripts

+ = reference to the location of the wall boundary from the side
opposite the domain containing the jet

— = reference to the location of the wall boundary from the
domain containing the jet

x = derivative with respect to x
y = derivative with respect to y
t = derivative with respect to t
oo = reference to ambient quantities

I. Introduction

IN this paper we study numerically the interaction between jet
noise with a flexible aircraft-type structure. This interaction is

important because the resulting panel vibration can result in both
structural fatigue of the panel and increased interior noise levels.
Although there have been previous studies of jet noise without the
presence of the panels and studies of panel response to prescribed
loading, the use of a fully coupled flow/structure/acoustics model is
an essential prerequisite to a full understanding of panel response
in the presence of jet noise.

There have been many important studies of the different sources
of jet noise and their role on sound radiation. One formulation of the
sources of jet noise was developed in the Lighthill acoustic analogy.1
The resulting model led to scaling arguments for the dependence of
the far-field sound on jet velocity, although the actual sources had
to be modeled for calculation purposes. An independent theory of
sound radiation, using a different formulation of the sources, was
obtained in Ref. 2. Extensions of this work to account for shear
interaction terms and vortical flows followed.3"5

An important consideration, particularly in subsonic jets, is the
role of fluid dynamical instability waves as sources of jet noise. Ex-
periments have demonstrated the existence of large-scale structures
or instability waves in jets.6"9 These structures are believed to act as
sources of sound, a point also confirmed by analytical studies10"15

and computations.8'16"18 In general, the computation of jet noise
from first principles is beyond the capabilities of most present day
computers, and modeling must be employed to allow more efficient
computation of the jet noise.

Various approaches have been employed to determine the panel
response to jet noise or to other sources which can not be easily cal-
culated. The sources in the flowfield can be taken from experimental
measurements, (e.g., Refs. 19 and 20) or can be modeled using ap-
propriate simplifications (e.g., Refs. 21 and 22). In the former case,
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the panel response could then itself be measured experimentally as
in Ref. 23 or computed via solution of the resulting panel equa-
tion from the measured sources as in Refs. 19 and 20. Although
experiments23 in supersonic jets have succeeded in isolating fea-
tures of panel response due to oscillating shocks and jet instabilities
in general, the use of experimental measurements dictates that all
physical mechanisms associated with the jet noise be intertwined,
thus making it difficult to ascertain the role of individual physi-
cal mechanisms of jet noise on panel response. The alternative is
to analytically model the sources of sound in the jet. This neces-
sarily involves significant simplifications of an extremely complex
phenomena, namely the generation and propagation of noise, and
also typically does not account for the full fluid/acoustic/structure
coupling of the panel response.

For sources that can be well approximated by modes of the panel,
simple normal mode analysis suggests that the displacement would
exhibit spectral peaks near the resonant frequencies of the panel, i.e.,
the natural frequencies. Even for such sources, other quantities such
as the velocity and the radiated pressure, which must be obtained
from solution of the wave equation (either fully coupled to the panel
motion as done here or a posteriori using the uncoupled panel ve-
locity as a boundary condition), will not necessarily exhibit spectral
peaks at the natural frequencies. The spectrum of these quantities
will depend on both the details of the forcing function and on the
parameters of the panels. When the incident pressure is jet noise, as
considered here, the situation is yet more complicated as the sources
will be convecting downstream with the flow and may not be well
approximated by modes of the panel. In this case even qualitative
details of panel response would require a specification of the sources
which accounts for the relevant features of jet noise generation.

In the present work, we study numerically the interaction of jet
noise, emanating from a high subsonic jet, with a flexible aircraft-
type structure. The emphasis is on 1) the role of sound generated
from spatially growing instability waves associated with the jet shear
layer as an excitation mechanism for the structural vibration, 2) the
resulting vibration of and radiation from the panel assembly due
to flow/acoustic/structure coupling, and 3) the effect of the place-
ment of the panels, relative to the jet/nozzle configuration, on panel
response and radiation.

We employ a computational model which accounts for the full
coupling between the panel and the surrounding fluid. The compu-
tational domain includes the panels, the jet domain, in which acous-
tic disturbances are generated via a pulse starter, and a radiation
domain, in which acoustic disturbances from the vibrating panels
propagate (see Fig. 1). As a result of the pulse, an initial acous-
tic disturbance is generated. This acoustic disturbance propagates
into the far field while undergoing convection and dispersion due
to the flowfield. More importantly, the initial disturbance triggers
the development of an instability wave, i.e., a large-scale structure
which is slowly convected downstream along the jet axis, due to
interaction with the unstable jet shear layer. This instability wave,
which is qualitatively similar to structures observed in real jets,6"9

is an important source of jet noise, as it triggers the development of
other instability waves in a continuous fashion long after the initial
disturbance due to the pulse has propagated away from the flowfield
and the panels. We concentrate on the long time behavior of the
excited jet, i.e., the behavior of unsteady disturbances in the jet long
after the initial disturbance generated by the pulse has propagated
from the region of interest.

The use of the pulse starter allows the qualitative simulation
of instability wave generated sound in a spreading jet nonetheless
sufficiently reducing the computational requirements so that high-
resolution computations of the fully coupled flow/acoustic/structure
interaction can be readily obtained. In particular, the model allows
the direct computation of the sources of jet noise, the instability
waves, together with the propagation of the resulting sound. The
model also allows simulation of the dispersive effects such as the fre-
quency dependent refraction of sound by the flowfield. This method-
ology is similar to that employed in Refs. 8, 11, and 16, where the
direct computation of sources and sound propagation was studied
for axisymmetric jets (without any nearby structure). These results
demonstrated that the starter pulse was effective as a computational

Flexible Panels
Rigid Surface

Nozzle

Fig. 1 Computational domain.

tool to excite instability wave generated sound and to study the bend-
ing (refraction effect) of sound waves through the jet flowfield. The
results also demonstrated that the instability wave generated sound
was highly directional, peaking at low to midangles from the jet axis
and was concentrated at low frequencies.

The sound from the sources we have computed leads to enhanced
low-frequency vibration and radiation from the panels. The effec-
tiveness of jet instabilities in exciting the panels is highly dependent
on the placement of the panel relative to the jet exit. The panel acts
as a narrow filter in converting a relatively broadband forcing field,
heavily influenced by jet instabilities, into a relatively discrete vi-
bration and radiation spectrum. The resulting radiation is beamed
primarily in the vertical and downstream directions. Whereas the
precise frequencies of the radiation will depend on the details of the
flowfield and the mechanism of exciting the jet shear layer insta-
bilities, we believe that the numerical computations presented here
are a step in determining the role of jet noise excitation in exciting
vibration and radiation from nearby surfaces.

In Sec. II we describe the model and the resulting numerical
method. In Sec. Ill we illustrate the numerical validity of our com-
putations and describe our results. In Sec. IV we summarize our
conclusions.

II. Problem Formulation
The computational domain is shown in Fig. 1. Fluctuating pres-

sure, density, and velocities are computed in two domains, that which
contains the jet, exiting from a nozzle of width £>, and the domain on
the other side of the wall boundary. We will refer to the two domains
as the jet and radiation domains, respectively. The wall boundary is
a rigid wall containing two adjacent flexible panels (denoted A and
B in Fig. 1) with rigidly clamped boundaries. The panels vibrate
in response to excitation from jet noise and radiate sound into both
domains. We focus primarily on acoustic radiation into the radiation
domain, as the radiation into the jet domain is small compared to
the large disturbances already present in the jet.

The numerical method involves coupling the computation of a
nonlinear equation governing the panel responses (the beam equa-
tion) to an Euler computation performed in both the jet and radiation
domains. The panel vibration is fully coupled to the fluid dynamics
in that at each time step the pressure difference across the panels,
computed from the Euler computations, serves as a forcing term for
the beam equation. Similarly, the displacement obtained from the
beam equation is differentiated in time and is imposed as a bound-
ary condition for the Euler computations. The only approximation
made is that of small displacement relative to the acoustic wave-
length (e.g., Euler grid size) so that in the Euler code the panel
location is taken as the horizontal line y = 0.
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The nonlinear beam equation is given by where

The coefficient Nx of the nonlinear term is given by
2

(1)

(2)

which represents the tension created by the stretching of the plate
due to bending. The pressures in the radiation and jet domains are
p+ and p~, respectively. The solution of Eq. (1) is obtained at each
time step using an implicit finite difference method developed in
Ref. 24 coupled with Newton's method to account for the nonlinear
term Nx. The panels are assumed clamped at both ends.

The coupling of the panel computation to the Euler computa-
tion occurs through the forcing term given on the right-hand side
of Eq. (1). The pressures p+ and p~ are obtained from the Euler
computation which uses an explicit scheme. At each new time level
p+ and p~ are obtained by extrapolation of the pressure from the
interior. The displacement at the new time level is then obtained by
solving Eq. (1) one time step. Upon differentiating z, an approx-
imation to the normal velocity is then obtained and employed as
a boundary condition to complete the update to the Euler compu-
tation. Since this procedure is followed at each time step, the fluid
and structural calculations are fully coupled. A detailed step-by-step
procedure which describes the coupling is given below.

The Euler equations are solved in conservation form. In terms of
the vector

H> = (p, pu, pv, E)T

the equations can be written in the form

Gy = 0 (3)

with the flux functions F and G given by

F = [pu, pu2 + p, puv, u(E + p)]T

G — [pv, pvu, pv2 + /?, v(E + p)]T

respectively. Here, u and v are the x and y components of the ve-
locity, respectively, and

E= \P(u2 + v2} + cvpT

The pressure p is obtained from the equation of state

The Euler equations (3) are solved separately in both the jet and ra-
diation domains. We do not distinguish the vector w in each domain
for clarity.

In the jet domain the Euler equations are modified to account
for the jet flow. We assume a straight pipe of width D from which
the jet exits. The solution is computed both within and exterior to
the pipe, with rigid boundary conditions imposed on each side of
the pipe. The system (3) is modified to account for two different
source terms

wt + Fx + Gy = si(t, x, y) + s2(x', y) (4)

The source term,

si(t,x,y) = 6f(t)g(x9y)w, (5)

serves as the starter pulse to excite the jet. Here, e describes the
amplitude of the source, f ( t ) is a pulse which describes the time
dependence of the source, and g(x,y) determines the spatial distri-
bution of the source. We take

g(x,y) = exp(-cr2r2)

is the distance from the source location (xs, ;y;), yy is the location
of the jet axis (approximately 6D from the wall), and xs is approxi-
mately 1.2D. To simulate a localized source we take a2 = 1000D2.
For the temporal dependence of the source we take

= exp(-at2-b/t2) (6)

The vector w/ is given by

where UQ(X, y) is a model describing a spreading jet profile taken
from Ref. 25 in Cartesian coordinates. This vector is chosen as
follows. The component in the continuity equation serves as a mass
injection. This is balanced by the component in the energy equation
so that in the absence of flow and boundaries the solution remains
homentropic. The component of the source in the axial momentum
equation ensures that momentum is added to the system as the mass
injected is convected downstream of the flow. In the absence of flow
and bounding surfaces, the solution would be a circular wave. As
part of the validation of the numerical scheme, the computation with
no flow has been extensively checked by grid refinement to give a
circular wave.

The second source term s2(x, y) is designed so that in the absence
of the starter pulse, i.e., e = 0, the solution to Eq. (4) would be a
stationary profile corresponding to a spreading jet. The specified
solution is

O, 0,

In the limit of small e, the effect of the source term £2 leads to the
Euler equations linearized about a spreading jet, as in Refs. 8 and
17, which by itself need not be a solution to the Euler equations. In-
corporation of this term within the nonlinear Euler equations allows
for the computation of nonlinear disturbances within the mean jet
profile as in Ref. 16. The inclusion of this source term separates the
computation of the disturbance, in particular the resulting instability
waves, from the computation of the mean flow (i.e., the spreading
jet). Thus, the resulting system of equations allows for the simula-
tion of instability waves and the resulting sound generation, together
with the bending of acoustic waves in the jet flowfield without re-
quiring the computation of the spreading jet itself. Although this is
a simplified model, the resulting system simulates many of the ob-
served features of instability wave generated jet noise and permits
high resolution computation of the coupling of jet noise with the
flexible panels and the resulting radiation from the panels.

The initial conditions are taken to be the mean state WQ in the jet
domain and ambient data in the radiation domain. The panels vibrate
in response to excitation by sound from the jet as they would in an
aircraft on the ground since the mean state corresponds to a static
jet. Both the jet domain and the radiation domain are, in principle,
unbounded regions. These domains are closed by the imposition of
nonreflecting boundary conditions at the far-field boundaries, indi-
cated in Fig. 1. At these boundaries, we impose conditions designed
to absorb outgoing circular waves.26 Specifically we assume that the
pressure has the functional form

p(r, x, y) 2± (7)

where x and y are expressed in polar coordinates r and 9 from a
specified origin. Differentiation of Eq. (7) with respect to t and r
results in the relation

Pt - Poo)/(2r) - <9(r~3/2) (8)

Neglecting the right-hand side of Eq. (8) results in a radiation bound-
ary condition which is effective in simulating outgoing waves pro-
vided the boundaries are sufficiently distant from all sources. We
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have verified that there are negligible boundary reflections for the
data presented in this paper.

The Euler equations are solved using an explicit finite difference
scheme which is fourth-order accurate in the spatial coordinates
and second-order accurate in time. The scheme is a generalization
of the second-order MacCormack scheme to allow higher order
accuracy in space.27 The numerical method has been validated on
other problems of spatial instability. In particular, in Ref. 28 it was
shown that the use of fourth-order differencing can lead to a dramatic
improvement in the calculation of growth rates for spatially unstable
disturbances. In the numerical method we employ operator splitting
in the two coordinate directions. The scheme is discussed in detail
in other publications.8'17

The fluid dynamics and structural dynamics are coupled via the
boundary conditions on the panels. To clarify the nature of the cou-
pling, we describe the steps involved in advancing the solution one
time step.

1) Equations (3) are advanced one time step in both the jet do-
main and radiation domain. Boundary conditions are not imposed,
however, temporary variables on the boundaries are obtained using
third-order extrapolation of the flux functions as in Ref. 28. We note
that in the jet domain, Eq. (3) is solved in both the interior and
exterior of the pipe (see Fig. 1).

2) Using the temporary boundary values, the pressure difference
across the panels is computed.

3) Equation (1) is advanced one time step using the computed
pressure difference across the panels as a source term. This equation
is formulated numerically so as to solve for the difference between
the new and old beam acceleration.

4) The normal velocity on the panels is computed by integrating
the acceleration.

5) The computed normal velocity is then used as a boundary
condition for Eq. (3), for both the jet domain and the radiation
domains.

6) The remainder of the boundary conditions for the jet domain
and radiation domain are imposed. This includes imposition of the
condition v — 0 on the rigid extensions of the panel, Eq. (8) on
the artificial boundaries to simulate outgoing radiation, v = 0 on
the inner and outer surfaces of the pipe, and characteristic conditions
at the inflow pipe boundary (see Fig. 1). It is shown in Ref. 8 that
characteristic conditions account for the lowest propagating mode
within the pipe.

7) Go back to step 1 to update to the next time level.

III. Results
We consider a configuration as indicated in Fig. 1. The jet ex-

its from a straight nozzle of width D = 2 in., assumed rigid on
both the interior and exterior sides. The jet starter pulse (6) is lo-
cated in the potential core at approximately \.15D downstream of
the nozzle exit on the axis of the jet. The constants a and b in
Eq. (6) are a = 3A(c00/D)2 and b = 380(c00/£>)-2, chosen to
give a frequency spectrum for f within the range of interest for
subsonic jets (the peak frequency is very close to 1000 Hz). An
infinite wall is located approximately 6D above the jet and parallel
to the nozzle. The wall is assumed rigid, except for two regions
where flexible, aluminum, aircraft-type panels (panel A and panel
B) with clamped boundaries are located. The panels are of length
5D, thickness 0.01D and are centered at x = OD and x = 5.24D,
respectively. Other parameters of the panels are typical of aluminum.
The origin of coordinates is chosen to be the horizontal location of
the nozzle exit for x and the vertical location of the rigid wall for
y. For the computations described subsequently, we assume an exit
flow Mach number of 0.65, with exit velocity Uj = 0.65 c^. Am-
bient conditions are assumed for p and p. Both the jet and radiation
domains extend 48D downstream from x = 0, 12D in the upstream
direction and 48D in the y direction. There are no detectable re-
flections from the artificial boundaries for the data presented here.
We employ a grid of 511 x 351 points in the jet domain and
361 x 301 points in the radiation domain. The grid in the jet domain
is stretched to improve resolution of the jet shear layer and source
region.
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Fig. 2 Mesh refinements showing pressure-time histories: a) nearfield
point at the center of panel A and b) farfield point on a circle of radius
r = 20Z) at 60 deg.
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Fig. 3 PSD of far-field p - p^ on a circle of radius r = 20Z) at 30, 60,
and 90 deg in a domain with no bounding walls.

Our results are presented in four parts; validation, the jet domain
including the flow and acoustic radiation from the jet, the responses
of the panels, and the acoustic radiation from the panels.

A. Validation
The numerical results were validated by mesh refinement. Prelim-

inary validations included verifying that the solution was essentially
omnidirectional if the flow and all bounding surfaces were removed.
In addition, we verified that the solution at the locations considered
here, as well as at other locations, was unaffected by changing the
location of the artificial boundaries.

In Figs. 2a and 2b the results of grid refinements are shown.
These figuresshow a comparison of pressure time histories for the
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grid employed in the present work with coarser and finer grids.
Two spatial points were tested, one in the near field, at the center
of panel A, and one in the far field at 36D and 30 deg from the
nozzle exit. Since the computation was in Cartesian coordinates,
we chose the grid point that was closest to the selected radius and
angle. The figures indicate that there are no visible effects of grid
resolution within a range of grid sizes around the grid employed in
this paper.

B. Jet Flow Domain
Nonstationary behavior in the jet is triggered by the pulse starter,

which generates a disturbance that propagates through the jet, in-
teracts with the shear layer, and then propagates into the far field
as sound. In the far field this initial disturbance is noncircular due
to convection. As a result of the interaction of the acoustic distur-
bance with the shear layer gradient of the mean jet profile, instability
waves are created. This was shown in Ref. 29, in the context of a
linearization of Eq. (3). These waves are inviscid, a consequence
of the fact that the Euler equations are employed in the computa-
tion. The instability waves propagate longitudinally along the jet at
speeds less than the speed of sound, spreading transversally as does
the mean flow. After an initial growth, their amplitude decays with
the velocity as the jet spreads. As they propagate downstream they
act as sources of additional disturbances, as described in Refs. 1-3
and 13-15, which propagate into the far field as sound and also serve
to excite further instability waves in the jet. This behavior is also
consistent with experimental observations and with previous linear
and nonlinear computations in Refs. 8 and 16. The resulting sound
radiation forces the panels into a broadband response and radiation.
The acoustic radiation persists after the initial disturbance generated
by the pulse starter has propagated a significant distance from the
panels and away from the region of interest.

Figure 3 shows power spectral densities (PSDs) of the far-field
pressure (36£> from the nozzle exit) for the case of a domain without
any bounding wall at 30, 60, and 90 deg. To facilitate comparison
between the different angles, the data are normalized by the maxi-
mum PSD over all three angles. In addition, to clarify the effects of

-15

-301
d) -24 -12 24 36

-30
c) -24 -12

Fig. 4 Contours of constant/? - p^: a) time t = 21.90/c^, b) time t = 38.4D/Coo, c) time t = 45.30/0^, d) time t = 62.8D/Coo, and e) time
t = 73.3D/Coo.
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the flow, the figure also includes the results for a computation with-
out any flow (but with a nozzle) at 90 deg (normalized by the same
factor as the data with flow). We note that the no-flow computation is
not quite omnidirectional due to scattering from the nozzle. We have
verified that in the absence of the nozzle the no-flow computation is
omnidirectional to a high degree of accuracy. This figure illustrates
the role of the jet as an amplifier of sound. The acoustic far field
is least affected by the flow for angles near 90 deg, a result also
demonstrated in Ref. 8. The data at 30 deg shows two peaks, one
near 700 Hz and another near 220 Hz. The 700-Hz peak corresponds
to the peak frequency of the pulse, amplified due to the presence of
flow as indicated by the large difference with respect to the no-flow
case. The 220-Hz peak results primarily from the shear noise gen-
erated from flow instabilities. Such a behavior was also observed
in Refs. 8 and 16 for axisymmetric jets. Low-frequency peaks are
also observed at 60 deg, although the amplitudes are reduced with
respect to the pronounced low-frequency peak at 30 deg. This figure
illustrates that the computed sound radiation has features consistent
with experimental observations.

The behavior of the resulting pressure field in the presence of
the bounding wall, both within and outside of the flow, as well
as the resulting acoustic radiation from the panels, is shown in
Figs. 4a-4e for successive values of time. Note that although both
the jet and radiation domains in the computation extend 48Z) in v,
the figures show solutions extended only to 30 D in y to expand
the visualization of the acoustic field. In interpreting these figures,
note also that the actual levels assigned to each color for the jet and
radiation domain differ so that different colors are assigned to the
ambient regions. However, for each domain the field values asso-
ciated with any particular color is the same for all of the figures.
The pressure level in the radiation domain ranges from — 1.7 x 10~~8

to 2.6 x 10~8 whereas the pressure level in the jet domain ranges
from -4.0 x 10~6 to 4.1 x 10~6. The relation between the colors
and numerical values is indicated by the arrow on the right of each
figure.

Figure 4a shows pressure contours at / = 27.9Z)/Coo, indicat-
ing the initial development of the unsteady jet flow and acoustic
field of the jet and structure. There is a leading acoustic wave
which propagates outside of the jet toward the far field and to-
ward the wall, as well as upstream (both inside and outside the
nozzle). As the leading wave reaches the wall, it reflects back and
crosses the shear layer, trailing the initial disturbance, as shown in
the figure. A large-scale structure, related to the spatial instability
of the jet shear layer is generated along the jet exit. This struc-
ture slowly propagates downstream. As a result of the interaction
between the flexible panels with the pulse, the resulting vibration
creates an acoustic disturbance which propagates into the radiation
domain. In the jet flowfield, as the disturbance evolves, additional
instability waves are created behind the initial leading wave. These
waves can be observed near the nozzle exit. The pressure field is
clearly asymmetric about the jet axis due to the presence of the
wall.

As time evolves (Fig. 4b) additional pressure waves are created
from the jet instability wave which propagate into the far field. Fig-
ures 4b-4e show the evolution of the instability wave as it propagates
downstream. The additional sound generated from this large-scale
structure can also be seen by following the progression of the lead-
ing acoustic wave in Figs. 4b^d. Although the initial waves due to
the starter pulse exit the computational domain (Fig. 4d), additional
instability waves continue to be generated within the jet shear layer,
together with the associated shedding of acoustic disturbances from
the nozzle lip. Hence, long after the initial waves generated by the
pulse starter have propagated far downstream from the region of
interest, indeed, after they have exited the domain, disturbances are
continually generated which result in a continual excitation of the
panels. In addition, Figs. 4a-4e show waves propagating between
the pipe and wall boundary, upstream of the nozzle exit. The behav-
ior just described has also been verified by a detailed animation of
successive contours generated by the computation.

In Fig. 5 we illustrate the shedding of disturbances from the noz-
zle lip. The figure shows the pressure in a small region around
the nozzle lip for three closely spaced values of time. In the top

illustration, corresponding to the earliest time, the formation of
a pressure disturbance at the upper lip of the nozzle exit can be
seen. The middle illustration, at a slightly later time, shows that
this disturbance has shed from the upper lip, whereas a new dis-
turbance is being generated at the lower lip. In the bottom illustra-
tion, the disturbance has shed from the lower lip, whereas a new
disturbance is forming at the upper lip. The figure illustrates the
alternating shedding of pressure disturbances from both sides of the
nozzle. This behavior is consistent with experimental observations30

and is a source of sound forcing the panels to vibrate. A simi-
lar phenomenon was found in the axisymmetric computations17

where ring type of disturbances were shed from the nozzle lip.
The figures also illustrate the propagation of disturbances up the
pipe.

C. Responses of the Panels
We first examine the panel response by examining the normal

velocity, v(x, t).ln Figs. 6a and 6b we plot v ( x , t ) over panels A
and B, respectively, for nondimensional times ranging from t = 7.2
to t — 10.2. These times are after the primary excitation due to the
pulse starter has occurred and include times when the panel is excited
by sound emanating from instability waves in the flow.

The responses of the two panels are very different because of their
locations. Panel A (Fig. 6a) is centered directly over the nozzle exit.
As a result, it is excited by reflections between the pipe and the panel,
together with the upstream and downstream propagation of sound
from the jet. These two mechanisms give rise to a combination of
standing waves and convecting waves on the panel. Over the interval
7 < t < 9, the panel response is that of a standing wave which we
believe is due to the multiple reflections between the wall and the
pipe. For 9 < / < 10.2, there are distinct propagating waves along
the panel, propagating both upstream and downstream, which we
believe originate with sound generated by the instability wave in the
jet.

In contrast, panel B (Fig. 6b), which is located downstream of the
nozzle exit, is excited primarily by convective disturbances gener-
ated by instabilities in the flow. The panel response is dominated by
convective waves. The convective waves along the panel propagate
in both the downstream and upstream directions, presumably due to
reflections from the clamped ends of the panel. Waves propagating
in both directions are indicated by the lines sketched on the figure.
The speed of propagation of the convective wave is approximately
0.2^00, close to the speed of propagation of the instability waves.
We emphasize that the panels are identical in all respects and that
the different responses are a consequence of their location relative
to the nozzle exit.

Fig. 5 Evolution of pressure disturbances shed from the nozzle lip
at three successive times (from top to bottom) t = 34.9Z)/Coo, t =

91 = 38.47)/COG; expanded region about the nozzle lip.
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Fig. 6 Spatial plots of v(jc, t) for times ranging from t = 1.2 tot = 10.2:
a) panel A and b) panel B.
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Fig. 7 PSD of incident/? —poo for the computations of wall/flow, wall/no
flow and no wall/flow: a) at the center of panel A and b) at the center of
panel B.

We next consider the PSD (power spectral density) of the unsteady
pressure p. We consider p at the centers of the two panels on both the
jet side and the radiation side. On the jet side the total pressure field
includes incident and reflected pressure as well as pressure radiated
by the panels. On the radiation side the pressure is only that due to
radiation by the panels. To clarify the mechanisms influencing the
spectral content of p, we compare these results with those from two
other computations. In the second computation we consider the same
panel assembly and source, but with no flow. In this computation,
the pressure disturbances on the bounding wall are due exclusively
to the starter pulse. The third computation is of the jet flow only,
without any bounding wall or panel assembly. Far-field results for
this computation were shown in Fig. 3. The data on the jet side are
presented in Figs. 7a and 7b for panels A and B, respectively. In
each of these figures the data is normalized by the maximum (over
all three computations) PSD at the considered location.

We note that for a rigid wall, the wall pressure will be doubled
when compared to the pressure at the same location for the case
without any wall. Since the PSD involves the square of the Fourier
transform of /?, the resulting PSD for the computations with the wall
should be a factor of 4 greater than for comparable computations
without any wall. In the present case there are additional effects due
to radiation from the panels, but due to this geometric effect the PSD
for the no-wall/flow computation should be roughly 25% of the PSD
for the wall/flow and wall/no-flow computations. In analyzing the
effects of flow and wall on the PSD, this purely geometrical effect
should be taken into account.

Figure 7a shows that the PSDs of the incident pressure on panel
A for the wall/flow computation are comprised of relatively dis-
crete spectral bands. The behavior for the wall/no-flow computa-
tion exhibits similar discrete bands with lower amplitude levels.
In contrast, the computation of no-wall/flow exhibits a continuous
smooth spectrum. The discrete spectral bands exhibited for the

wall/flow and wall/no-flow computations are a direct consequence
of reflections between the wall and the nozzle and do not appear
to be heavily influenced by the flow. The peak around 1000 Hz
represents the peak frequency of the original pulse. The peak at
around 500 Hz is due to reflections between the panel and the
nozzle (requiring the disturbance to traverse a total distance of
approximately 2 ft, since the pipe is located approximately 1 ft
below the panel). We note that the no-wall/flow spectrum is simi-
lar to that shown in Fig. 3 which represents the same computation
but with the pressure measured at 90 deg in the far field. This is
a consequence of panel A being centered directly above the jet
exit.

In contrast, the spectral data in Fig. 7b shows a much greater
effect of the flow for panel B which is downstream of the jet exit.
Both the wall/flow computation and the no-wall/flow computation
exhibit a significant amplification of low frequencies as compared to
the wall/no-flow computation (recall that for the no-wall/flow com-
putation the overall level of the PSD is expected to be roughly 25%
of the level for the wall/flow computation). This low-frequency am-
plification is attributed primarily to sound generated by instabilities
within the flow. Note that the PSD of the no-wall/flow computation
is similar to that of the far-field pressure at 30 deg (Fig. 3), a conse-
quence of the fact that the center point of panel B is approximately
39 deg from the nozzle exit.

The wall/flow computation exhibits discrete spectral bands for
higher frequencies. Similar discrete bands, although at a lower level,
are also observed in the wall/no-flow computation. These bands ap-
pear to be induced by reflections between the wall and the pipe.
These bands are not present without the wall. These bands are am-
plified due to the presence of the flow. Examination of panel veloc-
ities and radiated pressure (see next subsection) demonstrates that
these higher frequency pressure disturbances do not excite signifi-
cant panel response.
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These results also demonstrate that the pressure along the walls
and panels varies rapidly with downstream distance near the jet
exit. Since the panels are identical in all respects, the loading on
the panels depends very crucially on their location relative to the
nozzle exit. Directional enhancement due to the flowfield as well as
sound generated from instability waves are the primary mechanisms
influencing panel excitation. The enhanced low-frequency loading
on panel B, due to instability wave generated sound, is in a frequency
band for which the panel can be readily excited. As will be seen, this
enhanced loading is reflected in enhanced vibration of and radiation
from panel B.

The effect of the enhanced low-frequency excitation of panel B
can be seen in Figs. 8 and 9 where we plot the PSD for the panel
velocities and radiated pressure, respectively, at the panel centers.
Both panels exhibit relatively narrow, nearly coincident bands of
low-frequency peak spectral response. We denote these bands for the
velocity spectra by pvi, pv2, and pv3 and for the transmitted pressure
spectra by ppi, Pp2, and Pp3. We believe that the low-frequency
bands are primarily due to convective modes along the panel. The
reflections between panel A and the pipe should be manifested in
higher frequencies. The enhanced low-frequency response of panel
B is apparent from both figures. In view of the earlier analysis of
the incident pressure, we attribute this enhanced response primarily
to the instability wave generated sound which provides enhanced
excitation of the downstream panel B.

We note that the broadband incident pressure on panel B is con-
verted to a discrete velocity and transmitted pressure spectra. The
three primary pressure bands, ppi, fip2, and pp3, are clearly associ-
ated with the analogous velocity bands, pvi, pv2, and pv3. The large
response for panel B in the band pv2, together with the associated
radiation (Pp2), represent the main effect of the instability wave
generated sound on the panels and reflects the frequencies within
the broadband indicated in Fig. 7b at which the panel is most re-
sponsive. The higher frequency spectral bands observed in Figs. 7a
and 7b do not excite significant panel response with the exception
of the strong band around 1000 Hz for panel A which is near the
peak of the original pulse.

500 1000
Frequency (Hz.)

1500

Fig. 10 PSD of radiated p -p^atx^ -12D,x = 6D, x = 18D, along
the line y = 36D.

The results indicate that panels located downstream of the jet
exit act as narrow filters, converting a broadband forcing into rel-
atively narrow spectral bands. The bands are concentrated in the
low-frequency range, characteristic of instability wave generated
sound, which indicates that shear layer instabilities can be an im-
portant mechanism in panel excitation.

D. Acoustic Radiation from the Panels
The time evolution of the pressure radiated by the motion of

the panels is shown at successive times in Figs. 4a-4e. Figure 4a
shows a nearly circular leading wave radiating away from the panels.
This is due to the excitation of the panels by the leading acoustic
disturbance initiated by the pulse starter. In addition, there is an
asymmetrical disturbance generated primarily from panel B which
propagates mainly in the downstream direction (Fig. 4b).

As time evolves, further radiation from both panels occurs. The
figures clearly demonstrate a preferred downstream beaming of this
radiation, although there is noticeable upstream acoustic propaga-
tion as well. This is in contrast to the nearly circular disturbance
generated by the pulse starter. We note the presence of well-defined
radiation even at late times, after the initial disturbance due to the
pulse starter has exited the computational domain.

PSDs of the radiated pressure at sample far-field points are shown
in Fig. 10. Results are presented along the line y = 36D for se-
lected values of x. The far-field spectra exhibit relatively discrete
spectral bands. The three pronounced frequency and ( p p i , J3p2, and
PP3), are analogous to those for the velocity and transmitted pres-
sure (Figs. 8 and 9). The primary feature of the radiation is the
presence of the large peak (Pp2) near 250 Hz. This is an effect
of the flow and, based on the transmitted pressure (for example,
Fig. 9), is primarily due to radiation from the downstream panel
(panel 5). We note that although the panels can be most readily
excited at low frequencies, the comparable peak in a computation
with no flow is roughly three times larger than the peak indicated
in Fig. 10. Thus, the low-frequency spike is a consequence of low-
frequency sound generation and directional enhancement due to the
flowfield.

IV. Conclusion
We have computed the full flow/acoustic/structure coupling for

a model of a panel-stringer assembly forced by jet noise. The jet is
initially excited by a pulse and continues radiating sound long after
the initial disturbance due to the pulse has exited the computational
domain, thus simulating the behavior of a real jet flowfield. We
have computed directly the instability wave sources of sound in the
jet as well as the resulting sound propagation and panel response
and radiation. The instability wave sources generate directionally
beamed low-frequency sound into the far field, primarily at low to
midangles to the jet axis. Instability wave generated sound acts to
excite the flexible panels, particularly the panel located downstream
of the nozzle exit. The location of the panels with respect to the
jet exit is critical in terms of the resulting structural vibration and
acoustic radiation.



McGREEVY, BAYLISS, AND MAESTRELLO: INTERACTION OF JET NOISE WITH PANEL 585

The response of panel B, located downstream of the jet exit, is
primarily convective in nature, reflecting the primary forcing which
is jet noise generated from the instability waves. The response of
panel A, located directly above the nozzle exit, exhibits a combi-
nation of standing and convective waves, where the standing waves
are induced by reflections between the pipe and the panel.

The panels act as a narrow filter, converting the relatively broad-
band incident pressure to a transmitted pressure exhibiting relatively
narrow spectral bands. The narrow spectral bands are also present
in the far-field radiation from the panels. The radiation from the
panels is directed primarily downstream. Because of a continual
excitation of instabilities in the jet, radiation persists long after the
initial disturbance generated by the pulse exits the computational
domain.
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