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In this study, flow computations are performed on three-dimensional high-lift configurations on multiblock

structured andunstructuredmesheswith two turbulencemodels, Spalart–Allmarasmodel andMenter’s shear stress

transport model. Two kinds of three-element trapezoidal wings with full-span flap or part-span flap are computed.

The objectives of this paper are to investigate the mesh dependency and the effect of turbulence models and improve

the reliability in simulating the flow around high-lift devices. Importance of the mesh resolution to resolve the

separated corner flows near the wing–fuselage junction is shown to improve the accuracy of computational results. It

is also shown that the maximum lift and the angle at which it occurs are very sensitive to turbulence model and

Menter’s model gives better results at a higher angle of attack in the present computations.

Nomenclature

AR = aspect ratio of the wing
CD = drag coefficient
CDf = friction drag coefficient
CDp = pressure drag coefficient
CDprofile estimated = estimated profile drag coefficient
Cf = skin friction coefficient
CL = lift coefficient
CLmax = maximum lift coefficient
Cp = surface pressure coefficient
c = mean aerodynamic chord
e = Oswald efficiency factor
M1 = freestream Mach number
Re = Reynolds number
� = angle of attack

I. Introduction

D EVELOPMENT of efficient high-lift devices has a strong
impact of the operating cost and environments around airports,

such as improvements of payload, fuel consumption, and noise
emission [1]. Recent developments in CFD solving Reynolds-
averaged Navier–Stokes (RANS) equations and in computers have
led to high expectations of performance improvement. High-lift
devices are commonly composed of leading-edge slats and trailing-
edge flaps to increase lift performance in takeoff and landing. The
multi-element wing system with small gaps complicates mesh
generation and flow features. Flow is complicated due to boundary
layer transition, flow separation, and interaction of wake of each
element and boundary layer. Precise prediction of the aerodynamic

forces for such complicated flow fields is required to design a high-
lift system.

Recently, efforts to validate and improve CFD have been
promoted for high-lift systems [2]. In the European EUROLIFT
project [3], development of aerodynamic analysis for high-lift
system has been intensively conducted in conjunction with
experiments. Validation studies have been conducted for a two-
dimensional configuration, a simplified three-dimensional confi-
guration, and a realistic aircraft configuration. In NASA Langley, a
series of simplified three-element trapezoidal high-lift wings with
body pod have been tested and the experimental data are provided for
validation and development of CFD methods for three-dimensional
high-lift flows [4–7].§ In the Civil Transport Team of the Japan
Aerospace Exploration Agency, wind-tunnel tests using a realistic
aircraft takeoff and landing configuration deploying the high-lift
devices with fuselage, nacelle–pylon and flap track fairing will be
conducted to increase the knowledge of high-lift flows over a
realistic aircraft configuration, to improve the measurement
technologies, and to provide the detailed and systematic
experimental data that can be disclosed for CFD validation from
2005 to 2006.

Wind-tunnel data often have large wall-interference corrections,
especially for high-lift flows [6]. To validate and develop CFD
methods, detailed comparison of computational results from several
CFD codes and mesh topologies is helpful. We have conducted
several flow computations for two- and three-dimensional high-lift
configurations [8–10]. In [8–10], computations were performed
using several CFDcodes based on differentmesh system (multiblock
structured and unstructured mesh) to validate the results. Multiblock
structured mesh CFD has the advantage of low computational costs
and high solution accuracy. However, it requires a considerable
amount of time to generate. On the other hand, an unstructured mesh
method has the capability to handle the complicated configurations
associated with high-lift devices in a much shorter time. In addition,
it is much easier to modify the mesh when the geometry changes due
to optimization study or when adaptivemesh refinement is employed
[11,12]. Therefore, it is hoped that the applicability and reliability in
computing high-liftflowson unstructuredmeshCFD is confirmed by
improving cost and accuracy.

In our previous studies [8–10], computations of two-dimensional
two-element and three-element airfoils and two kinds of three-
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dimensional three-element trapezoidal wing models with body pod
were performed. In two-dimensional problems, detailed grid studies
with a mesh adaptation method on unstructured mesh [10] were
performed. The dependency on the turbulence models applied to
high-lift flow has been also investigated in two-dimensional
computations [8,9]. Spalart–Allmaras’s (SA) one-equation model
[13] and Menter’s shear stress transport (SST) two-equation model
[14] produced similar aerodynamic forces before stall. At higher
angle of attack, the SST model gave better results for the maximum
lift Clmax and the stall angle in the computations. In the three-
dimensional problems, some modest grid studies were performed
with structured meshes. Aerodynamic forces were predicted
reasonably even on the unstructuredmeshwhenmoderate settings of
slat and flap were used. However, the difference in mesh resolution
led to the difference of local flow physics. At a higher angle of attack,
the difference between the results on structured and unstructured
meshes became larger. In addition, results were discussed using a
turbulence model, the SA model, in the previous three-dimensional
studies [10]. The dependencies on the mesh density and turbulence
model as applied to three-dimensional high-lift flows around multi-
element configurations must be investigated, methodically.

The objectives of this study are to compare and assess structured
and unstructured mesh CFD codes, investigate mesh dependency
and the effect of turbulence models, and increase the knowledge in
simulating the flow around high-lift devices. Especially in three-
dimensional computations, fewer comparisons between structured
and unstructured mesh CFD due to complexity and high
computational costs. In this paper, RANS computations of three-
dimensional high-lift configurations are performed using two kinds
of turbulence models, the SA model and the SST model. Although
prediction accuracy of boundary layer transition has a relatively large
effect on computational results [15,16], we do not intend to validate
transitionmodels in this paper. The following two kinds of simplified
high-lift configurations tested at NASA Langley in 1998 are
computed both on multiblock structured mesh and unstructured
meshes: 1) full-span flap model: three-dimensional three-element
(full-span slat, main, and full-span flap) trapezoidal wingwith a body
pod; 2) part-span flap model: three-dimensional three-element (full-
span slat, main, and part-spanflap) trapezoidal wingwith a body pod.
First, the results of a structured mesh CFD code and an unstructured
mesh CFD code using the same turbulence model, the SAmodel, are
discussed. Next, two turbulence modes are compared using an
unstructured mesh CFD code. By comparison with the results, ways
to improve the reliability on structured and unstructured meshes are
discussed.

II. Flow Solvers

As the flow solver on multiblock structured meshes, unified
platform for aerospace computational simulation (UPACS) is used,
which is a standard CFD code in the Institute of Space Technology
and Aeronautics of Japan Aerospace Exploration Agency [17,18].
The flow solver is based on a cell-centered finite volume method. In
this study, the third-order scheme of Roe’s flux difference splitting
for convection terms is used. Time integration is carried out using the
matrix free Gauss–Seidel (MFGS) implicit method [19]. Multiblock
structuredmeshes are generatedwith commercial software, Gridgen.

As the unstructured mesh generator and flow solver, Tohoku
University aerodynamic simulation (TAS) codes [20] are used in this
study. TAS-Mesh is a mesh generator with graphical user interface
tools [21–24]. It can generates triangular surface mesh with the
advancing front method [21,22] and tetrahedral volume mesh using
Delaunay tetrahedral meshing [23], as well as hybrid volume mesh
composed of tetrahedrons, prisms, and pyramids for viscous flows
with high Reynolds number [24]. The unstructured surface meshing
using isotropic triangles is semiautomatic and the volume mesh
generation is fully automated. In TAS-Flow, Navier–Stokes
equations are solved on the unstructured mesh by a cell-vertex finite
volume method. The Harten–Lax–van Leer–Einfeldt–Wada
(HLLEW) method [25] is used for the numerical flux computations.
Second-order spatial accuracy is realized by a linear reconstruction

of the primitive variables. The lower/upper symmetric Gauss–Seidel
(LU-SGS) implicit method [26] is used for time integration.

In this study, two turbulence models, the SA one-equation model
[13] and Menter’s SST two-equation model [14], have been used to
simulate turbulent flows. In the study, the SA model is used as a
standard model.

Both UPACS and TAS employed the SA model without the trip
term for transition and the ft2 function, which tend to suppress
production of eddy viscosity due to numerical error. The production
of eddy viscosity starts with the free stream value. A variation of the
model, which reduces the eddy viscosity in the regions of high
vorticity [27,28], is also used. In this study, a simple combination

using the minimum of the vorticity �� �����������������
2�ij�ij

p
and strain rate

Ŝ� �������������
2sijsij

p
is usd in the modification [28] as follows:

S��� Cvor min�0; Ŝ ��� (1)

Here, Cvor � 1 for the present computations. The modified model
computes turbulent vortical flowwithout adding much dissipation to
the vortex core.

Menter’s SST model combined the k–" and k–! models in a way
that would allow them to be used in the regions where they achieve
the best advantage. The model uses the k–! model near wall, and
switches to k–" model away from the wall. Furthermore, the model
limits the shear stress, based on experimental observation to improve
the results in separated flows. In this study, the following
modification is used in the production terms:

�ij
@ui

@xj
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2 (2)

Computations were carried out on a Fujitsu PRIMEPOWER
HPC2500 multiprocessor, which is the main machine of the
Numerical Simulator III system in the Japan Aerospace Exploration
Agency [29]. Although computational times varied depending on the
number of CPUs, the mesh size, and the angle of attack, solutions
results required about 1–3 days per angle of attack using 100
processors to reach convergence. Typically, 50 or 100 CPUs were
used for each computation.

III. Model Geometry and Computational Conditions

Two kinds of trapezoidal high-lift wing models [4]∥ were
computed both onmultiblock structured and unstructuredmeshes, as
shown in Figs. 1–4. One is a full-span flap model that has a full-span
slat and a full-span single-slotted flap that extend from wing root to
wing tip. The other is a part-span flap model that has a full-span slat
and a part-span flap that has a span equal to roughly half of the span
length of the model. The models are semispan models. They were
tested at the NASA Langley Research Center 14 by 12 ft subsonic
wind tunnel and the NASA Ames Research Center 12 ft pressure
wind tunnel (PWT). The experiments using the models were
performed to produce experimental data for validation and
development of CFD methods for three-dimensional high-lift flows
[4].¶ In the wind-tunnel tests, the models have a variety of slat and
flap settings. In this study, a setting for landing is used for both
configurations. The slat and flap deflections are 30 and 25 deg,
respectively. The model semispan is 85.1 in. and c is 39.6 in. AR is
4.56. The slat gap and slat height are 0:015c. The flap gap and flap
overlap are 0:015c and 0:005c, respectively. In this study, the
experimental data at the NASA Ames PWT are compared with the
computational results. The test section has a 12 ft diameter circular
cross section with four 4 ft-wide flat surfaces centered about the
horizontal and vertical centerlines. The width and height of the test
section is 11.3 ft, and the length is 28 ft. A splitter plate is installed in
the test section for semispan testing. The plate is 19 ft long and

∥See http://db-www.larc.nasa.gov/trapwing/archive/register [cited 30
December 2005].

¶See http://db-www.larc.nasa.gov/trapwing/archive/register [cited 30
December 2005].
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Fig. 1 Computational meshes of full-span flap model (left: baseline structured mesh, right: unstructured mesh, grid C).

Fig. 2 Close-up view of surface meshes near the wing root of full-span flap model.

Fig. 3 Cross-sectional view of computational meshes at 50% span location.

Fig. 4 Computational meshes of part-span flap model (left: baseline structured mesh, right: unstructured mesh).
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approximately 8.5 ft wide. The upper surface of the plate is 1.7 ft
above the test section floor, which reduces the effective height of the
test section to 9.6 ft for semispan testing [4].

For each configuration, multiblock structured meshes and
unstructured meshes were generated. The multiblock structured
meshes were generated with the commercial software, Gridgen.
More than onemonth was required to generate a baseline mesh by an
expert for each configuration. The unstructured meshes were
generated with TAS-Mesh [21–24]. To generate the unstructured
meshes from CAD data, only a few days were required.

For the full-span flap model, two multiblock structured meshes
and three unstructured meshes were generated to investigate mesh
dependency. For all meshes, the outer boundary is a semisphere
whose radius is about 60c. The baseline multiblock structured mesh
shown in Fig. 1 has about 7:5 � 106 mesh points. The number of
blocks is 586 blocks. The minimum spacing in the normal direction

to the wing surface is 0:02=
������
Re

p
. A fine multiblock structured mesh

that has about 8 times mesh points of the baseline multiblock
structured mesh was also generated by addingmesh points in the i, j,
and k direction, uniformly. The minimum spacing in the normal

direction to the wing surface is 0:01=
������
Re

p
. The unstructured meshes

have a different density of surface mesh. The surface meshes are
shown in Fig. 2. The surface mesh of grid A shown in Fig. 2a was
triangulated using nearly regular triangles and the regions near the
center of the wing elements (slat, mother, and flap) that have low
pressure derivatives were coarsened. The surface mesh of grid Bwas
triangulated using stretched triangles that were stretched to a
spanwise direction as shown in Fig. 2b. The stretching rate is about
1.25. The surface mesh of grid C was triangulated using nearly
regular triangles and the regions near the center of the wing remain
fine to increase the mesh resolution of the wake from the slat and
mother as shown in Fig. 2c. The total numbers of the mesh points in
the volume meshes are 1:08 � 106, 0:78 � 106, and 1:32 � 106,
respectively. For all unstructured meshes, the minimum spacing in

the normal direction to the wing surface is 0:01=
������
Re

p
. The cross-

sectional views of the meshes at 50% span are shown in Fig. 3.
For the part-span flap model, two multiblock structured meshes

and an unstructured mesh were generated. The baseline multiblock
structured mesh shown in Fig. 4 has about 9:8 � 106 mesh points.
The number of blocks is 848 blocks. The minimum spacing in the

normal direction to the wing surface is 0:02=
������
Re

p
. A finemultiblock

structured mesh that has about 8 times mesh points of the baseline
multiblock structured mesh was also generated by adding mesh
points in i, j, and k direction, uniformly. Theminimum spacing in the

normal direction to the wing surface is 0:01=
������
Re

p
. The unstructured

mesh was generated using a strategy to generate the full-span flap
mesh of grid A but themesh resolution was further increased near the
wing–fuselage junction and on the upper side of both slat and flap.
The unstructured mesh has about 13 � 106 mesh points in volume
mesh. The minimum spacing in the normal direction to the wing

surface is 0:01=
������
Re

p
.

The unstructured surface meshing using isotropic triangles in this
study [21,22] is semiautomatic and it took only a few hours.

However, it requires a large number of mesh points at leading-edge
and trailing-edge sections. The trailing edges of this model are blunt
and very thin. To insert a sufficient number of mesh points using
isotropic triangles, a huge number of mesh points are required. For
both configurations, only one or two cells are placed in the trailing
edges for the unstructured meshes as shown in Fig. 1b, compared
with about 6 cells for the structured meshes.

In the current computations, M1 is 0.15 and the Re is 15 � 106.
Fully turbulent flows are assumed in the computations.

IV. Results

A. Comparison of Results on Structured and Unstructured Mesh

CFD Using the Same Turbulence Model

First, the results on structured and unstructured meshes using the
same turbulence model, Spalart–Allmaras model, are compared.

1. Full-Span Flap Model

Figure 5 shows variations of CL versus � and CL versus CD for
computed results on each unstructured mesh. The differences
between computations in CL and CD on grid A and grid B are only
within 0.2 and 0.5%, respectively. The results on grid B using the
moderate stretching of the surface triangular meshes did not get
worse so much. The moderate stretching allows considerable saving
of mesh points. Comparison of the results on grids B and C also
shows good agreement. However, at angle of attack of 36 deg, which
shows CLmax, on grid C, the result on grid B shows a little lower lift
and the stall. The difference is about 1%. Figure 6 shows the surface-
restricted streamlines on each grid at �� 36 deg. At the angle of
attack, theflowbegan to separate at the outer side of the upper surface
of the slat and the upper surface of the main wing near the wing tip.
The flow separation on the slat was very sensitive to the mesh
density. The result on grid B shows larger flow separation on the
outer side of the upper surface of the slat and the backward region on
the main wing. These flow separations cause the decrease of CL at
this angle of attack on grid B.

Figure 7 shows CL–� and CL–CD for computed results on two
structured meshes and an unstructured mesh, grid C, and
experimental data [4].∗∗ Uncorrected and corrected experimental
data are also shown in Fig. 7. In the published date at the Web site,††

the corrected experimental data near the stall angle of attack are not
available. As for CL–�, although all computational results predict
slightly higherCL (about 1%), the results show good agreement with
the experimental data at themoderate angles of attack. The difference
between computations inCL at the moderate angles of attack is 1.0%
and the difference inCLmax is 1.4%, which is considered reasonable.
Considering the tendency of the wall-interference correction from
the uncorrected experimental data, a stall delay of 2–4 deg may be
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December 2005].
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observed in our computations. As for CL–CD, the overall level and
the tendency of all computational results agree well with the wind-
tunnel results. However, differences between computations inCD are
relatively larger. The differences between the results on the baseline
structured mesh and the unstructured mesh are about 200–300 drag
counts, which is about 3–6% of the CD.

Figure 8 shows the span load distribution at an angle of attack of
20.02 deg. For the full-span flap model, the span load distribution is
close to being elliptical. In Fig. 9, CDprofile estimated are compared. The
value is obtained by subtracting the estimated induced drag,
C2

L=�=AR=e, fromCD. Here, ewas estimated to be roughly 0.95 by a
simplified method using the following relationship:
CD � CDmin � C2

L=�=AR=e. The estimated induced drag can be
more than 85% of the total drag. The difference in CDprofile estimated

between results on all unstructured meshes is small. In the three-
dimensional high-lift case, the induced drag is so large that the
difference in CD between structured and unstructured meshes
seems smaller. Comparing the computational results in Fig. 9,
however, the estimated CDprofile estimated for unstructured mesh is
much higher.

Fig. 6 Surface-restricted stream lines at �� 36:00 deg (full-span flap model, SA turbulence model).
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In Fig. 10, CD at angle of attack of 11.02 deg is broken down into
CDp and CDf. The results on fine structured mesh are also shown
here. The percentage of pressure drag is more than 95% in the total
drag. The difference between the baseline and fine structuredmeshes
in CDp and CDf is only 20 drag counts and 2 drag counts,
respectively. The differences between the unstructured mesh, grid C,
and the fine structuredmesh inCDp andCDf is about 150 drag counts
(�4%) and 5 drag counts (�5%), respectively.

Figures 6 and 11–13 show the surface-restricted streamlines at
angles of attack of 20.18, 36, and 40 deg. Overall flow patterns are
similar but difference can be seen in the corner flow near the wing–
fuselage junction. In this configuration, there is no fairing at the
junction. Flow separation can be observed at this corner. Especially
at angle of attack of 20.18 deg, a considerable difference can be seen
in the corner flow near the flap–fuselage junction by the mesh in
Fig. 11. On the structuredmeshes, larger separation can be seen in the
region than that on the unstructured meshes. At a higher angle of
attack of 36 deg where the computational results show CLmax,
relatively larger separation appears near the junction of the main
wing and the separation near the junction of the flapwing disappears,
as shown in Figs. 6 and 12. At an angle of attack of 40 deg after the
stall as shown in Fig. 13, both computational results on structured
and unstructured meshes show similar stall pattern that the flow
separates from the outer side of the upper surface of the slat largely
although the computational results were not converged any longer.

Figure 14 shows the close-up view of the surface-restricted
streamlines at an angle of attack of 20.18 deg and the surfacemeshes.
As for the results on the unstructured meshes, the result on grid A,
which has relatively lower mesh resolution near the junction, shows
larger separation near theflap–fuselage junction. As for the results on
the structured meshes, the large separation near the flap–fuselage
junction can be seen even on the fine structuredmeshwhere themesh
resolution is doubled in all directions as shown in Figs. 14d and 14e.
Figure 14f shows the result on a structured mesh where the mesh
resolution near the junction is enhanced 4 times only in the spanwise
direction. As a result, the size of the flow separation becomes smaller
and the similarity with the result of unstructured mesh of grid C is
improved. Especially on structuredmeshes, stretched elements in the
spanwise direction are generally used. The flow separation is very
sensitive to mesh resolution especially in the spanwise direction. By
refining the mesh, 1% changes in CL and CD are also obtained. This
emphasizes the importance in the mesh resolution and quantitative
prediction of the flow separation at such corner.

2. Part-Span Flap Model

Figure 15 shows CL–� and CL–CD for computed results on two
structured meshes and an unstructured mesh, and uncorrected and
corrected experimental data.‡‡As forCL–�, all computational results
show good agreement with the experimental data at the moderate
angles of attack. The difference is about 1.5–3%. All computational

Fig. 11 Surface-restricted stream lines at �� 20:18 deg (full-span flap model, SA turbulence model).

Fig. 12 Surface-restricted stream lines at �� 36:00 deg on baseline

structured mesh (full-span flap model, SA turbulence model).

Fig. 13 Surface-restricted stream lines at �� 40:00 deg (full-span

flap model, SA turbulence model).

‡‡See http://db-www.larc.nasa.gov/trapwing/archive/register [cited 30
December 2005].
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results predict slightly higher CL than experimental results, which is
the same tendency as the results on the full-span flapmodel. As in the
case of the computations of full-spanflapmodel, a slight delay of stall
angle of attack may be observed in our computations considering the
tendency of the wall-interference correction from the uncorrected
experimental data. The differences between computations by the
baseline structured and unstructured meshes in CL at the moderate
angles of attack are about 1%, which is considered acceptable.
However, at higher angles of attack (	 30 deg), the difference
between computations by the baseline structured and unstructured
meshes becomes larger. The result on the baseline structured mesh
shows lower CL. On the other hand, CL predicted by finer structured
mesh is slightly higher than those by the baseline structuredmesh and
closer to CL by the unstructured mesh (
 1%). The reduction of CL

by the change of the geometry from the full-span flap to the part-span
flap can be well predicted.

Figures 16–19 show the surface-restricted streamlines at angles of
attack of 22.33, 35, 40, and 45 deg.At an angle of attack of 22.33 deg,
all computational results in Fig. 16 show the similarity of the surface
flow, although a little difference can be found in the separated region
near the wing–fuselage junction. At an angle of attack of 35 deg
where the result on the baseline structured mesh begins to show
lower CL than other results, the separated region on the baseline
structured mesh near the wing–fuselage junction increases as shown
in Fig. 17. At a higher angle of attack of 40 deg where the
computational results on the baseline structured and unstructured
meshes show CLmax in Fig. 18, the separated region on the baseline
structured mesh increases more. On the other hand, the results on the
fine structured mesh show the similarity regarding the separation
with the results of unstructured mesh. As discussed in the case of the
full-span flap model, it seems that this excessive flow separation
results from the insufficient mesh resolution. This excessive flow

separation causes the reduction of CL and it results in the difference
with the fine structured and unstructured mesh results. At an angle of
attack of 40 deg, the result on the fine structured mesh shows earlier
stall than other results. The flow separates from the outer side of the
slat and main wing on the fine structured mesh, although the flow
over the main wing remains attached on the other results. At an angle
of attack of 45 deg after the stall shown in Fig. 19, the computational
results were not converged and the size of the separation was
fluctuant. At this high angle of attack, it is possible that there is no
steady state solution. However, it is found that both computational
results on structured and unstructured meshes show similar stall
pattern. As in the case of the computations of full-span flap model,
the quantitative prediction of the localflow separation near thewing–
fuselage junction is one of the important issues to improve the
accuracy of computational results.

As for CL–CD shown in Fig. 15b, the overall level and the
tendency of all computational results agreewell with thewind-tunnel
results. The differences between computations by the baseline
structured and unstructured meshes in CD are about 100–200 drag
counts, which is about 5%. Figure 20 shows the span load
distribution at an angle of attack of 16.70 deg. For the part-span flap
model, the span load distribution is not very close to being elliptical
due to the effect by part-span flap. In Fig. 21, CDprofile estimated are
compared. Here, e was estimated to be roughly 0.95 by a simplified
method, again. Comparing the computational results in Fig. 21, it is
found that the results on the unstructured mesh show better
agreement with experimental data. However, the estimated
CDprofile estimated by fine structured mesh is much lower than that by
the baseline structured mesh. It is the same tendency with the
previous full-span flap case. In addition, spurious drag generally
decreases on finer meshes by the reduction of the numerical error.
Thus, these facts show that the results by unstructured mesh predict
higher drag, numerically. Improvement of the drag prediction for
high-lift flows is one of the important issues to resolve.

B. Comparison of Turbulence Models in an Unstructured Mesh

Code

Next, the difference of flows by turbulence models is evaluated
using an unstructured mesh CFD code, TAS code. In this study, two
kinds of turbulence models explained in Sec. II were used: SAwith a
modification to reduce the eddy viscosity in the regions of high
vorticity and Menter’s SST k–! model.

1. Full-Span Flap Model

The comparisons were performed on grid A. Figure 22 shows
CL–� and CL–CD as a function of the turbulence model. The
difference in CL is at most 0.5% by the turbulence model and the
slope of CL is almost the same with each other at moderate angles of
attack. The stall angle andmaximum liftCLmax by the SSTmodel are
lower than those by the SAmodel and it shows better agreement with
experimental results in this case considering the tendency of thewall-
interference correction from the uncorrected experimental data. The
differences in CLmax and the stall angle are 2.2% and 3–4 deg by the
turbulence model. The SA model produces relatively larger eddy
viscosity and it may be responsible for the delay in stall. Regarding
CL–CD, both models produce similarly in characteristic curvature to
experimental data. The difference inCD at a constantCL is about 1%.
In Fig. 23, CDprofile estimated are compared. The difference in
CDprofile estimated is also small. Figure 24 shows the drag components
divided into CDp and CDf. The difference in CDp is 1% at most. On
the other hand, CDf shows larger difference, which is about 5–10
drag count (
 10%).

Figures 25 and 26 show comparisons ofCP andCf distribution on
the midspan of the wing at �� 20:18 deg. The difference in CP is
small. On the other hand, the results by the SSTmodel show lowerCf

near the leading edge of each wing element. The growth of the eddy
viscosity from the leading edge by the SST model tends to be slower
than that by the present SAmodel. This delay leads to lowerCf by the
SST model.

Fig. 14 Close-up view of surface-restricted stream lines at ��
20:18 deg and the surface meshes (full-span flap model, SA turbulence
model).
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Figures 27–29 show the surface-restricted streamlines of the
computational results using the SST model at �� 20:18, 32, and
34 deg and Fig. 30 shows the results using the SA model at
�� 32 deg. Compared with Figs. 11 and 27, the difference of the
overall flow pattern by the turbulence models is small at
�� 20:18 deg. At an angle of attack of 32 deg where the
computational result by the SST model shows CLmax, the flow
separation on the upper surface of the main wing near the wing tip
appears, although it cannot be seen in the results by the SA model at
this angle of attack. At angle of attack of 34 deg in Fig. 29, the flow
starts to separate from the outer side of the upper surface of the slat. In
these computations, both computational results by the SA and SST
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Fig. 15 Comparison of CL–� and CL–CD between experimental results and computational results (part-span flap model).

Fig. 16 Surface-restricted stream lines at �� 22:33 deg (part-span flap model, SA turbulence model).

Fig. 17 Surface-restricted stream lines at �� 35:00 deg (part-span flap model, SA turbulence model).

Fig. 18 Surface-restricted stream lines at �� 40:00 deg (part-span flap model, SA turbulence model).

Fig. 19 Surface-restricted stream lines at �� 45:00 deg (part-span

flap model, SA turbulence model).
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models can produce a similar stall pattern although the stall angle is
different.

2. Part-Span Flap Model

Figures 31 and 32 showCL–�,CL–CD,CDp–�, andCDf–�. As in
the case of the full-span flap model, the differences in CL, CD, and
CDp are considerably smaller at moderate angles of attack and the
stall angle and CLmax by the SST model are lower than those by the
SA model. The difference in CL is at most 0.7% and the average is
0.3% by turbulence model at moderate angles of attack. The
differences in CLmax and the stall angle are 1.6% and 3 deg. The
difference in CDf is about 5 drag count (
 6%).

Figures 33–35 show the surface-restricted streamlines of the
computational results using the SST model at �� 22:33, 37, and
40 deg and Fig. 36 shows the results using the SA model at
�� 37 deg. Compared with Figs. 16, 33, 34, and 36, the difference

of the overall flow pattern by the turbulence models is small before
the computational result by the SST model shows the stall. At the
angle of attack of 40 deg, the computational result by the SST model
shows the flow separation from the outer side of the upper surface of
the slat. Although the stall angle is different, the stall pattern is not
different by SA and SST models even on the part-span flap model.

Figures 37 and 38 show the entropy contours at 50% span location.
In the cove of the slat, the level of the entropy is different by the
turbulence models. However, the wake flow is not largely changed
by the turbulence models. In the present three-dimensional
computations, at these moderate angles of attack, SA and SST
models can produce similar aerodynamic forces as is discussed in our
previous study for two-dimensional computations [8,9]. At higher
angles of attack near the stall, the SST model gives better results in
the present cases. However, because the SAmodel is a one-equation
model and the SST model is a two-equation model, the SST model
requires larger computational cost compared with the SA model. In
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the present computations, the SA model was also superior with
regard to convergency and stability. The SST model required longer
CPU time to get converged results comparedwith the SAmodel. This
study shows that the predicted values of the maximum lift and the

angle at which the stall occurred were very sensitive to turbulence
model. Practical use requires understanding of the characteristics of
each turbulence model when it is applied to this kind of flow and
careful use depending on the problems.
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Fig. 26 Comparison of Cf at �� 20:18 deg at 50% span location of full-span flap model.

Fig. 27 Surface-restricted stream lines at �� 20:18 deg (full-span

flap model, SST turbulence model).

Fig. 28 Surface-restricted stream lines at �� 32:00 deg (full-span

flap model, SST turbulence model).

Fig. 29 Surface-restricted stream lines at �� 34:00 deg (full-span
flap model, SST turbulence model).

Fig. 30 Surface-restricted stream lines at �� 32:00 deg (full-span

flap model, SA turbulence model).
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V. Conclusions

To improve the reliability of aerodynamic force prediction in the
flow simulation around high-lift devices on multiblock structured
and unstructured mesh, computations of two kinds of three-element
trapezoidal wings with full-span flap or part-span flap have been
performed. Studies of the mesh dependencies and the effect of the
turbulence models have been performed.

In both configurations, the mesh resolution near the wing–
fuselage junction was important in improving the accuracy of
computational results. Excessive flow separation in the corner flow
near the wing–fuselage junction resulted from the insufficient mesh
resolution especially in a spanwise direction. It mainly caused the
difference in CL between the computations. As for the stall
prediction, both computational results on structured and unstructured
meshes predicted the similar stall pattern. The differences in CLmax

and the stall angle were acceptable. As for CD, it was shown that the

0

0.5

1

1.5

2

2.5

3

0 10 20 30 40 50

Exp.(uncorrected)
Exp.(corrected)
Unstr. SA
Unstr. SST

C
L

Angle of attack

0

0.5

1

1.5

2

2.5

3

0 0.2 0.4 0.6 0.8 1

Exp.(uncorrected)
Exp.(corrected)
Unstr. SA
Unstr. SST

C
L

C
D

a) CL-α b) CL-CD

Fig. 31 Comparison between experimental results and computational results (part-span flap model).
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Fig. 32 Comparison of pressure dragCDp and friction dragCDf (part-

span flap model).

Fig. 33 Surface-restricted stream lines at �� 22:33 deg (part-span

flap model, SST turbulence model).

Fig. 34 Surface-restricted stream lines at �� 37:00 deg (part-span

flap model, SST turbulence model).

Fig. 35 Surface-restricted stream lines at �� 40:00 deg (part-span

flap model, SST turbulence model).

Fig. 36 Surface-restricted stream lines at �� 37:00 deg (part-span
flap model, SA turbulence model).
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results on unstructured mesh predicted higher drag numerically by
the detailed comparison of computational results and it is one of the
issues to resolve. Thus, to validate and develop CFD methods,
detailed comparison of computational results from several CFD
codes and mesh topologies is helpful.

The difference of aerodynamic forces by the turbulencemodelwas
considerably smaller before stall although the results by the SST
model showed lower Cf near the leading edge of each wing element
by the slower growth of the eddy viscosity. The stall angle and
maximum lift CLmax by the SST model were lower than those by the
SA model, although the stall patterns were similar. It showed better
agreement with experimental results in the present cases. This study
shows that the predicted values of the maximum lift and the angle at
which the stall occurred were very sensitive to the turbulence model.
Practical use requires an understanding of the characteristics of each
turbulence model when it is applied to this kind of flow.
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Fig. 37 Entropy contours at 50% span location at �� 16:70 deg of

part-span flap model.

Fig. 38 Close-up view of entropy contours near the slat at 50% span

location at �� 16:70 deg.
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