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Reynolds-Averaged Navier–Stokes Computations
of a Flap-Side-Edge Flow� eld

Mehdi R. Khorrami,¤ Bart A. Singer,† and Ronald H. Radeztsky Jr.‡

High Technology Corporation, Hampton, Virginia 23666

An extensive computational investigation of a generic high-lift con� guration comprising a wing and a half-span
� ap reveals details of the mean � ow� eld for � ap de� ections of 29 and 39 deg. The computational effort involves
solutions of the thin-layer form of the Reynolds-averaged Navier–Stokes equations. For both � ap de� ections, the
steady results show the presence of a dual-vortex system: a strong vortex forming on the lower portion of the � ap
side edge and a weaker one forming near the edge on the � ap top surface. Downstream, the vortex on the � ap
side edge grows and eventually merges with the vortex on the � ap top surface. Comparison of on- and off-surface
� ow quantities with our previous experimental measurements shows remarkable agreement. For the 39-deg � ap
de� ection, the calculation also reveals the occurrence of a vortex breakdown, which is corroborated by � ve-hole
probevelocity measurementsperformed in the Quiet Flow Facility atNASA LangleyResearch Center. The presence
of the vortex breakdown signi� cantly alters the � ow� eld near the side edge.

Nomenclature
C p = pressure coef� cient
u = streamwise velocity
uC = local wall-parallel velocity normalized by inner

variables
x = streamwise coordinate
x / c = streamwise coordinate normalized by main chord
x f / c f = streamwise coordinate normalized by � ap chord,

using � ap leading edge as origin
y = vertical coordinate
yC = wall normal coordinate normalized by inner variables
z = spanwise coordinate
z/ c = spanwise coordinate normalized by main chord
a = main airfoil angle of attack
d f = nominal � ap de� ection angle

Introduction

S OUND radiated from the side edge of a partial-span � ap is
one of the major contributors to airframe noise during aircraft

landing. Airframe-generatedsound often exposes communities ad-
jacent to major airports to high noise levels by commercial airliners,
especiallyduringapproach.Currentand futureFederalAviationAd-
ministrationnoise regulationsmake the reduction of airframe noise
criticalto the continuedsuccessofAmerican aircraftmanufacturers.

Early work by Ahtye et al.,1 Fink and Schlinker,2 and Kendall and
Ahtye3 and recent studies at both NASA Ames Research Center4

and NASA Langley Research Center5 all suggest that a signi� cant
portionof the airframe noise is generated at the � ap side edges. The
discussion in Ref. 6 provides an overview of the complex nature
of the problem and highlights that, although various models for the
� ap-side-edgenoise have been developed, considerablymore work
is needed to verify the concepts and develop models with more pre-
dictivecapability.Such capabilityis neededbecauseef� cient design
of modern quiet jetliners requires incorporation of cost-effective
noise-prediction tools into the design cycle. The needed improve-
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ment in noise prediction for novel con� gurations necessitates that
new semiempirical models be based on � ow physics rather than
only on empirical correlations.On the other hand, the development
of more rigorous models requires a deeper understanding of the
local � ow� eld where noise sources are located.

Based on � ow visualizations and surface pressure � uctuation
measurements,McInerny et al.7 conjectured that a dual-vortexsys-
tem forms in the tip region of a blunt-tippedairfoil. In a series of ex-
periments conducted in the NASA Ames Research Center 7 £ 10 ft
tunnel (hereafter called 7 £ 10), similar conjectures were drawn by
Storms et al.8 for the � ap-side-edge � ow� eld of a generic high-
lift system. Using a laser-light-sheet� ow-visualizationtechnique,a
rough estimate of the location and relative size of the two vortices
was obtained. Furthermore, surface static pressure measurements
near the side edge also revealed the possible presence of a dual-
vortex system. A companion computational effort9 to the 7 £ 10
experiments showed reasonable agreement between the measured
and computed surface pressure coef� cient away from the � ap side
edge. Near the side edge, however, the simulation failed to pro-
duce the proper pressure coef� cient or capture the multiple-vortex
� ow� eld. Very recently, Radeztsky et al.10 performed extensive on-
and off-surface � ow measurements of the side-edge � ow� eld in the
NASA LangleyResearchCenterQuietFlow Facility (QFF). In these
measurements the � ap-side-edge� ow� eld was thoroughlymapped,
which resulted in the emergence of a clear picture of the local � ow-
� eld.

The goal of the present study is to provide an accurate simulation
of the � ap-side-edge � ow� eld to corroborate and to complement
both the 7 £ 10 and QFF experimentaldatabases.Together, the data
presenta detailedpictureof the complexnatureof the � ap-side-edge
� ow� eld and allowtheextractionof themain � ow featuresfornoise-
source modeling purposes. The results of early calculations were
reported by Khorrami et al.11 Also, computations exclusively tai-
lored to address the QFF experiment’s unique setup and features are
reported in Ref. 12. The present paper extends the earlier work11, 12

and containsmore � nely resolved computations, including a vortex
breakdown with a 39-deg � ap de� ection and detailed comparisons
with experimental results.

Geometry and Gridding
The model comprises a NACA 632-215 Mod B wing with a 30%

chord half-span slotted Fowler � ap. The main element upstream
of the � ap includes a trailing-edge cove. The side edge of the � ap
is � at with sharp edges. More detailed geometrical information is
reported in Ref. 8. An overview of the geometry and the coordinate
system used in the computation is shown in Fig. 1. For historical
reasons, the main-element aspect ratio in the calculations is 2.25
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Fig. 1 Simulated model geometry.

rather than the value of 2.0 used in the 7 £ 10 experiments.Because
the data far from the � ap edge are nearly spanwise invariant, the
slight differences in span do not in� uence the important results
presentedhere.All comparisonswith experimentaldataarebasedon
distancefrom themidspannormalizedwith the main-elementchord.
In thiswork, theangleof attackof thecon� gurationis � xed at 10deg.
Flap de� ections of 29 and 39 deg from a nominal retracted position
are studied. For all cases, the Reynolds number based on the main-
element chord is 3.7 £ 106 and the freestream Mach number is 0.2.

The development of grids for the two con� gurations entailed a
series of compromises to balance the need for high-resolutionsolu-
tions and the practical realities of computing solutions with a large
number of grid points. In addition,any griddingstrategychosen had
to be amenable to at least three-levelmultigridding to improve con-
vergence of the solution. The core of the multizone grid topology
surrounding the solid surfaces is a modi� ed version of an existing
grid used in Refs. 11 and 12.

To simulate the 7 £ 10 experiment,8 the entire test section of
the wind tunnel was included in the simulation. Uniform in� ow
conditions were applied 15 chord lengths upstream of the model.
Extrapolation-based out� ow conditions were enforced 15 chord
lengths aft of the model leading edge. The wind-tunnel walls were
modeled as inviscid surfaces to avoid the high computationalcost of
resolving the wind-tunnelwall boundary layers. All airfoil surfaces
were treated as viscous boundaries. The � ow domain was divided
into 16 separate zones. One-to-one matching of grid points was re-
quired at most zone boundaries. For our largest grid, however, to
reduce the number of grid points, away from the core zones near
the airfoil surfacespatchingwas used to interpolatesolutionsacross
zone boundaries. In all cases where patching was used, the inter-
face surfaces were nearly � at. Although the use of overset gridding
techniquescan produce a grid with even fewer total grid points, the
use of overset grids involves additional computationaloverhead. In
addition, previous studies9 , 13 that employed overset grids for this
geometry reporteddif� culties;hence,we opted to employ grids that
used a mixtureof patchingand one-to-onematching of grid pointsat
zoneboundaries.Test calculationsshowedno noticeabledifferences
in the solutions with and without the patched interfaces.

The grid resolution requirements were driven by the need to ad-
equately predict not only surface quantities but also the off-surface
dynamics of the local � ow� eld in the vicinity of the � ap side edge.
Near the model surfaces, each boundary layer contained15–25 grid
points. Typically, the � rst grid point from the surface was located
less than 10¡5 chord lengths from the surface. In terms of wall co-
ordinates, the � rst point off a surface typically had a yC of approx-
imately 2. A sample velocity pro� le on the top surface of the main
element at x / c ¼ 0.95 is shown in Fig. 2. The symbol line represents
the computationwhere the symbols are at the mesh points. Clearly,
enough points were packed adjacent to the solid surfaces to resolve
the turbulent boundary layer properly. Grid resolution studies were
primarily concerned with better resolution of the curved shear lay-
ers and vortices adjacent and on top of the � ap side edge. Grids
with 2.25£ 106 and 3.1 £ 106 points were used for the 29-deg � ap-
de� ection case. For the 39-deg de� ection case, grids with 3.1 £ 106

and 4.45 £ 106 points were used. Only changes in the details of the
� ow near the � ap side edge were observed with the different grid
resolutions.For instance, in a calculation that used every other grid
point in each of the three coordinatedirections,we observed only a
3.78% change in the lift coef� cient as comparedwith the lift coef� -
cient obtained for the full 3.1 £ 106 point calculation of the 29-deg

Fig. 2 Sample boundary-layer velocity pro� le on top surface of main
element at x/c ¼ 0:95.

� ap-de� ection case.A similar comparisonthat used everyother grid
point for the 39-deg � ap-de� ection case resulted in a 3.81% change
in the lift coef� cient. The early calculationswere performed on the
NASA Langley Research Center Cray Y-MP computer. Later com-
putationswere performedon the National AerodynamicSimulation
Cray C-90.

Flow Solver and Turbulence Model
A standard � ow solver, CFL3D,14–18 was used to compute the

� ow� eld. The computer code CFL3D was developed at NASA
Langley Research Center to solve the three-dimensional, time-
dependent, thin-layer (in each coordinate direction) Reynolds-
averaged Navier–Stokes (RANS) equations using a � nite volume
formulation. The code uses upwind-biased spatial differencing for
the inviscid terms and � ux limiting to obtain smooth solutions in
the vicinity of shock waves. The viscous derivatives are computed
by second-order central differencing. Fluxes at the cell faces are
calculated by Roe’s � ux-difference-splittingmethod.19 An implicit
three-factor approximate factorization method is used to advance
the solution in time. Here, only steady solutions have been com-
puted, and convergenceis acceleratedwith local time stepping,grid
sequencing,and multigridding.Patched grid interfaces20 were used
at some grid boundariesto reduce the total number of grid points in
the calculation.

The Spalart–Allmaras turbulence model21 was selected as the
turbulencemodel for all of the results discussed here. The Spalart–
Allmaras model is robust, ef� cient, and tuned to handle general
aerodynamic � ows, including cases where � ow separationand reat-
tachment occur. In the model, the eddy viscosity is directly deter-
mined from the solution of a single transport equation. No ambigu-
ous length scales need to be evaluated, as is the case with many
previous algebraic and one-equation models. The model has been
tested extensively. For high-lift � ows, the Spalart–Allmaras model
performs about as well as higher-order models22 and better than
algebraic and other one-equationmodels.17, 22

Previously, we performed calculations for the 29-deg � ap-
de� ection case using both a k– e turbulencemodel and a k–x turbu-
lence model in addition to the Spalart–Allmaras model.11 We found
the Spalart–Allmaras model to be more ef� cient in terms of both
memory and time requirements, to be more robust, and to produce
results that were of comparable quality when compared to experi-
mental results.

Because a turbulent trip near the leading edge was used in the
experiments,the calculationswereperformedwith the � ow assumed
to be fully turbulent from the onset.

Results and Discussion
The presentationof the results is as follows: First, the computed

near- and on-surface global results, such as pressure coef� cients,
are discussed. Direct comparisons with the available experimen-
tal measurements are shown. The pressure coef� cient Cp plots are
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followed by a detailed discussion of the computed streamlines on
the sideedge.Next, an overallpictureof the local � ow� eld at the � ap
sideedge is presented.Finally,attentionis focusedon theoff-surface
quantitiessuch as velocity and streamwise vorticity.Once again, di-
rect comparisonswith the experimentalmeasurementsare provided.

Surface Pressure Coef� cient
The pressure coef� cients for the 29-deg � ap setting were pre-

sented in detail in an earlier paper.11 The computed results showed
remarkableagreement with the 7 £ 10 measurementsacross the en-
tire span (both � ap and main element). Rather than duplicatingthose
results, we present comparisons with the QFF Cp measurements.
The equivalency of the 7 £ 10 and QFF � ow� elds in the vicinity
of the � ap is discussed by Radeztsky et al.10 Brie� y, because the
QFF is an open-jet facility, the presence of the model induces cur-
vature of the jet. To obtain similar pressure distributions on the
� ap, the main-element angle of attack in the QFF is increased rel-
ative to the 7 £ 10 experiments. Because the local lift distribution
on the � ap governs the side-edge-�ow phenomena observed there,
similar C p distributions are suf� cient to establish nearly identical
� ow features. The equivalency of the � ow� elds is reemphasized in
Fig. 3, where a sample comparison between the C p of the QFF,
7 £ 10, and the computational � uid dynamics (CFD) is provided.
Figure 4 shows the comparison between the computed Cp and the
QFF pressure-sensitivepaint (PSP) result for the entire � ap top sur-
face. The agreement is excellent. All of the relevant � ow features
are resolved properly. The low-pressure gray strip near the leading
edge indicates the acceleration of � ow through the gap between the
main element and � ap. The pear-shape, low-pressure structure at
the side edge is the footprint of the side-edge vortex on the � ap top
surface. Because the vortex rubs against the sharp edge, the lowest
pressure peak on the � ap occurs inside of this footprint.

Fig. 3 Comparison of QFF, 7 ££ 10, and CFD � ap Cp for 29-deg
de� ection.

Fig. 4 Comparison between computed Cp and QFF PSP result for
entire � ap top surface (29-deg de� ection).

Fig. 5 Cp distribution on both elements at several spanwise locations.

Fig. 6 Flap Cp distribution near side edge.

For the 39-deg � ap de� ection, the pressure coef� cients along
the main-element and � ap chords at several spanwise locations are
shown in Fig. 5. The CFD results show excellentagreementwith the
7 £ 10 experimentalmeasurements, indicating that the global high-
lift behavior is capturedproperly.The presenceof the part-span � ap
imparts a mild spanwise variation in Cp on the main element. A C p

line plot very close to the � ap side edge is shown in Fig. 6. The
dual low-pressure peaks, which is a feature of the local � ow� eld,
are captured. Compared to the 7 £ 10 measurements, however, the
computedresults show a highervalue for the � rst peak, and the loca-
tion of the second peak is shifted upstream slightly. Unfortunately,
the density of the pressure ports in the experiment is insuf� cient to
pinpoint the chordwise location of the larger peak.

Side-Edge Surface Streamlines
The computed streamlines on the side edge for the 29-deg � ap

de� ection were previously discussed by Khorrami et al.11 Here we
present results for the 39-deg case only. The near-wall streamlines
restricted to the plane one grid point above the solid surface are
shown in Fig. 7. These streamlines are in excellent agreement with
the QFF surface oil-� ow patterns on the � ap side edge that are
discussed by Radeztsky et al.10 Because of the sharp corner, the
primaryseparationline is af� xed to thebottomedge.The presenceof
the primaryattachmentline is very well capturedin thecomputation.
This line begins near the leading edge and moves toward the upper
surface, becoming nearly tangent to it about a third of the � ap chord
downstream.Eventually, the attachment line turns toward the lower
edge beyond the mid� ap region. The computed streamlines also
capture the formation and location of the secondary attachment and
separation lines. Both of these lines, which are situated near the
bottom edge and run parallel to it, abruptly end in the vicinity of a
focal point.Downstreamof this point, the � ow is reversedandmoves
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Fig. 7 Flap-side-edge near-surface streamlines (39-deg de� ection).

Fig. 8 Flap static pressure � eld showing dual-vortex system at side
edge (29-deg de� ection).

upstream. The surface oil-� ow pattern from the NASA Langley
Research Center QFF experiment showed accumulation of oil at
a similar point. This observation was puzzling and initially unex-
plainable.Not until the computed streamlines revealed the presence
of this focal point and the reversed � ow downstreamof it did a clear
understandingof the side-edge streamlines emerge.

Side-Edge Flow� eld General Features
Before presenting detailed quantitative comparisons, a brief

overview of the relevant � ow features at the side edge is provided.
An effective technique for visualizing the embedded vortical

structures within the side-edge � ow� eld is via display of the static
pressure � eld. Depending on the strength of a vortex, the centrifu-
gal force � eld establishesa strong radial pressuregradient,with the
vortex core having the minimum pressure. To display the location
of the vortices in a black-and-white � gure, we decided to show the
staticpressurein a zebra format. In this format, light and dark fringes
indicate changes in the pressure contour. Although no quantitative
information should be deduced from these � gures, regions of local
extrema and the local gradients are easily seen. The static pres-
sure � eld for the 29-deg � ap de� ection, in essentially y–z planes
at four streamwise locations, is shown in Fig. 8. The normalized

Fig. 9 Flap static pressure � eld showing dual vortex system at side
edge (39-deg de� ection).

pressure range used in Figs. 8 and 9 is between 0.6 and 0.72, with
the freestream pressure of approximately 0.714. Figure 8 clearly
shows that a dual-vortex system is established near the � ap leading
edge.The primaryvortex is formednear the bottomedge and rapidly
grows in size in the streamwise direction until it occupies the entire
side edge. The weaker vortex is formed on the suction surface at
the side edge and only grows moderately in size as it moves in the
streamwise direction.

At a stationnear the � ap midchord, the primaryvortex is detached
from the side edge, moves on top, and merges with the top vortex to
form a single strong vortex. The concentric fringes in the last two
planesare evidenceof anorganizedvortex-corestructure.Further in-
terrogationof thecomputationaldatabaserevealedthat the separated
shear layer at the bottom edge is a constant source of vorticity that
gets wrapped around the vortex and feeds it. This constant feeding
results in a strongervortexwith a low-pressurecorecausingthe axial
velocityin the core to attaina speedup to twice the freestreamspeed.

The static pressure � eld for the 39-deg case is shown in Fig. 9.
Near the � ap leading edge, a pattern very similar to the case of the
29-degde� ection is established.The highernumberof fringes in the
cores,however, is indicativeof theexistenceof larger radial pressure
gradientsin both vortices.Unlike the 29-degcase, immediatelyafter
the merging of the two vortices, in the 39-deg case, the postmerged
vortex displays a disorganized core consisting mostly of constant
pressure � uid.

Vortex Breakdown
The disorganizedcore, for the 39-deg � ap de� ection, suggests the

occurrenceof vortex breakdown. This phenomenon is corroborated
by � ve-hole probe velocity measurements performed in the QFF.
The postmergedvortex core has expanded,and its axial velocityhas
rapidly decelerated, eventually forming a region of � ow reversal.
Figure 10a shows the vortex-breakdown � ow� eld in the vicinity
of the � ap side edge. The ribbons represent the � ow streamlines
at and near the � ap side edge. For clarity only the � ap geometry
is displayed. Near the � ap trailing edge, the darkest region, in the
shape of a bubble, shows the spatial extent of the axial � ow re-
versal region. Beyond the bubble region, the core axial velocity
reaccelerates and is directed downstream. We emphasize that the
use of bubble terminology here is based purely on appearances in
Fig. 10a. The ribbons also display the locations of the two vortices
near the � ap side edge and their subsequent merging upstream of
the breakdown region. This work represents the � rst time that vor-
tex breakdown has been reported to be numerically computed in a
multielementhigh-liftcon� guration.Most prior calculationsdid not
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Fig. 10a Streamlines identifying vortex breakdown region near � ap
side edge (39-deg de� ection); velocity scale is with respect to sound
speed, i.e., freestream value is 0.2.

Fig. 10b Vortex breakdown region identi� ed by � ow streamlines and
vectors projected onto x–y plane at � ap side edge.

provide suf� cient grid resolution in the vicinity of the vortices and
did not interrogate the data as thoroughly as was done here. In ad-
dition, without corresponding experimental results, computational
results suggestingvortexbreakdownin a multielementhigh-liftcon-
� guration would have been viewed suspiciously.

In some regards, the present vortex breakdown is quite dissimi-
lar to the classical bubble-type or the spiral-type breakdowns that
one observes in a tube. Figure 10b shows the projected vectors
and the � ow streamlines onto the x–y plane that corresponds to
the spanwise location of the side-edge surface. In Fig. 10b, the
aft midchord part of the � ap side edge is shown as a black sur-
face. Whereas the streamlines show the expected rapid expansion
of the vortex core ahead of the breakdown point, the behavior of
the streamlines in the internal region of the breakdown markedly
deviates from the observed breakdown phenomena in axisymmet-
ric tubes. Rather than internal recirculatingzones, an apparent focal
point exists to which all of the streamlinesconverge.In three dimen-
sions, the apparent focus is actually a saddle point. Fluid is brought
to the saddle point in this two-dimensional cut but moves away

from the saddle point in the out-of-plane directions. Near the tip
of the breakdown region, the dividing streamlines have a parabolic
shape that is typical for vortex-breakdown regions, but farther aft
the dividing streamlines develop an elongated shape that resembles
a banana. The time-averaged internal structure of the vortex break-
down at this spanwise location has been con� rmed by C.-S. Yao
via particle image velocimetry (PIV) measurements performed at
NASA Langley Research Center. An initial sample of PIV mea-
surements is presented by Macaraeg.23 However, because the ac-
tual internal structure is unsteady, the time-averaged data are not
appropriate for discerning the true internal structure of the vortex
breakdown.

Off-Surface Quantities
Off-surface measurements of velocity in the QFF experiment

were obtained with a � ve-hole probe.10 The experimental resolu-
tion of the velocity data was suf� ciently � ne for spatial derivatives
of the velocity� eld to providesmoothvorticitycontours.Depending
on the local � ow conditions,probe data were obtainedon grids with
point spacings ranging from 0.5 to 2.0 mm. The 1.59-mm diameter
of the � ve-holeprobe limited theclosestapproachto the � ap surface.
The estimated error of the � ve-hole probe varies greatly in a strong
vortex.Basedon theworkofKjelgaard,24 Radeztskyet al.10 estimate
the error in the velocitycomponentsat less than 5% in regionswhere
the velocity gradients are less than 800 s¡1 . Much larger errors are
expected in regions with higher velocity gradients. Because of the
enormousvolume of informationavailable,only streamwise vortic-
ity and axial velocity contours at selected locations are chosen for
direct comparison with the experimental results. The experimental
data were obtained in planes oriented approximately perpendicular
to the � ap chord line.

29-Degree Case
Figure 11 shows the position of the planes for the 29-deg � ap

de� ection.The planarCFD cutsaremadeat anglesand locationsthat
correspond to these experimental planes.10 The selected locations
along the side edge are at x f / c f ¼ 0.18, 0.51, and 0.84 from the
leading edge of the � ap.

The computed axial vorticitycontoursat x f / c f ¼ 0.18 are shown
in Fig. 12a. The dual-vortex system forms early, not too far from
the � ap leading edge. The vortex residing near the bottom edge is
bigger and stronger relative to the top vortex. Although somewhat
dif� cult to see, the curved shear layers that feed vorticity into these
vorticesare also resolved.These shear layers are formed in response
to boundary-layerseparation at both bottom and top sharp corners.
The corresponding experimental data are plotted in Fig. 12b. Note
that the experimentalplanes do not extend all of the way to the solid
surfacesbecauseof the measuringprobe’s � nite size. In addition,the
smallwhite square region in the � ow� eld is causedby the discarding
of the measured data wherever the range of validity of the � ve-
hole probe is violated. The agreement between measurements and
predictionsis quite good,which shows that the relevant� ow features
are captured appropriately.

The computed axial vorticity contours near the mid� ap section
are presented in Fig. 13a. At this location, the side vortex has grown

Fig. 11 Locations of selected planes for comparing off-surface quan-
tities (29-deg case).
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a) CFD b) Experiment

Fig. 12 Axial vorticity contours at xf /cf ¼ 0:18 (29-deg case).

a) CFD b) Experiment

Fig. 13 Axial vorticity contours at xf /cf ¼ 0:51 (29-deg case).

a) CFD b) Experiment

Fig. 14 Axial vorticity contours at xf /cf ¼ 0:84 (29-deg case).

in size and strength and is in the process of moving onto the � ap
top surface.At the same time, the side vortex is starting to in� uence
and interactwith the smaller top vortex.A strongcurvedshear layer,
emanating from the bottom edge, feeds vorticity into the side-edge
vortex. The computed � ow� eld in the midsection of the � ap is very
well corroboratedby the experimentallymeasured contours shown
in Fig. 13b. These contours plus the volumetric database have been
used to develop an idealized model of the curved shear layer at the
side edge.The preliminary resultsof Khorrami and Singer25 that are
basedon this idealizedmodel of the shear layer suggest that instabil-
ities that grow in the shear layer are leading candidates to be strong

noise sourcesat the � ap side edge. In addition,the steadyRANS pla-
nar cuts are being used as the base � ow for two-dimensional direct
numerical simulations26 to locate the local regions where unsteady
features are supported. The initial results are quite informative and
suggest that the side-edge � ow� eld is capableof supportinga broad
band of � ow unsteadiness.

Near the � ap trailing edge, the computed vorticity � eld shows
that the two vortices have merged and a single-dominant, nearly
axisymmetric vortex is created (Fig. 14a). These contours compare
very well with the measured contours shown in Fig. 14b. A com-
parison of the axial velocity distribution across the vortex core is
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a) CFD
b) Experiment

Fig. 15 Axial velocity contours at xf /cf ¼ 0:84 (29-deg case).

a) CFD b) Experiment

Fig. 16 Axial vorticity contours at xf /cf ¼ 0:26 (39-deg case).

a) CFD b) Experiment
Fig. 17 Axial vorticity contours at xf /cf ¼ 0:43 (39-deg case).

shown in Figs. 15a and 15b. The CFD results show a core at this
locationwith velocity in excess of 1.7 times the freestreamvelocity.
The measured contours show even higher values, reaching nearly
twice the freestream velocity. Although the comparison between
CFD and experiment in Figs. 14 and 15 is in excellent agreement
qualitatively, quantitativelysome minor differencesexist. First, the
computation underpredicts streamwise vorticity and axial velocity
by 10–15% relative to the measurements. Second, the simulated
vortex core resides somewhat higher from the � ap top surface.Both
of these differences are attributed to a lack of grid resolution away
from solid surfaces, although turbulence modeling issues may also
play a part.

39-Degree Case
As in the 29-deg case, the off-surface quantities are presented

at only three locations along the � ap side edge. The selected posi-
tions are x f / c f ¼ 0.26, 0.43, and 0.84. Once again, the planar cuts
through the volumetric CFD databasewere chosen to coincide with
the experimental planes where measurements were made.

The computed and measured vorticity contours at x f / c f ¼ 0.26
are shown in Figs. 16a and 16b, respectively. The presence of a
dual-vortex system at the � ap side edge is clearly demonstrated.
Except for a slightly larger side vortex in the calculation,Figs. 16a
and 16b are in goodagreement,both qualitativelyand quantitatively.
Because of a higher � ap de� ection, these vortices are stronger and
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a) CFD b) Experiment

Fig. 18 Axial vorticity contours at xf /cf ¼ 0:84 (39-deg case).

a) CFD
b) Experiment

Fig. 19 Axial velocity contours at xf /cf ¼ 0:84 (39-deg case).

larger when compared to the 29-deg case at a comparable location.
Figures 16a and 16b also show the spatial position and thickness of
the two shear layers emanating from the sharp corners. The accu-
mulation of opposite-signvorticitybeneath the vortices close to the
edges in Fig. 16a indicates secondary separation.

Figures 17a and 17b show the axial vorticity � eld near the � ap
midsection. Once again, the agreement between measurements and
predictionsis remarkable.At this location,the side vortexhasmoved
upward and is starting to affect the top vortex. The vortex passes
very close to the top edge, causinga strong interaction,as is evident
by the accumulation of opposite-signvorticity on the side near the
edge. In addition, the spatial position and the strength of the curved
shear layer, which feeds vorticity into the side vortex, is displayed
effectively.One point of concern for the CFD is the thickness of the
shear layer, which seems to be a bit large. Although a considerable
number of grid points are packed near the side edge, to fully resolve
the shear layer one must do even better.

Figure 18a presents vorticity contours near the � ap trailing edge
of the computed postmerged vortex. As expected, the vortex break-
down diffuses the streamwise vorticity.The CFD results are corrob-
orated by the measured � eld, which shows that the core vorticity is
diffused over a large area (Fig. 18b). As indicated earlier, the white
cut-out region in the middle of the measurement plane shows where
the � ve-hole probe’s range of validity was violated. The extent of
the � ow reversal region in the vortex core is shown in Fig. 19a,
where the computed axial velocity contours are shown. According
to the computations, the maximum reverse � ow in the breakdown
region achieves a value close to 10% of the freestream velocity. A
comparison with the measured axial velocity � eld (Fig. 19b) shows
the overall � ow features to be in good agreement. Unfortunately,

the � ve-hole probe is incapable of providing the magnitude of the
reversed � ow.

The general agreementof the CFD results and the � ve-holeprobe
measurements eliminated early concerns that the � nite size of the
� ve-hole probe induced the vortex breakdown.

Conclusion
Steady RANS calculations of a high-lift airfoil with a half-span

� ap were performed for 29- and 39-deg � ap de� ections. The com-
puted results are in excellent agreement with the companion exper-
imental measurements revealing the complex nature of the vortex
system at the side edge. At the higher de� ection, the computations
accuratelycapture the occurrenceand locationof vortex breakdown
near the side edge.

The present computations clearly show that, given the proper
care (grid distribution, postprocessing, etc.), the CFD analysis can
be used as a routine diagnostic tool on a fairly complex three-
dimensional � ow� eld. In fact,during the courseof thepresentstudy,
on several occasions, the computed results directed subsequent ex-
perimental measurements to be focused on a particular region of
interest. The usefulness of the volumetric CFD database goes far
beyond the comparisonattempted in this paper and a mere corrobo-
rationof the experimentalmeasurements.The wealth of information
providedby the CFD databasehas given us insight into the natureof
the � ow physicsat the � ap side edge and has allowedus to design tip
modi� cations to alter the � ow� eld for noise reduction purposes. In
addition,the computed result currently is being utilized to construct
idealized � ow models and to develop appropriate noise-prediction
tools.
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