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Flap Side-Edge Noise: Acoustic Analysis of Sen's Model

Jay C. Hardin*
NASA Langley Research Center, Hampton, Virginia 23681

and
James E. Martin^

Christopher Newport University, Newport News, Virginia 23606

The two-dimensional flap side-edge flow model developed by Sen (Sen, R., "Local Dynamics and Acoustics in
a Simple Model of Airfoil Lateral-Edge-Noise," AIAA Paper 96-1673, May 1996) is analyzed to reveal the noise-
production potential of the proposed mechanism. The model assumes that a vortex will form at the equilibrium
position off the side edge of the flap. The vortex is then perturbed away from the equilibrium position by incoming
turbulence, causing it to oscillate and thus radiate sound. The noise field is calculated three-dimensionally by taking
the flap to have a finite chord. Spectra and directivity of the far-field sound are presented. In addition, the effect
of retarded time differences is evaluated. The parameters in the model are related to typical aircraft parameters
and noise reduction possibilities are proposed.

Introduction

SOUND generated at the side edges of flaps is a very important, in
some cases the most intense, source of airframe noise. The sig-

nificance of this source began to be recognized in the late 1970s.1 In
particular, both Kendall and Ahyte2 and Fink and Schlinker3 showed
that the flap side edges were more efficient noise radiators than the
trailing edge source, which had been considered to dominate wing-
produced noise up to that time. These early studies have recently
been confirmed in an extensive series of tests.4

The appearance of this hitherto unsuspected source led to
various attempts to understand and model the physics of the noise-
generation process. Because one is particularly interested in flap
side-edge noise on landing approach where the Mach number
M = 0.2 is low, incompressible fluid-dynamic models can be em-
ployed to specify the acoustic sources. Hardin5 suggested that the
sound was produced by boundary-layer turbulence on the underside
of the flap being swept around the edge by .the tip flow and calcu-
lated the transient noise radiated by a single such event when the
turbulent eddy was modeled by a point vortex and the flap by an
infinitesimally thin half-plane. Howe6 argued that the noise radia-
tion was produced by an instability of the separation bubble formed
on the upper surface of the flap and took into account the nearby
presence of the undeflected portion of the flap. The "installation" or
"proximity" effect was important to the radiation efficiency of the
proposed flap-edge source. Howe's model was that of an infinitesi-
mally thin half-plane with a small slot to represent the gap between
the flap edge and the neighboring surface. Meecham7 proposed that
the thickness of the flap was important in moderating the acceler-
ations and, hence, noise production by infinitesimally thin models
and began modeling this effect by considering a vortex convecting
around a right-angle corner.

Recently, Sen proposed a new physical mechanism for the flap-
edge noise source8 and a two-dimensional model to illustrate it. The
model suggests that the flap-edge vortex itself can be excited into
periodic oscillations as it is perturbed by a small secondary vortex
or turbulent eddy. This model has several intriguing mathematical
aspects and also appears to have physical plausibility based on flow
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visualization tests.9 This paper is concerned with acoustic calcula-
tions based on Sen's model.

Sen's Flap-Edge Flow Model
Consider the geometry shown in Fig. la. The flap (viewed from

the streamwise direction) is taken to be a slab of thickness 2s in the
presence of which there exists a potential flow as well as a vortex
F to represent the flap-edge vortex. The slab geometry has been
studied by Clements,10 who showed that the region exterior to the
slab can be transformed into the upper half-plane shown in Fig. Ib
via conformal mapping:

(1)

If the potential in the transform plane is taken as

where A,0 = f() + mo is the position of the vortex and the asterisk
indicates a complex conjugate, then the up wash velocity at the origin
in the physical plane produced by the potential flow alone is V0. It
can then be shown that the vortex has an equilibrium point (xs , 0) in
the physical plane where the upwash potential flow velocity is just
balanced by the image vortex-induced velocity. This equilibrium
point corresponds in the transform plane to the point (0, ny) , where
ns is the real root of the cubic equation:

nl — 2cm2, + no — a = 0

where

\6V0s
(3)

is the nondimensional parameter that controls the dynamics of the
flow. These equilibrium points are shown in Fig. 2 as a function of
the parameter a.

A steady tip vortex flow would of necessity be found at these
equilibrium points. However, the question arises as to what would
happen if the tip vortex were perturbed away from the equilibrium
point, say by lower surface vorticity being swept around the edge.
This question is answered by the Kirchhoff-Routh path function,11

which describes the path of the tip vortex. For this flow, the path
function is

'n() — a 6n/ «o(l — ! = const

Contours of constant path function in the transform plane are
shown in Fig. 3 (note the change in n scale on these plots) for
different values of a. As can be seen, for smaller values of a, the
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vortex paths form closed orbits about the equilibrium point, whereas
for larger values of a, the paths diverge from the equilibrium point.
In fact, the cutoff value is a = |, with flows for which a < |
exhibiting periodic oscillation of the tip vortex about its equilibrium
point. These periodic orbits in the transform plane transform back
to periodic orbits in the physical domain as shown in Fig. 4 for
a = 0.3. Here lengths have been nondimensionalized by the flap
thickness h = 25.

Of particular interest for noise generation is the period of these
periodic orbits. In theory,12 one should be able to determine the
period analytically by writing a differential equation

r2 = f ( r )

where r is the distance the vortex is displaced from its equilibrium
point and integrating. However, whereas the required analysis is
readily accomplished in the linearized case, the full nonlinear case is
more problematic. Thus, the periods were determined numerically.
Figure 5 is a plot of the nondimensional periods as a function of
TO = x — jcv, which is the distance in the x direction that the vortex

was initially displaced from its equilibrium position. Curves are
shown for different values of the controlling parameter a given by
Eq. (3). Note that these curves are reasonably independent of the
initial displacement distance (i.e., size of the orbit) but do depend
on a. In Fig. 5, time has been nondimensionalized by r/s2. Thus,
the Strouhal number of the periodic orbits, Sr = fh/ V(), becomes

Sr(a) = (4)

where p(ct) is the nondimensional period shown in Fig. 5. Figure 6
is a plot of Eq. (4). Note that the Strouhal number is near one for a —
0.1 but drops off to near one-tenth at a = 0.6. Thus, the Strouhal
number is strongly dependent on the characteristic parameter a.

This model does not take into account any vorticity that might
be shed from the corners of the slab during the vortex motion. Re-
cently, Howe13 restudied the problem of a line vortex translating
around the edge of a rigid half-plane and found that, if vorticity
was continuously shed from the edge, to satisfy the Kutta condition
there, the motion of the vortex was dramatically altered. In fact, the
vortex no longer went around the edge, convecting away in partner-
ship with the shed vorticity. One would not expect such dramatic
changes in the flap-edge flow discussed here as it is known that the
tip vortex does remain at the side edge of the flap. However, such
considerations might somewhat alter the picture presented in this
paper.

Acoustic Computations
For values of the controlling parameter a for which the tip vortex

performs a periodic oscillation, periodic noise will be produced. The
sound radiation can be calculated in several ways, given a knowledge
of the vortex motion. Perhaps the simplest way is to use the Ffowcs
Williams-Hawkings equation,14 which, neglecting the quadrupole
contribution as small compared to the dipole, becomes for this flow

at
(5)

where p' is the acoustic pressure in the far field, / = 0 describes the
flap surface, <$(/) is the Dirac delta function, n\ are the components
of the unit normal vector h to the flap surface, p is the total pressure,
po is the density of the medium, and vn is the normal velocity of the
surface.

Consider the geometry shown in Fig. 7. The flap is taken to have
finite chord c, and the origin of coordinates is at the center of the flap
side face. The observer is at position jc, y is a variable that sweeps
over the surface of the flap, and r = x — y is the source/observer
vector. Using the free space Green's function, the wave equation,
Eq. (5), can then be integrated by using the ideas of generalized func-
tion theory.15 This solution is valid for the flight case of a body mov-
ing through an ambient medium past a stationary observer. However,
it can be used to simulate the wind tunnel case where the observer
is fixed with respect to the flap by assuming that, each time the
solution is evaluated, the observer is moved to maintain the same
position relative to the flap. In this case, the monopole (thickness
noise) second term in Eq. (5) makes no contribution, and, for an
observer in the acoustic far field, the solution may be written as

//(*,*) =
1 f Tn^aP]

. / /=oL ^ 3rj r e t
(6)

where r = r|, OQ is the ambient speed of sound in the medium, the
subscript ret indicates evaluation at the retarded time t — r/ao, and,
because the flow of interest is at low Mach number, the total pressure
p has been approximated by the incompressible hydrodynamic pres-
sure P. Thus, one needs to know only the incompressible pressure
on the flap surface to calculate the resulting sound field. The sur-
face pressure is not the source of the sound but merely contains the
information about the true source, which is the motion of vorticity
within the flow, necessary to calculate the resulting radiation field.

The hydrodynamic pressure everywhere in the field except where
the vortex exists can be found from the Bernoulli theorem

d(/) q2 P
-~~ + -TT + — = const
dt 2 po
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Fig. 3 Path function contours.
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Fig. 4 Contours in the physical plane.

because both 0 = Re[iy(A,)]-and q2 = \(dw/dk)(dk/dz)\2 can be
calculated from the conformal transformation, Eq. (1), and the
complex potential, Eq. (2). On the surface of the flap, the hydro-
dynamic pressure is

P - Pa =
- £0)1)0 +

1 +
(f ~ Co)2 +

(7)

where PQ is the ambient pressure far from the edge of the flap. Note
that Eq. (7) has the typical inviscid fluid characteristic of becoming

= 0.6

a = 0.5

_o a = 0.4
__„ a = 0.1

0.05

Fig. 5 Period of the orbits.

unbounded at the corners (i.e., f = ±1) of the flap. Although not
unbounded, these low pressures are realistic based on recent steady-
state computational results with the lowest pressure (lower than in
the center of the vortex itself for the case calculated) occurring
at the corner nearest the vortex. In the real world, these unbounded
pressures predicted by the inviscid model of Eq. (7) are moderated by
viscosity. Computationally, the infinities in the pressure are avoided
by taking the grid points utilized in the numerical integration of
Eq. (6) symmetrically placed close to, but not at, the corners of the
flap. The sensitivity of the acoustic results to the placement of these
points is evaluated below. Because the intent of this model is not
to achieve a quantitative prediction of the magnitude of the noise
generation, which is too much to expect from such a simple model,
but merely to understand the mechanism, such an approximation
should be sufficient.

Extensive acoustic calculations with Eq. (6) have been carried out
for various values of the characteristic parameter a, vortex initial
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positions, and observer locations. In carrying out the calculations, a
finite chord length of 49.2 flap thicknesses was chosen for the flap
and the assumption was made that the two-dimensional model flow
would be found to describe the flow all along the length of the chord.
Then, because the hydrodynamic pressure field given by Eq. (7) falls
off rather slowly with distance (proportional to I/distance) back
along the span of the flap from the corners, z — ±*s, a convergence
study was performed to determine how far the numerical integration
should extend back along the span. Convergence was obtained on
the order of 50 flap thicknesses. The panels used in the numerical
integration were square with side 0.2. The top and bottom of the flap
were tiled by 295 x 246 such panels and the flap edge contained
246 x 5 panels.

As an example of the acoustic results, Fig. 8 presents the normal-
ized acoustic pressure time history as seen by an observer directly
above the edge. The computation is initialized at a nondimensional
time of t = 0, and no response is felt at the observer location until
approximately t — 15, i.e., a^h/V was set to unity. After that, a rea-
sonably periodic acoustic signature of the periodic vortex motion
develops. Note that this time history, which was observed at 15 flap
thicknesses above the flap and calculated using the far-field approx-
imate formula given by Eq. (6), appears to exhibit a bit of the charac-
teristic nonlinear effects of steepening of the peaks and rounding of
the troughs normally associated with propagation of high-amplitude
acoustic waves. These effects would not be expected to appear in the
present analysis as propagation effects are apparently embodied in
the quadrupole term16 of the Ffowcs Williams-Hawkings equation.
Further, these effects do not seem to evolve but are present from the
outset. Apparently their presence here is due to numerical integra-
tion of the singularity at the flap corners, as the pressure field is not
symmetric about the corner. Although such corners can be handled
rigorously,15 it was not done here as the problem would not exist in
a more realistic model. To evaluate the sensitivity of the results to
the numerical integration near the corners, the width of the panels
in the spanwise direction was changed. Figure 9 is a plot of the
maximum excursion (i.e., p'msai — pf

min) of the calculated acoustic
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Fig. 8 Acoustic pressure time history: a = 0.1, *0bs = 0.0, and j>0bs =
15.0.
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pressure as a function of panel width for a — 0.1. As shown, the
maximum excursion increases as the panel width is decreased from
its nominal value of 0.2, but no dramatic changes occur even for a
factor of 10 reduction.

The normalized spectrum of the time history of Fig. 8 is shown in
Fig. 10. This spectrum was calculated from 512 points covering pre-
cisely seven periods of the periodic signal. Note the typical periodic
spectrum containing the fundamental frequency and its harmonics,
with the highest harmonic 10 dB down on the fundamental ampli-
tude. A study was also made of the effect of neglecting retarded time
differences in the analysis, as this is an assumption that is often made
to simplify the calculations. Figure 11 is the spectrum produced for
the same case as that shown in Fig. 10 but with retarded time dif-
ferences over the surface of the flap neglected. Thus, the spectra of
Figs. 10 and 11 are .directly comparable. Note that the levels of the
harmonics are significantly changed by this approximation. Thus,
accurate calculation of the spectral components, even at low Mach
numbers where the wavelengths tend to be long, requires proper
accounting for retarded time differences.
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Finally, the directivity pattern of the noise radiation is of inter-
est. This pattern was calculated on a circular arc of nondimensional
radius \x = 2000 to be well outside the equivalent source distribu-
tion region. Figure 12 displays the directivity pattern in a spanwise
plane perpendicular to the flap edge. The directivity is nearly circu-
lar with only slight peaks normal to the flap. Apparently the valley
in the "baffled dipole" directivity pattern of trailing edge noise1 is
filled in by dipoles on the flap-side edge. It should be recalled, how-
ever, that only the hydrodynamic pressure fluctuation was utilized
in the integration. Because these fluctuations fall off rapidly with
distance from the edge, much of the flap surface will experience
only acoustic pressure fluctuations. Just such a case where part of
the surface appearing in the integral of Eq. (6) is far from the region
of hydrodynamic pressure fluctuations was discussed by Powell,17

who observed that the acoustic pressure fluctuations should then be
taken into account in the integral.

Implications of Model for Flap-Edge
Noise Generation

Although Sen's model8 is a highly simplified two-dimensional
model of a very complex three-dimensional flap flowfield, it is of
interest to relate the model as closely as possible to the real aircraft
geometry and to consider its implications for the flap-edge noise
generation phenomenon. Recall first that the behavior of the model
was governed by the characteristic parameter

For these orbits, the Strouhal number is reduced as a is increased,
as shown in Fig. 6. Analysis of Eq. (7) also indicates that the nondi-
mensional source strength dP/dt is proportional to arp()V2/h2 to
lowest order in a. Thus, the integrated acoustic intensity / is pro-
portional to (rp()V(

2/aQr)2((x2c2/ h2), indicating the expected dipole
velocity dependence.

To relate this model to a typical aircraft geometry, recall that
the flaps are normally deployed at some angle-of-attack 8 to the
freestream. Although the inflow to the flap will be highly dependent
upon the upstream geometry, at the high angles of deflection of in-
terest, one might approximate the upwash velocity VQ as UQ sin<5,
where UQ is the incoming flow velocity (or flight speed of the air-
craft). The vortex strength F is determined by the lift distribution on
the flap and can be related to the jump in the sectional lift coefficient
at the flap edge. However, as a first approximation, one might take
r = L/p()U(), where L = CL(8)p()U^c/2 is the lift force per unit
span on the flap and CL(8) is the lift coefficient for the flap. Thus,
in typical aircraft parameters,

CL(&)c
16/i sin (5 (8)

Note that this relation displays no explicit dependence upon in-
coming flow velocity Uo. Now, even when the flap is undeflected, it
will be carrying lift. Thus, a will be very large for small deflection
angles, implying that no equilibrium point exists and that periodic
sound will not be generated by this mechanism. Presumably, in this
case, vorticity produced at the tip of the flap will be swept away, as
suggested by Fig. 3, and no concentrated tip vortex will form. This
analysis thus predicts that there may be a critical flap deflection
angle below which the proposed mechanism will not be present.
However, as the flap is further deflected, a will decrease. Insertion
of typical values [8 = 30deg,CL(S) = 0.3 for the flap, h/c = 0.12]
into Eq. (8) suggests an a value of approximately 0.34, well within
the range where an equilibrium point must exist.

Because at typical landing approach speeds and flap deflection
angles, a < |, the present mechanism can generate periodic sound
at the flap edge. The typical aerodynamic Strouhal number

Sr =

l6V0s SVQh
where P is the vortex strength, VQ is the upwash velocity at the flap
edge, and h is the flap thickness. Periodic orbits exist for a < |.

governs the frequency of the sound produced, where Sr (a) is shown
in Fig. 6. At a = 0.34 and 8 = 30 deg, this analysis yields Sr = 0.3.
Although clear data on flap side-edge noise generation are difficult
to obtain, measured surface pressure spectra (see Ref. 1 8) on a blunt-
tipped airfoil displayed peaks at 0.8 < Sr < 1.3, which implies a
very small value of a. The behavior of these data as a function of 8
is ambiguous.

Unless some frequencies are preferable to others for certification
considerations, one would then want to make the intensity

7 ~ (a2c2/h2)sir\48 ~ C2(8)(c4/ h4) sin2 5

as small as possible. Clearly, the obvious way to accomplish such
noise reduction is to reduce the chord or increase the thickness of
the flap. A 10% reduction in the chord or a 10% increase in the
thickness would reduce the sound intensity by 1.66 dB, and doing
both would result in a 3.49-dB noise reduction. However, there the
aerodynamic/acoustic tradeoffs are apparent as all of the variables
are coupled by the lift necessary to be produced by the flap. In
particular, the variation of CL(<5) and CD (8) with variations in c and
h is of paramount importance.

Conclusions
The simple two-dimensional flap-edge flow model suggested by

Sen has been evaluated to reveal its noise production characteris-
tics. The Ffowcs Williams-Hawkings equation was integrated over
the surface of the flap by using surface pressures produced by the
model. The noise generation was found to depend on a characteristic
parameter, a, which could be related to typical aircraft parameters.
Periodic dipole sound containing the fundamental frequency and
several nonnegligible harmonics is produced at a given value of a.
The intensity of this sound can be reduced by reducing the chord or
increasing the thickness of the flap. However, these parameters are
constrained by the necessary lift generation of the flap.
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