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Abstract. The paper presents three-dimensional simulations over a trapezoidal wing with a single slotted flap and a slat,
which was a model developed in order to provide a database for CFD validation. 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 simulations are performed for two flaps deflections, 20 and 25 degrees, and a few angles of attack; the slat
deflection is hold constant at 30 degrees. Different mesh methodologies such as hexahedral meshes, and hybrid prismatic-
tetrahedral meshes are used to perform the numerical simulations. Moreover, in order to observe the accuracy of the
obtained aerodynamic coefficients, with respect to the mesh refinement and the turbulence model, additional simulations
are performed. These aditional simulations are accomplished using the Sparlat-Allmaras turbulence model and the
Menter SST turbulence model. The baseline grids range from 7.2 million to 12.8 million cells, while the finner grids
are around 23 million cells.
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1. INTRODUCTION

Computational Fluid Dynamics (CFD) has been consolidated as a quite mature science along the last thirty years
of development (Johnson and Tinoco, 2005), (Vos et al., 2002). Nowadays, CFD is a well-know technology, deeply
inserted into aerodynamic groups to perform the most diverse types of analyses. The paper will present three-dimensional
simulations over a trapezoidal wing with a single slotted flap and a slat (Chaffin and Pirzadeh, 2005), (NASA, 2009).
The model was developed in order to provide a database for CFD validation (Johnson, Jones, and Madson, 2000). The
simulations are performed for two flaps deflections, 20 and 25 degrees, and a few angles of attack; the slat deflection is hold
constant at 30 degrees. Different mesh methodologies such as hexahedral meshes, and hybrid prismatic-tetrahedral meshes
are used to perform the numerical simulations. Moreover, in order to observe the accuracy of the obtained aerodynamic
coefficients, with respect to the mesh refinement and the turbulence model, additional simulations are performed. These
aditional simulations are accomplished using the Sparlat-Allmaras turbulence model and the Menter’s SST turbulence
model. The baseline grids range from 7.2 million to 12.8 million cells, while the finner grids are around 23 million cells.

The high-lift devices are intrinsically complex lifting components, that generate flow patterns with a vast range of
physical phenomena (van Dam, 2002), (Payne et al., 2000), (Rogers et al., 2000). On such devices, one can commonly
find boundary layer confluence, sonic regions, detached regions, flow relaminarization, among other phenomena. In Fig.
1, one can observe the complex flow structures generated by the airplane high-lift devices in a landing configuration.
The capability to numerically capture all these physical phenomena, in tiny details, provides confidence on the obtained
aerodynamic coefficients. This accuracy is a very important subject during the definitions of the high-lift systems due
to the target design requirements that must be achieved to avoid penalties on the airplane performance (Eliasson, 2003),
(Rudnick, 2003).

In order to achieve the target design requirements, a combination of several sets of leading-edge and trailing-edge
high-lift systems can be used. For the leading-edge, one can choose which device is more appropriate among the follow-
ing possibilities: hinged leading edge, variable camber leading edge, fixed slot, simple Krueger flap, folding, bull-nose
Krueger flap, two-position slat, three-position slat. In a similar fashion, a large amount of possibilities is available for the
trailing-edge devices, for instance: split flap, plain flap, simple slotted flap, fixed vane/main double slotted flap, main/aft
double-slotted flap, triple-slotted flap. The combination of each one of these devices leads to different weight, cost,
reliability, faring drag, and fairing blockage, thus, resulting in different stall characteristics.

From the fifties’ to the seventies’, the increase in the complexity of high-lift devices was the tendency (Flaig and
Hilbig, 1993). However, in the late seventies’, the beginning of CFD use allowed a way to decrease the high-lift device
complexity by means of shape and gap/overlap optimization. This constantly search for simple high-lift devices is a
natural consequence of the desire to decrease the direct operating cost, DOC, of the airplane. The high-lift devices have
a substantial contribution to the airplane’s DOC, and the capacity to accurately predict the aerodynamic coefficients, of
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such configurations, is the cutting edge technology that allows the design of less complex devices. This capacity has an
commercial implications in the competition between the airplane manufacturers, and, for this reason, there is not available
experimental results for the numerical validation of a complete airplane with the high-lift devices deployed.

Figure 1. Numerical simulation over a commercial airplanes with the high-lift devices deployed.

The objectives of this investigation is to generate basic guidelines to accurately capture the lift and the drag coefficients
for commercial airliner with high-lift configurations. Usually, for the high-lift configuration of an airplane, the drag
coefficient, C'p, is not so well capture as the lift coefficient, C';, (Rumsey and Rivers, 2005). The proposed statement is
sustained by a number of works performed by many other authors, and this study also intends to verify this behavior.

In order to generate these guidelines to capture the aerodynamic coefficients, it is necessary to perform studies with a
simplified representative geometry. The main reason for such approach relies on the fact that, the simulation for a complete
airliner demands a higher amount of computational resources and no validation is available, as mentioned before. Hence,
a simpler trapezoidal wing with high-lift devices is taken as the main subject of study in the present work. Moreover,
because this configuration is also publicly available this facilitates the reporting of the obtained results.

2. TRAPEZOIDAL WING MODEL WITH BODY POD

A 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 Advanced Subsonic Technology (AST) High-Lift
Program, and the Advanced Subsonic Technology (AST) Airframe Noise Program. A considerably large number of
high-lift device configurations and deflections was tested to produce the necessary experimental data for validation and
development of CFD methods. Figure 2 shows some geometrical details from one of the tested configurations.

Three different configurations are adopted in order to perform the present study, one with a partial span flap and the
others with a full span flap. These selected configurations are identified as one, eight and nine, according to the definition
of the NASA configuration control matrix. The slat and flap deflections, for the above mentioned configurations, are
respectivelly described below. For further details about the gap/overlap, the interested reader is directed to NASA (2009).

e Full Span Flap - Slat 30° and Flap 25°;
e Full Span Flap - Slat 30° and Flap 20°;

e Partial Span Flap - Slat 30° and Flap 25°.

In order to perform the first set of simulations, hybrid tetrahedral/prismatic meshes were generated over the adopted
configurations. The generated meshes have a spherical outside boundary, which is located fifty chords away from the
model. Since no wall boundary condition is imposed on the outer boundary, it is not necessary to reproduce in detail
the wind tunnel test section. At this outer boundary of the mesh, the characteristic equations are imposed as boundary
conditions. At mesh symmetry plane, the symmetry boundary condition is imposed. It worth to mention that the exper-
imental results are corrected to eliminate the effect of the tunnel wall boundary layer over the aerodynamic coefficients
of the configuration. Thus, the application of the above mentioned boundary conditions are appropriate for the performed
simulations.

The hybrid baseline meshes, for the three configurations, have 9.8 million, 7.3 million, and 12.8 million cells, respec-
tively. In Fig. 3, one can see the baseline surface meshes for configurations one and nine. The prismatic mesh layer is
generated over the model surface using a geometric law with a growth ratio of 1.15. Moreover, the non-dimensional wall
distance, Y T is set equal to one, by adjustments on the distance of the first point outside the wall. This distance is defined
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Figure 2. NASA wind tunnel and trapezoidal wing model.

based on the flight condition and the expected shear stresses on the surface. The YT for a wall-bounded flow can be
defined in the following way,

+_ UxY
v

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

In particular, the generated hybrid baseline meshes have in common the fact that, at the trailing edge, there is only
one cell face. In order to observe the effect of the trailing edge refinement on the obtained aerodynamic coefficients,
mainly in the Cp coefficient, a refined mesh was generated over configuration nine. In this case, the trailing edge of the
configuration nine is represented by three cell faces instead of just one. Although it seems a small change, the overall size
of the mesh greatly increases. It goes from 12.8 million cells to 22.3 million cells.

Another set of simulations is performed using the hexahedral mesh methodology. Here, the main objective is to
perform comparisons between the aerodynamic coefficients obtained by the hexahedral mesh and those obtained by the
hybrid mesh. In order to accomplish the necessary simulations for the mesh methodology comparisons, two hexahedral
meshes are generated over configuration one. The first one with 12 million cells, and the second one with 22.8 million
cells. One can see in Fig. 4 the less refined hexahedral mesh. In both cases the mesh distribution along the direction
normal to the surface follows a geometric law, with a growth ratio of 1.15. The first point outside the wall is also adjusted
to have a Y},;,,; of one. Figure 5 shows a station cut over the less refined hexahedral mesh at the mid-station in the spanwise
direction of the model wing. The comparison of results obtained with hexahedral and tetrahedral/prismatic meshes can
provide some insight on the required mesh size for the hybrid and the hexahedral methodologies in order to better capture
the aerodynamic coefficients.

3. METHODOLOGY

The simulations were performed with the CFD++ commercial package (Metacomp, 2010). All the results were
obtained using the Reynolds-averaged Navier-Stokes equations, RANS. Moreover, the Spalart-Allmaras (1992) or the
Menter SST turbulence models (Menter, 1993) were adopted in order to conduct a sensitivity study of the effects of the
turbulence modeling on the final aerodynamic solutions. In the present case, only the test conditions adopted at the NASA
Langley 14 by 22 ft 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.
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Figure 4. Surface mesh for configuration one (hexahedral mesh) .

4. RESULTS
4.1 Configuration One

In Fig. 6, one can observe the AOA versus C, curves obtained by the simulations performed with the hybrid mesh,
and the two hexahedral meshes. These simulations were accomplished using both SA and SST turbulence models for the
hexahedral meshes, and only the SA turbulence model for the hybrid mesh.

The results presented by the hybrid mesh, have the stall angle of attack and the C',,;,4, values below to the experimental
results, and the curve is considerably shifted with respect to the experimental one. However, the C'r,, and the angular
coefficient presented a reasonable correlation with the experimental data. Based on the authors’ experience it was not
expected to obtain such discrepancy with respect to the lift coefficient over the entire range of AOA. Usually, the mismatch
occurs on the regions near the stall angle of attack.

One can see in Fig. 6 that the numerical results obtained with the hexahedral meshes, using the SA turbulence model,
does not present such a shifted curve as the obtained by the hybrid mesh. Although these new results were able to
reproduce the stall angle of attack, the C.,,,4, value is undepredicted either. Moreover, one can not observe any difference
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between the results of the baseline and the refined meshes up to 24 deg. , which consists the linear part of the curve. Above
this angle of attack the diference between the two meshes does not exceed 0.04 in terms of the C, coefficient. Typically,
at higher angles of attack, the nonlinearities of the flowfield are more pronounced, thus., refined meshes are more adequate
to better capture such nonlinarities.

The numerical simulations performed with the same hexahedral meshes, but now with the SST model, in fact shows a
small improvement in the quality of the obtained results. The linear part of the curve now has a perfectly match with the
experimental results. Therefore, above this region, where the viscous effects are mandatory, the results presented the same
lower Cpmq. value. One can notice again that, the difference between the baseline and the refined mesh just appears at
higher angles of attack. As previously observed, the difference did not exceed 0.04 in terms of the C', coefficient. The
hexahedral baseline mesh presented results close to the refined mesh for both turbulence models, wich is an indication
that the baseline mesh is already adequate for the intended simulations in the present case.

In terms of drag coefficient comparisons, one can see in Fig. 7 a mismatch of the hybrid mesh results with respect
to the experimental results. The difference starts at 80 drag counts at C';, of 1.60 and reaches 450 drag counts near C/,
of 2.70. Usually, the drag coefficient associated to the pressure component has a significant contribution on the overall
computation of the total drag. The pressure drag contribution is typically negative at the trailing edge and, since the hybrid
mesh only has one cell element along the trailing edge, it is quite possible that C'p is being overpredicted in the hybrid
mesh calculations for this case. The results obtained with the hexahedral meshes, once again, show a better adherence to
those from the experimental data. The SA turbulence model provided the right C'p for a lower Cy, value, while the SST
turbulence model provided the lower C'p coefficient with a right C';, value. Hence, there is a indication that if the C,
value increases the C'p coefficient obtained with the SA model would increase as well. Nevertheless, near the stall anlge
of attack, one can see a small difference in Cp in Fig. 7, which is probably caused by the fact that the C, values were
slightly underpredicted at the stall condition. The explanation, at the present time, that such differences in the hexahedral
mesh calculations come about because the current calculations are indicating more flow separation, at the flight condition
in question, than the actual experiments. Hence, one would have less Cy,, but more Cp.

Configuration One ( SLAT-30 & FLAP -25)
Rey = 4.3 Millions Mach Number = 0.20
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Figure 6. AOA versus CL for configuration one.

Figure 8 and Fig. 9 show an isometric view of the shear lines at different angles of attack. These shear lines are relative
to the simulations performed with the hybrid mesh and the baseline hexahedral mesh, using the SA turbulence model. It
can be noticed that, at zero angle of attack, the flow pattern obtained with both baseline hexahedral and hybrid meshes
is pretty similar. There is a massive separated region over the flap upper surface, as well as a vortex region at the flap
trailing edge near the pod junction. At lower angles of attach, it is very common to have this separated flow region over
the high-lift devices. As the angle of attack increases, the flowfield pattern captured by both mesh methodologies become
considerably different. The hexahedral mesh shows a constant separated flow region on the flap-pod junction, for angles
of attack up to 28 deg. On the other hand, the results obtained with the hybrid mesh show that the flap-pod separated
region disappears at angles of attack higher than 8 deg. Moreover, the hybrid mesh shows a separated flow area on the
pod element, which is not present in the hexahedral mesh. Hence, one can notice how different the obtained results can
be as a function of the adopted mesh methodologies and the spatial discretization.

Part of this discrepancy can be attributed to the horseshoe vortex present at the region near the leading edge of the
slat, as one can see in Fig. 10. Usually, whenever a surface is mounted into another base surface with a substantial angle
between them, such as the slat and the pod surfaces, it is possible to have the apperance of such vortical structures. This
vorticity affects the upstream flowfield, the downstream flowfield and the shear lines over the body. Moreover, it makes
the accurate capture of the aerodynamic coefficients a challenging task. Since the hexahedral mesh has a more refined
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Figure 7. CL versus CD for configuration one.

Figure 8. Shear lines over configuration one for three angles of attack - Hybrid Mesh.

Figure 9. Shear lines over configuration one for three angles of attack - Hexahedral Mesh.

volumetric discretization, it can better capture the emanated vorticity from the upstream flowfield. In the hybrid mesh,
the tetrahedra located beyond the prism layer present a rapid volumetric growth, which may cause some adverse effects
in the capability of capturing such physical phenomena with accuracy. In Fig. 11 one can observe the vorticity capture
at different planes along the x direction of the model for the AOA = 20 deg. These presented results are relative to the
hexahedral mesh and it is pretty clear the vorticity generated at the wing tip, and at the trailling edge of the slat, main
element, and flap devices. The vorticity emanated by the slat component can be identified initially in Fig. 11, at the plane
Y = 1.350, as a blue spot over the flap region. This vorticity is diffused along the x direction, and in a certain moment
it merges with the main element and flap vorticity. Indeed, these low pressure region affects the shear lines over the body
and eventualy the flow dettachment in certain regions over the wing.

In Fig. 12 one can observe the comparison between the experimental and the numerical pressure distribution, Cp, at the
mid station along the spanwise direction. In general terms all the pressure peaks were able to be adequately captured. The
slat pressure distribution presents the most pronouced difference with respect to the experimental results, the distribution
seems to be a little bit distorted. The main element has the better fit and the flap distribution shows a kink at the leading
edge. This kink might be connected to some aerodynamic effect provoked by the main element cove, or even to some
numerical aspect of the mesh generation process. The authors’ are investigating the possible reason associated with this
phenomena.
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(a) Horseshoe vortex emitted from the slat leading edge (b) Example of an experimental oil visualiza-
region. tion of the leading edge horseshoe vortex.

Figure 10. Horseshoe vortex emitted from the slat leading edge region.

(a) Plane Y = 1.350 (b) Plane Y = 1.459 (c) Plane Y = 2.160
(d) Plane Y =2.380 (e) Plane Y =2.600 (f) Plane Y = 2.740

Figure 11. Velocity contours showing regions of low pressure downstream of the wing.

4.2 Configuration Eight

The simulations performed for configuration eight used only the hybrid baseline mesh. In Fig. 13, one can observe the
AOA versus Cf, curve obtained from the simulations. The wind tunnel results do not contain corrected data information
up to the stall angle of attack. For this reason, one cannot observe the experimental results at the stall angle of attack.

One can notice that there is a discrepancy in relation to the experimental results, in a very similar way as observed for
the hybric mesh calculations for configuration one. This difference is less pronounced due to the lower flap deflection in
the present case. Lower flap deflections generate smaller aerodynamic spanwise loading. Thus, the vortex near the slat
leading edge has a lower circulation intensity. If the discrepancies can be attibuted to the inability of accurately capturing
the effect of this vortex, as it was stated, the decrease in this structure intensity leads to a less disturbed downstream
flowfield. Therefore, the simulation can better capture the aerodynamic coefficients.

In Fig. 13, one can see the C'p versus C, curve. Here, one can notice that the same shift, observed for configuration
one is also present, therefore, not so pronounced. In Fig. 14, one can observe the shear lines for this configuration at two
different angles of attack, 12 and 16 deg. The flow pattern follows the same behavior observed for configuration one.
Near the flap-pod junction, there is a separated flow region, that disappears at higher angles of attack. However, for this
configuration, flow separation only disappears at 16 deg, whereas for configuration one it disappears at 8 deg. angle of
attack.
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Figure 12. Profile Cp distribution at the mid-station along the span.
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Figure 13. Aerodynamic coefficients for configuration eight.

Figure 14. Shear lines over configuration eight for two angles of attack.

4.3 Configuration Nine

The simulations performed for this configuration used the baseline and the refined hybrid meshes. In Fig. 15, one
can observe the shear lines for the baseline mesh of configuration nine at the following angles of attack, 0, 8, 20, and 28
deg. There is an important aspect that must be pointed out from Fig. 15, and which is the apperance of a small separated
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region on the wing trailing edge near the wing-pod junction, at angle of attack of 8 deg. This separated region might be
generated by the adverse pressure gradient at the trailing edge, as well as by an adverse effect caused by the upstream
vorticity emanated from the slat leading edge. This small separated region propagates upstream as the angle of attack
increases.

Figure 15. Shear lines over configuration nine for four angles of attack using the baseline mesh.

In Fig. 16, one can observe the AOA versus Cf, curve. A good adherence is obtained until 12 deg. angle of attack
for both meshes. Beyond this angle of attack, there is a mismatch between the numerical and the experimental results.
Again, the discrepancy can be attributed to the inability of the present calculation procedure, with the meshes here used,
of capturing with adequate acurracy the effect of the emanated vorticity from the slat leading edge. An interesting point
here is the fact that, at lower angles of attack, a good matching between the experimental and the numerical coefficients
is obtained, for all the three configurations, despite the separated regions over the high-lift devices.

It is also possible that, at lower angles of attack, the vorticity from the slat leading edge is being convected towards
the lower surface of the model and, therefore, not disturbing the upper surface. At the lower surface, usually, there is
no adverse pressure gradient, thus, the presence of the upstream vorticity might cause boundary layer thickening, and an
increase in the C'p but not a separation of the flow. It should be pointed out, however, that the upper surface of the flap is
always separated for such angles of attack. On the other hand, for the higher AO A, the upstream vorticity disturbes the
flowfield on the upper surface, causing boundary layer thickening and distortion of the shear lines due to the low pressure
core of the vortex. In this condition, the accurate capture of the aerodynamic coefficient is complicated.
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Figure 16. Aerodynamic coefficients for configuration nine.

The obtained results for the refined mesh did not produce any improvement in the calculated C, coefficients. Although
this mesh has more cells than the baseline mesh, mostly of the refinement is concentrated in the trailing edge of the wing.
Hence, in terms of volumetric aspect, this mesh does not provide a better capability to capture the horseshoe vortex.
Figure 16 shows a comparison in terms of drag coefficients between the numerical and the experimental results. It can
be noticed that the shift is smaller than the observed for configurations one and eight for both simulations, i.e., with the
baseline and the refined meshes. The refined mesh does not present a better matching with the experimental results even
for C'p, despite the fact that most of the refinement happened at the trailing edge. This is an indication that, although the
mesh is more adequate to capture the pressure drag component at the trailing edge, the lack of a volumetric refinement
does not allow the capture of the effect of the horseshoe vortex. Hence, the overall results are not improved.
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5. CONCLUSIONS

The performed simulations for all the three configurations have shown a fairly good correlation with the experimental
results up to the stall angle of attack. Nevertheless, the matching is not perfect and some discrepancies are readily
observed in the results presented. The hexahedral mesh methodology, adopted for configuration one, has shown that this
approach produces better results than those obtained with the hybrid mesh methodology. This conclusion is correct for
both aerodynamic coefficients, C';, and C'p. In general, the hexahedral mesh methodology provides meshes with a lower
number of cells and with a better volumetric discretization. In the authors’ opinion, in order to have a hybrid mesh with
the same accuracy of the hexahedral mesh, the number of elements in the hybrid mesh would need to be increased at least
by a factor of 2.

The results obtained with configuration nine are closer to the experimental data, although the used mesh for the simu-
lation is not hexahedral. Such behavior is possibly associated with a less intense horseshoe vortex for this configuration,
because the flap is not extended to the wing-pod junction. The horseshoe vortex makes the capture of the aerodynamic
coefficients a challenging task. In such case, a careful evaluation of the mesh characteristics is necessary. There is the
need for developing very controlled meshes, in terms of point distributions and mesh spacings, and, also, mesh topologies
which adequately allow capturing of the phenomena expected in the simulations.
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