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Introduction

OMPUTATIONAL aeroacoustics(CAA)is concernedwith the

accurate prediction of small-amplitude acoustic fluctuations
and their correct propagation to the far field. In that respect, CAA
posessignificantchallengesforresearchersin thatthe computational
scheme shouldhavehighaccuracy,good spectralresolution,and low
dispersion and diffusion errors. Several schemes have been used to
satisfy these criteria. An overview of them can be found in Ref. 1.
However, two schemes have appeared to capture significant atten-
tion lately. Tam and Webb’s? dispersionrelation preserving scheme,
which is based on the minimization of the integrated phase errors in
the wave number domain, is one such effort. The scheme, explicit
in nature, has proven to be a good solution tool. On the other hand,
Lele® developed a family of high-order spatially implicit schemes,
the compact schemes, a subset of which is the well-known Padé
approximations. These schemes, which have been used in CAA in
the past, have shown that they require few points per wavelength,
which results in lower computational requirements. Furthermore,
compact schemes resolve well a large portion of the wave number
spectrum.
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Besides the stringent requirements on the numerical scheme that
were mentioned in the preceding paragraph, the accurate and ro-
bust calculation of sound depends heavily on the elimination of
any sound waves that could result from reflections of the com-
puted sound waves from the computational boundaries. Many re-
searchers have developed nonreflecting or absorbingboundary con-
ditions for CAA. These boundary conditions should allow both the
acoustic fluctuations and the hydrodynamic fluctuations to exit the
computationaldomain, without unwanted reflections. Notably Tam
and Webb,? Thompson,* and Giles® have developed nonreflecting
boundary conditions. A review of the various possible approaches
to the problem can be found in Ref. 6.

Because high-order finite difference schemes do not always re-
solve effectivelythe high-wave-numberrange, filters could be intro-
duced to filter out unwanted high-frequency oscillations that may
develop. Lele* developed a family of seven-point, pentadiagonal
compact spatial filters. These filters have been used in large eddy
simulations.” Visbal and Gaitonde® have used a tridiagonal set of
these filters as an alternative to artificial dissipation in computa-
tional fluid dynamics calculations of unsteady vortical flows. It is
indicated in Ref. 8 that filtering is superior to artificial dissipation.

The use of filtering in CAA has been sparse. For example, ex-
plicit spatial filtering is used by Hu® in conjunction with a seven-
point, fourth-order central scheme, with one-sided differences at
the boundary, for numerical stabilization and high-frequency wave
damping in CAA with the perfectly matched layer boundary condi-
tions. However, the effect of filtering for CAA calculations has not
been adequately studied; this is the main objective of the current
Note. The filters and the filtering strategies developedin Ref. 8 are
used here. We discuss the savings in CPU time that can be achieved
with the use of spatial filtering, as opposed to using higher grid
resolutions. A more detailed version of our work can be found in
Ref. 10.

Numerical Techniques

A sixth-order compact finite difference scheme® with fourth-
order-explicit,one-sided finite differences at the boundariesis used.
A standard fourth-order Runge-Kutta scheme is used for time ad-
vancement. This scheme is coupled with an eighth-order compact
filter.® Furthermore, Tam and Webb’s? nonreflecting boundary con-
ditions are used.

One- and two-dimensionallinearized Euler equations (LEE) and
Euler equation solvers based on the techniques mentioned earlier
were developed. Benchmark CAA cases! were chosen.

Results and Discussion

LEE Results

Because of space limitations, only two-dimensional results are
shown here. For the LEE equations,an initial value problem (Ref. 1,
Category III) was chosen. This test case consists of a combination
of acoustic, entropy, and vorticity pulses on a freestream of Mach
number M, = 0.5 in the positive x direction. The results compared
well with the analytical solution for a 200 X200 uniform mesh and a
time step At = 0.125, with no spatial filtering.'® A calculationon a
coarser grid, 120 X 120, is shown here to demonstrate the effects of
filtering. Higherresolutionis requiredfor the useful predictionof the
propagationof the acoustic waves. Att =75 the right-goingacous-
tic wave has exited the right boundary because it propagates with
a speed c¢(M, + 1). The left-going wave, propagating with speed
c(M, — 1), has not exited the left boundary. Oscillations emanating
from the boundaryas acombinedresultof a low-orderboundaryclo-
sure and the coarseness of the grid travel upstream (Fig. 1). These
oscillations, called q waves,!! then reflect from the left boundary
and grow in amplitude, corrupting the solution with high-frequency
components. The use of spatial filtering produces significantly im-
proved results. There is a slight reduction (about 1.5%) of the peak
amplitude, and some oscillations remain. This filtering operation
added only an additional 18% in terms of computational cost. We
have found thata grid of 150 X 150 points still does not eliminate the
problemif filtering is not applied.'” Numerical experiments showed
that for this problem a 240 X240 size grid is required. However,
if a 150 X 150 grid is used with filtering, then all of the numerical
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Fig.1 Pressure plot with and without filtering: grid size 120 X 120 at
t=175.
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Fig. 2 Pressure contours without filtering: grid size 200 X 200 at ¢ =
112.5.

oscillations are eliminated. Thus, utilizing filtering yields substan-
tial CPU savings through the use of coarser grids.

A grid stretched in the y direction was also tried. The stretching
function used is the following:

. sinh[z(n — B)]
y —}c{l + m} €8]
where
_1 a@(” (e" = 1><yc/H>> @
2t \1+ (e7* = 1)(y./H)

and y, =100. The parameter T € [0, c0) controls the amount of
stretching. A value of T =5 was used in the calculations. The grid
is stretched near both the upper and the lower boundaries.

A pressurecontourplotfors = 112.5 withoutfilteringis shownin
Fig. 2. The wave has been allowed to move out of the right boundary.
No reflections are observed from that boundary because the grid is
uniform in the x direction and the grid resolution is fine enough to
capture the wave. However, a numerical reflection is observed from
the bottom and the top boundaries. The reason for the reflection is
that the grid, being stretched in the y direction, has an inadequate
local grid density near the upper and the lower boundaries, where
the local density is defined as H/dy; (where dy; is the local grid
incrementand H the height of the domain). In our case H =200. In
the areas close to the boundaries, this local grid density is reduced
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Fig.3 Pressure contours with filtering: grid size 200 X 200 ats =112.5.
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Fig.4 Error estimate as a function of grid size and filtering.

to about 80 points, that is, the equivalent uniform density being
80 X 80. This low local grid resolution, combined with the fact that
the boundary closure scheme is only fourth-order accurate, results
in errors during the integration of the boundary conditions. These
errors appear as considerable reflections, the amplitude of which
exceeds5%. This canbe alleviatedusing filtering, as showninFig. 3.
Therefore, filtering again can be used to mitigate the effects of low
local resolution. Note that one-dimensional test cases also showed
that, for a reasonably stretched grid, the inadequate grid density
creates problems and not the grid stretching per se.!’

Euler Results

For the two-dimensional Euler equations, a weakly nonlinear
Gaussian pulse was chosen as the initial condition.! To evaluate
the performance of the scheme with and without spatial filtering, as
well as the boundary conditions, p — p,, was evaluated as an error
estimate, where p,, is the average pressure in the domain. This was
based on the fact that, after the wave leaves the domain, the pressure
field should be uniform. Several uniformly spaced grids were used.

Figure 4 summarizes the behavior of the two-dimensional Euler
simulation as the grid is refined in terms of the magnitude of the
rms error. Note that we are always considering an equal number of
points in the x and y directions, and so the horizontal axis indicates
the number of pointsin each direction. The lack of filtering resultsin
high-amplitude,high-frequencynumerical oscillationsthat contam-
inate the pressure field.!” This is indicated by the large value of the
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error for the results without filtering. Filtering decreases the amount
of error by more than an order of magnitude with a comparatively
small increase in computational time.

It is also evident that even very coarse grids (for example, a
70 X 70 grid) with filtering can outperform a dense grid (for ex-
ample, a 250 X250 grid) without filtering. The effect of filtering
appears to be more significant than for the linear cases shown. Note
that the error reduces very slowly as the grid is refined. As a check,
the Euler code was run with a very-small-amplitude initial distur-
bance. For this case, which is in the linear regime, the error drops in
accord with the fourth-order accuracy of the boundary conditions.
However, for the nonlinear case shown here (Fig. 4), the drop is
much slower (almost zeroth order). This implies that for nonlin-
ear waves the order of the Tam and Webb? boundary conditions is
reduced, as expected by the far-field assumption used.

Results from the solution of nonlinear Euler equationson nonuni-
form meshes (not shown here) show behavior similar to those of the
LEE discussed.

Conclusions

A filtering strategy for improving CAA computations is demon-
strated in this Note. Benchmark cases were chosen for the one- and
two-dimensional LEE and full Euler equations. The results confirm
that compact finite difference schemes satisfy the stringent require-
ments of CAA on accuracy and dispersion and diffusion errors.

Filtering appears to be an important tool in CAA. Because it sup-
presses the unwanted q waves, it can be used as an alternative to
grid refinement. Filtering adds only an 18% additional computa-
tional cost. It was found that, to get the same quality results without
filtering, a substantial increase in CPU time is needed. We also
found that it enhances the stability of the numerical method and the
boundary conditions.

Finally, stretched-grid studies showed that spurious oscillations
arise due to inadequate local grid resolution, as opposed to errors
due to variable mesh spacing.
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Introduction

NEW idea for reducing skin-friction drag by introducing a

passively moving (sliding) belt that replaces the rigid wall in
a turbulent boundary layer was presented by Bechert et al.! Their
basic idea is to release the no-slip condition by implementing a
moving wall that is driven by the flow shear stress itself. Thus, the
control device does not require any input power, and it is a purely
passivedevice. They implemented a sliding belt in their oil channel.
The sliding belt reduced the velocity difference between the mean
flow and the wall and reduced the skin friction by 9%. It was shown
that the measured belt velocity varied between 6 and 12% of the
centerline velocity, depending on the belt tension. Issues related to
the implementation of the sliding belt are addressed in detail by
Bechertet al.!

An idea similar to that of Bechertet al.! may be applied to bluff-
body problems such as flow over a circular cylinder to reduce the
form drag. That is, implementing the moving wall, which is pas-
sively driven by the wall shear stress, on a part of the cylinder
surface increases the momentum nearby. The increased momentum
near the wall may be large enough to overcome the adverse pressure
gradient formed at the rear part of the cylinder and to delay the sep-
aration, resulting in the form-drag reduction. This conceptis tested
in the present study by numerical simulations.

Sliding Wall
Figure 1 shows a schematic of the sliding-beltdevice installed in
a circular cylinder to realize the sliding-wall concept. The belts are
located on the upper and lower parts of the cylinder surface. Here
@ and y denote the front location and length of the sliding belt,
respectively. The total shear force exerted on the lower sliding belt
is

F=( —yAX.)/‘rdA =ma 1)
A

where m is the mass of the belt, a the acceleration, 7 the flow shear
stress, t, the friction coefficient between the belt and pulley, and
A the area of the belt surface. The flow shear stress 7 on the belt is
written in cylindrical coordinates (r, 0) as

aug Ug
=2 -z 2
! “(ar R)_R @

where ug is the velocity in the azimuthal direction, R is the radius
of the cylinder, and u is the viscosity.

From Egs. (1) and (2), the acceleration of the lower belt can be
obtained as

— Uy (3)

r=R

where u,, is the belt (sliding-wall) velocity, « =(1 — u,)uA/mR,
and an overbar denotes the spatial averaging over the lower sliding
belt. Note that u,, =iig|, - for the lower belt and u,, =—ily|, -z
for the upper belt (Fig. 1). Equation (3) is numerically integrated
in time to obtain the time sequence of the lower-belt velocity. The
velocity of the upper belt can be similarly obtained.
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