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Gap Tones

Christopher K. W. Tam¤ and Nikolai Pastouchenko†

Florida State University, Tallahassee, Florida 32306-4510

Numerical simulations of the � ow and acoustics of a wall jet through a gap using computational aeroacoustics
methods are conducted to investigate possible sound generation mechanisms. It is found that discrete frequency
sound or tone can be generated by the � ow. The tone is produced by the periodic shedding of vortices at the nozzle
lip. The vortex shedding process is linked to an acoustic feedback loop. The feedback process appears to begin
with the shedding of a vortex at the nozzle lip. A byproduct of the vortex shedding process is the generation of an
acoustic pulse. Part of the acousticpulse propagatesacross the jet � ow and impingeson the wall on the opposite side
of the jet. Upon re� ection and on propagatingthrough the wall jet in the reversed direction, the sound pulse strikes
the nozzle lip. This triggers the shedding of a new vortex accompanied by the generation of a new acoustic pulse.
This process repeats itself, and in this way the feedback is closed. A tone frequency prediction formula is derived
based on the observed feedback loop. This tone frequency formula appears to be able to provide predictions that
are in reasonably good agreement with experimental measurements in a number of cases involving � ows through
the gaps of multielement high-lift systems.

I. Introduction

I N this study numerical simulation by computational aeroacous-
tics (CAA) methods is used to investigate possible tone gen-

eration mechanisms associated with wall jet type � ow through a
gap (see Fig. 1). In recent years there have been signi� cant ad-
vances in the development of CAA methodology.1;2 High-order,
high-resolution schemes3;4 are now available. Good quality radia-
tion, in� ow and out� ow boundary conditions have also been suc-
cessfullydeveloped.5 Recently,theseCAA methodswere employed
to simulate the jet screech phenomenon6;7 and the micro� uid � ow-
� elds of resonant acoustic liners.8 In the case of screeching jets, the
simulated tone intensity,frequency,the stagingphenomenonas well
as the jet temperature and nozzle lip thickness effects are found to
agree well with experimentalmeasurements. In the case of acoustic
liners, most of the acoustic dissipation takes place around the open-
ings of the holes of the face sheet. However, the diameter of the
holes is very small (1 mm or less). Thus the � ow� eld is too small
in size for detailed experimental measurements using conventional
methods. Numerical simulation provides, for the � rst time, a clear
picture of the � ow� eld and the mechanisms by which sound waves
are absorbed.It turnsout that the observeddissipationmechanismis
quite differentfrom the classicalsemi-empiricalmodel, widely used
in the acoustic liner community. In this work the same high-quality
numerical simulation method is used to investigate the mechanism
responsible for producing the gap tones.

In aeroacoustics,tones are often generatedby jets and free shear-
layer � ows. Some of the well-known aeroacoustic tones are the
edge tones,9;10 the screechtonesof imperfectlyexpandedsupersonic
jets,11¡14 cavity tones,15;16 jet impingement tones,17¡19 and tones
from laminar airfoils.20;21 All of these tones are generated by an
acoustic feedback. In many of these cases, the tone frequency is
determined by the requirement that the total phase change around
the feedback loop must be an integral number of 2¼ or the total
time taken to go around the loop once must be an integral number
of the tone period. In the present investigation of � ow through a
gap, it is observed that a tone is emitted from nozzle lip region
of the wall jet. This is quite unexpected. A closer study reveals
that the tone is driven by an acoustic feedback loop. Details of the
feedback will be reported later in this paper. Based on repeated
observationsof the simulated � ow and acoustic � eld, a model of the
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feedbackphenomenonis developed.By means of this model, a tone
frequency prediction formula is derived. The predicted frequencies
are found to be in good agreement with the measured frequencies
of the numerical simulations.

One of the original objectives of this investigation is to explore,
through numerical simulation, possible noise sources associated
with the � ow through the gaps of a high-lift system, such as that
shown in Fig. 2. For a three-element airfoil system in the landing
con� guration, there is a strong wall-jet-like � ow through the gap
between the slat and the main wing and the gap between the wing
and the � ap. The present work is, however, exploratory in nature. It
is not the intentionof this investigationto incorporateall of the � ow
and geometrical details existing in the gap of a practical high-lift
system in the simulations. Only a generic wall jet model as shown
in Fig. 1 is used. In adopting a simpli� ed model, only the essential
physics are retained. The effects of many � ow parameters, such as
the boundary-layerthicknesson the top and bottomside of the trail-
ing edge of the slat for the front gap or of the main wing for the rear
gap, the curvature of the wing or � ap below the gap, on the noise
generation process would be lost. Any parametric variation study
beyond the Mach number M1 of the wall jet � ow, the freestream
Mach number M2 , and the gap height H requires the incorporation
of the exact geometry of the gap region and the � ow conditions.
This is beyond the scope of the present investigation.

Recently, Khorrami et al.22 reported the observation of a strong
tone associated with the � ow past a three-element energy ef� cient
transporthigh-liftcon� gurationin a seriesof experimentsconducted
in the Low Turbulence Pressure Wind Tunnel at the NASA Langley
Research Center.By changing the slat de� ection angle, it was found
that a lower de� ection angle could cause the tone intensity to di-
minish. It disappearedat very low slat angle setting.Khorrami et al.
attributed the source of the tone to be in the gap region between the
slat and the main wing near the trailing edge of the slat.

Earlier,Meadowset al.23 measuredthe noiseemittedfroma wing-
� ap con� gurationin the QuietFlow Facility at theLangleyResearch
Center. In this experiment the high-lift system had no slat. However,
there was a gap between the wing and the � ap. Their measurements
showed the presenceof a strong tone superimposedon a broadband
noise spectrum. Although a parametric study was carried out in
the experiment, it was not possible to identify the origin and the
generation process of the tone.

In this work an attempt is made to see if the tones observed in
the preceding experiments are similar to the gap tones found in the
present numerical simulations. For this purpose the tone frequency
prediction formula of the present work is used to calculate the tone
frequencies of these experiments. In Sec. V of this paper, it will be
shown that good agreements are found. It must be emphasized that
the good agreementdoes not constitutea solidproof that the present
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Fig. 1 Generic wall jet model.

Fig. 2 Three-element high-lift system in landing con� guration.

gap tone generationmechanism is responsible for the tones of these
experiments. However, it does suggest that an acoustic feedback
could play an important role in their generation.

In Sec. II a genericwall jet model of the gap � ow between the slat
and the main wing or the main wing and the � ap is described. This
is followed by a description of the computation model and numer-
ical algorithm used to simulate the � ow and acoustic � elds of the
wall jet. In Sec. III the observation of a feedback loop responsible
for the generation of gap tones is reported. A mathematical model
of the feedback loop is then formulated in Sec. IV. Based on this
model, a gap tone frequency prediction formula is derived. It will
be shown that the predicted tone frequencies agree well with ex-
perimental measurements. The relevance of the observed gap tone
feedback mechanism to airframe tones will be brie� y discussed in
the conclusion of this paper.

II. Wall Jet Model
The geometry of a high-lift wing system (Fig. 2) is quite compli-

cated. It is our belief that the basic gap tone generationmechanism
is quite independentof the detailed geometry of the slat, wing, and
� ap. The fundamental � uid mechanical processes can be found,
even if a somewhat simpli� ed gap � ow model is used. In this work
a generic wall jet model representative of both of the slat gap and
the � ap gap � ow is employed.

Experimental measurements and Reynolds-averaged Navier–
Stokes computations indicate that there is a high velocity � ow in
the slat gap as well as the � ap gap. Each of these high-speed � ows
emergesas a wall jet at the gap exit. The wall jet attachesto theupper
surface of the main wing in the case of the slat gap and the � ap in
the case of the � ap gap. Outside the wall jet is an ambient stream of
� uid moving at a lower speed.A mixing layer developsdownstream
of the trailing edge of the slat or the main wing separating the wall
jet and the ambient � ow.

Figure 1 shows the generic two-dimensional wall jet model to
be used in the present numerical simulation. A two-dimensional
model should be adequate as the aspect ratio of the slat or � ap gap
is very large. In the model the wall jet of the slat or � ap gap � ow
is represented by a wall jet of Mach number M1 over a plane wall.
The bottom wall of Fig. 1 models the upper surface of the main
wing in the case of the slat gap and that of the � ap in the case of
the � ap gap. The channel from which the wall jet emerges (Fig. 1)
is formed by a zero thickness � at plate placed at a distance of H
from the plane wall. The thin � at plate models the trailing edge of
the slat or the main wing (Fig. 2). For simplicity, the outside � ow
will be assumed to be uniform at a Mach number M2.M1 > M2 ).
Downstream of the trailing edge of the � at plate, a mixing layer
is formed. Here large vortical structures, the well-known Brown–

Roshko structures, would develop and persist over a long distance
downstream.

III. Computation Model and Numerical Algorithm
The wall jet model of Fig. 1 is used in the present investigationto

identify possible mechanisms by which tones are generated.This is
accomplished by numerical simulation. Basically, the gap � ow and
acoustic � eld are computed by a time-marching algorithm. When
tones are found, the processes by which they are generated are then
identi� ed in the simulation.

A. Computation Model
Figure 3 shows the computation domain used in the simulations.

To ensure that this choice of the computation domain is adequate,
some runs were repeated using a smaller size domain. It became
clear that the frequencies and intensities of the gap tones found
were not affected by the size reduction. We believe that the tone
phenomenon observed in the simulation, which will be reported in
the next section, is adequately resolved by the computationdomain
of Fig. 3. No larger size domain is necessary.

For a high-lift wing system the mixing layer between the wall
jet of the slat or � ap gap and the ambient � uid is turbulent. To
simulate the effect of turbulence, here the k–" turbulence model is
employed. For convenience, dimensionless variables with respect
to length scaleD H (the gap height), velocity scaleD a1 (ambient
sound speed), timescaleD H=a1 , density scaleD ½1 (ambient gas
density), pressure scaleD ½1a2

1 and molecular kinematic viscosity
scaleD Ha1 are used. The governing equations including the k–"
model are
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The turbulence intensity k and stresses ¾i j are nondimensionalized
by a2

1. The dissipation rate " is nondimensionalized by a3
1=H .

We will use the numerical values of the various constants given by
Thies and Tam.24 These constants are found speci� cally for free
shear � ows. The numerical values are

c¹ D 0:0874; c"1 D 1:4; c"2 D 2:02

¾k D 0:327; ¾" D 0:377; º D 2 £ 10¡6

The two quantities k0 and "0 are inserted into Eqs. (6) and (7) to
prevent division by zero. In the present computation they are set
equal to 10¡6 and 10¡4, respectively.
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Fig. 3 Computation domain.

In the computation Eqs. (1–8) are applied to the lower right-
hand region of the computation domain as shown in Fig. 3. Outside
this region turbulenceand viscosity are unimportant. In the outside
regions the governing equations are the Euler equations
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B. Computation Schemes
Equations (1–12) are discretized according to the seven-point

stencil dispersion-relation-preserving (DRP) scheme.3 The DRP
scheme was designed to solve CAA problems in the time domain.
The scheme uses central difference quotient with optimized coef� -
cients.It hasnonumericaldissipationand littledispersion(forwaves
with wavelengths equal to or longer than seven mesh spacings) and
is well suited for capturing small-amplitude acoustic disturbances.
Near a boundarywhere a seven-pointcentral differencestencil does
not � t, backward difference stencils are used. The stencil coef� -
cients are given in Ref. 1. Throughout this work a square mesh with
1x D 1y D H=50 is used. The time step 1t is taken to be 0:001.
This is much smaller than that required by numerical stability. But
it allows a more precise determination of the tone frequencies for
comparisonswith theoretical values.

C. Numerical Boundary Conditions
A set of high-quality numerical boundary conditions is essential

to the present simulations. These boundary conditions must allow
acousticand� ow disturbancesto leavethecomputationdomainwith
little or no re� ection. Recently an in-depth review of this subject is
givenin Ref. 5. For thepresentproblemtheTam andWebb3 radiation
and out� ow boundary conditions with a slight modi� cation for the
presence of a wall are used. Along boundary CDE of Fig. 3, the
following radiation boundary conditions are imposed:
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where .r; µ/ are the polar coordinates and V2.µ/ D M2 cos µ C
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1
2 . M2 is the Mach number of the ambient � ow, and

° is the ratio of the speci� c heats of the gas.
Along boundaryEF, there is a uniform in� ow at Mach M2 . At the

same time there are outgoingacousticwaves. To generate the in� ow
and to allow the outgoing acoustic disturbances to leave smoothly,
the physical variables are split up into two parts,
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The � rst part is the incoming mean � ow. The second part is the out-
goingacousticwaves.The outgoingacousticwavessatisfyboundary
condition (13). The variables are updated in time by Eq. (13) in the
same way as those along boundary CDE.

Along boundary BC the following modi� ed Tam and Webb3 out-
� ow boundary conditions are used:
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where V .µ/ Du cos µ C .1 ¡u2 sin2 µ/
1
2 . Boundaryconditions(14–

19) are essentiallythe same used by Shen and Tam6 in their screech-
ing jet simulations. In the present problem the velocity component
v is small and has been dropped from the equations. Along bound-
ary AB out� ow boundaryconditions(14–19), except (17), are again
used.To avoidexcessivere� ectionof acousticdisturbancesfrom the
corner region near A because of the presence of the wall, Eq. (17)
is replaced by the following equation:
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where NV .µ/ D 1 C u. The change from Eqs. (17–20) takes into ac-
count the presenceof the wall AK. Because of the wall, the acoustic
disturbancespropagate essentially in the x directionas nearly plane
waves.

On the wall surfaces the wall boundary condition is enforced by
means of the ghost point method. Details of the ghost point method
can be found in Ref. 25 and will not be elaborated upon here.

D. Duct Termination Condition
The space between the � at plate OF and the wall AG of

Fig. 3 forms a ducted region in which acoustic waves propagat-
ing obliquely toward the boundary FG would be re� ected back and
forth by the two walls. To minimize the re� ection of acoustic dis-
turbances back into the computation domain, a special set of duct
termination conditions is imposed at the end of the ducted region.
We found, after some experimentation,that a length of 2H is quite
adequate for this region.

In the duct termination region the � ow variables are divided into
two parts, i.e.,
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where the � rst termof Eq. (21) is the steadyincomingmean � ow. M1

is the Mach number of the wall jet. The second term is the outgoing
acousticdisturbances.To avoid re� ection back into the computation
domain, the outgoing disturbancesare to be damped out before they
reach the outer boundary FG by adding a frictional damping term
to the governing equations.These equations are
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The inverse frictional Reynolds number R¡1
d is chosen to have

the form
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where xG is the x location of the point G. Equation (23) provides a
smooth frictionaldamping.The smoothness reducesback re� ection
into the computation domain.

Because a seven-point stencil is used, some stencils, which orig-
inate from the duct termination region, extend outside the region
into the channel region of the computation domain. In the compu-
tation domain the variables are computed by Eqs. (9–12). They are
.½; u; v; p/. To obtain the values of .½0; u0; v0; p0/ at these points
so that Eqs. (22) can be used, one can make use of Eq. (21). The
same treatment applies to stencils that extend from the computa-
tional domain into the duct termination region.

E. Arti� cial Selective Damping
The DRP schemeis a centraldifferenceschemeand,therefore,has

no intrinsic numerical damping. To eliminate spurious short waves,
arti� cial selective damping26 is added to the discretized governing
equations.Thedistributionofarti� cialselectivedampingfollowsthe
design of Ref. 6. In the interior region general backgrounddamping
using the seven-point damping stencil (with half-width ¾ D 0:2¼ )
is enforced. The inverse mesh Reynolds number R¡1

1 D ºa=.a11/,
where ºa is the arti� cial kinematicviscosityand 1 is the mesh spac-
ing, is assigned the numerical value of 0:05. Along the boundaries

of the computation domain and wall surfaces, wherever the seven-
point damping stencil does not � t, smaller damping stencils1 are
used. The inverse mesh Reynolds number has a distribution in the
form of a Gaussian with a half-width of four mesh points (normal
to the boundary). The maximum of the Gaussian is on the boundary
with an assigned value of 0:15.

At the lip of the wall jet, the point O in Fig. 3, extra damping is
required. The following Gaussian distribution of R¡1

1 around this
point has been found to give satisfactory results:

R¡1
1 D 0:8 expf¡. 2/[.x2 C y2/=1612]g (24)

IV. Numerical Simulations and Observations
A large number of numerical simulations of the wall jet � ow and

acoustic � elds were carried out. The initial conditions used for all
of the simulations were

t D 0; u D M2; v D 0; ½ D 1; p D 1=° (25)

In the duct termination region there were no outgoing disturbances
at the beginning. The null initial conditions were used, i.e.,

u0 D v0 D ½0 D p0 D 0 (26)

After careful observationsof the computed results of many sim-
ulations, it becomes clear that the wall jet, with or without ambient
� ow, emits a gap tone near the trailing edge of the � at plate at O of
Fig. 3 or the nozzle lip of the wall jet. The sound is generated by the
shedding of vortices at the nozzle lip. The vortex shedding process
is regulated in time by a feedback loop. The entire sound generation
process including the feedback loop can be seen in Fig. 4. Figure 4a
shows the density � eld of the left half of the computation domain.
In this � gure the � at wall forms the bottom of the � gure. The zero
thickness plate that separates the channel � ow and the ambient gas
is shown as the line of discontinuity on the bottom-left-hand side
of the � gure. Above the thin plate acoustic waves in the form of
concentric circular arcs radiating from the trailing edge of the plate
can be seen. Downstream of the trailing edge, large vortical struc-
tures can be found in the mixing layer formed by the wall jet and
ambient � uid. In Fig. 4a near the trailing edge a vortex has just been
shed. Accompanying the shedding of the vortex, an acoustic pulse
is generated. Half the pulse propagates into the upper half plane.
This is seen as the white band near the trailing edge of the plate.
The other half propagatesdown through the wall jet � ow. The sound
waves are seen as the curved, alternately black and white, bands.
The bands appear to have the nozzle lip or trailing edge of the thin
plate as the apparent center.

Figures 4b–4d show the evolutionof the acoustic and � ow� eld in
time. Figure 4b, at a later time than Fig. 4a, shows that the acoustic
pulse in the wall jet, which in the preceding� gure propagate toward
the wall, has been re� ected back by the wall. The sound pulse now
propagates toward the mixing layer and the nozzle lip. Figure 4c
shows the instant when the re� ected pulse strikes the nozzle lip
of the wall jet leading to the shedding of the another vortex. The
shedding of a new vortex leads to the emission of another acoustic
pulse as shown in Fig. 4d. The cycle now repeats itself.

In Fig. 4 the simulation was carried out without ambient � ow.
But other simulations indicated that the feedback vortex shedding
phenomenon remains the same even when there is an outside � ow
at Mach M2 . Measured tone frequencies, however, are found to be
almost unaffected by the outside � ow.

V. Tone Frequency Formula and Comparisons
with Experiments

In this section a frequencyformula for the gap tones based on the
preceding observed feedback loop is derived. The tone frequencies
calculatedby this formula are thencomparedwith themeasuredtone
frequencies in numerical simulations and physical experiments.

A. Tone Frequency Prediction Formula
Figure 5a shows schematicallythe feedback loop of the gap tone.

Sound generated by the vortex shedding process (a pulse of sound)
propagates across the wall jet. Upon impinging on the wall, it is
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a) t = 15:75

b) t = 16:75

c) t = 17:50

d) t = 17:75

Fig. 4 Density � eld of simulated wall jet � ow and acoustic � elds show-
ing the generation of a gap tone and large vortical structures in the
upper mixing layer: M1 = 0:4, M2 = 0:0.

a) b)

Fig. 5 Feedback loop and the velocity vector diagram.

re� ected back. Propagating through the wall jet, the re� ected sound
strikes the nozzle lip. This triggers the shedding of a new vortex
and the generationof another sound pulse. This closes the feedback
loop.

Figure 5b shows the velocity diagram of the sound waves. In
propagating across the wall jet toward the wall on the other side,
the acoustic ray must point upstream so that the component in the
� ow direction exactly cancels out the convection velocity of the jet
� ow u. This is illustrated on the left half of the velocity vector
diagram. Let the sound speed be a, then the propagation velocity
normal to the wall is given by

v D .a2 ¡ u2/
1
2 (27)

On following the same reasoning, it is easy to conclude that the
cross-stream velocity of the re� ected wave that hits the nozzle lip
is also given by Eq. (27). The velocity vectors involved are shown
on the right half of Fig. 5b. Because the gap height is H , the time
of travel around the feedback loop is 2H=v plus a small delay time
0 (time delay between the time the sound waves striking the nozzle
trailing edge and the shedding of a vortex). But if T is the period of
oscillation, the time of travel over the feedback loop must be equal
to an integral number of T . This yields

2H .a2 ¡ u2/
1
2 C 0 D nT ; where n D 1; 2; 3; : : :

In his studyof thecavitytonefeedbackloop,Rossiter15 also included
a time-delay term in his famous formula. Obviously 0 depends on
the boundary-layer thickness at the trailing edge of the wall jet.
However, for thin boundary layer 0 is quite small. Here as a � rst
approximation it will be neglected. Thus the frequency of the gap
tone f is given by

f D n.a2 ¡ u2/
1
2 2H ; n D 1; 2; 3; : : : (28)

B. Comparisons with Numerical Simulations
The feedback loop involves primarily the propagation of sound

across the wall jet. Therefore, whether there is an ambient � ow
outsidethe wall jet or not would not affectappreciablythe frequency
formula (28). To test both the accuracyof (28) and its independence
of ambient � ow speed, a series of numericalsimulationswas carried
out with differentwall jet Mach number M1 and ambient � ow Mach
number M2 (M1 > M2 ). Figure 6 shows comparisons between the
measured tone frequencies and those calculated by Eq. (28) for M1

up to 0:4 and M2 up to 0:3. As can be seen, the measuredfrequencies
are, for all intents and purposes, independent of M2 and agree well
with formula (28).

C. Comparisons with Physical Experiments
In a recent airframe noise experiment22;27 involving a three-

element high-lift wing model in the Low Turbulence Pressure

Fig. 6 Comparisons between tone frequencies measured in numerical
simulations and calculated by Eq. (28): ² , M2 = 0:0; , M2 = 0:1; M,
M2 = 0:2; ¦, M2 = 0:3; and ——, theory.
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Tunnel at the NASA Langley Research Center, a strong tone was
detected. The tone was found to be emitted from the gap region
between the slat and the main wing. The tone frequency centered
around 50 kHz. The gap height H was 1.35 cm. Now if we use a
(speedof sound) D 340m/s, u D 0:25a and n D 4, formula (28)gives
a tone frequency of 48.8 kHz. This is very close to the observed
frequency. Reference 22 reported a slight decrease of the tone fre-
quency when there is a reduction in the � ow Reynolds number or
a thickening of the trailing-edgeboundary layer. For simplicity the
time-delay term 0 was neglected in deriving Eq. (28). For a thick
boundary layer 0 is larger. If this effect is included in calculating
the tone frequency, it will lead to a slight frequencydrop consistent
with experimental observation.

In Ref. 23 the noise of a two-element wing-� ap combination
was measured in the NASA Langley Research Center Quiet Flow
Facility. At a � ight speed of Mach 0:17, a strong tone was detected
at a frequencyaround49 kHz. By using the gap height H of 1.02 cm
provided in Ref. 23 and taking a D 340 m/s, u D 0:25a and n D 3,
formula (28) gives a gap tone frequencyof 48.4 kHz. This is in good
agreement with the measured value. Data at a lower Mach number
0:15 indicate a slight downshift of the tone frequency. We believe
this shift is similar to the frequency shift caused by the thickening
of the boundary layer at the slat trailing edge as just discussed.The
reason for the frequency drop is the same.

Reference 28 reported the observation of signi� cant amount of
slat gap noise over the frequency band of 12–20 kHz. The exact
mechanism responsiblefor producingthis noise componentwas not
known. Now, let us assume that the noise was related to gap tones.
The slat gap had a height of 1.676 cm (0.66 in.). If we take u D 0:5a,
n D 2 and a D 340 m/s, formula (28) yields a tone frequency of
17.5 kHz. The measured spectrum has a main peak at 15 kHz and
a minor peak at 17 kHz. The wing surface is curved in the slat gap
region so that the effective gap height for the feedback loop may
not be precisely the minimum height (0.66 in.). In other words, the
predicted gap tone frequency of formula (28) is not too far off to
rule out the feedback mechanism as a possible contributing factor
to the measured slat gap noise.

VI. Conclusions
In this work we report the discovery,using numerical simulation,

of a feedback mechanism by which gap tones are generated. The
tones are produced by the vortex shedding process at the lip of the
wall jet. The vortex shedding process is maintained by a feedback
loop. The feedback loop controls the frequency of the tone. The
feedback consists of the emission of a sound pulse as a vortex is
shed at the lip of the wall jet. Part of the sound waves propagate
across the wall jet and impinge on the wall on the other side. Upon
re� ection from the wall, the re� ected sound wave, now propagating
in the opposite direction, excites the shear layer when impinging
on the nozzle lip. This causes the shedding of a new vortex and
the generation of a new acoustic pulse. The process then repeats
itself.

In their study of � ow around a three-element high-lift wing sys-
tem, Khorrami et al.22 proposedthat vortexsheddingassociatedwith
� ow past the blunt trailing edge of the slat was the source of tones.
It is well known that blunt trailing edge facilitates vortex shedding.
There is no doubt from their work that sounddid produceby the vor-
tex sheddingprocess as they have proposed.The blunt trailing-edge
tone generationmechanism,however,does not readily yield a single
tone frequencyformula that canbe used to comparewith experimen-
talmeasurements.In an earlier reportof theirwork,Khorramiet al.27

reportedthat efforts to correlatethevortexsheddingfrequencyto the
thickness of the blunt trailing edge were not successful. Attempts
to correlate the frequencywith the displacement thickness ±¤ of the
wall boundarylayerwere then made.But thedisplacementthickness
on the two sides of the slat were found to be widely different, be-
causeof the largedifferenceKhorrami et al. declared that the proper
choice of ±¤ was problematic.They offered no de� nitive conclusion
on what determined the vortex shedding frequency.

We believethat if the slathasa blunt trailingedge,vortexshedding
in the formfoundbyKhorramiet al. can be the preferredmechanism.
However, the sheddingfrequencymight be regulatedby the acoustic

feedback loop found in the presentwork rather than the thicknessof
theblunt trailingedgeor theboundary-layerdisplacementthickness.
In other words, the blunt trailing-edgemechanism is assistedby the
feedback process.

Finally, we like to point out that the gap tone frequency formula
(28) is basedpurely on kinematicconsideration.The integern in the
formula is an unspeci� ed parameter that must be selected somewhat
empirically. Dynamically, the choice of the integer n is, however,
dictated by the instability characteristics of the trailing-edge � ow.
Obviously the observed tone frequency would correspond to the
value of n for which the gap tone frequency determined by formula
(28) is closest to the most unstable frequency of the trailing-edge
� ow. This is, however, not a trivial problemand is beyond the scope
of the present work.
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