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Abstract

The paper presents simulations over a trapezoidal
wing with a single slotted flap and a slat. The
calculations are performed for the high-lift con-
figuration know as configuration one, which is
characterized by slat and flap deflections of 30°
and 25°, respectively. The simulations address
both the actual configuration tested, with the sup-
porting brackets for the high-lift devices, as well
as a simplified configuration without the brack-
ets. Both hybrid tetrahedral-prismatic and hexa-
hedral meshes are considered in the calculations.
For the purpose of analyzing the effect of the tur-
bulence model, simulations are performed using
the Spalart-Allmaras, Menter SST and cubic k—¢€
turbulence models. The grids for the configura-
tion without brackets range from 12 million to
22.8 million cells, whereas for the configuration
with the brackets the grids vary from 24.8 mil-
lion, for the coarse mesh, to 69.5 million cells,
for the fine mesh.

1 Introduction

Computational Fluid Dynamics (CFD) has been
consolidated as a quite mature science along the
last 30 to 40 years of development [1, 2]. Nowa-
days, CFD is a well-know technology, deeply
inserted into aerodynamic groups to perform
the most diverse types of analyses. The pa-
per presents three-dimensional simulations over

the NASA Trapezoidal Wing [3, 4]. This semi-
span model has been tested both in the NASA
Ames 12-Foot Pressurized Tunnel (PWT) and the
NASA Langley 14 by 22 Foot Subsonic Wind
Tunnel (SWT). The model was developed to pro-
vide a database for CFD validation. The calcu-
lations here reported consider, initially, the con-
figuration known as configuration one, which is
characterized by the slat and flap deflections of
30 deg. and 25 deg., respectively.

In order to perform the present study, two
mesh generation approaches are selected. The
first one considers the generation of hybrid
tetrahedral—prismatic meshes for the configura-
tion with the supporting brackets, and the second
one relies in the generation of both hexahedral
and hybrid tetrahedral-prismatic meshes for the
configuration without the brackets. The reason
for not adopting the hexahedral methodology to
generate the meshes over the configuration with
the supporting brackets resides in the complexity
that these components bring into the mesh gener-
ation process.

Previous work [5, 6] by the present authors
has already addressed simulations for the Trap
Wing configuration, and the present paper in-
tends to extend on those previous studies includ-
ing new set of results. The first set builds upon
the previous obtained results with the hexahedral
meshes, but in this case, considering the adop-
tion of different turbulence models into the nu-
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merical simulation. The second set of results are
focused in the effects of the supporting brack-
ets over the obtained aerodynamic coefficients.
Moreover, the paper also considers the sensitiv-
ity of these aerodynamic coefficients with respect
to a surface and a spatial mesh refinement. De-
tails about the mesh refinement, for the hybrid
meshes, are discussed in the forthcoming sec-
tions of the present work. The simulations are
performed for several angles of attack and using
different turbulence models.

High-lift devices are intrinsically complex
lifting components, that generate flow patterns
with a vast range of physical phenomena [7, 8, 9].
On such devices, one can commonly find bound-
ary layer confluence, sonic regions, detached re-
gions, flow relaminarization, among other phe-
nomena. The capability to numerically capture
all these physical phenomena in detail provides
confidence on the obtained aerodynamic coeffi-
cients. This accuracy is a very important sub-
ject during the definitions of the high-lift systems
due to the target design requirements that must be
achieved to avoid penalties on the airplane perfor-
mance [10, 11].

2 Methodology

The simulations are performed with the CFD++
commercial package [12]. All the results are ob-
tained using the Reynolds-average Navier-Stokes
equations (RANS). As discussed, the Spalart-
Allmaras (SA) [13], the Menter SST [14] and the
cubic k — € [15] turbulence closures are adopted
in order to conduct a sensitivity study with regard
to the turbulence model. In the present case, only
the test conditions adopted at the NASA Langley
14 by 22 Foot Subsonic Wind Tunnel (SWT) are
used to perform the numerical simulations. These
conditions are freestream Mach number of 0.20
and Reynolds number of 4.3 million, based on the
model mean aerodynamic chord. Moreover, all
computational meshes used in the present study
were generated using the ICEM-CFD package
[16].

3 Configurations and Mesh Generation

The trapezoidal wing model has been tested both
in the NASA Ames 12-Foot Pressurized Tunnel
(PWT) and the NASA Langley 14 by 22 Foot
Subsonic Wind Tunnel (SWT) as part of the Ad-
vanced Subsonic Technology (AST) High-Lift
Program, and the Advanced Subsonic Technol-
ogy (AST) Airframe Noise Program. A consid-
erably large number of high-lift device configu-
rations and deflections was tested to produce the
necessary experimental data for validation and
development of CFD methods. Figure 1 shows
some geometrical details from one of the tested
configurations. In the present study, only con-

Fig. 1 NASA wind tunnel and trapezoidal wing
model.

figuration one, with and without its supporting
brackets, is considered in the performed numeri-
cal simulations. For further details about the gap—
overlap on the multiple element lifting surface,
the interested reader is directed to the homepage
of the 1st AIAA CFD High Lift Prediction Work-
shop [17].

The generated meshes have a spherical out-
side boundary, which is located 50 chords away
from the model. Since no wall boundary condi-
tion is imposed on the outer boundary, it is not
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necessary to reproduce in detail the wind tun-
nel test section. At this outer boundary of the
mesh, the characteristic equations are imposed
as boundary conditions. At the mesh symmetry
plane, the symmetry boundary condition is im-
posed. It is worth mentioning that the experimen-
tal results are corrected to eliminate the effect of
the tunnel wall boundary layer over the aerody-
namic coefficients of the configuration. Thus,
the application of the above mentioned boundary
conditions are appropriate for the performed sim-
ulations.

The prismatic mesh layer, for the hybrid grid
cases, is generated over the model surface using
a geometric law with a growth ratio of 1.15. The
generation of hexahedral meshes also follow the
same geometric growth rate for the control vol-
umes in the boundary layer. Moreover, the di-
mensionless wall distance, y*, for the first point
off the wall is set equal to one, by adjustments on
the grid near the wall. This distance is defined
based on the flight condition and the expected
shear stress on the surface. The y™ for a wall-
bounded flow can be defined as

+ _ Uy
= (1)
where u, is the friction velocity at the nearest
wall, y is the distance to the nearest wall and v
is the local (laminar) kinematic viscosity of the
fluid.

The coarse and refined hexahedral meshes,
adopted in the previously work [5, 6], are here
again selected in order to perform new numerical
simulations considering other turbulence models
besides the Spalart-Allmaras model. The coarse
hexahedral grid has 12 million cells, while the
refined grid achieves a total size of 22.8 million
cells. In both cases the mesh distribution along
the direction normal to the surface follows a geo-
metric law, with a growth ratio of 1.15, which is
the same adopted value for the hybrid methodol-
ogy. It should be pointed out that, for compari-
son purposes, results for the configuration with-
out the brackets and considering the hybrid mesh
generation approach are also included here.

In Fig. 2, it is possible to observe the blocking
concept, typical of the hexahedral mesh method-
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ology. This concept consists in attributing the
edges of the blocks to the surface and bound-
aries of the geometry, whenever the block is close
enough of the geometry. These blocks are re-
sponsible for the generation of the surface mesh
and the volumetric mesh close to the surface.
The blocks that are in regions far from the ge-
ometry are only responsible for representing the
volumetric mesh. Their edges are attached to
the mesh supporting lines. The process just de-
scribed is the usual approach adopted by the
ICEM-CFD [16] solver for hexahedral mesh gen-
eration. Figure 3 shows details of the refined hex-
ahedral surface mesh generated over configura-
tion one without the brackets.

Fig. 2 Block structure necessary in order to de-
fine the hexahedral mesh for configuration one

In order to perform the second set of simu-
lations, hybrid tetrahedral-prismatic meshes are
generated over configuration one with its sup-
porting brackets. A study of mesh refinement is
conducted considering a baseline grid with 24.8
million cells, a medium grid with 49.3 million
cells, and a fine grid with 69.5 million cells. In
Fig. 4, one can observe the isometric view of
these three meshes. In such study, surface refine-
ment is initially performed and, afterwards, vol-
umetric refinement is conducted for the grid with
the finer surface definition.

The surface refinement is accomplished
through the imposition of smaller cell sizes, but
without allowing that the mesh reference lengths
be divided in half. The decision for setting a re-
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Fig. 3 Hexahedral refined surface mesh for con-
figuration one

striction on the decrease of the mesh reference
lengths is based in the fact that, otherwise, the
number of elements in the final mesh would in-
crease considerably. In terms of spatial refine-
ment, it is decided to select those regions around
all the trailing edges of the high-lift system and,
also, near the wing-pod junction.

In particular, much of the complexity during
the mesh generation process for the configura-
tion with the supporting brackets arises from the
proximity of the slat lower surface to the proper
supporting bracket rod, as one can observe in
Fig. 5. Moreover, the concave shape formed be-
tween these two elements and the presence of the
bracket base requires special attention in order to
setup the most adequate mesh parameters during
the mesh generation process. The distance be-
tween these geometrical components provides an
important information to define the best surface
discretization and the prism layer growing char-
acteristics. The lack of awareness of the close
proximity of different surfaces of the configura-
tion, at this initial setup stage, can yield some
difficulties into the mesh generation process. Ac-
tually, they may, sometimes, result in the apper-
ance of negative volumetric elements, which in-
validates the use of the obtained mesh. In some
extreme cases, the mesh generator aborts the gen-
eration procedure due to the impossibility of han-
dling both the geometric constraints and the im-

(a) Coarse Mesh

(b) Medium Mesh

(c) Fine Mesh

Fig. 4 Surface mesh for configuration one with
its supporting brackets.

posed mesh setup.

In Fig. 6, one can observe a station cut of the
volumetric mesh near the slat and flap devices.
This station cut plane passes through the first slat
and flap brackets. In this figure, the level of vol-
umetric mesh refinement near the wing is quite
evident. The fine tetrahedral mesh has a growth
ratio, beyond the prismatic mesh layers, which is
i1s much slower than the corresponding growth ra-
tio observed for the coarse and medium meshes.
This fine mesh was constructed in this fashion
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Supporting Brackets - Slat Component

Fig. 5 Bracket details at the slat component of
configuration one.

Fig. 6 Station cut over the fine mesh through the
mid-plane of the first slat and flap brackets.

in order to attempt to improve capturing of the
free shear layers, or detached wakes, that are ex-
pected to occur in those regions of the flow in the
present calculations. However, the control of this
growth ratio, in order to have an adequate volu-
metric mesh, implies in a considerable increase
in the total number of mesh cells.

4 Results

4.1 Configuration Without

Brackets

Supporting

Figure 7 shows the Cp versus AoA curves ob-
tained by all the simulations performed for the
configuration without the brackets. In particular,
the authors are interested in the results with the
two hexahedral meshes, because these have been
used in order to evaluate the effect of the turbu-
lence models in the calculations. Hence, there
are results for the SA and SST models, for both
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hexahedral meshes, and for the cubic k — € turbu-
lence model for the refined hexahedral mesh. For
comparison purposes, results with the SA model
on the baseline hybrid grid (without the brackets)
are also shown in this figure.

Configuration One ( SLAT - 30 & FLAP - 25)
Rey = 4.3 Million Mach Number = 0.20

cL
o

—+—Correct Wind Tunnel Results
—o~-CFD Simulation - Hybrid Mesh -SA
——CFD Simulation - Hexahedral Mesh -SA
—+=CFD Simulation - Hexahedral Mesh Refined - SA
—+—CFD Simulation - Hexahedral Mesh -8ST
CFD Simulation - Hexahedral Mesh Refined - SST
—=—CFD Simulation - Hexahedral Mesh Refined - CKE

-8 -4 0 4 8 12 16 20 24 28 32 36 40
AOA

Fig. 7 C; versus AoA for configuration one.

The results obtained with the SST turbulence
model show no difference between the baseline
and the refined meshes up to 24 deg. of angle
of attack, which consists in the linear part of the
curve. Above this angle of attack, the difference
between the results with the two meshes do not
exceed 0.04 in terms of the Cy, coefficient. Typi-
cally, at higher angles of attack, the nonlinearities
of the flowfield are more pronounced, thus, re-
fined meshes are more adequate to better capture
such nonlinarities. The results for the SA model,
on the hexahedral meshes, are not much different
from those obtained with the SST model. The
calculations with the SA model in the baseline
hybrid mesh indicate quite poor agreement with
the rest of the data in the figure, especially for the
higher values of angle of attack. In general, the
calculated values of Cp ), are lower than the ex-
perimental data. It is interesting to notice that the
hexahedral baseline mesh has results that are very
similar to those obtained with the refined mesh.
This is an indication that the baseline mesh may
already be adequate for the intended simulations
in the present case.

The other turbulence model used in the
present investigation, in order to address simu-
lations for configuration one without the brack-

44
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ets, is the cubic k — € closure [15]. The results
obtained with this model have the same C; X o
curve slope as those from the simulations per-
formed with the SST model. The results further
indicate that the C;, x o curve for the cubic k — €
model lies below the curve for the SST model, at
least for most of the range of angles of attack in-
vestigated, for the refined hexahedral mesh. On
the other hand, the cubic k — € model calculations
yielded a value of Cr,,,y Which is only slightly
larger than the experimental value. However, the
stall angle of attack is increased by 2 to 4 deg.,
when compared to the literature data. The nu-
merical formulation for the cubic k — € turbulence
model considers an explicit nonlinear constitutive
relation for the eddy viscosity, which is different,
for instance, from the SST model, which has a
linear formulation. Such differences may have
led the cubic k — € model to yield a better corre-
lation in the value of CLmax’ but at the expense
of delaying the separation and, hence, giving the
wrong stall angle of attack.

The drag results for such meshes can be seen
in Figs. 8 and 9. The Cy range of interest in the
drag polars has been split in two curves in order
to allow a better visualization of the results. The
results for the drag polars obtained with the SST
model are indicating less drag, for the same lift
coefficient, when compared to the experimental
data. The drag calculations with the cubic k — ¢
model, for some portions of the Cy range con-
sidered, are indicating quite smaller drag coeffi-
cients than those indicated by the experimental
results.

Results with the SA model and the hexahe-
dral meshes are indicating a very good agreement
with the experimental drag coefficients. On the
other hand, calculations with the SA model and
the hybrid baseline grid yield much higher drag
for a given lift coefficient. One should further
observe that, in Figs. 8 and 9, the authors have
included two broken lines indicating variations of
+150 drag counts with respect to the experimen-
tal value at the corresponding lift coefficient. It
is clear in these figures that essentially all of the
present calculations, with the clear exception of
the SA results in the hybrid grid, fall within the

Configuration One ( SLAT - 30 & FLAP -25)
Rey = 4.3 Million Mach Number = 0.20
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Fig. 8 Drag polars for configuration one without
brackets (lower range of Cp).

Configuration One ( SLAT - 30 & FLAP - 25)
Rey = 4.3 Million Mach Number = 0.20
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Fig. 9 Drag polars for configuration one without
brackets (higher range of Cp).

150 drag count margins.

The flow pattern obtained for the simulations
performed with the baseline hexahedral mesh and
using the SST turbulence model are shown in
Fig. 10. The vortex structure over the flap trail-
ing edge and near the pod junction is consider-
ably smaller than those obtained by the simula-
tions performed with the SA turbulence model
for the same grid. The increase in the angle of
attack leads, for the SST solutions, to a decrease
in the size of this vortex structure until it disap-
pears. Thus, one can observe the topology of the
flow solutions obtained is quite dependent on the
adopted turbulence model.

2.8
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(e) SST model, oo =24 deg. (f) SA model, o = 24 deg.

Fig. 10 Shear lines over configuration one for
three angles of attack - Hexahedral Mesh - SST
and SA Models.

5 Configuration With Supporting Brackets

The lift curves in Fig. 11 are a summary of all
the lift coefficient results obtained for the con-
figuration with brackets. One can see in this
figure the Cy versus AoA curves for the calcu-
lations with the SA model in all three meshes,
results for the SST model in the medium mesh,
and, also, the effect of computing a new lift point
restarting from a previous calculation at a smaller
angle of attack. It should be pointed out that,
for most of the calculations in the present work,
for a given flight condition, the computations are
started from freestream conditions. However, in
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a few cases, the restart procedure was also con-
sidered in order to initialize the numerical simu-
lation of the next higher angle of attack from a
converged solution a smallar value of a.

Configuration One ( SLAT - 30 & FLAP - 25)
Rey = 4.3 Million Mach Number = 0.20

——Correct Wind Tunnel Results
-=-CFD Simulation - Coarse Mesh - Brackets - SA
——CFD Simulation - Medium Mesh - Brackets - SA
—+—CFD Simulation - Medium Mesh - Brackets - SST
—+CFD Simulation - Medium Mesh - Brackets - SA - Restart
—~CFD Simulation - Fine  Mesh - Brackets - SA

-8 -4 0 4 8 12 20 24 28 32 36

16
AOA
Fig. 11 Comparison of Cy, versus AoA curves for
the configurations with brackets.

In Fig. 11, one can observe that the compu-
tational results, for the all the performed simula-
tions, are shifted with regard to the experimental
data. In particular, the results obtained for the
coarse mesh with the SA model present a very
premature stall angle of attack and lower Cp) .«
value than the other results. The simulations per-
formed with the medium mesh, with the same SA
model, provided an improvement in the capture
of the lift coefficient, C;, in relation to the re-
sults obtained with the coarse mesh. The stall is
still premature, but it is now occuring at a higher
angle of attack, more precisely at 28 deg. The
increase in the stall angle of attack contributes
to diminish the difference between the maximum
experimental Cy, and the one obtained by the nu-
merical simulation. Moreover, the somewhat sys-
tematic shift observed between the experimental
data and the simulation results is also decrease
with the adoption of the medium mesh. Never-
theless, despite the improvements, the calculated
Cr, x o curve and the value of CLmax obtained
from the simulations are still not as close to the
experimental data as one would like.

A comparison of the effects of the turbulence
model used in the simulations is also performed
for the calculations with the medium mesh. The
results for the SA and SST models are very simi-
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lar up to AoA = 24 deg., although the SST model
computations yield slightly lower values of lift
coefficient at each corresponding angle of attack
than those obtained with the SA model. However,
the calculations with the SST turbulence model
indicate that the wing stalls at an angle of at-
tack somewhere between 24 and 26 deg., whereas
the results with the SA model only indicate stall
above AoA = 28 deg. As it is clear from the
figure, both calculations yield a premature stall
when compared to the experimental data. Never-
theless, the results with the SA model are much
closer to the experimental data in the high angle
of attack range.

The results obtained with the same medium
mesh, but now considering the simulation from a
previously converged solution at a smaller angle
of attack, yield smaller values of Cy, for the same
angle of attack, than the results obtained start-
ing the simulations from freestream conditions,
which are referred to as solutions starting “from
scratch”. On the other hand, the results obtained
starting the computations from freestream condi-
tions yield an earlier stall than when using the
restart approach. In other words, the adoption of
the restart approach led to a 3 deg. increase in the
computed value of the stall angle of attack and,
also, to a small increment in the computed value
of Crmax- Hence, this approach yields Cpp,.¢
and angle of attack for maximum C; which are
closer to the experimental data.

The results with the SA model and the fine
mesh were disappointing. As previously dis-
cussed, the fine grid was generated from a vol-
umetric refinement of the medium grid and,
hence, one would expect that this would improve
the ability of capturing off-body flow structures.
However, as one can see in Fig. 11, the calcula-
tions with the fine grid are indicating a more pre-
mature stall than that obtained with the medium
mesh. For the lower values of angle of attack,
the results in the fine mesh are identical to those
obtained in the medium grid.

Figure 12 shows the Cp versus Cp curves,
for the calculations with the brackets. It can be
observed that the present calculations, with the
coarse grid, yield results which are, somewhat,

Configuration 1
Rey = 4.3 Million Mach Number = 0.20
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Fig. 12 Comparison of polar curves for the con-
figurations with brackets.

outside the +150 drag count range around the
experimental values. In some sense, this is to
be expected because the present calculations con-
sidered only two mesh elements to represent the
trailing edge of the high-lift configuration. Pre-
vious calculations for the configuration without
brackets [6] have demonstrated that mesh refine-
ment at the trailing edge is a must in order to
achieve a better comparison of drag results with
the experimental data. The reason for not in-
serting more mesh elements at the trailing edge,
in the present calculations, is that such approach
would yield meshes which would be beyond what
the resources available at the time for the authors
could handle.

In Fig. 12, one can also see the results ob-
tained for the configuration with both the medium
and fine meshes. The drag results in the medium
mesh, for both SA and SST turbulence models,
are close to each other, and in better agreement
with the experimental data than the results in
the coarse mesh. However, computations in the
medium mesh, and using the restart initialization
option, led to drag results which are also outside
the +150 drag count range around the experi-
mental data. Finally, the calculations performed
in the fine mesh have yielded drag values closer
to the experimental data than all the other compu-
tations here performed for the configuration wiht
the supporting brackets.

Figure 13 presents two planes perpendicular
to the aircraft longitudinal axis, colored by vor-
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ticity magnitude. These plots attempt to help vi-
sualize the growth of the boundary layer over the
configuration and the formation of the free shear
layers behind the wing. These results were com-

(a) Plane over the wing. (b) Plane downstream of
the wing.

Fig. 13 Vorticity magnitude contours along two
x-planes over and downstream of the wing.

puted for the medium mesh and using the SA tur-
bulence model. Moreover, the vorticity magni-
tude planes shown are for the configuration with
brackets at 24 deg. of angle of attack. The wing
tip vortex is clearly visible in the plots, as well as
the perturbation created by the supporting brack-
ets in the flow downstream of the wing.

6 Concluding Remarks

The present paper was interested in performing
simulations for the NASA Trapezoidal Wing in-
cluding the effects of the high-lift device support-
ing brackets. The objective was to study effects
of turbulence model, mesh refinement and mesh
topology in the quality of the results obtained.
Such study is a parallel to an investigation al-
ready performed for the configuration without the
supporting brackets, but with a limited number of
turbulence models.

For the calculations without the brackets, the
simulations with both hexahedral meshes have
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indicated that the SA and SST results are some-
what equivalent. This is true for lift coefficient
calculations as well as for the drag polars. For
these cases, the present calculations yielded a
value of Cpy ., Which is slightly smaller than in-
dicated by the experimental data, but the angle of
attack for Cr,y ., s correct. Calculations with the
SA model in a coarse hybrid mesh have yielded
results which were quite poor. Finally, calcula-
tions on the refined hexahedral mesh, and using a
cubic k — € model, improved the value of C Lmax>
but at the expense of increasing the stall angle of
attack beyond the correct experimental value.
Calculations have been performed for the
configuration with the supporting brackets us-
ing three different grids. Results on the coarse
grid were calculated solely with the SA model.
The lift coefficient results for the coarse grid pre-
dicted a quite premature stall when compared to
the experimental data. Drag calculations on the
coarse grid are outside a range of £150 drag
counts about the experimental data. Lift coeffi-
cient results in the medium and fine meshes, for
the SA calculations are identical up 26 deg. in an-
gle of attack. However, the fine grid calculations
stall beyond this angle of attack, whereas the
medium grid results show an increase in the lift
coefficient up to oo = 28 deg. Calculations with
the SST model in the medium grid also present
a lift curve which is similar to the ones obtained
with the SA model, except that the maximum lift
condition is achieved at 24 deg. in angle of attack.
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