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In this study, flow computations are performed on two-dimensional and three-dimensional high-lift configura-
tions on multiblock structured and unstructured meshes. The objectives are to assess and improve the reliability in
simulating the flow around such devices. First, two-dimensional computations on two-element and three-element
airfoils are performed to investigate mesh dependency in detail. For unstructured meshes, this is carried out by
using a mesh-refinement approach. The results show that sufficient mesh density away from the wing surface is re-
quired for accurate drag prediction because the flow has large circulation and wake. A mesh-refinement approach
using entropy increment as the refinement indicator is also applied, and its effectiveness is validated. The method
is effective in increasing the mesh points in the region of physical importance, such as wake, and the region where
the numerical error is high. Three-dimensional computations on three-element trapezoidal wings with fuselage
are also performed, and some modest grid studies are performed with structured meshes. Two configurations with
full-span flap and part-span flap are used. Ways to improve the reliability of structured and unstructured meshes
are discussed by comparing the results. The prediction of aerodynamic forces is quite reasonable even on the
unstructured mesh at moderate settings of slat and flap, despite minor differences in local flow physics. However,
it is also shown that the unstructured meshes should be further refined to resolve the wake near trailing edge,
wing-tip vortices, and the flow separation at the juncture of the wing and body for more accurate prediction.

I. Introduction

F OR a successful design of an aircraft, the development of ef-
ficient high-lift devices is one of the important requirements.

Performance of high-lift devices has a strong and direct impact on
the operating cost of the aircraft. For a large commercial aircraft with
twin jet engines, 1% improvement of the lift-to-drag ratio at takeoff
allows a 2800-lb increase in payload, whereas 1.5% improvement of
the maximum lift coefficients at landing allows a 6600-lb increase
in payload.1 From the point of view of jet engine noise, low drag at
takeoff and landing is also desirable. Recent development in com-
putational fluid dynamics (CFD), especially concerning the solution
of compressible Reynolds-averaged Navier–Stokes equations, and
optimization algorithm has led to high expectation in performance
improvement.2−4 Precise prediction of the aerodynamic forces is
required for the design of a high-lift system.

However, CFD analysis for high-lift system still faces several dif-
ficulties. A commonly used high-lift device is a multi-element wing
system, comprising slat, main, and flap elements. CFD mesh gen-
eration around the high-lift configuration is troublesome because
of the complexity of the configuration and small gaps. In addition,
the flow physics around a high-lift configuration is complicated as
a result of boundary-layer transition, flow separation, reattachment,
and interaction of wake and boundary layer. Insufficient resolu-
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tion of such important phenomena can lead to significant error in
aerodynamic forces. Even for two-dimensional computations, it is
still difficult to predict the flow physics consistently. To develop
an aerodynamic design system, problems associated with the mesh
generation and accuracy of CFD for such a complicated flowfield
have to be addressed.

Recently, efforts to validate and improve CFD have been made
for high-lift systems.5 In the EUROLIFT project,6 development of
aerodynamic analysis for a high-lift system on highly complicated
three-dimensional full aircraft configurations has been intensively
conducted in conjunction with experiments. In the NASA Langley
14 × 22-Foot Wind Tunnel and NASA Ames 12-Foot Pressure Wind
Tunnel, a trapezoidal high-lift wing with body pod has been tested,
and the experimental data are provided for validation and develop-
ment of CFD methods for three-dimensional high-lift flows. Several
computations have been conducted,7 and wind-tunnel interferences
have also been investigated.8 The results indicated that it is neces-
sary to model the wind tunnel in the computations to compare the
local flow quantities with the wind-tunnel test data.

The model deploying the slat and flap generates considerable lift,
which results in large wall-interference corrections.8 To validate and
develop the CFD methods, a detailed comparison of computational
results from several CFD codes and mesh topologies is helpful.
Multiblock structured mesh CFD has the advantage of low com-
putational costs and high solution accuracy. However, it requires a
large amount of time to generate. On the other hand, the unstructured
mesh method has the capability to handle the complicated configu-
rations associated with high-lift devices in a much shorter time. In
addition, it is much easier to modify the mesh when the geometry
changes as a result of optimization study or when adaptive mesh re-
finement is employed.9,10 Therefore, it is hoped that the applicability
and the reliability in computing the high-lift flows on unstructured
mesh CFD is confirmed by improving the cost and accuracy.

The objectives of this study are to compare and assess struc-
tured and unstructured mesh CFD codes in simulating the flow
around high-lift devices. Especially in three-dimensional computa-
tions, fewer comparisons between structured and unstructured mesh
CFD were made because of complexity and high computational
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costs. In this paper, computations of two-dimensional and three-
dimensional high-lift configurations are performed, and the relia-
bility is clarified. The following four computations are performed
both on structured mesh and unstructured mesh, and the compu-
tational results are validated: 1) two-element (main and flap) air-
foil, 2) three-element (slat, main, and flap) airfoil, 3) three-element
(full-span slat, main, and full-span flap) wing with fuselage, and
4) three-element (full-span slat, main, and part-span flap) wing with
fuselage. In the two-dimensional problems 1 and 2, detailed grid
studies with mesh adaptation on unstructured mesh are performed.
In the three-dimensional problems 3 and 4, some modest grid studies
are performed with structured meshes caused by the high compu-
tational costs. 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, an in-house

code, UPACS (Unified Platform for Aerospace Computational Sim-
ulation), is used. It is a standard CFD code in the Institute of
Space Technology and Aeronautics of Japan Aerospace Exploration
Agency.11,12 In this study, full Navier–Stokes equations are solved
on the multiblock structured meshes by a cell-centered finite volume
method. 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 implicit method, in which further simpli-
fications are introduced to a lower/upper symmetric Gauss–Seidel
(LU-SGS) implicit method.13 The multiblock structured mesh is
generated with commercial software, Gridgen.

As the unstructured mesh generator and flow solver, TAS (Tohoku
University Aerodynamic Simulation) codes14 are used in this
study. TAS Mesh is a mesh generator with graphical-user-interface
tools.15,16 It can generate a triangular surface mesh with the advanc-
ing front method and tetrahedral volume mesh using Delaunay tetra-
hedral meshing,17 as well as hybrid volume mesh composed of tetra-
hedrons, prisms, and pyramids for viscous flows with high Reynolds
number.18 The unstructured surface meshing using isotropic trian-
gles is semi-automatic, 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) method19 is used
for the numerical flux computations. Second-order spatial accuracy
is realized by a linear reconstruction of the primitive variables. The
LU-SGS implicit method20 is used for time integration.

Fig. 1 Finest structured mesh for two-element NLR-7301 airfoil,
SG-Fine.

a) SG-Coarse b) SG-Medium c) SG-Fine

Fig. 2 Close-up view of structured meshes near the leading edge of the main wing.

In both codes, the Spalart–Allmaras (SA) turbulence model21 is
used in the present computations to simulate turbulent flows.

Computations are carried out on Fujitsu PRIMEPOWER
HPC2500 multiprocessor, which is the main machine of Numerical
Simulator III system in Institute of Space Technology and Aeronau-
tics of Japan Aerospace Exploration Agency.22

III. Results
A. Two-Element (Main-Flap) Airfoil
1. Model Geometry and Computational Conditions

First, computations of a two-dimensional two-element airfoil are
performed. The geometry used in this study is NLR-7301 airfoil23

shown in Fig. 1. The model was tested in the NLR 3 m × 2 m low-
speed wind tunnel in the 1970s, and the data can be obtained for
validation of CFD in Ref. 23. The flap angle δF is set to a moderate
value of 20 deg, and the gap width between main section and flap
is 1.3% of c, where c is the chord of the basic NLR-7301 airfoil.
The overlap of the main wing section and the flap O/L is 5.3% of
c. The freestream Mach number is 0.185, and the Reynolds number
is 2.51 × 106. The flow is assumed to be completely turbulent.

2. Computational Results
To examine the mesh dependency on structured meshes, three

multiblock structured meshes, SG-fine, SG-Medium, and SG-
Coarse, are generated. SG-Fine shown in Fig. 1 is a mesh whose
outer boundaries are located 100 chord lengths away from the body
surface. Flows around high-lift devices have large circulation and
wake, so that the location of the outer boundary has a large influ-
ence, especially concerning drag prediction, as discussed in Ref. 24.
Such computations require either a correction of the outer boundary
conditions or a large computational domain. The minimum spacing
in normal direction to the wing surface is 1 × 10−5. The mesh has
about 0.42 million mesh points. SG-Medium and SG-Coarse have
1
4

and 1
16

mesh points of SG-Fine, respectively, which are generated
by removing mesh points from SG-Fine in both i and j direction,
uniformly. Figure 2 shows the meshes near the leading edge of the
main wing.

Figure 3 shows variations of lift coefficients Cl vs angle of at-
tack α and Cl vs drag coefficients Cd as functions of mesh density.
In the results on SG-Coarse, discrepancy in Cl appears near stall.
Cd is also overpredicted. Discrepancy between SG-Fine and SG-
Medium is little. At moderate angle of attack, Cl is not sensitive to
mesh density. In Fig. 3b, the differences in Cd between SG-Fine and
SG-Medium are only 3–10 drag counts (1 drag count = 1 × 10−4),
and the mesh convergence for Cd can be seen. To validate
the mesh convergence for Cd , the Richardson extrapolation25

is used,

f [exact] � 4/3 fl − 1/3 f2 (1)

where f1 and f2 are solutions of fine mesh h1 and coarse mesh h2.
The value is also shown in Fig. 4. It can be seen that the extrapolation
predicts Cd convergence. The results on SG-Fine are very close to
the converged results. Therefore, the results on SG-Fine are used in
comparison with the results on unstructured meshes.

Cl -α and Cl -Cd computed by the baseline unstructured mesh UG
are shown in Fig. 5. The baseline mesh shown in Fig. 6 has 1074
mesh points on the main element and 1476 points on the flap element.
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a) Cl-α

b) Cl-Cd

Fig. 3 Effect of mesh density on Cl-α and Cl-Cd for structured mesh
(α, angle of attack; Cl, lift coefficient; Cd , drag coefficient).

Fig. 4 Mesh convergence of Cd for structured meshes at α= 6 deg.

a) Cl-α

b) Cl-Cd

Fig. 5 Effect of mesh density on Cl-αand Cl-Cd for unstructured mesh.

On the blunt trailing edge there are about 25 mesh points. The mini-
mum spacing in the normal direction to the wing surface is 1 × 10−5.
The mesh has about 0.08 million mesh points. Unstructured mesh
is relatively easy to use local mesh refinement. Therefore, we start
from coarser mesh points. In Fig. 5, Cl on SG-Fine and UG show
almost the same behavior except near stall angle, whereas Cd for
unstructured mesh is much larger compared to the computational
results on SG-Fine. The difference at α = 6.0 deg is about 80 drag
counts, or more than 20%.

To examine the mesh dependency of Cd for unstructured meshes,
a mesh-refinement method based on a bisection algorithm26 is used.
Selected mesh elements for mesh refinement are bisected, and mesh
points are increased in the chosen regions. Regions that require
more mesh points are investigated by changing regions for mesh
refinement. The information of refined meshes is summarized in
Table 1. Figure 7 shows the meshes.

Total, pressure, and friction drag coefficients (Cd , Cdp , and Cd f )
at α = 6.0 deg obtained for each mesh are shown in Fig. 8. At all
computations, the change of Cd f is little. In UG-2, mesh points are
increased in the regions near the flap wing, whereas in UG-3, the
mesh points are increased in all regions two chord lengths away from
the wing. The comparison of Cd between UG-2 and UG-3 shows
that the result of UG-3 is significantly improved in drag prediction.
Cd of UG is larger than that of SG-Fine by about 80 drag counts,
whereas about 60 drag counts reduction of pressure drag can be seen
in UG-3.

Next, to examine the effect of mesh density within two chord
lengths, the following two meshes are used. UG-4 is obtained from
UG-3 by increasing the mesh points in the region around the half
of the main wing. UG-5 is obtained by further refinement in the
same region as in UG-3. The difference in Cd between the results
of UG-3, UG-4, and UG-5 is only a few drag counts, as shown in
Fig. 8. Thus, we conclude that the mesh density of UG-3 within two
chord lengths away from the wing is sufficient.

UG-3, UG-6, UG-7, and UG-8 are computational meshes, where
the refined regions are extended to 2, 4, 20, and 50 chord lengths
away from the wing. Compared to the result on UG, pressure drag
is reduced by about 60, 70, and 80 drag counts, respectively. Dif-
ference in Cd between UG-7 and UG-8 is within one drag count.

Table 1 Refined regions of unstructured mesh

Mesh points

Mesh (×106) Refined regions

UG 0.08 Baseline mesh for mesh refinement
UG-2 0.13 Near flap
UG-3 0.20 Two-chord lengths away from main airfoil
UG-4 0.35 Around the half of main airfoil in UG-3
UG-5 0.50 Two-chord lengths away from main airfoil

in UG-3
UG-6 0.23 Four-chord lengths away from main airfoil
UG-7 0.25 20 chord lengths away from main airfoil
UG-8 0.25 50 chord lengths away from main airfoil
UG-9 0.14 Mesh points on airfoil are double as many as UG
UG-10 0.33 50 chord lengths away from main airfoil in UG-9

Fig. 6 Baseline unstructured mesh for two-element NLR-7301 airfoil,
UG.
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a) UG-3 b) UG-5 c) UG-8

Fig. 7 Refined unstructured meshes.

Fig. 8 Comparison of drag components at α= 6 deg (Cdall, total drag; Cdp, pressure drag; Cdf, friction drag).

a) SG-Coarse

d) UG

b) SG-Medium

e) UG-3

c) SG-Fine

f) UG-8

Fig. 9 Contours of entropy variation change. (The range of contours is from 10−−6 to 10−−4.)

These results show the importance of the mesh density away from
the wing.

On UG-9 and UG-10, the number of the mesh points on the main
element and flap element of UG is doubled. As shown in Fig. 8, how-
ever, the differences of CD between UG and UG-9 are not so large,
and results on UG-8 and UG-10 are almost same. Again, it shows
the importance of the mesh density away from the wing surface.

Figure 9 shows the contours of entropy change, which is defined
as follows:

�s/R = [1/(γ − 1)] ln
[
(p/p∞)(ρ∞/ρ)γ

]
(2)

where p, ρ, and γ are pressure, density, and specific heat ratio,
respectively. The subscript ∞ represents the value of the physical

variables in freestream. In general, entropy increment can be seen
in the boundary layers and after the generation of shock waves.
In Figs. 9a and 9d, it can be seen that numerical error results
in nonphysical increase in entropy in the regions far away from
the wing surface. On SG-Coarse mesh, entropy increment appears
nonphysically and the value is decreased at finer meshes. On UG
mesh, nonphysical increment of entropy is especially large, a clear
evident of lack of mesh resolution. By extending the refinement re-
gion, the entropy increment becomes smaller, as shown in Figs. 9e
and 9f.

On unstructured meshes, the mesh tends to become coarser
rapidly in the regions away from the wing surface. Because flows
around high-lift devices have large circulation and wake, they still
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change in the regions away from the wing surface. If the mesh size in
the region is too large, the flow changes cannot be captured, and loss
of total pressure and nonphysical production of entropy will occur.
In comparison, structured meshes have higher density away from
the wing surface because of its topology, which helps to capture the
flow variation.

Figure 5 shows the comparison of Cl -α and Cl -Cd for SG-Fine,
UG, and UG-8. By proper distributions of mesh points, the results of
unstructured meshes are comparable to those of fine structured mesh.
In this study, wide refinement regions are selected to investigate
the mesh dependency. Observing the decrease in entropy increment
suggests that it can be used as mesh-refinement indicator.

B. Three-Element (Slat-Main-Flap) Airfoil
1. Model Geometry and Computational Conditions

In this section, more complicated flows with the slat are com-
puted. The configuration used in this study is composed of a slat,
main airfoil, and single-slotted flap, as in Ref. 27. The slat and flap
angle are set to 25 and 20 deg, respectively. This configuration was
used as a code validation challenge by the CFD Society of Canada28

Fig. 10 Multiblock structured mesh of three-element airfoil.

Fig. 11 Baseline unstructured mesh of three-element airfoil, Mesh 1.

a) Cl-α

b) Cl-Cd

Fig. 12 Comparison of Cl-α and Cl-Cd between wind-tunnel results
and computational results.

in 1996. The freestream Mach number is 0.197, and the Reynolds
number is 3.52 × 106. In the experiments, transition from laminar
to turbulent on the main element is forced at x/c = 0.125 on both
the upper and lower surface. On the slat and flap, transition is free.
In the computations, transition is fixed on the main wing as speci-
fied in the experiment. On the slat and flap, fully turbulent flow is
assumed.

The computational meshes used in this study are shown in Figs. 10
and 11. The minimum spacing in the normal direction to the wing
surface is 5 × 10−6 on both structured and unstructured meshes. The
multiblock structured mesh has 26 blocks and 143,032 mesh points.
The outer boundary is located 100 chord lengths away from the
body surface. The unstructured mesh is a baseline mesh that is not
adapted to the wake and has 45,997 mesh points. The outer bound-
ary is located 100 chord lengths away from the body surface. For
both structured and unstructured meshes, the surface mesh points
and distributions on wing are almost the same, except near the trail-
ing edges, where there are more mesh points in the unstructured
mesh.

Regarding unstructured mesh, the baseline mesh and three re-
fined meshes are used to examine the effect of mesh dependency, as
summarized in Table 2. The details are described in the following
section.

2. Computational Results
Figures 12a and 12b show variations of lift coefficients Cl vs

angle of attack α and Cl vs drag coefficients Cd . Figures 13 and 14
show computed Mach contours at α = 4.01 deg.

Regarding Cl -α, both computational results show almost the same
behavior even near stall angle. The difference in Cl does not exceed
1.0%, and the average is about 0.5%, which is considered reasonable.
Compared with experimental results,27 computational results show
excellent agreement everywhere, except for stall, where a delay of 2–
3 deg is observed. The delay is perhaps caused by the relatively larger
eddy viscosity in flow separation produced by the SA turbulence
model.

Table 2 Unstructured mesh refinement for the case of
three-element airfoil

Mesh Mesh points Refined regions

Mesh 1 45,997 Baseline mesh for mesh refinement
Mesh 2 75,083 50 chord lengths away from main airfoil

in Mesh 1
Mesh 3 117,621 Mesh adapted to the result at α = 4.01 deg

(≈Mesh 2 + Wake)
Mesh 4 170,751 Mesh adapted to the result at α = 20.18 deg

a) Structured mesh

b) Baseline unstructured mesh, Mesh 1

c) Refined unstructured mesh, Mesh 3

Fig. 13 Mach contour at α= 4.01 deg.
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a) Structured mesh b) Baseline unstructured mesh,
Mesh 1

c) Refined unstructured mesh,
Mesh 3

Fig. 14 Mach contour around slat at α= 4.01 deg.

a) Structured mesh b) Baseline unstructured mesh,
Mesh 1

Fig. 15 Contours of entropy change near the slat at α= 4.01 deg.

Fig. 16 Refined unstructured mesh, Mesh 3.

Regarding Cl -Cd , Cd for unstructured mesh is much larger com-
pared to the computational results on the structured mesh, although
it shows better agreement with experimental data. Figure 15 shows
the entropy contour near the slat. In Fig. 15b, the entropy is non-
physically increased in the regions away from the wing surface be-
cause of the numerical error in unstructured mesh, which indicates
insufficient mesh resolution. Again, a mesh-refinement method is
utilized to examine mesh dependency. The original unstructured
mesh, Mesh 1, is used as the baseline mesh.

The mesh refinement is summarized in Table 2. The results in the
preceding section showed that sufficient mesh density away from
the wing surface is required for accurate drag prediction to handle
large circulation in the flow around a high-lift device. In Mesh 2,
mesh points are increased within 50 chord lengths away from the
wing. In Mesh 3, mesh resolution in wake regions at α = 4.0 deg
is also improved using entropy increment as the mesh-refinement
indicator. Figure 16 shows Mesh 3. Using this approach, we can
identify the regions of physical importance as well as those where
numerical error should be decreased.

Figures 17a and 17b show Cl -α and Cl -Cd as functions of un-
structured mesh density. The difference in Cl -α is very small except
for Cl max, whereas in Cd a large improvement can be seen. Regard-
ing Cl -Cd , the difference in Cd is still large at higher angle of attack.
At this condition, the flow on the upper side of the slat is greatly
accelerated. In fact, it can even exceed sonic speed. In addition, the
wake of the slat shifts away from the wing surface and enters the
region of insufficient mesh resolution. The mesh is then readapted
to the wake at a higher angle of attack, and the mesh density near
the slat is increased (Mesh 4) using entropy increment as the mesh-
refinement indicator. As indicated by the result at α = 20.18 deg,
Cd is considerably reduced to almost the same value as that of the

a) Cl-α

b) Cl-Cd

Fig. 17 Effect of mesh density on aerodynamic forces for unstructured
mesh.

structured mesh. At higher angle of attack, more mesh points were
required to capture the accelerated flow on the upper side of the slat
and the distant wake. When the flow characteristics can be changed
largely, the grid should be readapted.

Computed surface-pressure coefficients Cp are compared with
experimental results at α = 4.01 deg in Fig. 18. Both computational
results show good agreement with experimental data on all airfoil
elements.

Boundary layer and wake profiles of total pressure coefficient
Cp0 are compared in Figs. 19 and 20. The profiles are taken at a
line normal to the upper surface at x/c = 0.35 on the main element
and at x/c = 1.214 on the flap (trailing edge). The variable d is the
normal distance from the airfoil surface. Figures 19a and 20a show
the total pressure loss caused by the boundary layer on the main
wing and the wake from the slat. In Figs. 19b and 20b, the merging
of the wakes from the slat and main element can be seen.

On the original unstructured mesh, Mesh 1, the wake is highly
diffused. Using the present mesh-refinement method, the diffusion
is suppressed, and the profile is significantly improved. The com-
putational results on the structured and refined unstructured meshes
show the similarity with experimental results27 and with each other.
The detail in flow physics is well resolved on unstructured mesh
because of proper distribution of mesh points in the regions of
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Fig. 18 Surface-pressure coefficients Cp at α= 4.01 deg.

a) x/c = 0.35 b) x/c = 1.214

Fig. 19 Boundary layer and wake profiles of total pressure coefficient
Cp0 at α= 4.01 deg (d, normal distance from the airfoil surface).

a) x/c = 0.35 b) x/c = 1.214

Fig. 20 Boundary layer and wake profiles of Cp0 at α= 20.18 deg.

physical importance, such as the wake and region where gradient
of flow variables is large, as well as those where numerical errors
should be decreased using entropy increment as the mesh-refinement
indicator.

C. Three-Element (Slat-Main-Flap) Wing and a Fuselage
1. Model Geometry and Computational Conditions

In this section, two kinds of trapezoidal high-lift wing models29,§

are computed both on multiblock structured and unstructured
meshes, as shown in Figs. 21 and 22. One is a full-span flap model
that has a full-span slat and a full-span single-slotted flap that ex-
tend 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

§Data available online at http://db-www.larc.nasa.gov/trapwing/archive/
register [cited 5 Jan. 2005].

a) Distant view

b) Cross-sectional view at 50% span

c) Close-up view near leading edge of flap

Fig. 21 Computational mesh of three-element trapezoidal wing with
a full-span flap: left, structured mesh and right, unstructured mesh.

to roughly half of the span length of the model. The models were
tested at NASA Langley in 1998 and NASA Ames in 1999. The
experiments using the models were performed to produce experi-
mental data for validation and development of CFD methods for
three-dimensional high-lift flows.29,§ In the wind-tunnel tests, the
models have a variety of slat and flap settings. In this study, a set-
ting for landing is used for both configurations. The slat and flap
deflections are 30 and 25 deg, respectively. The mean aerodynamic
chord of the model c is 39.6 in. (1 m), and the model semispan is
85.1 in. (2.16 m). The slat gap and slat height are 0.015c. The flap
gap and flap overlap are 0.015c and 0.005c, respectively.

For each configuration, a structured mesh and an unstructured
mesh are generated, as shown in Figs. 21 and 22. The minimum
spacing in the normal direction to the wing surface is 0.01/

√
Re

on unstructured meshes and 0.02/
√

Re on structured meshes. The
outer boundary is a semisphere, whose radius is about 60c. The
multiblock structured meshes were generated with the commercial
software, Gridgen. The total number of mesh points is about 7.5
million for the full-span model and 9.8 million for the part-span
model. The number of blocks is 586 blocks for the full-span model
and 848 blocks for the part-span model. More than one month is
required to generate the mesh by an expert for each configuration.
To study mesh dependency, a fine mesh for the full-span config-
uration, which has about eight times mesh points of the baseline
mesh, is also generated by adding mesh points in the i , j , and
k direction, uniformly. The unstructured meshes were generated
with TAS-Mesh. The meshes have about 13 million mesh points in
volume mesh at both configurations. To generate the unstructured
meshes from CAD data, only a few days are required. The unstruc-
tured surface meshing using isotropic triangles is semi-automatic,
and it took only a few hours. However, it requires a large num-
ber of mesh points at leading-edge and trailing-edge sections. The
trailing edges of this model are blunt and very thin. To insert suffi-
cient number of mesh points using isotropic triangles, a huge num-
ber of mesh points is required. Therefore, the trailing edges have
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a) Distant view b) Cross-sectional view at 50% span

c) Cross-sectional view near a gap between the main and flap wing

Fig. 22 Computational mesh of three-element trapezoidal wing with a part-span flap (left, structured mesh; right, unstructured mesh).

a) CL-α b) CL-CD c) CMp-α

Fig. 23 Comparison of CL-α, CL-CD, and CMp-α between wind-tunnel results and computational results. (CMp-α does not include the experimental
results.)

only one or two elements for the unstructured meshes as shown
in Fig. 21c, compared to about six elements for the structured
meshes.

In the current computations, the freestream Mach number is 0.15,
and the Reynolds number is 15 × 106. Fully turbulent flows are
assumed in the computations.

2. Computational Results of Full-Span Flap Configuration
Figures 23a and 23b show CL -α and CL -CD for computed results

and experimental data.§ Figure 23c shows CMp (pitching-moment
coefficient)-α for computed results. As for CL -α, although both
computational results predict slightly higher CL (about 1%), the re-
sults show good agreement with the experimental data at the mod-
erate angles of attack. The difference between computations in CL

at the moderate angle of attack is 1.0%, and the difference in CL max

is 1.4%, which is considered reasonable. In the published date at
the website,§ the experimental data near the stall angle of attack
are not available. Therefore, compared with the experimental and
computational results in Ref. 8, a stall delay of 2–3 deg is observed
in our computations. As for CM -α, the difference between compu-
tational results does not exceed 1% at almost all angles of attack.
As for CL -CD , the overall level and the tendency of both compu-
tational results agree well with the wind-tunnel results. However,
differences between computations in CD are relatively larger. The
differences are about 200–300 drag counts, which is about 3–6%.

§Data available online at http://db-www.larc.nasa.gov/trapwing/archive/
register [cited 5 Jan. 2005].

Fig. 24 Comparison of CL-CDprofile ideal between wind-tunnel results
and computational results.

In Fig. 24, the estimated profile drag coefficients CDprofile ideal are
compared. The value is obtained by subtracting the ideal induced
drag C2

L/π/AR, from CD , where AR is the aspect ratio of the wing.
The ideal induced drag can be more than 85% of the total drag. In the
three-dimensional case, the induced drag is so large that the differ-
ence in CD between structured and unstructured meshes seems less
than that in the preceding two-dimensional cases. Comparing the
computational results in Fig. 24, however, the estimated CDprofile ideal

for unstructured mesh is much higher.
In Fig. 25, CD at angle of attack of 11.02 deg is broken down into

some components, such as CDp and CD f to investigate the differ-
ences. The results for fine structured mesh are also shown here. The
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percentage of pressure drag is more than 95% in the total drag. The
difference between the original and fine structured meshes in CDp

and CD f is only 20 drag counts and two drag counts, respectively.
The differences between unstructured mesh and fine structured mesh
in CDp and CD f is about 150 drag counts (≈4%) and five drag counts
(≈5%), respectively.

Figures 26 show a comparison of CP at α = 11.02 deg. Both
computational results are in good agreement with wind-tunnel re-
sults except for slat components, especially near its leading edge,
whereas the computational results agree with each other. One pos-
sible cause is the difference in the stagnation-point location on the
slat because the flow in the experiment is inclined as a result of the
wind-tunnel wall interferences. In Fig. 26, differences of CP dis-
tribution between computational results can also be seen near the
trailing edge and the wing tip. CP on unstructured mesh has a large
jump at all trailing edge. It is conceivable that the jump is caused by

Fig. 25 Comparison of drag com-
ponents between computational re-
sults on structured and unstruc-
tured mesh at α= 11.02 deg (CDp,
pressure; CDf, friction).

a) 50% span

b) 98% span

Fig. 26 Comparison of CP at α= 11.02 deg at each span location (left, slat; center, main wing; right, flap).

a) Structured mesh b) Fine structured mesh c) Unstructured mesh

Fig. 27 Total pressure contours near wing tip at α= 11.02 deg.

the lack of mesh points near the blunt trailing edge, which affects
the circulation and aerodynamic forces. In addition, larger differ-
ences in Cp can be seen in all computations near the wing tip where
large vortices are generated, as shown in Fig. 27. The strength of the
wing-tip vortices is different in the computations. The difference is
caused by mesh resolution, and it affects Cp near the wing tip.

Figures 28 shows the computed Mach contours at 50% span lo-
cation. Overall flow structures are almost the same except for the
wake regions. On the unstructured mesh, the wake on the flap is
spread out. However, the computed aerodynamic forces show fair
agreement with experimental results. At these moderate angles of
attack and relatively moderate settings of slat and flap, the slat ef-
fects to aerodynamic forces are not very important. However, the
lack of mesh resolution for the wakes can lead to inaccurate lift
and stall prediction as the angle of attack and the deflection of the
slat and flap are increased. In addition, the unresolved wakes re-
sult in higher drag. Mesh-refinement approaches that insert highly
dense mesh in the slat wake and the use of adaptive mesh refine-
ment must be required for more accurate prediction of the flow
physics.

Figure 29 shows the surface-restricted streamlines at α =
20.18 deg. Compared with Figs. 29a and 29c, the overall flow pat-
tern is similar, but a large difference can be seen in the corner flow
near the junction of the wing and body. In this configuration, there
is no fairing at the junction. Flow separation can be observed at this
corner. It is very sensitive to mesh resolution and turbulence model,
as discussed in Ref. 12. On structured mesh, stretched elements
in the spanwise direction are generally used. Therefore, the mesh
resolution becomes relatively coarser at the corner on the wing.
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a) Structured mesh b) Fine structured mesh c) Unstructured mesh

Fig. 28 Mach contours at 50% span location (α= 11.02 deg).

a) Baseline structured mesh b) Refined structured mesh near the junction c) Unstructured mesh

Fig. 29 Surface-restricted streamlines at α= 20.18 deg.

a) CL-α

b) CL-CD

Fig. 30 Comparison of CL-α and CL-CD between wind-tunnel results
and computational results.

Figure 29b shows the results on a structured mesh where mesh
resolution near the junction is significantly enhanced. As the result,
the size of the flow separation becomes smaller, and the similarity
with the results of unstructured mesh is improved. By refining the
mesh, 1% changes in CL and CD are obtained. This emphasizes the
importance in quantitative prediction of the flow separation at such
corner.

3. Computational Results of Part-Span Flap Configuration
Figures 30a and 30b show CL -α and CL -CD for computed results

and experimental data. Figure 31 shows estimated CDprofile ideal. For
this part-span flap configuration, as for CL -α, the difference between
the computational results and experimental results becomes slightly
larger than that for the full-span flap configuration. The computa-
tional results on the structured mesh and unstructured mesh over-
estimate CL by about 1.8 and 3.3%, respectively. The difference

Fig. 31 Comparison of CL-CDprofile ideal between wind-tunnel results
and computational results.

between the computational results is about 1.5%. As for CL -CD ,
the overall level and the tendency of both computational results
agree well with experimental results. The differences are about
100–200 drag counts, which is about 5%. Comparing the computa-
tional results in Figs. 30b and 31, it is found that the results on the
unstructured mesh show better agreement with experimental data.
However, the estimated CDprofile ideal by unstructured mesh is higher,
and the results show the same tendency with the computations of
full-span flap configuration.

Figure 32 shows a comparison of CP distribution at α =
16.70 deg. At midspan of the flap, computational results agree well
with wind-tunnel results. The difference between computations is
little, except for the trailing edge as discussed in the full-span flap
case. On the other hand, near the tip of main wing and flap, the
difference arises because of the tip vortices. Figure 33 shows the
total pressure contours at α = 16.70 deg. On the structured mesh,
the wing-tip vortices are slightly diffused at the upper side of the
main wing compared to that of the unstructured mesh, as shown in
Fig. 33a. For the structured mesh, a large number of mesh points
is required to generate a mesh in the region of the part-span flap.
The mesh density becomes relatively coarser at the wing tip. Near
the wing tip of the flap in Fig. 33b, slight discrepancies can be also
seen where the flow physics becomes more complex as a result of
the gap.

Fortunately, it is shown that reasonable values of aerodynamic
forces can be predicted using the unstructured mesh at moderate
settings of slat and flap, despite minor differences in local flow
physics. At a larger deflection angle, however, the effect of local
flow physics is expected to become larger, following the increase
in aerodynamic load. Computations and further mesh-refinement
study to resolve the tip vortices and wakes must be required to
acquire better knowledge in such case.
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a) 28%

b) 50%

c) 98%

Fig. 32 Comparison of CP at α= 16.70 deg at each span location (left, slat; center, main wing; right, flap).

a) Near the wing tip

b) Near the inner flap tip

Fig. 33 Total pressure contours near wing tip at α= 16.70 deg (left,
structured mesh; right, unstructured mesh).

IV. Conclusions
To assess and improve the reliability of aerodynamic force pre-

diction in the flow simulation around high-lift devices on multiblock
structured and unstructured mesh, computations of two-dimensional
and three-dimensional high-lift configurations have been performed.
In the two-dimensional problems, detailed grid studies with mesh
adaptation on unstructured mesh have been performed. In the three-
dimensional problems, some modest grid studies have been per-
formed with structured meshes because of the high computational
costs.

First, computations for a two-element NLR-7301 airfoil were per-
formed. Cl was less sensitive to mesh density, and the difference was
little on structured and unstructured meshes, whereas the difference
in Cd was very large. Mesh dependency with respect to Cd for un-
structured meshes was examined using a mesh-refinement approach.
Various refinement regions were used to investigate the difference
in computed drag coefficients on a structured and an unstructured
mesh. It was shown that the mesh density away from the wing surface
was required for drag prediction because the flows around high-lift
devices had large circulation and wake. Nonphysical entropy was
produced in the regions away from the wing surface, where the mesh
size was too large to capture the changes in flow properties.

Next, more complicated two-dimensional flows with slat were
computed. A mesh-refinement approach using entropy increment
as the refinement indicator was applied. The method was effective
in increasing mesh points in the regions of physical importance, such
as wake and the region where numerical error should be decreased.
Again, Cl was less sensitive to mesh density. Cd was overestimated,
and wake diffusion on the unstructured mesh was siginificantly im-
proved. The results on the unstructured mesh became comparable
with those of the multiblock structured mesh. By proper distribution
of mesh points on unstructured mesh, the detail in flow physics was
well resolved.

Computations of three-dimensional three-element trapezoidal
wings with fuselage were also performed. Two configurations with
full-span flap and part-span flap were used. Some minor differences
of local flow physics, such as the resolution of the wake and wing-tip
vortices were seen. However, reasonable prediction of aerodynamic
forces was obtained even on the unstructured mesh, when the moder-
ate settings of slat and flap were used. In both configurations, CL was
predicted well both on structured and unstructured mesh. The dif-
ference between computations was 1.5% at most. Surface-pressure
distributions were also predicted well except near the wing and flap
tip. The overall level and tendency of CD also agreed well with wind
tunnel and with each other. The difference between computations in
CD was relatively larger, which was an average of 5%. Because these
configurations produced high lift, the total drag might comprise ideal
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induced drag of more than 85%. In the three-dimensional case, the
induced drag was so large that the difference in CD between struc-
tured and unstructured meshes seemed less than in the preceding
two-dimensional cases. However, the estimated CDprofile ideal for un-
structured mesh was much higher. Further mesh-refinement study
needs to be conducted in the same manner as in the two-dimensional
cases, especially for precise drag prediction.

In this study, local flow physics does not seem to affect the aero-
dynamic forces significantly. However, as the deflection angle of
the slat and flap becomes larger and the flap produces much larger
load, the effect is expected to increase. To improve the results, issues
such as turbulence and transition modeling need to be addressed.
However, at the same time we need to consider the effect of mesh
quality. Computations and further mesh refinement to resolve the
regions containing wake, wing-tip vortices, trailing edge, and the
flow separation at the wing-body juncture must be required to ac-
quire better knowledge in high-lift devices.
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