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Unsteady Flow Computations of a Slat
with a Blunt Trailing Edge

Mehdi R. Khorrami, ¤ Mert E. Berkman,† and Meelan Choudhari‡

High Technology Corporation, Hampton, Virginia 23666

A detailed computational study of a high-lift con� guration was conducted to understand the source mechanism
behind a dominant acoustic tone observed in recent experiments on slat noise. The unsteady Reynolds-averaged
Navier–Stokes computationsfocused on accurate simulationof the local � ow� eld of a slat with a blunt trailing edge.
At a slat de� ection angle of 30 deg relative to the main element, the simulations revealed the presence of strong
vortex shedding behind the slat trailing edge. The resulting � ow unsteadiness produced large-amplitude acoustic
waves propagating away from the trailing-edge region. The local spatial resolution of the computed solution was
suf� ciently � ne to capture both the near-� eld structure and propagation direction of the generated sound. The
calculated shedding frequency is in good agreement with the measured acoustic frequencies obtained at NASA
Langley Research Center’s Low Turbulence Pressure Tunnel. In contrast, computationalresults at a slat de� ection
angle of 20 deg indicated that the shedding process was severely damped, and, therefore, in agreement with the
corresponding acoustic measurements during the experiment. There was no evidence of a strong acoustic source
near the trailing edge at this lower slat de� ection.

I. Introduction

V ARIOUS componentsof the airframe are known to be a signif-
icant source of noise. In the past, understandingand reducing

airframe-generated noise did not receive much focused attention.
With the signi� cant quieting of modern, high-bypass-ratioturbofan
engines, airframenoise now competes with engine noise and, in cer-
tain instances,even surpassesit. Airframe noise is most pronounced
during aircraft approach and landing, when the engines are operat-
ing at reduced thrust and airframe components such as high-lift
devices and landinggears are in deployedcondition.Future Federal
Aviation Administration noise regulations will require the � eet of
civil transport to be substantiallyquieter than currently operational
aircraft. With the worldwide increase in population density near
major airports and the projected growth in air travel, imposition of
even more stringent noise regulations is imminent. Consequently,
the study of airframe noise has become an important research topic.

Recent experimental studies in both the United States and Eu-
rope (e.g., Refs. 1–4) have highlighted and reaf� rmed the role of
high-lift devices as the dominant contributors to airframe noise in
the mid- to high-frequencyrange. In particular, the most signi� cant
sources of noise have been identi� ed with the leading-edgeslat and
the side edges of the � aps. Therefore, a concerted effort toward un-
derstanding the slat and � ap side-edge � ow� elds and their acoustic
characteristics is currently underway as part of NASA’s Advanced
Subsonic Technology (AST) program. Initially, the extensive com-
putational and experimental efforts were directed at delineating the
precise noise source mechanisms near a � ap side edge.1,5 ¡ 12 More
recently, attention has been focused on noise sources involving the
slat. To accomplish this task, a generic energy ef� cient transport
(EET)high-liftcon� gurationwas testedin theLow TurbulencePres-
sure Tunnel (LTPT) at NASA Langley Research Center. The three-
element model consisted of a slat, a main wing, and a partial-span
� ap (Fig. 1). Extensive aerodynamic and acoustic measurements
were made during these tests.

The acousticdata was obtainedusing a phased microphone array
by a team from The Boeing Commercial Airplane Company. The
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array was mounted on the LTPT ceiling, roughly 1 m above the
model, which had been mountedupside down in the tunnel to mimic
the � yoverpath (Fig. 2). The LTPT facility allows the � ow Reynolds
numberRe to be varied while holdingthe Mach number M constant.
The experimentswere carriedout at four distinctReynoldsnumbers,
namely, 3.6, 7.2, 14.4, and 19 ( £ 106 ), based on the stowed chord
of the three-element wing. The baseline settings employed during
the tests involved a main element angle of attack of 10 deg, a � ap
de� ection angle of 30 deg, and slat de� ection angles of 30 and
20 deg, respectively.

The microphone array measurements of the EET slat for the two
slat de� ections are shown in Figs. 3 and 4, respectively. The dis-
played spectra are in 1

12 th-octave bands. The � ow Mach number
is 0.2, corresponding to a typical approach condition in practice.
The following features in the slat spectra are worth noting. For the
30-deg case, the measurements show high sound levels in the lower
frequency range, followed by a gradual decrease. In the vicinity
of 40–50 kHz, however, the spectra display a very high-amplitude
tonelikefeature (hump). For certain test conditions,the sound levels
associated with this peak were so high that they virtually masked
any other sources of noise. At the lowest Reynolds number set-
ting included in these tests, Re = 3.6 £ 106 , the peak occurred at
a slightly lower frequency (¼ 42 kHz) and had an amplitude that
was 30–50% lower than the amplitude at the largest Reynolds num-
ber, Re =19.0 £ 106 . A similar peak in the slat spectrum had also
been observed in the earlier acoustic measurements of a generic
high-lift system in the NASA Ames Research Center 7 £ 10 ft
tunnel.5

At a slat de� ection of 20 deg, the sound levels are substantially
lower than the 30-deg case. In particular, the tonelike hump at
high frequencyvirtuallydisappears.The disappearanceof the high-
frequency noise source at the lower slat de� ection had also been
noted in the NASA Ames Research Center 7 £ 10 experiment by
Storms et al.5 Although several mechanisms had been theorized by
the members of the AST airframe noise team to explain this loud
acousticpeak,no clear understandingof the underlyingnoise source
mechanism had emerged.

The objectivebehind the presentwork was to rectify thedescribed
de� ciency via unsteady� ow simulationof the EET high-liftsystem.
Speci� cally, our goal was to prove or disprove, via computational
simulations, the conjecture that vortex shedding at the somewhat
blunt slat trailing edge is the mechanism responsible for the hump
at high frequencies. To that end, special attention was focused on
the � ne resolution and accurate computation of the important � ow
features in the vicinity of the slat in general and the blunt trailing
edge in particular.
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a) Three-dimensional model

b) Cross-sectional view

Fig. 1 Three-element EET high-lift system.

Fig. 2 Schematic of model setup in tunnel for acoustic measurements.

Fig. 3 Measured acoustic spectra for slat in 1
12 th-octave bands with

test parameters slat de� ection angle of 30 deg, main element angle of
attack 10 deg, � ap de� ection angle of 30 deg, and Mach number of 0.2.

Fig. 4 Measured acoustic spectra for slat in 1
12 th-octave bands with

test parameters slat de� ection angle of 20 deg, main element angle of
attack of 10 deg, � ap de� ection angleof 30 deg, and Mach numberof 0.2.

The organizationof the paper is as follows. In Sec. II, we describe
the computational procedure, including an account of the model
geometry, grid generation,and the � ow solver used. Detailed analy-
sis of the simulationdata is presented in Sec. III, whereinwe discuss
the effects of varying the slat de� ection angle, Reynolds number,
and trailing-edge thickness, respectively, on vortex shedding char-
acteristics.Finally, concluding remarks are presented in Sec. IV.

II. Computational Procedure
A. Flow Solver

The CFL3D code(describedin detailby Thomaset al.13 )was used
to compute the � ow� eld. The CFL3D code solves the compressible
three-dimensional,time-dependent,thin-layerNavier–Stokes equa-
tions with a � nite volume formulation. The code is characteristic
based, where upwind-biased spatial differencing is used for the in-
viscid terms, and � ux limiting is used to obtain smooth solutions in
regionsof large� ow gradients.The � ux-difference-splittingmethod
of Roe14 is used to obtain � uxes at the cell faces. All viscous terms
are centrallydifferenced.The code has provisionsfor grid sequenc-
ing, multigridding, and local time stepping to accelerate conver-
gence to the steady state. Also, to tackle complex � ow domains,
the code provides for multiblock grids with various options to treat
block interfaces, for example, pointwise continuous, patched grid
interpolation, chimera grid interpolation, etc.15 ¡ 17

In CFL3D, numerous turbulence models are provided, includ-
ing zero-, one-, and two-equation models. Based on our extensive
past experienceswith variousmodels, the two-equation shear stress
transport (k– x ) model of Menter18 was selected to be the preferred
model for the present problem. Although we suspect that a sig-
ni� cant portion of the � ow over the slat upper surface may have
been transitional in practice, all of the present computations were
performed assuming fully turbulent � ows over all three elements.

A detailed account of time-dependent formulation employed in
CFL3D was recently provided by Rumsey et al.19,20 and, thus, will
not be repeated. In short, however, the time-dependent equations
were solved implicitly in time, using a combination of three-factor
approximate factorization with dual time-stepping method20 that
providessecond-orderaccuracy in both space and time. Between 25
and 30 subiterations, in conjunction with three-level V-type multi-
grid cycles, were utilized to ensure a minimum of two orders of
magnitude drop in both the mean-� ow and turbulence-modelresid-
uals during each time step.

B. Geometry and Gridding Strategy
A full account of the three-elementhigh-liftEET model has been

given by Berkman et al.21 For the present work, note that in the
stowed position, the model has a chord of 21.65 in. (0.55 m) with
the slat and � ap chords of 15 and 30%, respectively.The important
geometrical settings, that is, the gaps gs and g f , and the overhangs
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Table 1 Geometrical settings

Parameter Setting

Slat angle d s , deg 20, 30
Flap angle d f , deg 30
Slat gap gs , % 2.44
Flap gap g f , % 3.0
Slat overhang os , % ¡ 1.52
Flap overhang o f , % 1.7

Fig. 5 Grid distribution in vicinity of slat; every other point is shown.

and os and o f , in the baseline experiments for both slat de� ections
of 20 and 30 deg are provided in Table 1, where the distances are
given as percentage of the stowed chord. The slat and � ap gaps
and overhangs are de� ned as shown in Fig. 1b. During the grid-
generation process, extreme care was exercised toward precisely
matching these experimental settings.

Computationalcosts, solutionturnaroundtime, and the � delityof
thecomputedsolutionall dependon thequalityof thegridemployed.
A judiciously designed grid would help to minimize the number
of total grid points, while achieving the proper mesh distribution
and maintaining the desired level of accuracy. The CFL3D code,
with its combination of multiple-block, patching, overlapping, and
embedding capabilities, provides the necessary � exibility in terms
of grid generation for complex geometry simulations.

For high-lift � ow computations,resolutionof the boundarylayers
adjacentto the solidsurfacesis of primaryimportance.Naturally,the
clusteringof mesh points will be near the walls. Based on our past-
experienceswith the computationsof high Reynolds number � ows,
approximately 20–25 points are required along wall-normal direc-
tion to resolve the thickness of the boundary layer. The placement
of the � rst point off the wall must be handled with care. In terms of
wall coordinates, the � rst point off a surface typically should have
a y+ of less than approximately 2. For the current simulations this
requirement was met by placing the � rst point at 5 £ 10 ¡ 6 chord
units off the surface.

Treatment of the trailing-edge bluntness is a crucial and chal-
lenging step in the current investigation. For accurately predicting
the slat’s vortex shedding, the computational trailing-edge geome-
try must match the actual thickness rather than being idealized as a
sharpedge.For the high-liftcomputations,of primary importance is
the capturingof the slatwakeand its downstreamevolution.Our grid
in the vicinity of the slat is shown in Fig. 5. For clarity, every other
point is displayedin both directions.The computationaldomain sur-
rounding the slat was divided into multiple blocks. For this grid, the
mesh clusteringoccursat the solid surfaces, trailingedge, wake, and
the cove. The extreme concentrationof mesh points in the slat cove
area (showing up as a large dark zone) is deliberate and was con-
structed for the purpose of accurately capturing the free shear layer
that formsat the sharp tip of the slat cusp region.The completedtwo-

Fig. 6 Zoomed view of grid distribution at and near slat trailing edge
displaying patched surface; every other point is shown.

dimensional grid has 19 zones, with a total of 271,000 nodes and
nearly two-thirds of the points clustered in the vicinity of the slat.

Although the global grid picture may give the impression of a
sharp trailing edge, in reality, the computational trailing-edge ge-
ometry is blunt. Two distinct values of trailing-edgethickness were
employed in the present study. The � rst set of computations was
basedon a thicknessh of 0.0154in. (0.39mm),whichcorrespondsto
the model design value. However, based on postexperimentalmea-
surements of the manufacturedslat model, a thicknessof 0.0196 in.
(0.5 mm) was employed in the second set of computations. An en-
larged view of the grid topology at the slat trailing edge is shown in
Fig. 6. The � ne mesh spacing (in both normal and streamwisedirec-
tions) required to capture the local � ow details near the trailing edge
is clearly shown in Fig. 6. Within a few edge heights downstream,
the � ne mesh distribution is gradually relaxed to yield a sizable
reduction in the overall number of grid points. For the present com-
putations, a 1–1 matched grid block topology would propagate the
dense clustering of the mesh points at the slat’s trailing edge all of
the way to the out� ow plane and, hence, is impractical, inef� cient,
and not useful. The patching approach (which is supported by the
CFL3D code as mentioned earlier) provides a more ef� cient way
to handle such situations. Patching involves reducing the number
of mesh points in one or two directions across a common inter-
face shared by two adjacent grid blocks. Patched-grid interpolation
is needed for communication between grids that share a common
face but are not C0 continuous. Patching works best when the grid
spacing in the normal direction is approximately the same on either
side of the patch interface.22 For the slat trailing edge, the location
of the patched surface can be easily identi� ed in Fig. 6 based on a
signi� cant reduction of mesh points in the normal direction.

III. Results and Discussion
A. Steady Simulations

For purely aerodynamic results, extensive three-dimensional
steady simulations of the EET high-lift system (Fig. 1) were un-
dertaken with a grid totaling 5.6 £ 106 points. Because the (slight)
bluntness of the slat trailing edge is expected to have an insignif-
icant in� uence on the global high-lift � ow� eld, all trailing edges
were treated as sharp during these calculations both to minimize
the required number of grid points and to facilitate solution conver-
gence to steady state. As described by Berkman et al.,21 the com-
puted three-dimensionalsolutionsshowedexcellentagreementwith
the measured mean aerodynamicquantities.To identify and capture
the associated aerodynamic noise sources, an unsteady simulation
of the � ow� eld is required. To approach the large-time behavior
of the unsteady solution as ef� ciently as possible, it is desirable to
initiate the time-accurate calculation with a � ow state that is close
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to the range of its � nal oscillatory behavior. With that in mind, the
pseudostationary solution obtained after suf� ciently large number
of iterations based on local time stepping was used as the starting
condition for time-accurate calculations.

The EET leading edge slat is two-dimensional and covers the
entire model span. Previous computations21 of the fully three-
dimensional mean � ow around the EET model had shown that the
rapid spanwise variationsassociatedwith the downstream presence
of a � ap sideedge aremainly localizedto the vicinityof themain ele-
ment trailingedge.The mean � ow� eld surroundingthe leadingedge
slat was found to be essentially two dimensional,with the part-span
� ap re� ected mainly through a modi� cation of the overall aerody-
namic loading, that is, effective angle of attack. Moreover, compu-
tational resources required to perform unsteady three-dimensional
computations on a grid similar to that used in the mean-� ow study
are still prohibitively large at this time. For these reasons, the un-
steadycomputationswere restrictedto a two-dimensionalversionof
the high-lift geometry (Fig. 1b). The presence of the part-span � ap
does affect the mean circulation and, thus, loading on the leading-
edge slat. To match the mean slat loading of the three-dimensional
model, the current two-dimensional results were obtained with the
main element at 8-deg angle of attack (as opposed to 10 deg for
the experiment), which was found to yield the best match with the
measured mean surface pressure distribution.All other slat and � ap
settings such as de� ection angles, gaps, and overhangs remained
identical to the experimental settings in Table 1.

The computations and postprocessing of the results were based
on nondimensional � ow quantities. The reference length used for
nondimensionalization was the stowed chord of the three-element
wing, referencespeedwas the speed of sounda 1 , the referenceden-
sity was q 1 , and reference molecular viscosity was l 1 , with the
subscript 1 denoting freestream quantities. For the present case,
the reference � ow variables were set to match the conditions at the
entrance to the LTPT test section. As discussed earlier, the compu-
tations were done in a fully turbulent mode using the two-equation
k– x turbulencemodel.18 Unless indicatedotherwise,all simulations
were obtained for M = 0.2 and Re = 7.2 £ 106.

For each individual case, the � ow solver was � rst run in the
steady mode until the residuals dropped 4–4.5 orders of magni-
tude before leveling off. In the case of the 30-deg slat de� ection,
the computation showed periodic oscillations in the lift coef� cient
CL on the order of 0.1–0.4%, indicating� ow unsteadiness.It is em-
phasized that this unsteadiness is self-starting and was not forced.
The base � ow obtained in this manner was used as the starting state
for the time-accuratecalculations.A constant nondimensional time
step of D t =7.726 £ 10 ¡ 5 (corresponding to 200 points per period
for 40 kHz tone) was used throughout each simulation, except for
the re� ned-grid calculation for which a slightly larger time step of
D t = 1.029 £ 10 ¡ 4 was used.

B. Baseline Grid Simulations
For the 30-deg slat de� ection, the time-accurate solution settled

into a purely periodic state subsequent to the initial transient. The
periodic � ow � uctuationsare mainly concentratedat the slat trailing
edge and are due to the vortex sheddingat the edge. The � uctuating
� eld was obtainedby subtractingthe local mean values (determined
byaveragingthecomputedsolutionovera singleperiodof shedding)
from the total unsteady solution.The time-averagedMach contours
near the leading edge slat (Fig. 7), clearly display the recirculat-
ing zone in the slat cove, the free shear layer originating from the
slat cusp, and acceleration of the local � ow through the gap. The
stagnation points near the slat and main element leading edges are
located at the centersof the concentricsemicircle contours in Fig. 7.
The � ow� eld interior to the recirculating zone involves extremely
low Mach numbers and has closed streamlines. The relatively slow
moving recirculating region is separated from the faster moving
� uid through the gap by a shear layer that thickens signi� cantly as it
curves upward and reattaches to the slat undersurfacenear the trail-
ing edge. We anticipate this shear layer, along with the recirculation
zone, to be an important source of � ow unsteadinessand noise gen-
eration, albeit at much lower frequencies than the tonal-like hump
in the slat spectrum (Fig. 3). The time-averagedMach contoursnear

Fig. 7 Time-averaged Mach contours near model leading edge for
30-deg slat de� ection.

Fig. 8 Time-averaged Mach contours at slat’s trailing edge for 30-deg
slat de� ection.

the slat trailing edge are shown in Fig. 8. The overall characteristics
of the trailing wake are displayed. Notable are the slight upward
de� ection of the wake due to the faster moving gap � ow and the
presence of a signi� cantly thicker boundary layer on the slat top
surface and a much thinner layer on the bottom surface. The low
Mach number � ow at the trailing edge is con� ned to a region not
much longer than twice the edge height. In fact, close to the edge,
the wake possessesa region of reversed � ow on its centerline,which
suggests the existence of absolute instabilities as the cause behind
the vortex shedding phenomenon.

The instantaneous, � uctuating pressure � eld (nondimensional-
ized with respect to 1/2 q 1 a2

1 ) at the slat trailing edge is presented
in Fig. 9. The established vortex street is clearly displayed con-
� rming our conjecture regarding the presence of vortex shedding
at the trailing edge. Because of the relatively coarse spatial resolu-
tion beyond two vortex spacings downstream of the trailing edge,
the computed � uctuation � eld in that region decays rapidly farther
downstream. Figure 10 shows the propagating waves and the es-
tablished wave patterns near the slat’s trailing edge and cove areas.
The plotted quantity is the � uctuating pressure � eld within an am-
plitude range of §0.002. Of particular signi� cance is the re� ection
of the wave at the leading edge of the main element, which results
in a very distinct interferencepattern across the gap and in the cove
area (Fig. 11). As seen from the patterns in Fig. 11, approximately
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Fig. 9 Instantaneous � uctuating pressure � eld at slat’s trailing edge
displaying vortex shedding; slat de� ection is 30 deg.

Fig. 10 Instantaneous � uctuating pressure � eld near leading edge dis-
playing wave propagation; slat de� ection is 30 deg.

Fig. 11 Instantaneous � uctuating pressure � eld showing established
wave patterns at trailing edge and gap region; slat de� ection is 30 deg.

Fig. 12 Fluctuating pressure � eld showing wave patterns and down-
ward wave propagation in opening between slat and main element; slat
de� ection is 30 deg.

two acoustic wavelengths span the gap distance. This observation
raises an important questionas to whether a feedback mechanism is
operative in the gap. If operative, a feedback mechanism certainly
would play an important role in either selecting or in� uencing the
shedding frequency. Unfortunately, we have not had the opportu-
nity to either con� rm or refute the presenceof feedbackmechanism
throughadditionalcomputationalexperiments.However, during the
LTPT experiment,the gapandoverhangwere changedovera limited
range, and no appreciableshift in the high-frequencypeakoccurred.
In addition, examination of the experimental data at a higher Mach
number (M = 0.3) con� rmed the occurrence of the high-frequency
hump at a � xed Strouhal number. These observations con� rm the
belief that the hump is, indeed, caused by some hydrodynamicphe-
nomena (such as shedding) and not by an acousticresonancemecha-
nism. The downward propagationof the waves through the opening
between the slat and the main element is better seen in Fig. 12. Fig-
ure 12 indicates that these waves, as they propagate downward, are
slightly redirected in the downstream direction by the geometry of
the opening.

At this time, a word of caution with regard to the amplitude and
directivity of the captured waves is warranted. The present � ow
solver provides second-order accuracy in both time and space. To
capture an acoustic wave, particularly at distances away from the
source, higher-order methods are highly desirable. In the present
calculations,dissipationand dispersionerrorsexist due to the lower-
order accuracy of the � ow solver. However, the objective of the
present computations is not to predict the far-� eld acoustics, but to
capture any near-� eld aerodynamicphenomena that are responsible
for the measured peak in the noise spectrum. Given our extremely
� ne resolution near the trailing edge and the cove area, we believe
that the dissipationand dispersionerrors will not have any in� uence
on the conclusion drawn herein. In a separate study, Singer et al.23

used an acoustic analogy to compute the far-� eld acoustics from
the time-history data of the present calculations. The agreement
between their computed far-� eld acoustics and the acoustic array
measurements reinforces that the current computations predict the
near-� eld � ow dynamics with suf� cient accuracy.

The nondimensionalunsteady pressure signal on the lower sharp
corner at the slat trailing edge is plotted in Fig. 13. The purely
periodic nature of the vortex shedding is clearly shown. Fourier
analysis of the pressure signal at this and nearby locations indicates
a sheddingfrequencyof ¼ 45kHz.This sheddingfrequencyis within
the range of the measured frequenciesof the hump shown in Fig. 3.

Having veri� ed the presence of vortex shedding and the likeli-
hood of its accounting for the high-frequency hump in the mea-
sured acoustic spectrum, additional simulations were carried out to
check if the shedding phenomenon would also explain some of the
measured trends (Figs. 3 and 4) in the acoustic spectrum for the
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Fig. 13 Periodic nature of nondimensional unsteady pressure signal
on lower corner at slat trailing edge; slat de� ection is 30 deg.

Fig. 14 Nondimensional pressure signal on lower sharp corner at slat
trailing edge showing loss of � ow unsteadiness; slat de� ection is 20 deg.

high-amplitude peak. As a � rst step, the slat de� ection angle was
changed to 20 deg (keeping grid topology, number of points, and
clusteringthe same), and the computationswere repeatedin a steady
mode to obtain the starting solution for the unsteady calculations.
Once again, the computations showed periodic oscillations in the
lift coef� cient CL on the order of 0.02–0.04% (which is an order of
magnitude smaller than those present in the 30-deg slat de� ection
case), suggestingpossible � ow unsteadiness.For this lower de� ec-
tion angle, however, the time-accurate computed solution reveals
no vortex shedding at the slat trailing edge or any other form of
� ow unsteadiness in the slat vicinity. Figure 14 shows the unsteady
pressure at the trailing-edge lower sharp corner for the 20-deg de-
� ection. The signal indicates that, although initially some form of
periodic � ow is being established, the unsteadiness levels are con-
siderablyweaker than the 30-deg de� ection case and are eventually
damped out by the � ow solver. This behavior is fully corroborated
by the measurements at the lower slat de� ection, which showed
that the hump at high frequencieseither diminished signi� cantly or
was absentaltogether.The steady Mach contours for the 20-deg slat
de� ection show an overall � ow pattern that is very similar to the
30-deg case shown in Fig. 7. In the present case, however, the shear
layer reattachment location on the slat bottom surface is closer to
the trailing edge. In addition, the Mach contours at the trailing edge
indicate a wake that is de� ected upward even more and a boundary
layer on the top surface that is much thicker when compared to the
30-deg slat con� guration.

The effect of lowering the Reynolds number on the vortex shed-
ding mechanism was simulated by repeating the computation for
Re =2.4 £ 106 . Our reason for choosing a Reynolds number lower

Fig. 15 Nondimensional time-dependent pressure signal on lower cor-
ner of slat trailing edge; slat de� ection is 30 deg.

Fig. 16 FFT of time records shown in Fig. 15 revealing shedding fre-
quency; slat de� ection is 30 deg.

than 3.6 £ 106 was out of concern that the spread between 7.2 £ 106

and 3.6 £ 106 might not have produced noticeable trends computa-
tionally. In hindsight and with the computed results at hand, how-
ever, we � rmly believe that use of Re =3.6 £ 106 would have also
provided the anticipated trends. Figure 15 shows a comparison be-
tween the unsteady pressure signals at the lower sharp corner of the
slat trailing edge for the two Reynolds numbers.The baseline signal
is shown by a solid line, whereas the dashed line indicates the signal
obtained for Re =2.4 £ 106 . The organized periodic nature of the
record clearlyshows that the vortexsheddingprocessremains intact
at this lower Reynolds number. On the other hand, there is nearly
a 50% reduction in the amplitude of the signal relative to the cor-
responding amplitude for Re =7.2 £ 106 . A fast Fourier transform
(FFT) of the time record (Fig. 16) revealed a shedding frequency
of ¼ 43 kHz as opposed to 45 kHz at Re =7.2 £ 106 . The reduction
in amplitude and the shift to a lower shedding frequency with de-
creasing Reynolds number are consistent with the measured trends
in the high-frequency peak from the slat acoustic spectra (Fig. 3)
described in Sec. I.

Measurements of the trailing-edge thickness following the com-
pletion of the experiment (and the baseline simulation described
earlier) revealed that the EET slat trailing edge was actually thicker
than the design value of h = 0.0154 in. (0.39 mm). Therefore, the
baseline simulation (Re =7.2 £ 106 , 30-deg slat de� ection) was re-
peated using the measured thickness of h =0.0196 in. (0.5 mm).
The additional thickness was added gradually along the chord and
only to the slat top surface to keep the gap value identical to that
in the earlier runs. Care was taken to ensure that the slat surface
remained smooth, with a continuous slope and curvature distribu-
tion throughout. The unsteady pressure signal at the bottom corner
of the thicker trailing edge (h = 0.0196 in.) is plotted in Fig. 15 as
a dashed–dotted line. For the thicker edge, the shedding process
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is stronger, as evidenced by a 30% increase in the amplitude of
the � uctuating pressure. A Fourier transform of the time record is
presented in Fig. 16 (dashed–dotted line). As expected, increas-
ing the trailing-edge thickness lowers the shedding frequency to a
valueof ¼ 39 kHz. Note, however, that althoughthe edgeheight was
increased by 27.3%, the shedding frequency has reduced only by
13.3%. This suggests that the nondimensional frequency (Strouhal
number, Sr = f h / U , where f is the shedding frequency and U is
a reference velocity) may depend on additional length scales be-
sides the geometrical length scale h. Brooks et al.24 in their ex-
tensive study of trailing-edge bluntness for symmetric airfoils at
zero angle of attack found a reasonable correlation between the
peak Strouhal number and the nondimensional scale h / d ¤ , where
d ¤ is the boundary-layerdisplacement thicknessat the trailing edge.
(This correlation was � rst suggested by Blake25 for � at plates with
blunt trailing edges.) However, dif� culties arise when one tries to
apply the correlation to the present high-lift � ow� eld. Given the
widely different values of displacement thicknesses on the suction
and pressure sides of the slat (see Fig. 8), the proper choice of d ¤

becomes problematic. Brooks et al.24 have suggested using an av-
eraged form of d ¤ . A similar complication is encountered during
the selection of the appropriate reference velocity U . An alterna-
tive length scale, suggested by Hammond and Redekopp,26 is the
combination of the edge height plus the displacement thicknesses.
Probing of the computational � uid dynamics (CFD) data suggests
this combination to be a more viable scale than an averaged value
of d ¤ ; nonetheless, both approaches fall short of predicting the cor-
rect falloff in the shedding frequency.Therefore, additionalwork is
necessary to determine the proper scalings and correlation for the
vortex shedding process.

C. Vortex Shedding Process
To explain the loss of vortex shedding at lower slat de� ections,

we resort to previous theoretical investigations. In his analytical
study of � ow past a � at plate with blunt trailing edge, Koch27 postu-
lated that the self-excitedvortex shedding process is governed by a
resonancelikemechanism, which is associated with a region of lo-
cally absolute instability.The shedding frequency is determined by
the distance in the wake where transition from absolute to convec-
tive instability occurs. Through a parametric study, Koch27 found
that symmetryof the wake plays a prominentrole in determiningthe
stability characteristicsof the wake. For asymmetricalwakes, a lim-
iting asymmetry seems to exist beyond which no region of absolute
instability can be found (loss of shedding) and only convective in-
stabilities are possible. Applying direct numerical simulation to the
same geometry,Hammond and Redekopp26 have con� rmed Koch’s
analysis27 and clearly establish the link between vortex shedding
and the wake global instability characteristics. Readers unfamil-
iar with the � eld of hydrodynamic stability are referred to Huerre
and Monkewitz28 for a thorough overview of global instabilities, in
general.

Our extensivepostprocessingof the time-averagedsolutionstends
to support the earlier analytical studies. For the case of 30-deg slat
de� ection, vertical cuts of the streamwise velocity show the wake
to possess a region of strong reversed � ow on its centerline. The
back� ow magnitude gradually diminishes in the downstreamdirec-
tion, and in two to three trailing-edge thicknesses downstream of
the edge, the wake becomes unidirectional.Although it is tilted up-
ward, the velocity cuts show the wake to be remarkably close to
being symmetrical with the bottom stream being slightly stronger.
The cited features tend to support a region of absolute instability,
which is a necessaryconditionfor establishmentof vortexshedding.

In contrast, similar cuts through the averaged velocity � eld show
that the 20-deg slat de� ection produces a wake that is markedly dif-
ferent than the 30-deg case.At lower slat de� ection, the reverse� ow
on the wake centerline becomes weaker in magnitude and shorter
in streamwise extent. Because of the strong upward tilting of the
wake, the bottom stream dominates and leads to a highly asym-
metrical wake. These differenceswill tend to diminish and possibly
even eliminate the region of absolute instability, thereby causing
either reduction of the amplitude of the vortex shedding process or
preventing it from being established.

Fig. 17 Fine grid distribution in vicinity of slat; every other point is
shown.

D. Re� ned-Grid Simulation
As is often the case with complex unsteady� ow calculations,our

simulationshave followedan evolutionarypath.Althoughthe initial
goals of the simulations were modest in nature, as a deeper under-
standing of the underlying local � ow physics emerged, provisions
were made to accommodate � ner details of the slat geometry and to
providebetter resolution.The accompanyingacoustic analyses (de-
scribed by Singer et al.23) highlighted some of the shortcomingsof
the initial Reynolds-averagedNavier–Stokes (RANS) simulations,
in particular pointing to the slat top surface and cove area as two
of the regions requiring better grid resolution. In addition, the slat
cusp was also treated as being blunt rather than sharp to match the
tested model. The cusp was made 0.01 in. (0.25 mm) thick, which
is half the trailing edge height.

The re� ned-grid distribution in the vicinity of the slat is shown
in Fig. 17. The new grid has 21 blocks for a total of 433,000 nodes.
Notice that, in comparison with the original distribution (Fig. 5),
the new grid has signi� cantly better resolution almost everywhere
(in the vicinity of the leading-edge slat), yielding a minimum reso-
lution of 12–14 points per acoustic wavelength based on the vortex
shedding frequency. In Fig. 17, note the heavy concentrationof the
points at the cusp, which were added to provide a resolution similar
to that of the trailing edge. The distributionof the nodes in the shear
layer (cove) region is extremely � ne, providing close to 25 points
per acoustic wavelength. We expect this grid to be � ne enough to
capture the primary mode of instability of the shear layer, if one
exists. As indicated earlier, for the larger grid, a time-accurate sim-
ulation was conductedusing a D t =1.029 £ 10 ¡ 4 , which is 4

3
of the

original time step. We chose a larger D t to strike a balance between
the temporal resolution need of the high-frequency vortex shed-
ding and generation of a suf� ciently long time record to search for
low-frequency shear layer instabilities. The � ow conditions were
the same as the baseline case with Re =7.2 £ 106, M = 0.2, and
h = 0.0196 in. (0.5 mm).

The amplitude of unsteady pressure signal at the lower corner
of the slat trailing edge was found to be 10–15% lower than that
obtained with the original grid (Fig. 18). A Fourier transformof the
time-dependent signal produced a shedding frequency of 37 kHz
vs 39 kHz based on the original solution for a sharp cusp. To en-
sure that the larger time step employed was not responsible for this
loss of amplitude and shift in frequency, the computation was re-
peated for a few shedding cycles using the original smaller time
step. The results were virtually identical to those obtained with the
larger D t , which suggest that the small difference in amplitude and
frequency are likely to have been caused by the thick cusp and,
possibly, by the grid modi� cations accompanying this change in
geometry.
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Fig. 18 Nondimensional time-dependent pressure signal on lower cor-
ner of slat trailing edge; slat de� ection is 30 deg.

Fig. 19 Nondimensional unsteady pressure signal in shear layer near
reattachment point; � ne-grid solution with slat de� ection of 30 deg and
h = 0:0196 in. (0.5 mm).

A closer scrutiny of the computed result revealed the presence
of relatively weak vortex shedding at the cusp. However, this weak
vortex shedding does not seem to translate into an acoustic source,
but the role of the cusp � ow in triggering, exciting, or enhancing
the shear layer instabilities remains an open question. The unsteady
pressure signal in the shear layer close to its reattachment location
is presented in Fig. 19. The time record shows a low-frequency
oscillation in addition to the typical trailing-edge high-frequency
shedding signal. This low-frequency oscillation con� rms one of
our original suspicions that the shear layer is another source of
� ow unsteadinessand, thus, a potential noise source. Recall that no
externalforcingwas appliedin the simulationand that the shear layer
unsteadiness is self-starting. A Fourier transform of the pressure
record and those from other locations in the shear layer indicate the
lower frequency to be in the vicinity of 3 kHz. Unfortunately, as
can be seen in Fig. 19, the generated time record is of insuf� cient
length to pinpointthe exact frequency.The computedlow-frequency
feature is in the proper range of the slat tonal frequenciesmeasured
by Dobrzynski et al.3

The wave patterns in the vicinity of the slat are shown in Fig. 20.
The overall patterns are similar to the less resolved case presented
in Fig. 10. However, with the added resolution, wave propagation
on the slat top surface is fully captured. Also noticeable in Fig. 20
is the redirection and scattering of the acoustic waves near the slat
cusp, which lead to cylindricalwave patterns that move away from
the cusp. Currently, we are in the process of analyzing the time-
dependent � ow� eld to better understand the underlying source of
unsteadiness in the shear layer. In addition, the re� ned-grid simu-
lation is being extended to provide a longer time record to con� rm
the longevity of the low-frequency oscillations noted earlier.

Fig. 20 Instantaneous � uctuating pressure � eld near leading edge dis-
playingestablished wave patterns; � ne grid solution with slat de� ection
of 30 deg and h = 0:0196 in. (0.5 mm).

IV. Conclusions
Time-accurate RANS simulations were carried out to study the

high-lift � ow� eld on an EET con� guration, with a particular em-
phasis on the unsteady � ow� eld near a blunt slat trailing edge. The
computational resolution was adequate to capture the details of the
local � ow� eld that are relevant to airframe noise generation.Anal-
ysis of the unsteady data revealed the presence of strong vortex
shedding behind the blunt edge, which leads to generation of tonal
noise. The vortex shedding process (which occurs only at a suf-
� ciently high slat de� ection) corresponds to a frequency range of
37– 45 kHz, dependingon the magnitude of the edge bluntness and
� ow Reynolds number. Although occurrence of shedding does not
necessarily translate into the measured (far-� eld) tonelike feature,
the computednear-� eld acousticsis stronglysuggestiveof thisbeing
the case. Direct computationof the far-� eld acoustics with the CFD
solver employed would have been impractical. However, as shown
by Singer et al.,23 the far-� eld radiationcan still be determinedusing
the computed CFD solution in the framework of an acoustic anal-
ogy. Their study establishes quite convincingly the link between
the trailing-edge shedding and the observed hump in the spectrum.
The computed shedding frequencies are in good agreement with
the measured spectral peaks from the LTPT experiment at NASA
Langley Research Center. The � ndings con� rm our conjecture that
vortex shedding is responsible for the strong high-frequencyhump
in the measured acoustic spectra of a 30-deg de� ected slat. The
generated acoustic waves propagate downward through the slat gap
and cove areas, directed slightly toward the downstream direction.
A � nely resolved solution indicates the presenceof additional, low-
frequency oscillations in the free shear layer originating at the slat
cusp; theaeroacousticsigni� canceof the shear layeroscillationsand
their (possible) interaction with other sources of slat unsteadiness
is currently under investigation.
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