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Abstract

The purpose of the present paper is to perform
a study of high-lift configurations using CFD
simulations. Such study is an attempt to es-
tablish guidelines for the analysis and design of
such devices through computational aerodynam-
ics techniques. The study is motivated by the re-
alization that an increased understanding of high-
lift systems plays an important role in design-
ing the next generation transport aircraft. Stud-
ies ranged from bibliography review of the most
up to date known techniques for high-lift con-
figurations analysis, 2-D simulations based on
the steady state Euler equations coupled to the
boundary layer equations and, finally, simula-
tions of Reynolds-averaged Navier-Stokes codes
for both 2-D and 3-D configurations.

1 Introduction

An increased understanding of high-lift systems
will play an important role in designing the next
generation of transport aircraft. Current designs
for such aircraft typically involve multiple ele-
ments, such as leading edge slats and multiple-
slotted flaps. The current trend is toward a more
efficient, yet simpler design which will lead to re-
duced manufacturing and maintenance costs. At
the same time, increases in lift coefficients for a
given angle of attack and increases in maximum
lift coefficient will lead to a larger payload capa-

bility. Increasing knowledge of the flow physics
involved with high-lift systems is, therefore, of
greater interest than ever before as the need to
improve over current designs becomes acute.

Study of these configurations will require
both computational and experimental efforts.
Computational fluid dynamics (CFD) is playing a
large role in such effort. Multi-element configu-
rations present a number of challenging problems
to the numerical investigations. These include
problems involving turbulent boundary layer sep-
aration, confluent boundary layers and wakes,
Reynolds number effects, three dimensional ef-
fects, compressible effects, transition and com-
plex geometries. Although the problems are in-
herently three-dimensional, there is still much to
be learned about the flow physics by studying
two-dimensional models.

The computational tools available range
from the more efficient and simpler invis-
cid/viscous coupled methods, to a Reynolds-
averaged Navier-Stokes (RANS) analysis. An
example of the former method is given by MSES
code [1]. It is based on the solution of the Euler
equations coupled with the boundary layer equa-
tions. These methods have been found to be suc-
cessful in accurately computing the pressure dis-
tribution for the multi-element airfoils, includ-
ing cases up to maximum lift, some of which in-
volve separation. The coupled method has been
proven to be useful as an effective engineering
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design tool. Unfortunately, this method is lim-
ited by its inability to compute beyond maximum
lift conditions, and it may have problems with
certain features of some airfoil systems such as
flap wells, thick trailing edges, or unsteady ef-
fects. The performance of high-lift configura-
tions, especially close to stall, can be difficult
to predict and requires the solution of at least
the Reynolds-Averaged Navier-Stokes equations
with an appropriate turbulence model. This is an
expensive computational task which is made even
more time consuming by the need of generating
a field grid. The high-lift configurations are usu-
ally complex geometries, and at which complex
flow physics are present.

Computational Fluid Dynamics (CFD) has
been exhaustively used for aerodynamic design
purposes due to the constant increase of the com-
putational capabilities, the development and im-
provement of methodologies and the ease to ob-
tain reliable results. The present paper uses the
MSES and CFD++ [2] codes to simulate flows
around high-lift aerodynamic configurations aim-
ing at the prediction of lift, drag, moment and
pressure coefficient distributions. In order to un-
derstand the flow physics over high-lift devices,
three configurations are chosen for the studies to
be performed in the present context. The multi-
element airfoils selected were the NLR 7301 [3]
and NHLP-2D [4] airfoils. Moreover, a 3-D con-
figuration based on the RAE 1372 [5] profile was
also selected. Such profiles were chosen based on
availability of geometry and experimental data,
for the flight conditions of interest for the present
simulations, and also on the amount of published
studies for the configurations.

2 High-Lift Configurations: Geometry and
Grid Generation

Geometry of the 2D profiles was obtained in
coordinate files and the trailing edges were not
collapsed in neither elements. Mesh genera-
tion was performed with ANSYS ICEM CFD
[6] and went through many parameters variations
to check their influences on the final CFD re-
sult, such as farfield distance influence, bound-

ary layer and general refinement and mesh topol-
ogy. Three geometries and flow conditions are
considered in the present effort. These include a
subsonic flow over a NLR 7301 airfoil, subsonic
flow over a NHLP-2D airfoil and subsonic flow
about a RAE 1372 configuration. The following
test cases were considered:

• Simulations of subsonic flows about NLR
7301 airfoil. The simulation for this case is
performed for Reynolds number Re = 2.51
x 106 million and freestream Mach number
M∞ = 0.185. Numerical results are com-
pared to available experimental results in
order to assess the correctness of the vali-
dation. The mesh over the NLR 7301 pro-
file is shown in Fig. 1. Both tri and quad
meshes were generated for this configura-
tion.

Fig. 1 Mesh over the NLR 7301 airfoil.

• Simulations of subsonic flows about
NHLP-2D airfoil. The simulation for this
case is performed for Reynolds number Re
= 3.52 x 106 million and freestream Mach
number M∞ = 0.197. Numerical results
are compared to available experimental
results in order to assess the correctness
of the validation. The mesh over the
NHLP-2D profile is shown in Fig. 2. Both
tri and quad meshes were generated for
this configuration.

• Simulations of subsonic flows about a RAE
1372 configuration [5]. The simulation for
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Fig. 2 Mesh over the NHLP-2D airfoil.

this case is performed for Reynolds num-
ber Re = 1.35 x 106 million and freestream
Mach number M∞ = 0.223. Numerical re-
sults are considered in order to evaluate
the correctness of the validation. The ge-
ometry of the profile was obtained from
reference [5] along with the parameters to
construct in a CAD environment the wing.
Featuring a slat and flap double configura-
tion, 31 degree of leading edge sweepback
and high-lift devices over the whole span a
tetrahedral mesh was generated with a total
of 3.375.912 elements, in order to discrete
the trailing edge of the elements, a well re-
fined mesh was required. The mesh over
the RAE 1372 configuration is shown in
Fig. 3. In the computational study involv-
ing the cruise configuration. In the study,
the fuselage and cruise wing were mod-
eled. Once the RAE 1372 cruise configu-
ration was obtained, started the mesh gen-
eration. Initially a tetra-prism based mesh
was used for trials and initial setups. Later
on hexa meshes might be used in order to
improve mesh quality and robustness. The
superficial and volumetric mesh was gen-
erated using ICEM CFD software.

An overall consideration on grid generation
for high-lift design based on these analysis states
that a hundred times the profile chord is the stan-
dard measure used on farfield distance. Boundary
layer has a crucial importance in the final result
and shall be discrete accordingly to the flow con-

Fig. 3 Mesh over the RAE 1372 configuration.

ditions.
Once the boundary layer parameters are de-

fined, a grid topology mesh may be created to
better define the boundary layer limits. The
hexa/quad mesh is the most indicated for high-
lift CFD analysis but one must respect the topol-
ogy orthogonally in order to preserve the mesh
quality, based on the determinant of the elements
which is the ratio of the smallest determinant of
the Jacobian matrix divided by the largest deter-
minant of the Jacobian matrix, where each deter-
minant is computed at each node of the element.
The determinant can be found for all linear hexa-
hedral, quadrilateral, and pyramidal elements.

A consistent method for studying conver-
gence of the computed solution with increasing
grid density is an important pre-requisite for val-
idating an automated CFD analysis procedure.
Consistency of the grid system is difficult to
achieve in analyzing high-lift flows. The diffi-
culty arise out of the need to ensure sufficient grid
density in regions of interesting flow phenomena
while preventing deterioration of grid density and
smoothness in other areas. The problem is fur-
ther compounded by a lack of guideline regard-
ing grid resolution requirements for the complex
flow physics involving disparate length scales
that arise in flowfields of multi-element high-lift
configurations. The three principal areas of inter-
est in the grid system are capture of the bound-
ary layer effects, grid density on the geometry,
and capture of wakes including regions of merg-
ing and separation of the freestream flow along
boundary layer.
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3 Flow Solution Method

3.1 Simulation Conditions

Usually, the solving step in the simulation pro-
cess consumes most of the time. In order to know
the number of simulations and flow conditions in
this phase to dimension the time to dispend, it is
indicated to have an estimation of expected re-
sults. In the early stages of the preliminary de-
sign of an airplane, some of the aerodynamic co-
efficients are already know due to a certain air-
plane performance that has to be achieved. In
particular, the high-lift devices are intrinsically
connected with the landing and the take-off per-
formance. This two phases of the airplane mis-
sion are very important due to the operational
implications that they have. An overestimated
take-off Cl maximum implicates in limitations in
the maximum weight to take-off, or the need for
an longer track. In the same way, an overesti-
mated landing Cl maximum implicates in the ne-
cessity for a longer track. The aerodynamic coef-
ficients are directly influenced by the flow condi-
tions (speed, altitude, temperature, etc), angle of
attack and elements individual displacement pa-
rameters (gaps and overlaps). The designer must
opt for the configuration where maximum lift co-
efficient is achieved, and to do so the number of
simulations, combining all the cited parameters
and conditions can grow out of limit on design
time and costs to compute all the possible combi-
nations. A solution must be addressed to reduce
simulation time mainly.

3.2 MSES Code

The MSES code is a two dimensional analysis,
design and optimization framework for multi-
element airfoil sections. It is based on the steady
state conservative Euler equations. The Euler
equations are used to describe the inviscid part
of the flow. The assumption that the viscous
part is restricted to a thin boundary layer and
wake is made, and the viscous part is described
with the boundary layer theory given by the in-
tegrated Prandtl boundary layer equations [7].
The equations are discretized in an intrinsic grid,

where one set of coordinate lines correspond to
the streamlines around the body. With this pro-
cedure the number of unknowns per grid node is
reduced from four to two because the continuity
equation and the energy equation can be replaced
by the simple condition of constant mass flux and
constant stagnation enthalpy along each stream-
tube. The Newton method is used for solving the
system of nonlinear equations. Simulations are
performed quickly and the aerodynamic coeffi-
cients are obtained. A comparison of experimen-
tal data and the MSES code results are presented
in the present paper.

3.3 CFD++ Code

The CFD++ code [2] allows easy treatment
meshes of complex geometries mainly due to its
integration of structured, unstructured and multi-
blocks grids. It is flexibility allows the use of
various elements within the same mesh such as
hexahedral, triangular prism and tetrahedral ele-
ments in 3-D. However, as usual with RANS sim-
ulations for such high Reynolds number flows,
the addition of turbulence models is required
in order to capture the correct turbulent trans-
port. In the present report, the use of both the
Spalart-Allmaras (SA) one-equation and Menter
SST (SST) two-equation models is foreseen. The
codes to simulate flows around aerodynamic con-
figurations aiming prediction of drag, lift and
pressure coefficients to evaluate how codes is in-
serted in the main objective of this collaboration,
and which consists in getting the aerodynamic
coefficients as real as possible.

4 Results and Discussion

NLR 7301 Airfoil

The NLR 7301 is supercritical airfoil/flap
configuration with 32% chord flap and consid-
ering a δ f = 20o flap deflection.In this present
study, two different configurations are evaluated.
The first analysis is performed for the configura-
tion with a flap gap of 1.3% and the second one
with the flap gap of 2.6%. In the present sim-
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ulation, a triangular and quadrilaterals grid was
used with 200.229 elements. The gap is defined
as the radius of the circumference centered in
the trailing edge of the main element and tan-
gent to the flap profile in a certain point. This
point of tangency is defined by the overhang,
which is held at a constant at a value of 5.3%
for both test cases here considered. It worth to
mention that the gap and the overhang are de-
fined as a percentage of the nominal profile cruise
chord. The flap lower surface exhibited lami-
nar flow at all times. The main element and flap
boundary layers were found to be confluent for
the flap gap of 1.3%. Simulations of subsonic
flow over NLR 7301 profile were computed with
freestream Mach number M∞ = 0.185 and Re =
2.51 x 106 million, using inviscid and viscous
flow. In these simulations both Spalart-Allmaras
(SA) and Menter SST (SST) turbulence models
are exercised, as a form of comparing their re-
sults. In Fig. 4, one can observe the pressure
contours over NLR 7301 airfoil obtained in the
present calculations for the SA turbulence model.

Fig. 4 Pressure coefficient using SA turbulence
model for α = 13.1o and Re = 2.51 x 106 for the
NLR 7301 airfoil.

The lift coefficient as a function of angle of
attack can be observed in detail in Fig. 5. This
figure compares SA, SST turbulence models and
the MSES code with the experimental data. Com-
parison of experimental and calculated lift coeffi-
cients also show good agreement which is a clear
indication of the good quality of the results that
can be obtained with the CFD++ numerical tool.

One can observe in this figure that the numerical
distributions compare very well with experimen-
tal data, less the MSES code. The relative worse
agreement of predicted and experimental lift for
the gap 1.3% may be attributed to a greather sen-
sivity of this case to the boundary layer develop-
ment, which was not modeled correctly due to the
laminar flow on the flap upper surface and relam-
inarization of the boundary layer in the flap cove
region.

Fig. 5 The lift coefficient as a function of the
angle of attack with Mach number 0.185 for NLR
7301 gap 1.3%.

The lift coefficient as a function of angle of
attack can be observed in detail in Fig. 6 for NLR
7301 (2.6% gap). This figure compares SA, SST
turbulence models and the MSES code with the
experimental data. In Figs. 5 and 6, as in the
NLR 7301 airfoil (1.3% and 2.6% gap) study
the MSES results also present an overprediction
of lift coefficient for this geometry. Due to the
complexity of this simulated geometry, the dif-
ferences in the lift coefficient as a function of
angle of attack curve seem to have been more
accentuated. For an perfect match with the ex-
perimental results, all the complex physics has to
be perfectly capture. This includes the flow fea-
tures at the cove of the main element, as well as
the interactions between the free shear layer of
the main element and the boundary layer of the
flap. MSES code show a good capability to ef-
fectively reproduce the experimental data at the
linear range. The limitations presented in the
non-linear region are intrinsic to the MSES for-

5



JOÃO ALVES DE O. NETO*, CARLOS B. JÚNIOR**, DARCI CAVALI,** AND JOÃO LUIZ F. AZEVEDO***

Fig. 6 The lift coefficient as a function of the
angle of attack with Mach number 0.185 for NLR
7301 gap 2.6%.

mulation [8], as well the lack of a better con-
trol in relation to the mesh generation. This ver-
ification does not take the merits of the code
since even other numerical codes with a formula-
tion more adequate, Navier-Stokes an turbulence
model, presents the same difficulty to present the
aerodynamic coefficients with accuracy.

The experimental results are available [3].
The numerical pressure coefficient distribution
shows an excellent agreement with the experi-
mental data for the evaluated angles of attack.
Figure 7 for flap gap 1.3% at an angle of attack
of α = 6o, the comparison between the numerical
and the experimental pressure coefficient distri-
bution. In Fig. 8, one can observe the difference

Fig. 7 The pressure coefficient as a function of
the chord with α = 6o for NLR 7301 gap 1.3%.

in the Cp distributions in the region of the cove.
In Fig. 9, one can observe the comparison for an

Fig. 8 Cp differences in the cove region with α =
6o for NLR 7301 gap 1.3%

angle of attack of α = 13.1o. In Fig. 10, one can
observe the difference in the Cp distributions in
the region of the cove for α = 13.1o

Fig. 9 The pressure coefficient as a function
of the chord with α = 13.1o for NLR 7301 gap
1.3%.

NHLP-2D Airfoil

The NHLP-2D airfoil is again a supercritical
airfoil with a high-lift devices, including a 12.5%
leading-edge slat and a 33% single-slotted flap
[4]. For the results showed here, the slat and flap
are deflected 25 and 20 deg., respectively, which
is typical of take-off configurations with leading-
edge stall. In the present simulation, a triangular
and quadrilaterals mesh was used with 148014 el-
ements. The NHLP-2D airfoil illustrated in Fig.
11 shows the flow over a typical high-lift airfoil
with a leading edge slat and a single-slotted flap.
The total pressure profiles as a function of chord
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Fig. 10 Cp differences in the cove region with
α = 13.1o for NLR 7301 gap 1.3%

is shown in Fig. 12. The numerical results ob-
tained by Morrison [9] using the Wilcox k - ω

turbulence model are also presented together with
experimental data [4].

The plot at x/c = 0.35 shows the slat wake
and the boundary layer on the main element in
the Fig. 13. The experimental data is more sparse
in the region of the slat wake and shows a nar-
row and weak wake compared with the numeri-
cal results. The results of Morrison predict a the
slat wake too large. The plot at x/c = 0.91 and
other downstream positions show the merging of
the slat and main element wakes as described in
Fig. 14. A distinct slat wake is predicted in the
outer edge of the main element boundary layer
all the way to the flap trailing edge in Fig. 15.

The pressure coefficient results are shown for
the three elements for α = 4o in Figs. 17, 18 and
19. The numerical results better compared with
the experimental results at the main element and
at the flap. It will be seen that the trailing-edge
of the slats sits in the high-velocity region of the
flow around the leading edge of the main wing.
Because of this, the pressure coefficient at the
trailing edge is significantly negative and thus the
pressure rise on the slat is reduced. The same
happens at the trailing-edge of the main wing due
to the high velocities around the leading-edge of
the highly deflected flap. In addition, the circu-
lation around the slat induces a downwash on the
main wing. This downwash clearly reduces with
distance from the slat, so that it modifies the local

Fig. 11 Pressure contours using SA turbulence
model for α = 4o and Re = 3.52 x 106 for the
NHLP-2D airfoil.

Fig. 12 Location of total pressure profiles for
NHLP-2D airfoil.

velocities most strongly near the leading-edge of
the wing, reducing it is peak suction markedly.

The same mechanism operates near the
leading-edge of the flap. As a result of this, the
pressure rise to the trailing-edge of the overall
wing split up into a number of smaller pressure
rises, when each of these is sufficient to just
cause separation of the boundary layer, the
overall pressure rise can clearly be very large.

RAE 1372 Configuration

A detail extremely important that verified it
is that the results with wing-fuselage are merely
qualitative. In fact, the configuration of the fuse-
lage it is not given in details in the reference
base, but the group did an approach judging to
be interesting to analyze that case. Later, we
will have quantitative results, because they will
be just made simulations with the wing, disre-
specting the fuselage. The Figs. 20 and 21 it
shows pressure and mach contours for α = 0.05o,
M∞ = 0.223 and Re = 1.35 x 106 such for the

7



JOÃO ALVES DE O. NETO*, CARLOS B. JÚNIOR**, DARCI CAVALI,** AND JOÃO LUIZ F. AZEVEDO***

Fig. 13 Total pressure profile at x/c = 0.35.

Fig. 14 Total pressure profile at x/c = 0.91.

Spalart-Allmaras turbulence model.

Table 1 Aerodynamic coefficients.

Aerodynamic CL CD CM
Coefficients

Experimental 0.118 0.0092 -0.0528
Data

Numerical 0.1123 0.007324 -0.05716
Data

In Tab. 1, the results for the aerodynamic co-
efficients at α = 0.05 deg. are presented. Al-
though the results are rather preliminary, one can
observe a fairly good agreement with the ex-
perimental data [5]. One should observe, how-
ever, that only qualitative comparisons are actu-
ally reasonable at this point due to the following
reasons.

Fig. 15 Total pressure profile at x/c = 1.066.

Fig. 16 Total pressure profile at x/c = 1.214.

• The 3-D configuration, including fuselage
and wing, is only an approximation of the
real configuration and, therefore, the final
result is affected.

• A large portion of the area of the fuselage
is a cylinder, because the original reference
[5] does not give the exact configuration.
Hence, the authors have used the reported
fuselage diameter in order to define a cylin-
drical fuselage. It is hoped that the use of
the correct fuselage diameter at the wing-
fuselage junction will minimize the erros
so incurred.

5 Concluding Remarks

In the present paper, simulation results obtained
with the SA and SST turbulence models are pre-
sented. Three geometries are considered in the
present effort. These include a NLR 7301 air-
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Fig. 17 Pressure coefficient at the slat for α = 4o

and Re = 3.52 x 106 for the NHLP-2D airfoil.

foil, a NHLP-2D airfoil and an RAE 1372 airfoil-
based wing configuration. The following test
cases are considered:

• Simulations of subsonic flows about the
NLR 7301 airfoil. The simulations for this
case are performed for Reynolds number
Re = 2.51 x 106 and freestream Mach num-
ber M∞ = 0.185. Numerical results are
compared to available experimental data in
order to assess the agreement obtained in
this case.

• Simulations of subsonic flows about the
NHLP-2D airfoil. The simulations for this
case are performed for Reynolds number
Re = 3.52 x 106 and freestream Mach num-
ber M∞ = 0.197. Numerical results are
again compared to available experimental
data.

• Simulations of subsonic flows about an
RAE 1372 configuration, considering Re =
1.35 x 106 and M∞ = 0.223.

The paper provides a detailed comparison of
the Spalart-Allmaras and Menter SST turbulence
models in the context of two-dimensional high-
lift aerodynamic flows. The results show that
the Menter model is more accurate in separated
flow regions. The SA model is more accurate
in attached flows and wakes, including merging
boundary layers and wakes. The SA model is

Fig. 18 Pressure coefficient at the wing for α =
4o and Re = 3.52 x 106 for the NHLP-2D airfoil.

somewhat more robust, though for several cases
the computational costs are about equal. Consid-
ering the uncertainties associated with the experi-
mental data and the use of the RANS approxima-
tion, as well as the limitations on the grid reso-
lution that can be used, the performance of these
two turbulence models is excellent. They repre-
sent the state-of-the-art for this application. The
SA model is preferred for general computations
of aerodynamic flows, whereas the Menter model
is the better choice if separated flows are of pri-
mary interest. A summary of the major conclu-
sions of the study could be stated as follows:

• SA and SST models yielded generally sim-
ilar results.

• Drag was sensitive to the farfield grid ex-
tent and/or to the boundary conditions.

• Grids larger than 90,000 elements were re-
quired for grid independence of drag, but
lift and surface pressures were less grid
sensitive.

• Not surprisingly, grid sizes tended to in-
crease in density from less than 50.000
points to about triple such size as the
decade advanced. Many independent grid
studies seemed to suggest that 50.000
points may be sufficient to resolve surface
pressures, but flow field quantities such as
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Fig. 19 Pressure coefficient at the flap for α = 4o

and Re = 3.52 x 106 for the NHLP-2D airfoil.

velocity profiles require significantly more
grid points. Some estimates indicate that,
at least, 100.000 to 200.000 elements are
required, unless a scheme with higher or-
der spatial accuracy is employed. Grid
issues tend to still remain very important
in general. Those references that exercise
the greatest care in ensuring high-quality,
sufficiently refined grids with an accurate
representation of the wind tunnel geome-
try tended to produce the best correlations
with experiment. Underresolution in key
areas, such as wakes, can lead to overdis-
sipation and incorrect conclusions. More-
over, for 2-D computations, it is important
to have a farfield grid extent of, at least, 50
to 60 chords or, otherwise, special farfield
boundary condition treatment is required in
order to accurately predict drag [10]. The
inclusion of tunnel walls in the computa-
tions appears to be increasingly important
at higher angles of attack.

• Grid distribution is also an important fac-
tor: sufficient grid resolution is required in
key areas of the flowfield, e.g., wakes and
vortices.

• The configuration should be modeled as
accurately as possible, e.g., with the inclu-
sion of support brackets, aeroelastic defor-

Fig. 20 Mach contours using SA turbulence
model for α = 0.05o and Re = 1.35 x 106 for the
RAE 1372 configuration.

mations, tunnel walls, chines), or otherwise
these effects should be known. Geometry
fidelity appears to be more crucial as the
angle of attack approaches maximum lift.

• The fine grid was probably sufficiently fine
for use at the lower angles of attack. How-
ever, its adequacy at higher angles of at-
tack was dubious, particularly because of
underresolution of the wall vortex.

Aside from the points listed above, some gen-
eral conclusions from this work were: (a) 2-D
CFD should not be expected to agree with the
nominally 2-D wind tunnel experiment at high-
lift conditions because the experiment looses its
2-D characteristics at high angles of attack, and
(b) 3-D CFD using the current grids and method-
ology compared well with experiment at low an-
gles of attack, but did not adequately model the
character of the wind tunnel flow field near max-
imum lift. To improve this deficiency, based on
the present experience, it is recommended that
future 3-D CFD efforts include (in order of im-
portance):

• Finer grid resolution in the region of the
wall vortex, and overall finer resolution for
unstructured grids;

• Top and bottom walls, and mounting
brackets;
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Fig. 21 Pressure contours using SA turbulence
model for α = 0.05 deg. and Re = 1.35x106 for
the RAE 1372 configuration.

• Better characterization of the incoming
side-wall boundary layer.
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