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Numerical Simulation of the Aeroacoustic Noise in the Separated
Laminar Boundary Layer

Hyo Won Choi, Young J. Moon*, Kyu-Jung Lee
Department of Mechanical Engineering, Korea University, Seoul 136-701, Korea

The unsteady flow characteristics and the related noise of separated incompressible laminar
boundary layer flows (Res=614, 868, and 1,063) are numerically investigated. The charac-
teristic lines of the wall pressure are examined to identify the primary noise source, related with
the unsteady motion of the vortex at the reattachment point of the separation bubble. The
generation and propagation of the vortex-induced noise in the separated laminar boundary layer
are computed by the method of Computational Aero-Acoustics (CAA), and the effects of
Reynolds number, Mach number and adverse pressure gradient strength are examined.
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1. Introduction

The separated laminar boundary layer flows
are often encountered around airfoils under the
influence of local adverse pressure gradient. For
example, at incidences below the stall, a transition
occurs due to the unsteady leading edge separa-
tion bubble on the airfoil. A typical structure of
the time-mean laminar boundary layer separation
bubble is described by Horton (1968), as shown
in Fig. 1.

The unsteady feature of the separation bubble
is distinguished as: (i) separation build-up and
(ii) periodic shedding of the cross-stream vor-
tices. The strong vortex generation and shedding
in the separation bubble was visualized by Ko-
romilas and Telionis(1980). Kloker and Fasel
(1993) and Zhang et al. (2000) [Bestek et al.
(1989) ] also showed that the behavior of the
separation bubble becomes unsteady and this un-
steadiness is attributed to the transition of the
separated laminar boundary layer. Pauley et al.
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(1990) also numerically investigated the critical
condition of the periodic vortex shedding in the
unsteady laminar boundary layer separation and
found an invariant property of Strouhal number
regardiess of Reynolds numbers and suction
strengths.

In the present study, our attention is focused on
understanding the unsteady motion of the vortex
near the reattachment point of the separation
bubble, since its interactions with the adjacent
wall possibly become an aero-acoustic noise
source. A computational aero-acoustic (CAA)
method (Shen and Sorensen, 1999) is used to
simulate the generation and propagation of the
acoustic noise in the separated laminar boundary
layer, with the acoustic sources appropriated from
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the computational fluid dynamics (CFD) calcula-
tions.

2. Computational Methodology

There exits a large disparity between the aero-
dynamic scales and the acoustic ones, if the flow
Mach number is close to an incompressible flow
limit. For this reason, a splitting method pro-
posed by Hardin and Pope (1994) and Shen and
Sorensen (1999)
the direct numerical simulation (DNS) approach

is employed, which decouples

into an incompressible flow problem and an
acoustically perturbed one. In the present study,
the incompressible Navier-Stokes equations are
time-accurately solved by a projection method
based algorithm. Then, the time-periodic viscous
flow solutions are coupled into the acoustic field
computation, solving for a set of acoustically
perturbed Euler equations with the structured
cartesian mesh.

2.1 Incompressible flow solver algorithms

The incompressible Navier-Stokes equation is
time accurately solved by a projection method
based algorithm (Hirt and Cook, 1972).
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The governing Eq. (1) is spatially discretized by
a cell-center based finite-volume method. A sec-
ond-order upwind differencing scheme is used for
the convective flux terms, while the terms related
to the viscous fluxes are treated by a centered
scheme. The Poisson equation is then implicitly
solved by an alternate directional implicit {ADI)
method with a double sweep. Numerical details of
the solution method are described in the reference
[Moon and Koh(2001)].

2.2 Computational aero-acoustic algorithms
The acoustic fields are computed by a splitting
method proposed by Shen and Sorensen (1999).
The instantaneous velocities, pressure, and densi-
ty are decomposed into the hydrodynamic varia-

bles and the acoustically perturbed quantities
denoted by a prime,

wi(x, )=U:(x, ) Y uilx, t)
plx, B=Plx, t) +p (x, 1) (2)
olx, t)=po+p (x, 1)

Inserting the decomposed variables into the com-
pressible Navier-Stokes equations, a set of aco-
ustic field equations are derived by subtracting
the incompressible Navier-Stokes equations from
them :
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where, fi=pui+po U, c*=yp/p and y=141is a
ratio of specific heats.

Equations (2) ~ (5) are numerically solved by
the second-order accurate MacCormack’s predic-
tor-corrector scheme, in coupled with the un-
steady incompressible flow computations. For the
present scheme, 20~ 25 mesh points are used per
one acoustic wavelength, which is strictly
required in order to properly resclve the wave
propagation with the least numerical diffusion
and dispersion errors(Hardin and Pope, 1994).
In the computation, a fourth-order artificial dis-
sipation term is also added to Eqgs. (3) ~(5) to
stabilize the numerical scheme.

In computational acoustics, the problems in-
volving wave reflections are issued very impor-
tantly because the physical domains are necessa-
rily truncated due to the limitation of the finite
computational domain. Thus, at these artificial
boundaries, non-reflecting or absorbing numeri-
cal boundary conditions are needed so that out-
going waves are not reflected into the computa-
tional domain. In the far-field buffer zones. the
Perfectly-Matched Layer (PML) equations(Hu,
1996) are applied by splitting each of the flow
variables (0'=p] + 02) and segregating the spat-
ial gradients into each split equation (the p]
equation only includes the x;-gradients).
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3. Computational Results and
Discussion

3.1 Periodic vortex shedding in the laminar

separation bubble

In order to understand the nature of aero-aco-
ustic noise generation from an unsteady laminar
separation bubble, the work of Henk (1990) and
Pauley et al. (1990) is re-considered. As shown
in Fig. 2, a laminar boundary layer with the zero
pressure gradient is exposed to a sudden local
adverse pressure gradient by initiating the suction
through a port on the control wall (upper wall).
With the suction strength above the critical con-
dition, the laminar boundary layer separates and
periodic vortex sheddings occur in the bubble. In
the present study, the same computational mesh
systems and boundary conditions as in Pauley et
al. (1990) were used.

For investigating the unsteady flow characteris-
tics of the separation bubble, parametric studies
have been conducted for the cases of flow con-
ditions summarized in Table 1. Here, a local
Reynolds number, Kex, is defined by the length
measured from the channel entrance to the suction
port (beginning point) and the free-stream ve-
locity. Also, S, defined as a fraction of the
entering flow removed through the suction port,
controls the strength of adverse pressure gradient

Table 1 Flow conditions

Rex 1.2x10° 2.4x10° 3.6 X 10°
M.. 0.1 0.2 0.3
8/H 0.0687 0.0486 0.0397
Res 614 868 1,063

s [022[027]0.32]0.22]0.27]0.32[0.22[027]0.32

l Laminar Boundacy Layes

Fig. 2 Hydrodynamic computational domain

imposed on the boundary layer. The cases con-
sidered in Table 1 correspond to Res' =614, 868,
and 1063 in terms of the Reynolds number based
on boundary layer displacement thickness, and all
are within the laminar shear layer instability, i.e.,
600 < Res,<3000. The periodic vortex shedding
in the separation bubble is caused by a feedback
mechanism between the laminar shear layer in-
stability and the upstream propagating pressure
waves generated at the vortex break-up stage.
The unsteady laminar separation bubble can be
characterized by the four-stage motions of the
shed vortex in a period : (a) roll-up, (b) break-
up, (c) rolling, and (d) ejection. Figure 3 shows

b) break-up

¢) rolling

d) ejection

Instantaneous vorticity contours at four stages
in a period
(Rex=3.6 X10°, $=0.22) : base on @
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Fig. 4 Wall pressure characteristic lines
(Rex=3.6X10°, $=0.22)

those four-stage motions (based on vortex @),
in terms of the instantaneous vorticity contours
{Rex=3.6 X10° and $=0.22). First of all, it is of
our interest to identify which vortical motion
among four plays a dominant role as a noise
source in the separation bubble. Hereby, the
characteristic lines of the wall pressure are exam-
ined in Fig. 4, which represent the trajectories
and speeds of the shed vortices in the separa-
tion bubble and downstream. One can clearly
notice a slope difference between the charac-
teristic lines at the ejection stage. The ejection
stage is the one at which a shed vortex (e.g. @)
is ejected from the wall, with rapid change of
rotational and convectional speeds. This simply
causes the wall pressure to fluctuate and is con-
Jjectured as an aero-acoustic noise source.
Second of all, it is interesting to examine
whether the vortex ejection location is an in-
variant property regardless of Reynolds numbers
and suction strengths, for which the vortex shed-
ding frequency St,=0.00686+0.6% is true, found
by Pauley et al. (1990). Here Sty is based on the
boundary layer momentum thickness (#) at the
separation point and the local free-stream veloci-
ty. In the present study, the vortex ejection loca-
tion, E, is defined as a distance between the
ejection location and the reattachment point of
the bubble (in a time-averaged sense). which are
then normalized by the separation bubble size,
e, E=(xg—xz)/Ls Here, xg, Xz, and Ly are
the vortex core position at the ejection, the
reattachment point. and the separation bubble
size, respectively. The time-mean flow structure

0.2
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(b) Normalized vortex ejection location

Fig. 5 Time-mean flow characteristics of the sepa-
ration bubble

of the separation bubble was obtained by using
a time interval of twenty periods. Figure 5(a)
shows the time-averaged streamlines of the sepa-
ration bubble (Rex=3.6X10° and S$=0.22),
from which one can clearly define the separation/
reattachment points and the bubble size. In Fig. 5
(b), the normalized relative vortex ejection loca-
tion is plotted for all test cases summarized in
Table 1. The figure shows that E collapses to
0.2+1% for all cases, indicating that E is an
invariant property regardiess of Reynolds num-
bers and suction strengths.

3.2 Aeroacoustic noise generation

The aeroacoustic noise generated by periodic
vortex sheddings in the separated laminar boun-
dary layer is computed on the cartesian meshes by
the CAA method described in Section 2.2. The
acoustic computational domain is determined
with considerations as follows. For the case of

flow Mach number 0.3, the computed Strouhal
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Fig. 6 Acoustic computational domain

number of the flow oscillation based on the
channel height is 1.15 and the acoustic wa-
velength of the radiated sound wave can be
estimated as approximately 2.9 according to the
relation A/H=1/(Sty+M.). Therefore the aco-
ustic computational domain, as shown in Fig. 6,
is set from —4.5H to 15.5H in the x-direction
and from 0 to 10H in the y-direction in order to
include 2 or 3 wavelengths of the sound wave and
to cover at least more than | wavelength in the
PML zone.

In the present study, our attention is focused
on noise generated by unsteady vortex motions
near the boundary layer separation bubble. There-
fore the noise sources are confined to the region,
xs—03Ls<x<xp+0.3Lg and 0<y<58 for all
cases. Here xs and & denote the separation point
and the boundary layer thickness. The uniform
cartesian meshes of 501 X251 are used for the
acoustic field computation, in order to keep the
proper resolution of the vortex motions in the
separated boundary layer. This automatically
fulfills the requirement such that 20~25 points be
included per wavelength in order to minimize the
numerical dispersion and dissipation errors of the
MacCormack’s second-order scheme (Hardin and
Pope, 1994).

The proper selection of PML zone thickness is
computationally very important in order to effec-
tively damp out the out-going waves through the
boundaries. Table 2 summarizes the absorption
parameters used in the PML zone for the cases
considered. Here A/H. D, d, 0n, and 8 are the

Table 2 Absorption parameters for PML B.C.

Absorption

Rex |M.| S |MH D\|on| B

function

022]15.9
12x10° 0.1 [0.27]15.3
0.32] 149
022] 5.4
24%10°| 02 [0.27]5.25
0.32]5.15 17
35 3g TyeeB |4 %2.0
3.6X10°| 0.3 |0.27]2.87 5
032 2.83|

Type A | c=0n(tanh(8(x—0.35D))
+tanh (0.5 DS))
Type B o=0nld/D)*

Type A 6 |100} 1.5

normalized wavelength, PML zone thickness, dis-
tance from the interface with the interior domain,
and absorption coefficient, respectively. For the
low Mach number case (M.=0.1), a consider-
ably higher damping coefficient (on) is used with
the damping function of type A, in order to
introduce a thicker damping level in the PML
zone for the long wave (A/H=15).

The instantaneous acoustic pressure field con-
tours shown in Fig. 7(a) well visualize the main
tonal sound wave generation from an unsteady
separation bubble for Rex=3.6X10°, M.=0.3,
and $=0.22. It is also interesting to note that
the short waves are constantly generated between
the main tonal waves. By closely examining the
acoustic fields near the reattachment point of the
separation bubble, the main tonal wave is gen-
erated by the vortex ejection motion adjacent to
the wall: it causes the wall pressure to drop
suddenly, creating a local expansion, while, right
after the ejection, the pressure field is immediately
recovered with a local compression back. The
computed wavelength of the main tonal sound is
approximately 3, which is quite close to the
estimated value of 2.9 by the relation, A/ H=1/
(St M) .
when the vortex is at roll-up, break-up, and
rolling, but the detail of generation mechanism

The short waves are also generated

needs to be studied.
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(a) Instantaneous acoustic pressure field
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Fig. 7 Acoustic pressure waves from the separation
bubble (Rex=3.6 X 10°. M.=03, $=0.22)

In the present study, a reference observer’s po-
sition is set on the point five times the separation
bubble size away from the reattachment point in
the direction of 135°, since the noise sources are
near the reattachment point of the bubble and the
highest intensity of the radiated sound noise is
approximately between 90°~180°. Figure 7(b)
shows the acoustic pressure variations in time at
the reference point. It clearly indicates that the
main tonal sound pressure variations occur
during the time period of vortex ejection motion
{(indicated by K in the figure). Here Sfs indicates
the period corresponding to the non-dimensional
frequency, Strouhal number of the present M=
0.3 case, and Stl and S# in Fig. 10 and 11
represent also the Strouhal numbers of M =0.1
and 0.2 cases.

As shown before, an acoustic wavelength can
be calculated by a relation A/H=1/(StyM.).
This relation can be rewritten as A= (U/f) / Mw,

| | Re=1.2x10°
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Fig. 8 A correlation between the characteristic eddy
size (= U./f) and the separation bubble size
(L)
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Fig. 9 A correlation between the acoustic
wavelengths based on two length scales ( Uw/

fand Lg)

where Us/f can be regarded as a characteristic
eddy size of the separation bubble. It is shown in
Fig. 8 that U./f is reasonably well correlated to
the separation bubble size (L) (time-averaged).
This means that the acoustic wavelength can also
be expressed as A= Ljz/M.. The acoustic wa-
velength obtained by this relationship is cor-
related to A= (U./f) /M in Fig. 9.

In Fig. 10, the acoustic pressures are also
compared for three different Reynolds numbers of
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Fig. 10 Acoustic pressures for various Rex (or M)
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Rex=3.6X10°, Rex=24X10° and Rex=12X
10° with corresponding Mach numbers of 0.3,
0.2, and 0.1. For all cases, the acoustic pressure
variations in ‘K’ are identified as the main tonal
sound wave. One can also notice that the acoustic
pressure level and frequency increase, as the
Reynolds number (or Mach number) increases.
The frequency increase is due to the local
Reynolds number effect, because the Reynolds
number directly determines the length scale of the
boundary layer at separation and therefore the
vortex shedding frequency. The acoustic pressure
level dependence is, however, not quite clear,
since the strength of the shed vortex in the bubble
also depends on the Reynolds number.
Therefore, the acoustic pressure has been tested
for the following conditions: (i) with the same
Reynolds number of Rex=3.6X10° and suction
strength of $=0.22 but different Mach numbers of
0.1 and 0.3, (ii) with the same Mach number of
0.1 and suction strength of $=0.22 but the differ-
ent Reynolds numbers of Rex=12X 10° and
Re,=3.6x10° and (iii) with the same Mach
number of 0.3 and Reynolds number of Rex=
3.6 X 10° but different suction strengths of $=0.22
and $=0.32. Figure 11 shows (a) the Mach num-
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(¢) Suction strength effect (Mn=0.3, Rex=3.6 <10°)

Fig. 11 Acoustic pressure comparison
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ber effect, (b) the Reynolds number effect, and
(c) the suction strength effect on the acoustic
pressure variations during the four-stage motions
of the shed vortex in the separation bubble. It is
indicated that, although the frequency is affected
by the local Reynolds number, the acoustic pres-
sure level is primarily affected by the Mach num-
ber of the flow. It is also indicated that the suction
strength has little influence on the frequency nor
the acoustic pressure variations.

4. Conclusion

The unsteady flow characteristics and the relat-
ed noise of separated incompressible laminar
boundary layer flows are numerically investigat-
ed. It is shown that the periodic vortex shedding
in the separation bubble is composed of four-
stage unsteady vortex motions: roll-up, break-
up, rolling, and ejection, and the ejection motion
is conjectured as a primary noise source in the
separation bubble. It is also interesting to note
that, for all flow conditions, the vortex ejection
location relative to the reattachment point is
0.2+1% (normalized by the bubble size), which
is an invariant property regardless of Reynolds
numbers and suction strengths.

The acoustic pressure contours showed a main
tonal sound wave generated from the separation
bubble, accompanied by the short waves. Among
the four stage vortex motions, the vortex ejection
is identified as a main noise source, and the
acoustic pressure levels are primarily affected by
the flow Mach number, in comparison with the
Reynolds number and suction strength.
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