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Technical Notes

TECHNICAL NOTES are short manuscripts describing new developments or important results of a preliminary nature. These Notes cannot exceed 6 manuscript
pages and 3 figures; a page of text may be substituted for a figure and vice versa. After informal review by the editors, they may be published within a few
months of the date of receipt. Style requirements are the same as for regular contributions (see inside back cover).

Application of nghthlll ’s Equation Methodology and Results
We start with the well-known equation of Lighthill':
to a Mach 1.92 Turbulent Jet 1
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. . . . taneous flowfield, including the density, to compute the Lighthill

University of Callfor{na, source given by the right-hand side of Eq. (2). The instantaneous
Los Angeles, Los Angeles, California 90095 flowfield from simulation was archived at roughly 7000 times (at
increments of 10 computational time steps) after a statistically sta-
tionary state was achieved. For practicalreasons, the data were saved

Introduction only at every other computational node. A large number of terms
Thasoftenbeen suggestedthat simulationsof turbulentjets could are involved in computing Lighthill’s source in cylindrical coordi-
provide the necessary sound source information for jet noise nates (the transformations are straightforward but tedious and will
predictions via Lighthill’s acoustic analogy.! Such an application not be reproduced here), including second spatial derivatives of the
of Lighthill’s equation is useful for two reasons. First, it provides computational data and some terms with O(1/r?) coordinate sin-
a framework for identifying and modeling acoustic sources in a gularities. To remedy obvious numerical difficulties near r =0, the
turbulent flow. Second, it may provide a less expensive means of instantaneous flow data were interpolated onto a Cartesian mesh
computing the sound generated by turbulent flows because the flow in this region, and the right-hand side of Lighthill’s equation was
equations would need to be computed only in the source region. then computed in Cartesian coordinates. It appeared that the coarser
An important precursor to making such predictionsin the general mesh and the complexity of the Lighthill source term accentuated
case is to quantify the accuracy of the acoustic field that can be ex- the standard problems associated with this coordinate singularity.
pected for specific flows, given the discrete numerical representation Sixth-order compact schemes’ were used for differentiation of the
of the source terms. The accuracy depends, on one hand, to what ex- data, and fourth-order B-splines were used for the interpolation.
tentcomputationalerrors may affectthe acoustic sourcesand, on the In Fig. 1 the instantaneous acoustic field (dilatation) from the
otherhand, how reliable the approximationsare thatare made in sep- simulationis plotted for the axisymmetric and first azimuthal modes
arating source terms from propagationterms in the acousticanalogy. (m =0and 1, respectively). These two azimuthal modes account for
These issues were addressedin detail for vortex pairingin a two-di- approximately 80% of the noise radiation from this jet. The acoustic
mensional mixing layer by Colonius et al.,> and the Lighthill acous- field is clearly dominated by Mach waves at angles between 45 and
tic analogyhas been successfullyapplied to an axisymmetricjet® and 55 deg from the jet axis, and the apparentsource of these waves is a
aperiodicregionof turbulence,! butitis as yetunclearto what extent region of the jet between about x =10r, and 20r,. This corresponds

the conclusions of these previous studies apply to a turbulent jet.

A commonly voiced concern is that quadrupole cancellations of
the source might be upset by discretizationerrors, leading to an er-
roneously more efficient dipole- or monopole-type source (see, for
example, the discussion by Crighton®). Truncation of the source at
a finite location downstream can also lead to enhanced radiation by
similarly disrupting cancellations that should occur.? In this Note,
we address the accuracy of the acoustic analogy prediction given
sources determined by a direct numerical simulation of a Mach
1.92 turbulent jet.® The results will be compared with the jet noise
field computed in that simulation. Details of the computed flowfield T / To
(mean flow, turbulent statistics, etc.) and the numerical methodol-
ogy may be found in Ref. 6 and references therein. Although the
simulated jet could not be compared explicitly to an experiment at
the same flow conditions, it was shown to have peak noise intensity
within a 1-2 dB of jets at comparable Mach numbers. Turbulent
stresses and mean flow development were shown to be similarly
realistic®
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Fig.2 ContoursoftheinstantaneousT} ; in the plane 6 =0, 17: 10 even-
ly spaced contours between =+ Sijj?/ri.

to the region where the potential core closes and where it might be
expected that large-scale structures propagate with speeds super-
sonic relative to the ambient.

Figure 2 shows an instantaneous visualization of the Lighthill
source term 7}; ;; at the plane 6 =0, 7 through the jet axis at the
same instantin time as the acoustic fields plotted in Fig. 1. Itis clear
that, instantaneously, the smallest scales are dominant contributors
to the total source. Although this may at first seem inconsistentwith
the view of the wave fields of Fig. 1, it is important to recall that
only Fourier components with supersonic phase velocities radiate
to the far field. The acoustic efficiency of the sources is also likely
related to their size, with larger scales potentially making greater
contributions.

To determine the acoustic field from the computed source, Eq. (1)
must be solved. A variety of methods are available for this task.
From an analytical point of view, the simplest method would be
to invert the wave operator with the appropriate Green’s function.
However, the resulting integrals depend on the source at retarded
times. Given the large amount of data that would have to be sorted
and interpolated for every such combination of source and observer
location, this approach was deemed impractical. Instead we em-
ployed the less computationally intensive method (at least for com-
puting the sound out to moderate distances from the jet) of solving
the wave equation directly in the time domain using finite differ-
ences. The wave equation was discretized in x and r with the same
sixth-order-accurate compact finite difference scheme used in the
jet computations and integrated forward in time with a fourth-order
Runge-Kuttatime algorithm. The source was Fourier transformedin
the azimuthal direction because the wave equationis linear and each
azimuthal mode may, in turn, be found independently. The compu-
tational grid was chosen to be identical to that on which the source
datawere saved exceptthatin the radial directionwe interpolatedthe
source (using a sixth-order-accuratecompact interpolationscheme)
to a staggeredmesh to facilitate differencing through the polar coor-
dinate singularity® One-dimensionalcharacteristicboundary condi-
tions were used together with a buffer region near the computational
boundary, where the damping terms were added to the wave equa-
tion to attenuate reflections from the boundaries.’

The source terms at a given instant in time were computed by
cubic spline interpolation of the sources at the discrete intervals in
time available from the flow simulation. To avoid sharp initial tran-
sients producedby activatingthe sourcediscontinuouslyatt =0, the
source was ramped-up over a time period that was long compared
to the dominant frequencies in the acoustic field.

In addition, the computed source was spatially windowed with
a function that smoothly decayed from unity to zero for x/ry < 3,
x/ry>32,and r/ry > 3. The window transition was accomplished
with a hyperbolic tangent function over a width of ry. This rather
aggressive windowing of the sources should be contrasted to the
methods employedin previous studies of unsteady laminar flows,>>
where the detailed nature of the source terms in frequency space
had to be known a priori to achieve an accurate truncation.

In Fig. 3 the acoustic field found by the method outlined is com-
pared with the simulation solution for the axisymmetric and first
azimuthal modes, respectively. The dilatation is plotted along lines
of constant r in the acoustic field. The quantitative agreement be-
tween the Lighthill predictionsand the flow simulationis quite good,
especially for the first azimuthal mode.
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Fig.3 Comparison of the instantaneousdilatation from the simulation
data (—) and solution of Lighthill’s equation (- - - -).

Note that the good agreement between the flow simulation and
Lighthill’s equation is obtained despite the aggressive source win-
dowing discussed. Apparently in the turbulent jet there is sufficient
decay or decorrelation of the sources by x/ry =32 to obviate the
need for a more careful truncation procedure. The agreement also
confirms the very minor impact that viscous terms would have on
the radiated sound.

The Lighthill solution was found to be somewhat contaminated
by apparently erroneous high-wave-numbersound, and some spuri-
ous smooth waves were also evident. (These can be seen as smooth
oscillations for small x in the curves of Fig. 3.) We suspect that the
high-wave-number noise is primarily due to differentiation of the
computationaldata on the coarser mesh on which the flow was sim-
ulated. Another similar possibility is that aliasing caused by saving
the data at every other mesh point without first filtering the solu-
tions on the finer mesh spawned some spurious high-wave-number
sound waves. However, because the physical waves have a much
lower wave number than the spurious waves, smoothing of the data
(linear filtering) effectively eliminates the spurious noise without
significantly affecting the generation of the smooth waves from the
computed source.

Conclusions

The acoustic analogy approach was directly verified for a fully
turbulent Mach 1.92 jet. Because the full source (save the viscous
contributions) was used in computing the acoustic field, this result
is, in a limited sense, a consistencycheck on the numerics. However,
it has often been suggested that artifacts of the discretization could
lead to more powerful sound sources than the turbulence, which was
shown not to be the case in the present calculations. Moreover, it
was found that a straightforward truncation of the turbulentsources
did not lead to spurious radiation, as had been the case in previous
calculations with unsteady laminar flows.

This is an important first step toward analyzing the details of
the acoustic sources in the jet. For example, the source may now be
confidently decomposedin a variety of ways to isolate contributions
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from different scales of motion or from different constituent com-
ponents of the source, for example, linear vs nonlinear terms. Such
analysis will be presented in future studies.
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for Laminar Flow Control
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Introduction

HE possibility of controlling boundary layers to delay tran-

sition is a subject that has received much attention within
the aerodynamics research community because of the lower skin-
friction drag in laminar flow. It has long been known that small
amounts of surface suction can, in theory, greatly enhance the sta-
bility characteristics of an attached boundary layer and thereby re-
duce drag and, hence, operating costs by delaying transition. At
Southampton over the past eight years there has been a program of
research into the experimental application of distributed suction for
the automaticcontrol of boundary-layertransition.In the initial work
a plate with two independentsuction panels was used, either with or
without a freestream pressure gradient. The individual suction flow
rates were controlled, maintaining transition at a desired location
while minimizing a cost function based on the sum of squares of
the suction flow rates,"? which gives a rough approximation to the
power consumption of the pumps used in the suction system. This
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formulation,whichis based on the designrequirementsfor anacelle,
gives a nonlinearly constrained optimization problem. To solve it,
an algorithmwas developed® based on a gradient projectionmethod.

In addition to the experimental work, which is detailed in
Refs. 1-3, a complementary program of theoretical modeling has
been performed. This work was aimed at both modeling the experi-
ments and extending the scope of the research by considering more
suction panels and more realistic geometries such as NACA airfoils.
The modeling consists of the numerical solution of an interactive
boundary-layer formulation for the flow, a linear stability analysis
using the Orr-Sommerfeld equation, and transition prediction us-
ing the ¢V method, followed by an update of the suction flow rates
using the same basic strategy as that used in the experiments. As
formulated, it mimics the experiments, which enables us to investi-
gate more complex configurations. This Note presents some of the
results from the theoretical modeling. Further details of our recent
work in this area can be found in Ref. 4.

The calculations described were performed for air at standard
conditions (v = 1.5 X 107° m?s™!) with a freestream velocity of
U=20ms"",a referencelength of L =1m,anda value of Ny =4.3
in the ¢ method, corresponding to a freestream turbulence level
of approximately 0.5% as found in the wind tunnel used for the
experiments.

Flat Plate Configuration

Withno suction, transitionis predictedto occuratx = 0.93, so that
any useful suction panel must have at least its leading edge upstream
of this position. Calculations were performed using a single suction
panel in the region 0.4 <x <(0.72. Initially, as suction is applied,
the change in x7 is close to linear, with a relatively small amount of
suction moving transition a significant distance downstream until
x,~ 1.4, when C, = —#,/U =~ 107*. However, as more suction is
applied, the slope of the curve changes until the transition asymp-
totes to a constant position between x =1.6 and 1.65. When this
occurs, the boundary layer on the suction panel is extremely thin,
and increasing the suction flow rate has little effect on the stability
characteristics of the flow downstream of the panel. Hence, for a
single panel, after a certain point, further suction effort is largely
wasted in terms of delaying the onset of transition. Furthermore,
a reasonable estimate of the maximum distance that transition can
be moved downstream is obtained by adding the transition posi-
tion with zero suction to the position of the downstream end of the
suction panel (x;7 =0.93 + 0.72 =1.65).

A two-panel configuration, similar to that used in the experi-
ments, was also investigated. The panels were at 0.28 <x <0.48
and 0.58 <x <0.78. Contours of the value of x; for combinations
of the suction flow rates are shown in Fig. 1, as is the contour of the
cost function for the optimum value when x, =1.5. In this case, it
is clear that there is a single global optimum for each value of x,
and that for low values of x, the optimum has essentially the same
suction flow rate on both panels. The latter result was also found
in the experiments? The transition position and suction flow rates
plotted against the iteration number k are shown in Fig. 2. There
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Fig.1 Transition position for two suction panels as a function of the
C, X 104; contours are for constant xr up to x7 = 1.5 in increments of
0.1; also shown is the contour for the optimum value of the cost function
when x; =1.5. The optimum is given by the point closest to the origin
where the lines are tangential.



