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Three-dimensional multielement wings are simulated to investigate slat aerodynamics, numerical modeling
techniques, and compressibility effects for high-lift � ows. The computations are performed by solving both the
incompressible and compressible Navier–Stokes equations on structured, overset grids. Turbulence is modeled via
the one-equation Spalart–Allmaras model. All of the computed cases include the main wing with a half-span � ap
de� ected to 40 deg. Three leading-edge con� gurations of this unswept wing are then considered: no slat, full-span
slat, and a three-quarter-span slat. The slat elements are deployed to 6 deg. Computations of the model, which
simulates a landing con� guration at 10-deg angle of attack and a chord-based Reynolds number of 3.7 £ £ 106, are
validated with surface pressure measurements acquired at the NASA Ames 7- by 10-Foot Wind Tunnel. By the
observation of the changes to the high-lift � ow� eld by adding the slat, as well as by varying its spanwise length,
a detailed computational assessment of a properly con� gured slat is achieved. Moreover, the results increase the
computational knowledge of how to model the slat � ow physics accurately. For the three-element wing with part-
span slat, modeling compressibility can have a large impact on the � ow� eld solution. Overall, compressibility is
small, but it has signi� cant global effects on the circulation and � ow separation of each element.

Introduction

O NE currentchallengefor computational� uid dynamics (CFD)
research is the accurate prediction of high-lift � ows. In con-

trast to cruise con� gurations where the wing consists of a single,
simply connectedgeometry, typical high-lift systems for both trans-
ports and military aircraft employ both leading-edge devices (such
as slats) and trailing-edge devices (such as slotted � aps) that are
separated from the main wing element by very small gaps. For re-
alistic three-dimensionalcon� gurations, these devices often extend
only partiallyacross the span and lie in close proximity to structural
elements such as supporting brackets, engines, and pylons.

The high-lift system also introducescomplex � ow physics. In his
classic 1974 lecture, Smith describes the effects of the lifting per-
formanceof multiple-elementairfoilswith properlydesignedgaps.1

Many of these concepts can be illustrated using potential � ow re-
lationships between the elements of the high-lift airfoil. Neverthe-
less, high-lift system performance is dominated by viscous effects.
Meredith enumerates some of the viscous phenomena for multiele-
ment airfoils: 1) boundary-layertransition, 2) shock and boundary-
layer interaction, 3) viscous wake interactions, 4) con� uent wakes
and boundary layers, and 5) � ow separation.2 Each of these viscous
� ow phenomena pose extreme dif� culties for CFD modeling.

Many two-dimensionalviscousNavier–Stokes simulationsof the
� ow over multielement airfoils have been reported. These studies
range from the early work by Shuster and Birckelbaw3 to recent
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studies by Rumsey et al.4 and Fejtek.5 Rumsey et al.4 investigated
the � ow over two different multielement airfoils. They concluded
that speci� cation of transition location is crucial to the accurate
computation of boundary-layer pro� les, that the prediction of the
slat � ow� eld is dif� cult, and that the performanceof eddy viscosity
turbulencemodelsanda nonlinearexplicitalgebraicstressmodelare
similar for this � ow. Fejtek5 surveyedthe resultsof a codevalidation
challenge sponsored by the CFD Society of Canada; the test case
was a three-element airfoil con� gured for takeoff.

Becauseof geometricand physicalcomplexities,as well as the as-
sociated intense resourcerequirementsfor high-liftCFD, reports on
three-dimensionalNavier–Stokes applications are limited. In 1993,
Rogers6 demonstrated overset grid techniques for the main wing
and � ap elements of a T-39 Sabreliner aircraft, although the grid
density was too coarse to resolve the � ow� eld properly. The fol-
lowing year, Mathias7 and Mathias et al.8 computed the � ow about
a two-element, unswept wing with a part-span � ap using an in-
compressible Navier–Stokes code. The computations captured the
� ow near the � ap edge and compared favorably with experimen-
tal data. From 1995 to the present, similar viscous computations
for unswept, two-element wings with part-span � aps have been
reported by Jones et al.,9 who also used an overset approach; by
Khorrami et al.,10;11 who applied a patched grid approach and fo-
cusedon the airframenoise aspectsof the � ow, and by Mavriplisand
Venkatakrishnan12 and Anderson et al.,13 who investigatedunstruc-
tured grid approaches. Recent investigations have addressed more
realistic high-lift geometries. For example, Rogers et al.14 applied
and evaluated the overset grid method for a Boeing 747PD high-lift
con� guration.

This study extends the previous three-dimensional,high-liftCFD
research in two ways. First, a slat element is added to the unswept,
two-element wing geometry simulated by Mathias et al.8 Two con-
� gurations,which include a full-span and a three-quarter-spanslat,
are computed to quantify the impact of slat aerodynamics to the
computed high-lift � ow� eld. These computations address three-
dimensional characteristics of the � ow that can drastically change
with the inclusion of slats of various length. Furthermore, these
computations give quanti� able results and reaf� rm existing physi-
cal insight.
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Second, by studying the unswept, three-elementwing geometry,
which is relativelysimple in comparison to a completeaircraft high-
lift system, some limited numerical investigationscan be conducted
for the � rst time in three dimensions. Assessing the effects of com-
pressibility of the three-element wing with part-span slat required
comparisonsbetweencompressibleand incompressiblesolutions.It
was found that minor variations in numerical parameters produced
results that differed more than the effects due to compressibility.
Various solution methods are investigated that show signi� cant im-
pacts on the accuracy of the high-lift � ow� eld computations.

This paper contains a description of the high-lift wing geome-
tries with part-spanslat and � ap elements.A brief descriptionof the
INS3D and OVERFLOW algorithms is provided; this description
focuses on stating the numerical parameters selected for the sim-
ulations. Complete details of the computational grid systems and
numerical boundary conditions are given. The results are presented
in three sections: a solution accuracy study that addresses conver-
gence criteria and tunnel calibration, a numerical study of slat aero-
dynamics including experimental validation, and an assessment of
compressibility effects and numerical modeling parameters based
on code-to-codecomparisons. Finally, conclusions are made.

High-Lift Wing Geometry
The baseline wing for this investigation consists of a NACA

632-215 Model B airfoil section.15 Figure 1 shows the rigging of
the complete three-element section. The reference chord length c
for the un� apped section of the wing is 30 in (76.2 cm). Across
one-half of the span, a 30% chord Fowler � ap was installed. The
� ap was de� ected 40 deg with a gap of 2.6% chord and an overlap
of 1.5% chord. To quantify the in� uence of a slat, three different
leading-edgecon� gurations were investigated:a two-element wing
without a slat, a three-elementwingwith a full-spanslat, and a three-
element wing with a three-quarterspan slat. Both the full-span and
part-span slats were de� ected 6 deg and deployed to a gap of 2.0%
chord and an overlap of ¡0.5% chord.

These con� gurations were experimentally studied by Storms
et al.16 in a series of tests conducted in the NASA Ames Re-
search Center 7-by-10-Foot Wind Tunnel. The model vertically
spanned the tunnel between two splitter-plate walls, thereby re-
ducing the effective test section size to 5 by 10 ft (1.524 by
3.048 m), or 2 chords by 4 chords. The experimental repeatabil-
ity of total lift coef� cient was §0.01 for an actual CL less than
or equal to 0:95CL max. The total lift coef� cient was based on in-
tegration of pressure measurements. The pressure measurements
were made with pressure transducers having different accuracy
ranges: 0.31% for C p > ¡1, 0.28% for ¡1 > C p > ¡2, 0.26% for
¡2 > Cp > ¡5, and 0.21% for C p < ¡5. Because the majority of
pressure coef� cients measured were between C p D 1 and ¡3, the
averageuncertaintyis approximately0.30%. Figure 2 shows a plan-
form view of the model and the spanwise locations where surface
pressure measurements were acquired. The wing span b equals two
chord lengths. Trip disks were placed at 0.05c and 0.10c on the
upper and lower surfaces of the main element, respectively, for
the two-element wing without a slat. No trip disks were used on
the three-element con� gurations in the experimental tests.

Fig. 1 Position of the slat and � ap elements for the two- and three-
element wings.

Table 1 Mach number and exit boundary condition comparisons
for the tunnel calibration study

Code M1 Exit boundary condition

OVERFLOW 0.22 Exit extrapolation with � xed static pressure
OVERFLOW 0.22 Speci� ed exit mass � ow ratio
OVERFLOW 0.22 Exit extrapolation of all variables
INS3D N/A Exit extrapolation with � xed static pressure

Fig. 2 Experimental spanwise pressure tap locations for the two- and
three-element wings (locations are de� ned where computationalresults
are presented).

Numerical Approach
All of the computations were performed using the experimental

coordinatesystemwith the wing positionedat 10-degangleof attack
and at a chord-based Reynolds number of 3.7£ 106 . The tunnel
was modeled accordingto the experimental test section dimensions
(2 chords£ 4 chords). The inlet and outlet planes of the tunnel
were placed 10 chords upstream and 10 chords downstream of the
model, respectively. A Mach number of 0.22 was used for the slat
aerodynamics study. Table 1 describes Mach number and speci� c
code features for the tunnel calibration study and compressibility
effects study.

Algorithm and Turbulence Model Selection

Compressible Flow Solver

Most simulationswere conductedusingthe compressibleNavier–
Stokes code OVERFLOW.17;18 This code was selected for appli-
cation because it computes solutions on overset grid systems, a
technique that has been shown to be effective for the geometric
complexities associatedwith high-lift con� gurations.14 The numer-
ical method is based on the alternating direction implicit Beam–
Warming approximate factorization scheme.19 The code employs
central differencing for the left-hand side terms in all spatial direc-
tions with added second- and fourth-order arti� cial smoothing for
stability.20 The right-hand side spatial differencing for the convec-
tive � uxes is performedwith a third-orderupwind scheme based on
Roe’s � ux differencingmethod.21 The right-handside spatial differ-
encing for the viscous � uxes is performed via central differencing.

Each OVERFLOW case was run using a time step of 0.1, a min-
imum Courant–Friedrichs–Lewy (CFL) number cutoff for the lo-
cally varying time stepping of 5.0, a minimum CFL number for the
turbulence model of 4.0, and the multigrid option for convergence
acceleration.17 In addition, thin-layer and viscous cross terms were
retained in each computational direction to achieve fully viscous
conditions. Low Mach preconditioning was also used for selected
cases in the compressibility study, as is shown in Table 2.
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Table 2 Mach number and algorithm enhancements
used for compressibility effects study

Code M1 Solver acceleration

OVERFLOW 0.22 ——
OVERFLOW 0.22 LMP
OVERFLOW 0.001 LMP
INS3D N/A ——

Incompressible Flow Solver

An incompressible solution for the compressibility study was
generated using the INS3D-UP code22; this code also relies on
the structured, overset grid methodology. The INS3D solver uses a
block Gauss–Seidel iterative method that employs a line-relaxation
scheme, which allows for very large pseudotime steps enabling fast
convergencefor steady-state� ow problems.Spatial differencingon
the convective terms is done through the use of the method of arti-
� cial compressibility and third-order upwind � ux differencing that
is also based on Roe’s scheme.21 Viscous � ux terms are spatially
differencedusing second-ordercentraldifferencing.The INS3D so-
lution was run using a arti� cial compressibility parameter that sets
the wave speed ¯ to 100.

Turbulence Modeling

The results of previous two- and three-dimensionalhigh-liftCFD
studies4;14;23¡25 suggest that the one-equation Spalart–Allmaras26

turbulence model is currently the most appropriate eddy viscosity
model for high-lift � ows in terms of accuracy and ef� ciency; it
was used to model the eddy viscosity in all of the simulations.The
current implementation of the model within each � ow solver did
not allow for laminar–turbulent transition of the � ow, so that all of
the calculations assume a fully turbulent � ow over the wing. Even
though the Reynolds numbers are relatively low, valid comparisons
with the experimental data can be made due to the boundary-layer
tripping of the two-element wing and rapid free transition likely to
occur on the three-element wings.

Domain Discretization

Overset Grid Generation

Structured, overset grids are used throughout this study. The grid
generationis similar to the approach taken by Mathias7 and Mathias
et al.,8 who establishedthe necessaryspanwise and streamwise grid
resolution for the � ow� eld with the two-element wing. Moreover,
the grid generation makes extensive use of the Chimera Grid Tools
package27 and the hyperbolicgrid generator,HYPGEN, which was
used for each component volume grid.28 Grids for the two-element
wing and the three-elementwing with full-spanslat are essentiallya
subset of the grid system for the three-elementwing with part-span
slat. For the two-element wing, the slat grids are removed. For the
three-element wing with full-span slat, the slat-tip grid is removed
and additional planes are added in the spanwise direction. Details
about grid topology and grid size are presented in Ref. 29.

All of the wing-surface zones were embedded in a far-� eld box
grid representingthe effectivewind-tunneltest section.The test sec-
tion geometry was extended 10 chord lengths upstream and down-
stream from the leading edge of the main wing element and used
inviscid spacing. The individual grid zones were merged using the
PEGSUS code.30 The composite mesh contains 3.94 million points
within eight zones. Mesh sizes for the two-element case and the
full-span slat case are 2.31 million points and 3.02 million points,
respectively.

Boundary Conditions

To enable code-to-code comparisons between the OVERFLOW
and INS3D solvers, the same computational boundary conditions
were invoked in both codes. All of the solid surfaceson the high-lift
wing were modeledusingan adiabaticviscouswall boundarycondi-
tion,whichspeci� ed zerovelocityandzeronormalpressuregradient
at the surface point. A C-grid � ow-through condition, which aver-

ages quantities from the points above and below the wake bound-
aries,was applied along the wake boundariesof the slat, main wing,
and � ap zones. This boundary condition was also applied to the
wake-extension portions of the slat cap. The partial fold-over axes
for the slat cap were speci� ed using an axis condition that imposes
the average value of the immediately surrounding nodes onto the
axis point.

The wind-tunnel walls were treated inviscidly in both codes by
imposing a zero normal gradient of the velocity at the wall nodes.
For the INS3D solution,uniform normal velocity and total pressure
wereprescribedat the tunnelinlet.At the tunnelexit, a constantstatic
pressurewas prescribedwith the velocity� eld extrapolatedfrom the
grid plane immediately preceding the exit plane. These conditions
were previously validated by Mathias7 and Mathias et al.8

Solution Accuracy
Convergence Criteria

Both the L2 norm of the residuals and the total lift and drag
coef� cients were monitored to determine convergence for the
OVERFLOW simulations. For these steady-state, high-lift compu-
tations, an acceptable level of convergence was reached when the
L2 norm for each of the computational grids had dropped by three
orders of magnitude. In addition, the variation in the total lift coef-
� cient was required to be within 20 counts (1 countD 0.0001) for
the last 100 cycles, which is two orders of magnitude more accu-
rate than the experimental data. Typical convergence histories for
all cases are shown in Figs. 3a and 3b. Figures 3 show the L2 norm
and total lift vs computational cycle for the part-span slat solution
used in the compressibilitystudy (where the freestreamMach num-
ber was 0.001 and low Mach preconditioning was implemented).
Convergence required about 2500 multigrid cycles for most cases;
the part-span slat case required about 280 h of CRAY J90 CPU h,
which roughly equals 65 CPU h for a CRAY C90.

Convergence for the INS3D solution was dictated by the order
of magnitude of the divergence, which is a measure of mass con-
servation. Iterations were terminated once the maximum value of
the divergenceparameter at any locationwithin the compositemesh
was at or below unity. The maximum value of the divergence was
located at a chimera boundary of two overlapping zones; achiev-
ing a lower level of divergence in this case would have been im-
practical and probably would not have changed the solution to any
detectable degree. Convergence of the part-span slat con� guration
using INS3D required approximately 265 CRAY J90 h for nearly
700 cycles.

Fig. 3a L2 norm residual convergence history for OVERFLOW solu-
tions; three-element part-span slat wing.
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Fig. 3b Total lift coef� cient convergence history for OVERFLOW so-
lutions; three-element part-span slat wing.

Tunnel Calibration

From a numerical point of view, a primary objective of a tunnel
simulation is to achieve a � ow solution in the test section similar
to the tunnel operation condition.31 Attention needs to be placed
on boundary conditions when attempting to compare the results of
experiments and numerical modeling. Improper pressure or veloc-
ity conditions at a tunnel exit plane, for instance, can induce the
incorrect velocity condition at the test section, or even introduce
re� ective pressurewaves that can inhibit the convergencerate of the
solution.31 For the purposes of a compressibilitystudy, similar � ow
conditionsmust be achieved at the test section for the compressible
and incompressiblenumerical simulations.

The internal � ow problem of this study required a calibration
of the out� ow boundary condition for the solutions computed with
the OVERFLOW code. Mathias had found little effect on the � ow
by varying the out� ow conditions in INS3D between extrapolation
and characteristic conditions in his study.7 Furthermore, because
the INS3D results in this study and in the Mathias7 and Mathias
et al. results8 agreed well with experiment, effort was placed in
calibrating the OVERFLOW solutions in reference to the INS3D
solutions. Surveys of the � ow within the wind-tunnel test section
with the test article installed were not made in the experiment.

Three OVERFLOW out� ow boundary conditions were investi-
gated and are shown in Table 1. The out� ow boundary condition
that prescribeda constantstatic pressureat the exit was � nally used.
Similar to the INS3D out� ow condition, the velocity � eld and other
� ow quantities are extrapolated from the preceding grid plane. The
initial approaches to the compressibility study used the speci� ed
tunnel exit mass � ow condition. This boundary condition was de-
veloped by Djomheri31 as a convergence enhancement for internal
simulationsof the NASA 12-FootPressureWind Tunnel.A physical
interpretationof this boundary condition is based on global conser-
vation of mass in the tunnel. This boundary condition assumes the
variation of � ow velocitynormal to the tunnel exit plane is small. A
third exit condition available in OVERFLOW, which extrapolated
all � ow variables at the tunnel exit, was also considered.

Figure 4a shows the averaged, normalized momentum � ux
throughout the tunnel for three OVERFLOW simulations and the
INS3D simulation with different exit conditions.The high-liftwing
is con� gured with the part-span slat in each case. The straight-line
segments near x=c D 0 on the curves represents the location of the
high-lift model, where the tunnel grid points have been cut away
or blanked out by the PEGSUS interpolation scheme.30 The onset
momentum is fairly equivalent between the solutions, as shown in
Fig. 4a. Conversely,the momentum � ux aft of the test section region
varies signi� cantly over the different solutions. The OVERFLOW
solution using the speci� ed mass � ow ratio exit condition causes a

Fig. 4a Wind-tunnel test section conditionscalibrationcomparing av-
eraged momentum � ux using various exit boundaryconditions for com-
pressible and incompressible solutions.

Fig. 4b Wind-tunnel test section conditions calibration comparing
pressure distributions on tunnel side walls using various exit bound-
ary conditions for compressible and incompressible solutions.

large increase in momentum aft of the high-lift wing. At this loca-
tion, the OVERFLOW solutions using the extrapolationconditions
show a slightly lower momentum loss aft of the test section than
does the INS3D solution using an extrapolationcondition.

Althoughthe scale of the averagedmomentum changesare small,
the impact on the � ow domain was signi� cant. This can be seen in
Fig. 4b, which also compares the same OVERFLOW and INS3D
simulations by plotting pressure distributions on the tunnel side
walls. The side walls correspond to the upper and lower surfaces
of the high-lift wing. In Fig. 4b, the lower surface side-wall pres-
sures are essentially equivalent for the OVERFLOW and INS3D
solutionsprescribingthe extrapolationconditionsat the tunnel exit.
The OVERFLOW solution using the speci� ed mass � ow exit con-
dition shows lower pressures on both the lower and upper surface
side walls. Moreover, the exit pressure for this case is also lower
than the other solutions. Clearly, the speci� ed mass � ow exit con-
dition causes a higher � ow velocity through the test section region.
Note the differences in the upper surface side-wall pressures be-
tween the OVERFLOW and INS3D solutions using extrapolation
exit conditions in Fig. 4b.

Intuitively, the compressible solutions will show greater suction
over the upper surface of the high-lift wing. This compressibil-
ity effect is re� ected on the upper surface side wall by the lower
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pressuredistributionfor the OVERFLOW solutionsthrough the test
section region. The exit condition that prescribes a constant static
pressure and extrapolation of other � ow variables was used for the
OVERFLOW solutions in this study. Although the boundary con-
dition that prescribes a straight extrapolation of all � ow variables
matches the earlier OVERFLOW extrapolationcondition, it slowed
convergence in the tunnel zone and, consequently,was not used.

Slat Aerodynamics
Experimental Veri� cation

Computed pressure distributions are compared to experimental
data from Ref. 16. All computations for the slat aerodynamic re-
sults were run with the OVERFLOW code using a freestreamMach
number of 0.22 and the conditionsdescribed in the “Numerical Ap-
proach” section earlier. For each con� guration, two spanwise loca-
tions are considered,y=b D 0:17 and 0.83.These spanwise locations
were chosen for the speci� c features associatedwith one-, two-, and
three-element � ows. All spanwise locations for each con� guration
showed the same agreement to experiment as the locations shown
here. Figures 5, 6, and 7 show the comparisons for the no-slat,
full-spanslat, and part-spanslat wings, respectively.The agreement
between computed and experimental pressure coef� cients is good

Fig. 5 Comparisons of OVERFLOW computed pressures with exper-
imental measurements16 at two spanwise locations on the two-element
wing, M 1 = 0.22.

Fig. 6 Comparisons of OVERFLOW computed pressures with exper-
imental measurements16 at two spanwise locationson the three-element
wing with full-span slat, M 1 = 0.22.

Fig. 7 Comparisons of computed pressures with experimental
measurements16 at two spanwise locations on the three-element wing
with part-span slat, M 1 = 0.22.

for all con� gurations.Differences occur at the suction peaks of the
main element and � ap, where the experimental pressure distribu-
tions do not have as large a suction peak on the main element as is
seen in the computed distributions. The discrepancy occurs in the
region where the boundary layer is transitioning from a laminar to
turbulent state for the three-elementwing con� gurations and where
boundary-layertripping is occurring on the two-element wing con-
� gurations.The lack of transitionmodeling in the computationswill
cause discrepancies in these cases. In addition, the in� uence of the
viscous wind-tunnel walls can have an impact on the pressure co-
ef� cients, especially at y=b D 0:83. In either case, these differences
can explain the slight disagreementof the � ap suction peak values.
Finally, the lower lift on the experimental main element allows the
� ap to operate at a higher effective angle of attack.

Slat Flow Features

The � ow over the two-element wing has been well documented
in the past.7;8 It is included in this study as a baseline to which the
other con� gurations can be compared. The changes in the � ow due
to full- and part-span slats can be quanti� ed. Surface particle traces
for the two-element wing are shown in Fig. 8a. The particle traces
are equivalent to an oil � ow pattern for an experiment. The � ow
on the � apped portion of the main element proceeds in the stream-
wise direction over most of the span. Near the half-span location,
however, there is a tendency for the � ow to curve away from the
un� apped portion of the wing. This curvature is a result of the ve-
locity induced by the � ap-tip vortex. The same effect is seen on the
un� apped half of the wing, though to a much larger degree. A large
separation line is seen on the un� apped portion of the wing, behind
which is a region of reversed � ow. A separation line also exists on
the � ap element near the trailing edge. The surface path lines � ow
spanwise toward the tip as the � ow moves from the lower surface
around the tip to the upper surface. This is the � ow that results in
the tip vortex downstream. By the half-chord point, the vortex is
largely formed and induces a velocity toward the tip beneath.

Figure 8b showsa similarview for the full-spanslat con� guration.
The slat causes minor changes in the � ow patterns on the surface
of the � apped portion of the main element. The separation line on
the � ap does appear to be shifted aft and even eliminatedover about
one-half of the � ap span. A drastic change in the � ow topology
is seen on the un� apped main element. The addition of the slat has
mitigated the suctionpeakon the un� appedmain element.Reducing
the pressure recovery demand on the un� apped portion eliminated
the separation region. A general tendency for the particle traces to
� ow toward the � ap tip is still seen. The � ow on the upper surface
of the slat is nearly streamwise over the entire span.
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Fig. 8a OVERFLOW computed surface particle traces for the two-
element wing, M 1 = 0.22.

Fig. 8b OVERFLOW computed surface particle traces for the three-
element wing with full-span slat, M 1 = 0.22.

Fig. 8c OVERFLOW computed surface particle traces for the two-
element wing with part-span slat, M1 = 0.22.

Surface particle traces for the part-span slat con� guration are
shown in Fig. 8c. Particle paths on the � apped main element are
still aligned with the freestream. The � ow on the � ap appears much
as it does for the two-element wing. A separation line is present,
but is located aft of the two-element separation line and slightly
forward of the full-span slat result, and the large change in the � ow
on the un� apped portionof the wing is visible.A massive separation
now exists outboard of the slat tip, and two things are happening to
change the � ow in this region.First, the slat-tipvortexis addingmore
upwash over the upper surface of the main element. The upwash is
adding to loading on the main element outboard of the slat, causing
separation to occur quickly. In addition, the tip vortex from the
slat travels above the upper surface of the wing, inducing a � ow
away from the slat. The long streamwise particle traces resolve this
induced path.

Figures 9 show pressure distributions for all three wing con� gu-
rations at four spanwise locations (Figs. 9a–9d). Table 3 indicates
the sectional lift coef� cient value of each element of the three wing
con� gurationsat the spanwise locationspresented.Figure 9a shows
the comparison at a y=b location of 0.83 (Fig. 2). At this location,
there is roughly 6% difference in slat lift and about 2% in main
element lift between the two slat con� gurations. This is expected
because the effects of the slat tip are relatively far removed. The
minor differences are a result of the part-span slat carrying slightly
less lift than the full-span counterpart due to the slat tip. The lift at
the tip disappears, and this is felt over the entire span, though to a
small degree at this spanwise location. Note that the upper surface
pressuresare differentonly on the main and slat elements.The wing
without the slat has a much differentpressure distribution.The suc-
tion peak at the leading edge of the main element is roughly 75%
stronger than the slat cases. This translates into about 18% more lift
carried by the main element in the no-slat con� guration. All three
con� gurations show the same pressure distributions by about 0.4c
location. The lower surface pressure levels are nearly the same for
all of the wings, though the leading-edge stagnation point moves
with the addition of a slat.

The presence of the slat sets up a different � ow impingement on
themain element leadingedge. It actuallymoves the stagnationpoint
forward slightly.This allows the � ow to accelerateovera shorterdis-
tance around the leading edge from the stagnationpoint to the point
of maximum suction. Because the � ow travels a shorter distance, it
accelerates less due to the curvature of the wing section. The result
is a weaker suction peak. The � ap pressures are similar for all three
cases. This is not expectedconsideringthe suctiondifferenceon the
main element. Without the slat, the main element generates more
circulation (lift), which, in turn, should induce a greater downwash
velocity on the � ap. The effect of increased downwash would be to
reduce the effective angle of attack of the � ap, hence reducing the
lift.

Figure 9b containsa similar comparisonat a spanwise locationof
y=b D 0:502, which is just inboard of the � ap tip. A slightly larger

Table 3 Sectional lift coef� cient values for slat aerodynamic study

Element Con� guration y=b D 0:83 y=b D 0:502 y=b D 0:250 y=b D 0:170

Main No slat 2.655 2.359 2.077 2.040
Flap No slat 0.380 0.069 N/A N/A
Slat Full span 0.611 0.590 0.571 0.567
Main Full span 2.258 1.992 1.741 1.710
Flap Full span 0.378 0.031 N/A N/A
Slat Part span 0.577 0.542 0.388 N/A
Main Part span 2.208 1.954 1.977 1.960
Flap Part span 0.382 0.069 N/A N/A

Fig. 9a OVERFLOW computed pressure distributions for the three
high-lift wings at spanwise locations, M 1 = 0.22 and y/b = 0.83.
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Fig. 9b OVERFLOW computed pressure distributions for the three
high-lift wings at spanwise locations, M 1 = 0.22 and y/b = 0.502.

Fig. 9c OVERFLOW computed pressure distributions for the three
high-lift wings at spanwise locations, M 1 = 0.22 and y/b = 0.25.

Fig. 9d OVERFLOW computed pressure distributions for the three
high-lift wings at spanwise locations, M 1 = 0.22 and y/b = 0.17.

differencebetween the two slat cases is seen on both of the forward
two elementscompared to Fig. 9a. Again, the lift carriedby the two-
element wing main element is much larger than that carried by the
wings with a slat. The � ap lift has droppedoff an orderof magnitude
for all con� gurations at this location. Although the � ap pressures
vary signi� cantly, all con� gurations exhibit a double suction peak
on the upper surface of the � ap at y=b D0.502.

The double peak is indicative of two separate low-pressure re-
gions. The � rst peak is the leading-edge suction, although some-
what mitigatedby the pressurerelief occurringat the tip.The second
(or aft) peak is, in all cases, larger than the � rst and is the result of
the tip vortex inducinga large, spanwisevelocitybetween the vortex
and the surface.Evidence of the induced � ow was seen in Figs. 8a–
8c. The magnitude of the � rst suction peak is roughly the same for
all cases, but there are signi� cant differences in the strength of the
second peak. The case without the slat is the strongest.Of the other
two cases, the part-span slat wing generates a stronger second peak.
A very large suction peak is seen on the lower surface of the � ap
element of each of the wings. The lower surface peaks result from
the high spanwise velocities due to the pressure relief at the � ap tip.

Figure 9c shows the computed pressure distributions taken just
inboard of the slat tip (y=b D 0:25). All three of the wings exhibit
different characteristics at this point. The full-span slat pressures
remain similar to those shown on Figs. 8a and 8b. A 13% difference
in lift between the main elements of the part- and full-spanslats has
been realized. The trends of the pressure distribution at the slat tip
are similar to those for the � ap tip in Fig. 9b, but the lift only drops
off about 40%. A double suction peak exits on the upper surface
of the slat, with the aft peak being much stronger. There is also a
lower surface suction peak near the slat tip. As the effect of the slat
diminishes, the lift on the main element tends toward the value of
the no-slat wing. At this location, the part-span slat main element
suction is abouthalfway between the other two wing con� gurations.

Figure 9d presents a comparison of the three wings outboard of
all part-span high-lift elements (y=b D 0.17). The pressure distribu-
tion for the full-span slat remains roughly the same as before. The
suction peaks for the wing sections without a slat at this spanwise
location show similar levels of leading-edge suction. However, the
large separationregion apparent for the part-span slat wing in Fig. 7
is also evident here. The pressure recovery for the part-span slat
wing is initially steeper than that of the no-slat wing. This causes
the separationthat extends over the aft 60% of the chord, as seen by
the � at pressure distribution and poor pressure recovery at the trail-
ing edge. The no-slat and full-span slat wings have similar pressure
distributions from about x=c D 0:3 to near the trailing edge. Also,
the stagnationpoints for the part-spanand no-slat sectionsare at the
same location.

Compressibility Effects
Four solution methods listed in Table 2 were implemented for

the compressibility study on the three-element wing with part-span
slat.32 The � rst method used the compressible solution that was de-
scribed earlier for the slat effects study. Two additional solutions
using OVERFLOW were obtained using low Mach precondition-
ing (LMP) and Mach numbers of 0.22 and 0.001. Finally, a fourth
solution was obtained using INS3D, the incompressible solver.

Figure 10 shows the surface pressure distributions on the slat,
� apped main, and � ap elements at spanwise location y=b D 0:83.
At this plane, the � ow near the surface is largely two dimensional,
as seen from the particle traces shown in Fig. 7. Speci� c lift co-
ef� cient values for each element of the four solutions are given in
Table 4. Comparison of the two compressible simulations using a

Table 4 Element sectional lift coef� cient values at spanwise locations
for compressibility effects study, y/b = 0:83

Solution Slat Main Flap

OVERFLOW, M1 D 0:22 0.577 2.208 0.382
OVERFLOW, LMP, M1 D 0:22 0.576 2.189 0.394
OVERFLOW, LMP, M1 D 0:001 0.550 2.129 0.397
INS3D 0.515 2.147 0.422
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Fig. 10 Pressure distributions for three-element wing with part-span
slat at y/b = 0.83 for compressible and incompressible simulations.

Mach number of 0.22, but with and without LMP, shows almost no
perceptible difference in the computed pressure distributions.

Next, comparison of the OVERFLOW results obtained at a very
low Mach number, 0.001, with the results predicted by the incom-
pressible � ow solver, INS3D, give con� dence in the performance
of OVERFLOW for a � ow that is essentially incompressible. Re-
markably, the pressure distributionsof the incompressiblesolutions
are basically equivalent for the � apped main element, the only vari-
ation on the � apped main element being in the cove area where the
very low Mach number OVERFLOW solution has a slightly lower
pressure coef� cient. The signi� cant differences between the two
solutions appear on the slat and � ap elements. The OVERFLOW
solution at nearly incompressible conditions predicts slightly more
circulation on the slat and slightly less on the � ap. One cause for
the difference may be due to algorithm differences between the
OVERFLOW and INS3D codes. OVERFLOW uses limiters intro-
duced to its spatial discretizationscheme to prevent the generation
of numerical oscillations,whereas the INS3D implementationdoes
not use limiters. The limiters can also introduce additional levels of
arti� cial dissipation in the solution. The limiters become active at
the cusp region of the slat (the sharp edge at the underside of the
slat) due to the sharp geometrical discontinuity. The smoothing of
the solution in this region changed the velocity condition of the slat
and caused the difference in pressure coef� cient seen on the upper
surface. In turn, the effective change of the slat element circulation
contributed to circulation differences on the � ap element.

In spite of the impact of the limiters, however, compressibility
effects become evident when the compressible and incompressible
solution methods are compared; Fig. 10 shows these effects. The
differences in suction peaks on the � apped main element between
the OVERFLOW solutionscomputedforMach numbersof 0.22 and
0.001 show the range of compressibility for this speci� c high-lift
case. The higher suctionpeak on the main element of the compress-
ible solutions indicatehigher circulationand, consequently,smaller
suction peak on the � ap. Conversely, the lower suction peak on the
main element of the incompressible solutions allows for a higher
suction peak on the � ap.

Figure 11 shows upper surface particle traces from INS3D for the
three-element part-span slat wing. Comparing Fig. 11 with Fig. 8c
shows that the outboard separation region has become signi� cantly
different in the incompressible solution. This separation region is
physically unsteady as demonstrated by tuft visualizations during
the wind-tunnel test16; the steady-state computations also give ev-
idence of this unsteady � ow region. The sharp suction peak at
leading-edgeregion of the outboard end of the un� apped main ele-
ment is increasedby the effectsof compressibility.A highervelocity
in this region puts a greater pressure recovery demand on the main
element, causing separation to occur sooner.

Fig. 11 INS3D surface particle traces for three-element wing with
part-span slat.

The separationline on the � ap is an important feature that is com-
pared between the OVERFLOW solution in Fig. 8c and the INS3D
solution in Fig. 11. The separation line on the � ap occurs farthest
downstreamfor the compressiblesolutionand farthest upstream for
the incompressible solution. The location of the separation line is
due to the strength of the suction peak on the � ap leading-edge re-
gion. As seen in Figs. 10, the greater loading of the � apped main
element due to compressibility causes the � ap to further unload
and delays separation on the � ap; this is an important result. Other
researchers have discussed compressibility effects as small and lo-
calized to the slat and main elementregion.6;33 As seen fromFigs. 10
and Table 4, compressibilityeffects for this three-dimensionalhigh-
lift con� gurationare small, on theorderof 2% in total lift coef� cient;
however, the effects are not local to the slat region. Although com-
pressibility increased the lift on the main element by roughly 3%,
the � ap element saw a drop in lift by 10%. Moreover, in the case
of the outboard separation region, although the compressible zone
at the forward tip of the main element is small, separation occurred
much sooner, creating a large difference in performance for this
portion of the wing.

Conclusions
The � ow about an unswept, high-lift wing con� gured with three

different leading-edgedevices (no slat, a full-span slat, and a three-
quarter span slat) was computed using compressible and incom-
pressible Navier–Stokes solvers on structuredoverset grid systems.
This studyextendedprevioushigh-liftCFD researchon the unswept
high-liftwing by adding the slat element.Results for each wing geo-
metry were shown to compare favorably with existing wind-tunnel
surface pressure measurements. Examination of computed surface
pressuredistributionsand particle traces for the threehigh-liftwings
veri� ed the fundamental impact of the slat element on the high-lift
� ow� eld. Furthermore, knowledge of the three-dimensional in� u-
ence of the slat and computationaltechniquesfor resolving the � ow
in the vicinity of a slat tip was gained and will be applied in future
simulations.

A basic numerical investigation was conducted by comparing a
series of three-dimensionalhigh-lift simulations. It was shown that
careful attentionmust be given to the selectionof the in� ow/out� ow
boundaryconditionspeci� cationforCFD simulationsof � ow within
a wind tunnel to achieve similarity with solutions generated by dif-
ferent predictive methods. For this high-lift � ow, the simulations
validated the LMP algorithmwithin the OVERFLOW code, as well
as the application of the code at incompressible � ow conditions.
The OVERFLOW and INS3D codes providedan excellentplatform
for examining compressibility effects due to the similarity in the
numerical methods and turbulence model within the codes. The ef-
fects due to the small compressible regions of the high-lift � ow� eld
had important global effects. Even though the compressible regions
were local to the slat and main element suction peaks, evidence
was shown that lift on the � ap, as well as separation regions, were
signi� cantly altered.
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