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ABSTRACT

To seek a practical methodology for predicting the wall-
pressure fluctuation associated with the aerodynamic noise
radiated from the flow around bluff bodies at low Mach
number, we conducted some calculations of the flow around
a circular cylinder, which includes some LES using the
Smagorinsky model, the dynamic Smagorinsky model and
a new mixed-time-scale SGS model (Inagaki et al. 2002a),
as well as Quasi-DNS. The comparative results are exam-
ined, revealing that LES with the new mixed-time-scale SGS
model is most accurate in predicting not only the mean flow
field and turbulent intensities but also the wall-pressure fluc-
tuation, and is more stable than the dynamic model. It is
also confirmed that Quasi-DNS is less accurate than LES us-
ing any SGS model, and that LES using QUICK scheme for
the convection term gives similar results to those obtained
by Quasi-DNS. Furthermore, calculations of the flow around
a simplified front-pillar model of an automobile are also
performed. The corresponding experiment shows that the
wall-pressure fluctuation has a wide-range spectrum. The
results of LES using the new SGS model show better agree-
ment with the experimental data in a high-frequency range
than those of quasi-DNS. Thus, it is concluded that LES
with the mixed-time-scale SGS model is an effective method
for predicting certain kinds of wall-pressure fluctuations.

INTRODUCTION

Various kinds of aerodynamic noise problems are associ-
ated with automobiles, e.g., wind noise from the front-pillar
and rear-view mirror, whistling from the front-grill, an Ae-
olian tone from the pole-antenna, fan noise from the air-
conditioning blower and engine cooling fan, windthrob noise
within the cabin with the sun-roof or window open. These
noises are categorized into three types. First, those with a
strong peak spectrum such as whistling or the Aeolian tone.
Second, those with wide-range spectra such as wind and fan
noises. Third, resonance noises caused by fluid-resonant os-

cillation such as windthrob noise.

The third is different from the other two because reso-
nance strongly influences the flow field. In predicting such
a flow, it is essential to take account of the weak compress-
ibility effect of the flow at low Mach number. Inagaki et
al. (2002b) have developed a new numerical method suited
for capturing such- compressibility effects. In this study, a
new equation set was derived under the assumption that the
compressibility effect is weak, and a pressure-based method
was applied to alleviate the stiffness problem that arises
in solving the usual compressible flow equations under low
Mach number. Employing this numerical method, the effect
of resonance at low Mach number can be directly simulated
with almost the same computational effort as for the in-
compressible flow calculation. Its validity was confirmed in
computations of the flows over a three-dimensional open cav-
ity, where the frequency of the pressure fluctuations is locked
in at the Helmholtz resonant frequency as in the experiment,
and the agreement both in the frequency and in the pressure
fluctuation level is quite satisfactory.

On the other hand, the other two types of aerodynamic
noises can be predicted by performing incompressible sim-
ulations and using Lighthill-Curle’s theory (Curle 1955).
According to this theory, in general, the far-field sound radi-
ating from the flow around bluff bodies at low Mach number
can be described as follows:

1 z; 8 r
Pa=T—=2= [ nip (y,t— —) ds, 1)
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where p, denotes the radiated sound pressure, a the speed
of sound, z; the location of the observation point, S the sur-
face of the body, r the distance between the body surface
point and the observation point, n; the outward unit vector
normal to the surface, p the static pressure, and y the co-
ordinate at the body surface point. As a consequence, the
far-field radiated sound pressure can be calculated from the
fluctuating surface pressure obtained by the unsteady flow
simulation. Accordingly, it is most important to predict the
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wall-pressure fluctuations with high accuracy when predict-
ing aerodynamic noise.

As for the calculation method of unsteady flows, DNS is
most desirable for such calculations due to its high accuracy.
However, it is impossible to employ DNS in the engineer-
ing calculation because of its high cost. Alternative means
are LES and Quasi-DNS (Q-DNS). LES has become appli-
cable to engineering predictions thanks to recent advances
in computers and sub-grid-scale (SGS) modeling, and the
prediction of aerodynamic noise is considered to be one of
the effective applications of LES. The dynamic Smagorin-
sky model proposed by Germano et al. (1991) has enhanced
the applicability of LES to complex flows. This model has
been proved able to overcomes the following defects of the
conventional Smagorinsky model: (1) The model must be
supplemented with a wall-damping function of the van Dri-
est type; (2) The model paramseter needs to be adjusted
according to the type of flow field; (3) The SGS effect does
not disappear in the laminar flow region.

In spite of the remarkable success of the dynamic
Smagorinsky model, however, some problems have occurred
in its practical use. First, the SGS eddy viscosity obtained
by using the dynamic procedure is not guaranteed to be
positive, which leads to numerical instability and increased
computational cost. Inagaki et al. (2002a) have experienced
such an instability in their calculation of a backward-facing
step flow even though both the averaging in a spanwise di-
rection and the clipping, which sets the negative SGS eddy
viscosity to zero, were performed. Second, in engineering
applications, the computational accuracy is lower than the
Smagorinsky model with the model parameter optimized for
the relevant flow field. This may be caused by artificial ap-
proaches used in the calculation of the model parameter
(e.g., clipping, volume average). In addition, the differ-
ence of the filtering procedure is considered to be another
significant reason. Filtering is ordinarily done in the stream-
wise and spanwise directions, and not in the wall-normal
direction. However, it is difficult to define the wall-normal
direction in complex geometries. Thus, in engineering ap-
plications, an all-directional filtering procedure is usually
adopted. Inagaki et al. (2002a) have showed it in their cal-
culation of a backward-facing step flow that the value of the
model parameter obtained using the all-directional filtering
differs markedly from that with ordinal two-directional fil-
tering. This discrepancy probably leads to the diminished
accuracy of the dynamic Smagorinsky model in engineering
applications.

To improve the accuracy and computational stability of
practical LES, Inagaki et al. (2002a) have proposed a new
SGS model constructed with the concept of mixed time scale,
which makes it possible to use consistent model-parameters
and to dispense with a wall-damping function of the van
Driest type. The model performance was tested in plane
channel flows, a backward-facing step flow and the three-
dimensional complex flow around an Ahmed’s bluff body.
The results showed that the use of fixed model-parameters
provides computational stability, and that the accuracy of
the proposed model is as good as that of the Smagorinsky
model with the model parameter optimized for the relevant
flow field, and is even superior to the dynamic Smagorinsky
model using the all-directional filtering procedure. Since the
present model is easily applied to flows with complex ge-
ometries, it promises to be widely accepted as a refined SGS
model suited to practical engineering-relevant LES.

On the other hand, Q-DNS, which employs a third-order
upwind scheme for the convective term and no turbulence

model, continues to be widely used in engineering appli-
cations. Some studies (e.g., Horinouchi et al. 1995) have
shown that Q-DNS has the capability of predicting the av-
eraged drag coefficient of bluff bodies with relatively high
accuracy. However, the artificial viscosity introduced by a
third-order upwind scheme probably contaminates the tur-
bulent components of the flow field, which poses a serious
problem at least in predicting aerodynamic noises. It should
be noted that some LES calculations (e.g., Neto et al. 1993,
Jordan 2002) have been performed together with a third-
order upwind scheme for the convective term, in which the
same problem presumably takes place as that in Q-DNS.

Thus, our aim is to seek a practical methodology for pre-
dicting the wall-pressure fluctuation associated with aerody-
namic noise. First, to examine the validity of the mixed-
time-scale SGS model in outer flows, we apply it to the
flow around a circular cylinder, and its computational stabil-
ity and accuracy are compared with both the conventional
Smagorinsky and dynamic Smagorinsky models. Next, to
elucidate the effect of artificial viscosity, the computational
results of LES, employing a second-order central difference
scheme, are compared with those of Q-DNS. In addition,
LES employing the upwind scheme for the convective term
is also investigated. Furthermore, we apply the present
LES and Q-DNS methods to the flow around a simplified
front-pillar model of an automobile. The spectra of the
wall-pressure fluctuations broaden over a wide range in con-
trast to those of the circular cylinder. The capability of
each method to predict pressure fluctuations with wide-
range spectra is comparatively examined using three kinds
of grid resolutions.

GOVERNING EQUATIONS

The basic equations are the filtered Navier-Stokes and
continuity equations for an incompressible fluid:

ot
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where the overline denotes the grid-filtering operator and

Tij = Ugty — UsUj IS the SGS stress. All the SGS models
tested in this paper are based on the eddy viscosity concept:

- 2 = 1 [ ou; | Ouj
Tij = —2v¢ Sij + §5iijGS v Sij=3 (Bz: + 5;:) .
(4)

Usually, the isotropic component, (2/3) d;;ksGs, is included
in the pressure term. Namely, the pressure p in Eq. (3) is
replaced by p + (2/3) ksgs-

SUBGRID-SCALE MODELS

Smagorinsky Model
The widely used Smagorinsky model is as follows:

v = (Csz)2 S|, 1Sl=+4/2 (-S_ij §ij)1 (5)

where A = (Az Ay Az)l/ 3, and f is a wall-damping func-
tion.

Dynamic Smagorinsky Model
In the dynamic Smagorinsky Model, the test filter is ap-
plied to the grid-filtered flow field. The sub-test-scale stress
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is defined as T;; = J_,vﬂ‘]‘ —%iﬁj, where () denotes the test-
filtering operator. Using the “Germano id/e_rlt/ity,”’va stress
tensor L;; is defined as L;; = Tj; — ?;; = W;u; — T;u;. By
assuming the Smagorinsky model for both Tj; and ;;, the
following relation is obtained: L;‘j = -2C Zz M;;, where

Mi; = o?|8|S;; — [5Si;, C = (Csf)? and o = A/A.
The parameter C is computed by applying a least-square
approach as follows:

1 L My

C = *—:2——.
2 A" My My,

(6)

Consequently, there is no need to give the model parameter
or a wall-damping function beforehand. In this study, we
set a = 2. The ratio of the test filter width to the grid filter
width, v, is set to v/3. We adopt the formula elaborated by
Taniguchi (1995) for the test filtering operation so that the
effects of the aliasing and truncation errors on the L;; and
M;; are reduced.

Mixed-Time-Scale SGS Model

The mixed-time-scale SGS model (Inagaki et al. 2002a)
obeys the following expression of the eddy viscosity: v:
(Velocity scale)? x (Time scale). The velocity scale is given
by kes, where kes is the SGS turbulent energy estimated by
filtering a velocity field (e.g., Horiuti, 1993):

kes = (uk _%k)z . (7)
The notation, /\), denotes the filtering operator, for which
the Simpson rule is adopted. This estimation procedure is
based on a concept resembling that of scale similarity.

The time scale is defined as the harmonic average of two
time scales. One is A / v/kes, which stands for the charac-
teristic time scale of the small scales corresponding to the
cut-off scale. The other is 1/ [5], which stands for that of the
large scales. It has been established that 1/|S]| is a proper
time scale near the wall and makes it possible to dispense
with a wall-damping function. Consequently, the present
model is described as follows:

— -1 -1
_ A C
Ve = CMTS kes Ts 3 TS .= (\/T—> +<|—§7> . (8)
es

The model parameters Casrs and Cr are set to 0.05 and
10, respectively.

NUMERICAL METHODS

We employ a second-order collocated grid system, which
is modified from the original one (Rhie and Chow, 1983 or
Morinishi et al., 1998). The modification has two points.
One is the interpolation method of the auxiliary flux veloc-
ity components U; at the center of the cell faces. We use
a fourth-order interpolation instead of a second-order one.
The other is the discretization method for the pressure gra-
dient at the center of the cells. We use a combination of
three-fourths of a fourth-order central difference scheme and
one-fourth of a second-order central difference scheme. Ow-
ing to this modification, the present grid system has almost
the same numerical accuracy as the second-order staggered
grid system, and is readily applicable to curvilinear grids.
It should be noted that the Poisson equation for pressure is
discretized in the same way as in the original collocated grid
system using the auxiliary flux velocity components U;. The

stencil of the left-hand side of the Poisson equation is the
same as in the original one, and thus the increase in compu-
tational cost using the present grid system is negligible. The
convection terms are advanced explicitly using the second-
order Adams-Bashforth method, whereas the viscous terms
are advanced implicitly using the Crank-Nicolson method.

We use the cell-centered grid system, so that the wall-
pressure, Py, must be estimated in some way. Since the flows
we focused on are high Reynolds number flows, the Neumann
condition can be imposed for pressure. However, the pres-
sure in the computation includes the isotropic component
of the SGS stress, kggs. In the present study, ksgg is es-
timated as 0.6kes, where the coefficient, 0.6, is decided by
considering the following facts: (1) The model parameter of
one-equation model is typically 0.7; (2) The optimized model
parameter of a single-time-scale model (1 = fZ\/E )ina
channel flow is around 0.4. As a result, the wall-pressure is
given as follows:

pw = (p— O~4ke5)|1 s 9

where subscript 1 represents the nearest cell-center point to
the wall.

RESULTS

Flow around a Circular Cylinder

The Aeolian tone generated by a circular cylinder is one
of the most frequently encountered aerodynamic noises. In
the present calculations, the Reynolds number based on the
diameter of the circular cylinder and the mean inflow ve-
locity, Re = DUp/v, is set to 10,000. Figure 1 shows the
computational domain. We employ the overlaid grid system
(e.g., Horinouchi 1995) to reduce the computational cost.
The computational domain is divided into two sub-domains.
Sub-domain 1 surrounds the circular cylinder with a radial
extent of about 1.7D, while sub-domain 2 covers the whole
computational domain. The number of grid points in sub-
domain 1 is 160 x 56 X 20, and 96 x 60 X 20 in sub-domain 2.
The minimum grid spacing is 4 x 1073 D. The spanwise ex-
tent of the domain is set to 2D, and the periodic condition is
imposed to that direction. A no-slip boundary condition is
applied on the wall, and a uniform flow condition is imposed
at the inflow boundary. At the outflow boundary, the con-
vective boundary condition is applied, where the convective
velocity is set equal to the inflow velocity.

In the Smagorinsky model, Cs is set to 0.1 (S1 model)
and 0.15 (S2 model). The former is the value used in
the previously conducted test cases of channel flows and
backward-facing step flow, while the latter is the value gen-
erally used in outer flow calculations. The wall-damping
function is given as f = min (1, A /5n/D), the validity of
which in this flow field is ascertained by Kato & lkegawa
(1991). In the dynamic Smagorinsky (DS) model, the pa-
rameter C is calculated by taking the average over the span-
wise direction and is set to zero at those locations where
C is calculated to be negative. Additionally, we conduct
a Q-DNS using QUICK scheme for the convection term,
and also a LES using QUICK scheme together with the
Smagorinsky model (Cs = 0.15). First, we compare the
prediction accuracy of each method concerning the mean
flow field and velocity fluctuations. Table 1 shows the cal-
culated drag coefficient, Cp, root mean square of the lift
coefficient fluctuation, Cr,ms, angle of the separation point,
0sp, length of the recirculating region on the centerline, Xp,
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Table 1: Results of flow around circular cylinder and time step.

Il C [ Cims | 0 | Xm | St | At
Present 1.17 0.44 86 (deg) | 0.83D 0.21 4x 1073
S1 (Cs =0.1) 1.32 0.61 86 (deg) | 0.75D 0.21 4x1073
52 (Cs = 0.15) 1.19 0.39 85 (deg) | 0.95D 0.21 4x1073
DS 1.08 0.39 86 (deg) | 0.91D 0.21 2 x 10-3
QUICK 1.00 0.10 81 (deg) | 1.80D 0.22 (4 x107%)
S24+QUICK 1.00 0.13 83 (deg) | 1.62D 0.22 (4 x1079)
Exp. 1.1-12 [ 0.3-0.5 — ~1D 0.20-0.21 —
1 T ML S 15 T T T
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Figure 1: Flow around circular cylin- 0 50 100 g 150 0 0.5 1 y/D 15

der.

Figure 2: Pressure distribution on cir-

Figure 3: Mean streamwise velocity in x=1

cular cylinder. plane.
< T T
) T T Channel flow and | . ' = Present’
- —a- Present 4 backward-facing step flow g Rl §1
2 : 4 N 2
E - S1 ¢ Y e
g £ 2 © -+ QUICK
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Figure 4: Streamwise velocity fluctuation in  Figure 5: Ratio of two time scales Figure 6: Pressure fluctuation on

x=1 plane.

Strouhal number, St, and the dimensionless time step, At,
allowing for a stable calculation. Figure 2 shows the dis-
tributions of pressure coefficients on the cylinder surface,
and Figs. 3 — 4 show the results on the /D = 1.0 line.
The present model and S2 model predict the Cp to be
in fair agreement with the experimental result, while the
DS model shows less accuracy in pressure distribution on
the cylinder surface (especially & > 100°) and less com-
putational stability, similar to the previously reported test
cases. The S1 model underpredicts the base pressure, while
the present model predicts it accurately, although the same
model parameters as in the previous test cases are used.
Thus, the present model is considered to be more univer-
-sal than the Smagorinsky model. Figure 5 shows the ratio
of two time scales, R = vkes/ (ZS), used in the present
model. Note that the present model can be rewritten as
vt Cumrs/ {1 + (RCT)'I}Z\/IE. This means that
the present model corresponds to a single-time-scale model,
vt = A\/kes, with the model parameter dependent on R. In
the channel flows and backward-facing step flow (Inagaki et

used in the present model.

cylinder surface.

al. 2002a), R was 0.20 — 0.25, while it takes a higher value
varying from 0.4 to 0.8 in the wake region of this flow field.
If R rises from 0.225 to 0.6, vy increases by 24 %. This
property may be one reason why the present model gives ac-
curate results with the consistent model parameters. In the
laminar flow region, since v/kes approaches zero, v¢ given by
the present model is found to become nearly zero, as in the
DS model.

It is also demonstrated that Q-DNS (QUICK) has less ac-
curacy than LES except when using the S1 model. Q-DNS
overpredicts the base pressure, which leads to an underes-
timation of Cp. In addition, the Xr obtained by Q-DNS
is much longer than the experimental data and LES results,
which may be due to the weaker turbulence calculated in
the separation region, as shown in Fig. 4. This inaccuracy
in turbulent quantities is considered to be a consequence of
the artificial viscosity introduced by the QUICK scheme. It
should be noted that the LES calculation together with the
QUICK scheme (S24+QUICK) gives similar results to those
obtained by Q-DNS. This indicates that the artificial viscos-
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ity introduced by a third-order upwind difference scheme has
much stronger effects on turbulence than the SGS model.
For that reason, in LES, a third-order upwind difference
scheme for the convection term should not be adopted.

Second, the wall-pressure fluctuations, Cp,.,,, ., are com-
pared in Fig. 6. The spectrum of those fluctuations has a
strong peak (not shown here) which correlates with the Kar-
man vortex shedding. The LES results using the present
model are in best agreement with the experimental results,
while the results of Q-DNS show less amplitude compared
with those of LES and the experimental data. The lesser
amplitude of wall-pressure fluctuation is consistent with the
weaker turbulence mentioned above, and is probably also
caused by the artificial viscosity. LES using QUICK scheme
continues to give similar results to those of Q-DNS.

The CLrms, shown in Table 1 is a measure of the wall-
pressure fluctuation and radiated sound noise. The value of
CLrms obtained by Q-DNS or LES using QUICK scheme is
about a third or a fourth of the experimental result, which
corresponds to an underestimation of the radiated sound
pressure level by around 10 dB. This inaccuracy is considered
to be a significant problem in predicting aerodynamic noise.

Flow around a Simplified Front-Pillar Model

Wind noise from the front-pillar is one of the greatest
problems associated with automobiles. To examine the va-
lidity of the present LES method, we apply it to the flow
around a simplified front-pillar model as shown in Fig. 7.
For comparison with the computations, the experiments are
performed in the RTRI’s low-noise wind tunnel with a 3x 2.5
m open test section. The body height is 0.606 m. The in-
coming flow velocity is set to 27.8 m/s. The background
noise level under those conditions is less than 45 dB. The
pressure fluctuations are measured on the surface of the side
window by pressure sensors.

The computational domain is divided into five sub-
domains. For sub-domain 1 that surrounds the main part
of the body, we use three different grid resolutions so as to
examine the grid-dependency as shown in Table 2. The total
number of grid points of other sub-domains is about 350,000.
The artificial wall condition, which assumes the three-layer
wall function modified from the two-layer one proposed by
Werner & Wengle (1991), is applied at the wall surface. The
wall coordinates at the center of the grid cells adjacent to
the body surface vary approximately from 0.6 to 13 in the
LES with the finest grid (Grid 3). As for LES, the dynamic
Smagorinsky model does not maintain a stable computation
even by setting the time step to one-forth of that in the cal-
culation for the present model when using Grid 1. Therefore,
all LES results shown in the following are those using the
present model.

Figure 8 shows the comparison between the oilfiow pat-
tern in the experiment and the mean streamline near the wall
predicted by LES with Grid 3. The L1 lines are the reat-
tachment lines, while the L2 lines are the separation lines of
the secondary vortices. It can be seen that the computation
predicts these characteristic lines accurately. Figure 9 (b)
shows the mean pressure coefficient obtained by each com-
putation at the measuring points seen in Figure 9 (a). It is
found that the LES with Grid 2 or Grid 3 provides results
most close to the experimental data. The LES with Grid
1 reduces the accuracy at points 16 and 17. On the other
hand, the Q-DNS with Grid 1 underpredicts the pressure
coefficient at points 7 ~ 9. The Q-DNS with Grid 2 im-
proves the accuracy at those points, while it predicts poorly

Table 2: Grid point number of sub-domain 1 (Front-Pillar
model).

Grid point
Grid | Grid points number on | Aymin(m)
side window
99 x 40 x 174 = )
2,115 2x10
1 689, 040 11
179 x 51 x 224 =
1x10~4
2| 2,044,806 5,700 x
246 x 51 x 324 =
1x10™4
3 4,064,904 13,500

at points 13 - 17.

Figure 10 shows the spectra of wall-pressure fluctuations
near a reattachment point (see Fig. 8, point A). The exper-
imental data demonstrate that the wall-pressure fluctuation
has a wide-range spectrum. Although both LES and Q-DNS
give insufficient results in the high-frequency range even
when using the highest grid resolution (Grid 3), the results
of LES show better agreement with the experimental data
than those of Q-DNS in the high-frequency range. Using
a lower grid resolution (Grid 1), the disagreement with the
experimental data is seen from the lower frequency ranges
in the results of both LES and Q-DNS. In Fig. 10, fa is a
roughly estimated frequency that is equivalent to the cut-off
wave number on the assumption of frozen turbulence:

Uc

f A= 27TZ1 3 (10)
where Uc is set to half of the inflow velocity since the vor-
tices generating in shear layers ordinarily convect with about
half of the velocity difference of the shear flow, and A; is
the filter width next to the wall. Theoretically, the com-
putation cannot predict a higher frequency range than fa.
The estimated fa for three grids almost corresponds to the
frequencies where the results of LES begin to decline in com-
parison with the experimental data, so that it can be said
that the present LES fully utilizes the given grid resolution.
Note that LES with Grid 1 has the same level of predictabil-
ity as the Q-DNS with Grid 2. The filter width of Grid 1,
A1Grid1 is about two times that of Grid 2, Zlgm'dz. Thus,
the Q-DNS may require approximately eight times as many
grid points to achieve the same level of accuracy as in the
present LES method. When using such a finer grid, the
minimum grid spacing also restricts the computational time
step. However, this may be compensated by the higher com-
putational stability of Q-DNS than that of the present LES.
For example, the computational time step in the Q-DNS
with Grid 2 is 2 x 10~4, while that in the LES is 1 x 10—%.
The increase of computational cost caused by calculating the
modeled SGS stress term is about 30%. As a result, LES can
be expected to reduce the computational cost by more than
80% in comparison with Q-DNS.

CONCLUSIONS

The high accuracy and high computational stability of
the new mixed-time-scale SGS model have been confirmed
in the calculation of the flow around a circular cylinder as
well as in that of the channel flow and backward-facing step
flow. The high accuracy arises from the introduction of the
mixed time scale, while the high computational stability is

—945—



Figure 7: A simplified front-pillar
model.

(a) Oilflow in experiment.

L2

t L1

PointA

(b) Streamline near wall by LES (Grid 3).

Figure 8: Comparison of near-wall velocity distribution.
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(a) Measuring points.

Figure 9: Comparison of mean pressure coefficient on body surface.

due to the fixed-model parameters. The study has demon-
strated that LES using the new model has a higher accuracy
in predicting the wall-pressure fluctuations than Quasi-DNS.
The superiority of the present LES is observed in the pre-
diction both of the fluctuations with wide-range spectra
and of those with a strong peak spectrum. Furthermore,
it is apparent that the accuracy of LES employing a third-
order upwind scheme is notably lower than LES employing a
second-order central difference scheme, and is rather similar
to that of Quasi-DNS. It can be concluded that the present
LES method using the mixed-time-scale SGS model is effec-
tive for predicting certain kinds of wall-pressure fluctuations
in practical applications.
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