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¶

Out of a host of experimental aerodynamic data available for the DLR-F6 configuration a set of reference test cases has been chosen for the second AIAA drag prediction
workshop. Participants of the workshop were invited to use state-of-the-art tools for
computational aerodynamics to compute these test cases and provide numerical data for
integrated force coefficients and flow phenomena with the aim to assess the quality of
today’s flow solvers for transonic viscous flow about complex geometries. We present results for the block-structured flow solvers FLO107-MB and TFLO2000, which are based
on numerical schemes by the third author. An incidence sweep and a grid refinement
study at design conditions are shown, as well as an evaluation of the prediction of flow
phenomena. Two different numerical schemes for convective fluxes and four different
turbulence models have been used in this work. A comparison between the different
numerical methods and turbulence models is particularly emphasized.

Introduction
Despite the advances that have been made in the
past twenty years, the simulation of high-Reynoldsnumber viscous flows is still a challenging task. Besides
the well known difficulties of turbulence modeling, the
computational cost is still a limiting factor. However,
the use of computational methods that account for
viscous effects is gaining acceptance due to the availability of improved grid generation tools, better understanding of the accuracy and limitations of relevant
numerical techniques, along with dramatic growth in
computing power.
The series of AIAA drag prediction workshops aims
to rigorously compare estimates of integrated force coefficients for different flow solvers, turbulence models,
and computational grids in order to provide an understanding of the current status of viscous simulation
capabilities and thereby identify future areas of research and development.
This paper presents results for various test cases
of the second AIAA drag prediction workshop using
the multi-block structured solvers FLO107-MB and
TFLO2000.
The DLR-F6 Configuration and Selected Test
Cases
A large body of experimental aerodynamic data is
available for the DLR-F6 Configuration, a wind tun-

nel model similar to a wide-body Airbus-type aircraft.
Both a clean configuration and a configuration with
pylons and flow-through nacelles have been tested in
numerous wind tunnel campaigns. A selection of test
cases has been chosen to serve as reference for the
second AIAA drag prediction workshop, in which participants used their best-practice computational tools
to reproduce the experiments at wind tunnel conditions Re=3 · 106 . The test cases include an incidence
sweep from −3o to 1.5o at the design Mach number
M = 0.75 and a grid refinement study at the design
lift coefficient CL = 0.5.
Structured and unstructured grids of different sizes
have been made available to the participants of the
workshop to facilitate comparison of the results and
mesh refinement studies. Among these, a set of
ICEM multi-block structured meshes has been used
in this work for both the wing-body and the wingbody-nacelle-pylon configuration. A summary of these
meshes is given in table 1.
Cells [Million]
Coarse Mesh
Medium Mesh
Fine Mesh

Clean
3.3
5.5
10

Nacelle/Pylon
4.6
8.5
13.7

Table 1 Meshes for the Clean and Nacelle/Pylon
Configuration of the DLR-F6 Geometry
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Description of the Flow Solver FLO107-MB
FLO107-MB is a multi-block structured grid, parallel flow solver for the Reynolds-averaged Navier-Stokes
equations in cell-centered finite volume formulation.
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Convective Fluxes are discretized using a central space
discretization augmented by numerical dissipation using the CUSP construction. The particular implementation is designated H-CUSP, stemming from a
substitution of ρH (total enthalpy) for the conserved
variable ρE (total energy) when evaluating the numerical diffusion. This is done to admit steady-state
isenthalpic solutions for the Euler equations.4
A central discretization is used for the viscous
terms, and a modified Runge-Kutta time-stepping
scheme with convergence acceleration techniques such
as multigrid, implicit residual averaging, and local
time-stepping2, 5 is used to advance the solution to a
steady state.
Currently two turbulence models are available in
FLO107-MB, namely the standard k-ω two-equation
model11 and the algebraic Baldwin-Lomax model.1
The k-ω model has been used for all FLO107-MB computations presented here. The turbulence equations
are solved on a single grid using a first order upwind
scheme. The turbulence variables are updated with
the same modified Runge-Kutta time-stepping method
that is used for the other conserved variables, the only
modification being a point-implicit treatment of the
source terms.

viscosity (usually a combination of laminar and eddy
viscosity), P is the production term and D the destruction term. Equation (1) is discretized using a cell
centered finite difference scheme; an upwind scheme
(either first or second order) is used for the convective
part, while the diffusion term is centrally discretized
under the assumption that the grid is locally orthogonal.

Description of the Flow Solver TFLO2000
TFLO2000 is a further development of FLO107-MB.
It contains extensions for turbomachinery applications
needed for the Stanford ASCI project.6 The numerical
algorithm for the mean flow equations is very similar to
FLO107-MB. For all the TFLO2000 results presented
in this paper the standard scalar dissipation3 (JSTscheme) in combination with high aspect ratio scaling
to avoid excessive numerical diffusion7 was used to discretize the convective fluxes. The constants used in the
1
and κ2 = 21 ; the coefficient
JST-scheme are κ4 = 64
for the high aspect ratio scaling was taken as ζ = 32 .
The main difference between FLO107-MB and
TFLO2000 for external aerodynamic problems is
the treatment of the turbulent transport equations.
Although both solvers use a segregated approach,
TFLO2000 solves the quasi-linear form of the additional equations, while FLO107-MB solves the conservative form. Another difference is the use of a
vorticity-based production term in TFLO2000 compared to the standard production term in FLO107MB.
The generic quasi-linear formulation of a turbulent
transport equation is given by
µ
¶
∂φ
1 ∂
∂φ
∂φ
+ ui
=
µtot
+ P − D.
(1)
∂t
∂xi
ρ ∂xi
∂xi

Results for the wing-body configuration at the design Mach number M = 0.75 and wind tunnel conditions Re=3·106 will be presented. As will be illustrated
below, the computations show that a large separation region is present near the wing trailing edge at
the wing-body junction. Along with separation at the
blunt wing trailing edge, this leads to considerable unsteadiness in the flow. Consequently the L2 norms of
the residual do not converge more than two orders of
magnitude and are not a reliable indication for convergence. Instead the force coefficients are monitored.
Figure 1 shows the convergence history of CL and CD
obtained with TFLO2000 for zero degree incidence for
the fine mesh in combination with the k-ω turbulence
model. A three-level W-cycle is used in combination
with a 5-stage Runge-Kutta time integration scheme.
It is clear from figure 1 that oscillations in the drag
remain present. However, after approximately 2500
cycles the amplitude of the oscillation was less than
0.15 drag counts and the solution was assumed to be
converged. A similar behavior was observed for all
other test cases considered and the computations carried out with FLO107-MB. Some computations with
FLO107-MB, however, were run in single grid mode,
which permitted the use of a much higher CFL number, and yielded convergence to a steady state in a
similar time frame with improved stability.

Here φ is the primitive turbulence variable, ui is the
velocity component in the direction xi , µtot is the total

All results presented here assume fully turbulent
flow.

The discrete version of equation (1) is solved using
a diagonally dominant ADI scheme (DD-ADI).8 For
stability reasons the production term is treated explicitly, while the other terms are treated implicitly. An
implicit treatment of the boundary conditions is only
used if it increases the diagonal dominance of the discrete system; otherwise an explicit treatment is used.
Currently available models are standard k-ω,11 modified k-ω,12 where an additional cross-diffusion term
has been added to remove the free-stream dependency
of the original model, Spalart-Allmaras9 and SST.10

Results for the DLR-F6 Wing-Body
Configuration at Mach = 0.75
General Remarks
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Fig. 1 Convergence history for the lift and drag
coefficient on the fine grid for the wing-body configuration using TFLO2000; α = 0.0o , k-ω turbulence
model, 3-level multigrid, W-cycle.

Flow Phenomena
A characteristic feature of this test case is the presence of a separation region on the wing suction side at
the wing-root intersection. Figures 2 and 3 show this
region for FLO107-MB and TFLO2000 on the medium
grid for for CL = 0.5. It can be seen that both the

SST

Z

Y

X

modified k-ω

Z

Y

X

Fig. 2 Separation zone at the wing root on the
wing-body medium mesh for FLO107-MB and the
k-ω turbulence model at CL = 0.5. Shown are
streamlines.

Spalart-Allmaras and the SST model predict a relatively large separation bubble compared to the two
different versions of the k-ω model. It is comforting to
notice that the predicted separation zone for the unmodified k-ω model is roughly identical for the results
obtained with the two solvers using different implementations of the model.
In figure 2 the line on the wing surface indicates a
block boundary which almost coincides with the wing
section y/b = 0.15 for which experimental pressure
pressure data is available. In figure 3 the mark cor-

Fig. 3 Separation zone at the wing root on the
wing-body medium mesh for TFLO2000 and several turbulence models at CL = 0.5. Shown are
contour lines of constant skin friction.
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responds directly to this wing section. Comparison
of the pressure distribution with experimental data
at this location is helpful in assessing the accuracy
with which the separation has been predicted. Figure 4, shows such a comparison for FLO107-MB and
TFLO2000 using the k-ω turbulence model. Figure 5
shows the same plot for the different turbulence models implemented in TFLO2000.
1

Lift Curves and Drag Polars
Figure 6 shows the lift versus angle of attack for
the k-ω turbulence model for the two flow solvers on
different grids. The difference between the medium

0.5

−Cp

There is certainly a trade-off between the angle of
attack needed to achieve the desired lift coefficient
and the size of the separation zone. The SST and
Spalart-Allmaras models generally need a higher angle of attack for a given lift coefficient, as will be shown
below, which could be caused by larger separation. On
the other hand, increased angle of attack in turn increases the size of the separation.
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Fig. 4 cp distribution at wing-section y/b = 0.15 for
FLO107-MB and TFLO2000 using the k-ω turbulence model on the medium mesh at CL = 0.5.
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Fig. 6 CL vs. α for the DLR-F6 wing-body configuration using the k-ω turbulence model with
FLO107-MB and TFLO2000 on different meshes.
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Fig. 5 cp distribution at wing section y/b = 0.15 for
TFLO2000 on the medium mesh at CL = 0.5 using
various turbulence models.

The experimental data for the pressure distribution
suggests that the separation zone should not extend
beyond this wing section. Hence it appears that the
Spalart-Allmaras and the SST model overpredict the
size of the separation bubble somewhat, whereas the
k-ω variants predict the correct pressure distribution.
It has to be kept in mind that the results are shown
for a constant lift, corresponding to design conditions.

and fine grid is very small, suggesting that at least the
lift is grid converged on the medium grid. For FLO107MB no calculations on the fine mesh are available at
present.
Both solvers overpredict the lift, although the
FLO107-MB results are closer to the experimental
data. The experimental curve for the lift versus angle
of attack exhibits a slight upward bend for high angles
of attack, which is not reproduced by the FLO107-MB
calculations, but seems to be present in the results obtained with TFLO2000 and the k-ω model.
Figure 7 shows the CL - α curves for the different
turbulence models available in TFLO2000, obtained
on the medium grid. Possibly due to the larger separation region lower lift is predicted by the SpalartAllmaras and the SST models, which almost coincide,
compared to the two versions of the k-ω model.
The unmodified k-ω model clearly shows the nonlinear behavior of the lift curve for higher incidences. The
modified k-ω model shows a less pronounced nonlin-
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will reduce the drag.
Figure 8 furthermore shows that for lower values of
CL the solution of FLO107-MB and TFLO2000 agree
quite well; for higher CL ’s the discrepancy becomes
larger, with FLO107-MB predicting a higher value of
the drag.
The difference between FLO107-MB and TFLO2000
in the lift curve and drag polar is most likely caused
by the different treatment of the turbulent transport
equations. Another influence is the construction of artificial dissipation. Figure 9 exemplifies this for the
wing section y/b = 0.377 at CL = 0.5. It can be

0.7

0.6

0.4

0.3

Experiment
TFLO2000 (SA)
TFLO2000 (k-ω)
TFLO2000 (SST)
TFLO2000 (k-ω mod)

0.2

-3

-2

-1

α

0

1.5

Experiment
TFLO2000 (JST, k−ω)
FLO107−MB (CUSP, k−ω)

1

1

Fig. 7 CL vs. α for the DLR-F6 wing-body configuration using TFLO2000 and different turbulence
models on the medium mesh.
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earity, while the SST and the Spalart-Allmaras models
fail to capture it altogether.
The CL2 vs. CD curves for the k-ω turbulence model
for both FLO107-MB and TFLO2000 are shown in
figure 8 for the three grids. The experimental polar is
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Fig. 9 cp distribution at wing section y/b = 0.377
using FLO107-MB and TFLO2000 at CL = 0.5 on
the medium mesh.
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Fig. 8
CL2 vs. CD for the DLR-F6 wing-body
configuration using the k-ω turbulence model with
FLO107-MB and TFLO2000 on different meshes.

matched well on all grids except the coarse one. The
difference between the coarse and medium grid solution for FLO107-MB is approximately 15 drag counts;
the difference between the medium and fine grid for
TFLO2000 is about 5 drag counts. This indicates that
grid convergence for the drag has not been obtained
and it is to be expected that further grid refinement

seen that the CUSP scheme predicts somewhat sharper
shocks compared to the JST scheme. Generally speaking, the two schemes will produce slightly different
results. With both schemes, however, the shock locations are placed farther upstream compared to the
experimental data, which is evident from figure 9. This
is a consequence of the fact that a given lift is reached
at lower angle of attack in the computations compared to the experiments, which leads to reduced shock
strength and tends to decrease the drag in the computations.
In figure 10 the CL2 vs. CD curves are pictured for
the medium grid for TFLO2000 using the four different
turbulence models. Spalart-Allmaras clearly predicts
the highest drag for a given lift, although for small CL
values it is very close to the k-ω model. This behavior
can be explained by the fact that for higher incidences
the pressure drag dominates, and due to larger separation both SST and Spalart-Allmaras predict a higher
value of the total drag. On the other hand, the kω models predict higher skin friction drag, which is
shown in figure 12. This compensates the lower pressure drag at lower angle of attack.
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Fig. 10 CL2 vs. CD for the DLR-F6 wing-body
configuration using TFLO2000 and different turbulence models on the medium mesh.

It has to be taken into account that the results are
computed with fully turbulent flow. In the wind tunnel experiments the boundary layer was tripped such
that on the fuselage it was indeed almost fully turbulent. On the wing, however, the boundary layer was
tripped at varying locations downstream of the leading
edge. If transition on the wing were taken into account, the computed results would be shifted to the left
by a few drag counts. Thus it appears that the drag is
slightly underpredicted for the k-ω model, at least at
higher angles of attack, the modified k-ω model, and
the SST model. The fact that a given lift coefficient
is generally achieved with a lower angle of attack in
the computations compared to the experiments could
contribute to this underprediction because of the resulting reduced shock strength. This is also confirmed
in figure 11, which shows a plot of the cp distribution
at wing section y/b = 0.377 for TFLO2000 and the
different turbulence models at CL = 0.5. The shock
position corresponds directly to the difference in angle
of attack needed to achieve the lift for the different
turbulence models, with the shock strength increasing
as the shock moves downstream.
Reliable data which would permit an estimate of the
effect of the omission of transition, or a rigorous analysis of the accuracy of the experimental data, which
should be taken into account as well, is not available
to the authors.
Figure 12 clearly demonstrates the difficulty of accurately predicting force coefficients for complex geometries in transonic viscous flow. The heavy dependency
on the turbulence modeling is likely the largest source
of uncertainty in these computations.

Fig. 11 cp distribution at wing section y/b = 0.377
using various turbulence models with TFLO2000 at
CL = 0.5 on the medium mesh.
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Fig. 12 Friction drag polar for the DLR-F6 wingbody configuration using TFLO2000 and different
turbulence models on the medium mesh.

Grid Refinement Study
The Spalart-Allmaras model was used with
TFLO2000 to examine the mesh dependency of the
results at design conditions M = 0.75, CL = 0.5.
Figures 13 and 14 show an enlarged view around the
design lift coefficient in the lift curve and drag polar,
respectively, showing the results. As regards the lift
as a function of angle of attack, the results are unsatisfactory in that the difference in angle of attack is much
larger between the medium and the fine mesh than
between the coarse and medium mesh. For the drag
the differences between the coarse and medium mesh
and the medium and fine mesh are comparable and
quite large. Grid independency has clearly not been
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Fig. 13
CL vs. α for the design lift coefficient
CL = 0.5 using FLO107-MB with the k-ω model
and TFLO2000 with the Spalart-Allmaras model
on various meshes.

Fig. 15 cp distribution at wing section y/b = 0.15
using TFLO2000 and the Spalart-Allmaras model
for various meshes at CL = 0.5.
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Fig. 16 cp distribution at wing Section y/b = 0.377
for TFLO2000 and the Spalart-Allmaras model for
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Fig. 14
vs. CD for the design lift coefficient
CL = 0.5 using FLO107-MB with the k-ω model
and TFLO2000 with the Spalart-Allmaras model
on various meshes.

reached, and furthermore the drastic change between
the medium and fine mesh precludes an asymptotic
extrapolation of the results to infinitely small mesh
sizes.
Figure 15 suggests that the separation zone at the
wing root is not very different for the medium and
fine mesh for the Spalart-Allmaras model. Hence it
is likely not the explanation of the strong grid dependency. The same is true for shock locations as is shown
in figure 16, which is representative for sections farther

outboard. However, it is conceivable that other flow
phenomena in the complex flow field which are not yet
captured by the postprocessing are strongly dependent
on the mesh and turbulence modeling. The drag polars for TFLO2000 and the k-ω model show a much
smaller difference between the medium and fine mesh,
suggesting that the strong mesh dependency might be
particular to the Spalart-Allmaras model. However,
there are no other complete mesh refinement studies,
i.e. using all three meshes, available at present.
Results for the DLR-F6
Wing-Body-Nacelle-Pylon Configuration at
Mach = 0.75, Re=3 · 106
Results for the wing-body-nacelle-pylon configuration are available for TFLO2000 on the medium grid in
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combination with the standard k-ω turbulence model
for incidences from −1o to 1.5o . The lift curve is shown
in figure 17. As for the wing-body configuration the k-

0.65

putation also yielded a significant overprediction of the
drag (about 11%).
The large deviations could be caused by a separation
bubble on the pressure side of the wing, which appears
for lower angles of attack, see figure 19, in conjunction
with a strong mesh dependency. Preliminary analy-
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Fig. 17
CL vs. α for the DLR-F6 wing-bodynacelle-pylon configuration for TFLO2000 and the
k-ω turbulence model on the medium mesh.

ω model overpredicts the lift, although the slope of the
lift curve is recovered. For the CL2 vs. CD curve, which
is given in figure 18, agreement with experimental data
is not as good as for the wing-body configuration (figure 8). Especially for lower values of CL the drag is

Fig. 19 Development of a separation zone on the
medium mesh near the pylon, TFLO2000, k-ω turbulence model.

sis of the flow data shows suggests that the medium
meshes for the two configurations are not of the same
quality, leading to a noticeable grid dependency of
the results. This is exemplified by figure 20, which
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Fig. 18 CL2 vs. CD for the DLR-F6 wing-bodynacelle-pylon configuration for TFLO2000 and the
k-ω turbulence model on the medium mesh.

significantly overpredicted. For FLO107-MB only a
single point at an incidence of 0.19o is available for
the wing-body-nacelle-pylon configuration. This com-

Fig. 20 cp distribution for the wing-body-nacellepylon configuration at wing section y/b = 0.15 using
FLO107-MB with the k-ω turbulence model at α =
0.19o on the medium mesh.

shows a plot of the pressure distribution at wing section y/b = 0.15 at α = 0.19o for FLO107-MB. The
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separation observed for the wing-body configuration
is present here as well. For the wing-body-nacellepylon configuration the k-ω model clearly overpredicts
the separation, whereas this was not the case for the
wing-body configuration, which suggests mesh dependency. The quality of the mesh could also influence
the aforementioned prediction of the observed separation near the inboard side of the pylon, leading to an
overprediction of the drag for lower angles of attack.
Pressure data for this test case tends to agree more
favorably with experiments. Figures 21 and 22 show
1.5

Experiment
TFLO2000 (JST,k−ω)
FLO107−MB (CUSP,k−ω)

1

solvers. The wing section in Figure 20 is in direct
neighborhood of the inboard side of the pylon and
shows a steep pressure rise on the lower side of the
wing leading to the separation shown in figure 19. It
is possible that a shock develops for negative angles
of attack leading to massive separation in the region.
The difference between the pressure distributions computed by the two solvers is likely due to the different
treatment of the turbulence equations, as the flow in
this region, due to the shock and beginning separation
at the inboard side of the pylon, can be expected to
be strongly influenced by the turbulence modeling.
Figures 23 and 24 show the cp -distribution at the
inboard side of the pylon and lowermost cross section of the nacelle computed with FLO107-MB and
TFLO2000 using the k-ω model. Figure 23 clearly
0.4
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Fig. 21 cp distribution for the wing-body-nacellepylon configuration at wing section y/b = 0.331
using FLO107-MB and TFLO2000 with the k-ω turbulence model at α = 0.19o on the medium mesh.
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shows the presence of a shock at the inboard side of
the pylon, which can also be seen in figure 19.
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Fig. 23 cp distribution on the inboard side of the
pylon using FLO107-MB and TFLO2000 with the
k-ω turbulence model at α = 0.19o on the medium
mesh.
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Fig. 22 cp distribution for the wing-body-nacellepylon configuration at wing section y/b = 0.638
using FLO107-MB and TFLO2000 with the k-ω turbulence model at α = 0.19o on the medium mesh.

the cp -distribution at two wing sections for the wingbody-nacelle-pylon configuration at M = 0.75 and an
incidence of 0.19o , which has been computed with both

Conclusions
The multi-block structured flow solvers FLO107-MB
and TFLO2000 have been used to compute test cases
for the DLR-F6 configuration used in the second AIAA
drag prediction workshop. Results generally agree
quite well with experimental data for the wing-body
configuration, but less well for the wing-body-nacellepylon configuration. For the former it has been found
that the choice of turbulence modeling crucially affects
integrated force coefficients, due to differences both in
friction drag and predicted flow phenomena, such as
a large separation zone at the wing-body junction. In
the case of the F6 the Spalart-Allmaras model and the
SST model appear to overpredict the separation, while
the k-ω model agrees fairly well with the experimental
observations. However, if such sources of error as the
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Fig. 24 cp distribution for the bottom cross section
of the nacelle (inside and outside) using FLO107MB and TFLO2000 with the k-ω turbulence model
at α = 0.19o on the medium mesh.

omission of transition modeling and uncertainties in
the experiments are taken into account, no turbulence
model is found to be clearly superior to the others regarding the prediction of drag coefficients. The lift
is overpredicted for all computations, more so for the
variants of the k-ω model.
A mesh refinement study carried out for the wingbody configuration using TFLO2000 and the SpalartAllmaras turbulence model has found that grid convergence has not been reached for any of the meshes used,
although the large differences between the meshes
might be particular to the Spalart-Allmaras model.
For the wing-body-nacelle-pylon configuration only
the k-ω turbulence model has been used. The drag
is clearly overpredicted for lower angles of attack. A
possible explanation is grid dependency in conjunction
with a flow phenomenon involving separation at the
inboard side of the pylon on the pressure side of the
wing.
For both configurations pressure distributions at
various locations agree well with experimental data,
taking into account that differences in shock location
for the wing-body configuration are likely caused by
the fact the curves were compared at constant lift and
different angles of attack.
As a general conclusion, it seems to us that accurate drag prediction will require improvements in grid
quality and density, while it is doubtful whether any
existing turbulence model can reliably predict separation off curved surfaces.
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