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Drag predictions of the DLR-F6 wing body, with and without the FX2B fairing, are demonstrated using both

structured and unstructured grid solvers. The ability to accurately predict incremental drag is key to drag-based

design and optimization. The focus of this study was to demonstrate drag and grid convergence on the two

configurations. Analyses of the F6 configurations were based on the structured Navier–Stokes code, CFL3D, and on

two unstructured Navier–Stokes codes, BCFD and CFD��. Drag and grid convergence characteristics, drag

polars, and pressure distribution for the configurations are presented. Results illustrate the use of a mature,

structured-grid generator and solver compared to the use of two new-technology, unstructured grid generators and

solvers.

Nomenclature

CD = drag coefficient
CL = lift coefficient
CM = pitching moment coefficient
CP = pressure coefficient
N = number of grid cells
Re = Reynolds number based on mean aerodynamic chord
X=C = wing chord fraction
� = angle of attack

I. Introduction

T HE effective use of computational fluid dynamics (CFD) is a
key ingredient in the successful design of modern aircraft

configurations. The purpose of CFD use in industry is to produce a
better product. Toward this end, design engineers use CFD when
they believe it will lead to a better product within the allotted budget
of time, money, and effort. The resulting application of CFD has
revolutionized aerodynamic design [1–3].

Whereas modern CFD methods have proved reliable in correctly
predicting pressure distributions, most design decisions are based on
forces and moments. Design trades require credible force and
moment values. As a result of many improvements in these
computations over the last decade, CFD drag predictions are
increasingly being used in the preliminary design through advanced
phases of aircraft development [4–6].

Common wing design practice has been to design the wing shape
so that it gives a desired pressure distribution. The choice of pressure
distribution is largely based on the designer’s experience, 2-D CFD
analysis or test data, and other 3-D designs. For the most part, CFD

code acceptance was based on the code’s ability to predict surface
pressure distribution, including rooftop pressure level, shock
location and strength, and postshock recovery on a wing. Choosing
the “best” prescribed pressure distribution for a wing of unusual
planform—with multi-engines, realistic manufacturing constraints,
and the ability to efficiently operate over a variety of flight conditions
—is more art than science. A better approach to wing design is to
design to drag [3], which requires being able to calculate drag
accurately. A valid assessment of a code’s ability to compute drag of
a typical transport configuration is not trivial. Such assessments are
usually based on comparing computational results with experimental
wind-tunnel test data. Such correlations should be based on a large
set of data, along with a good understanding of both the test and the
computation, in order to bound CFD uncertainties and limit their
impact on design decisions [7].

Accurate drag prediction, or at least accurate incremental drag pre-
diction between similar configurations, is essential to successful use.
CFD drag assessment is an ongoing endeavor, addressing new codes
and test data that may be relevant to the latest project of interest. The
3rd AIAA CFD Drag Prediction Workshop (DPW3) provided
another opportunity for CFD drag assessment [8–10]. The workshop
focused on drag and grid convergence characteristics and drag incre-
ment prediction accuracy of the DLR-F6 transport model, with and
without the FX2B fairing, and a pair of simple trapezoidalwings. The
workshop provided an impartial forum for evaluating the effective-
ness of existing computer codes and modeling techniques using
Navier–Stokes solvers for participants fromNorth America, Europe,
andAsia representing government agencies, academia, and industry.
This paper focuses only on the DLR-F6 results. Results for the wing-
alone configurations can be found on the DPWWeb site [10].

II. Geometry

The DLR-F6 configuration represents a twin-engine, wide body
aircraft of the Airbus type; it was also the subject of the 2nd AIAA
CFD Drag Prediction Workshop held in June 2003. The DLR-F6
configuration was designed for cruise Mach� 0:75 at CL � 0:50. It
was originally tested at the ONERA S2Mwind tunnel, at a Reynolds
number of 3 � 106 based on the mean aerodynamic chord. The basic
DLR-F6 model is shown in Fig. 1. The nacelle and pylon were not
considered in the third AIAADPW. For that workshop, a wing-body
fairing was designed to eliminate the side-of-body separation near
the wing upper-surface trailing edge [11]. The FX2B wing-body
fairing is illustrated in Fig. 2. It is planned that the basic wing-body
model and themodelwith the addition of the FX2B fairingwill be the
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subject of a future wind-tunnel test. The planned Reynolds number
(based on mean aerodynamic chord) is 5 � 106.

III. CFD Methods

The focus of the third AIAA DPW was the use of Navier–Stokes
solvers to predict aerodynamic drag. These solvers can be
characterized by the type of grid structure (structured, unstructured,
or overset) they use. Some solvers can usemore than one type of grid
structure. This paper reports on the use of structured and unstructured
solvers. A companion paper reports on the use of overset solutions
[12].

A. Structured Solver: Zeus/CFL3D

Product development engineers must be able to focus on
engineering processes: they have little time for manipulating CFD
“processes.” In other words, codesmust be very user oriented. Stable
“productionized,” packaged software solutions enable and promote
consistent processes. These solutions not only put CFD into the
hands of the product development and product support engineers,
they also allow the “expert” user to get fast results with reduced
variation. These integrated, packaged software solutions combine
the various CFD components to go from “lofts to plots” in a time
scale consistent with a fast-paced engineering program.

A structured Navier–Stokes code is the heart of the Zeus system.
The Zeus analysis system, illustrated in Fig. 3, is a series of UNIX
shell scripts that coordinate surface grid generation, field grid
generation, analysis, and postprocessing for structured grid Navier–
Stokes CFD codes, such as CFL3D and TLNS3D. This system was
developed with the goal of rapidly deploying CFD advancements to
the user community. For a given type of configuration, a specific
grid-generation process is developed and packaged into the system.
To analyze a configuration using the ZEUS analysis system, users are
only required to input geometry lofts and flow conditions: the system
takes care of the rest of the analysis processes. The output from the
system includes automatic plots of sectional data, convergence
history, configuration force, and moment information, together with
detailed flowfield files for flow visualization and diagnosis.

Although restricted to specific topologies, current configurations
supported by ZEUS include commercial-type, transport-isolated
nacelles, wing/body, wing/body/pylon/nacelle with either twin- or
four-engine flowthrough or powered nacelles, and a wing/body/
pylon/nacelle/horizontal–vertical tail. Options to support winglets
and raked tips are also available. Configurations not included in the
“standard” system can still be analyzed, but theywill not benefit from
the same degree of automation.

Of the two structured, multiblock Navier–Stokes solvers available
within ZEUS, only CFL3D was used. CFL3D originated from the
NASA Langley Research Center [13]. Reynolds-averaged Navier–
Stokes (RANS) equations are solved using Roe’s upwind scheme. A
finite volume method is employed to construct both viscous and
inviscid fluxes, and a multigrid scheme is used to accelerate
convergence rate. Version 6.0 of the CFL3D code, with a message-
passing interface (MPI) option suitable for a large-node parallel
machine, was chosen for this study. Because of the use of a higher
order upwind scheme in the CFL3D code, this option requires a high-
quality Navier–Stokes grid to obtain a reliable converged solution.
The code was originally developed with the thin-layer approxi-
mation, but it has since been extended to include the full Navier–
Stokes terms.

B. Unstructured Grid Solver: BCFD

The BCFD code [14], developed at The Boeing Company, is a
general purpose, implicit, multizone Euler and Navier–Stokes
solver. It operates with any valid grids (structured and unstructured).
BCFD has amature library of boundary condition routines, available
on a point-by-point basis. TheNavier–Stokes equations are solved in
thin layer or full formulation using Roe, HLLE (Harten–Lax–
van Leer–Einfeldt), and Rusanov algorithms. The governing equa-
tions are discretized using the cell-centered, finite volume method.
For steady-state flows, variable time steps based on local eigenvalues
and a multigrid scheme are employed to speed convergence. For
time-accurate calculations, BCFD uses a second-order, global
Newton/dual-time algorithm, which provides second-order accurate
updates in the physical-time domain across all zones.

BCFD dynamically allocates memory on a zonal basis, thereby
minimizing computer hardware requirements. Distributed parallel
processing is available using parallel virtual machine (PVM) and
MPI message-passing protocols. A keyword input interface and
extensive defaults simplify BCFD operation. Most BCFD options
may be controlled zonally, allowing the user to balance the accuracy
and cost of each solution [12].

C. Unstructured Grid Solver: CFD��

CFD�� is a commercially available, general purpose code [15]
used to solve the compressible Navier–Stokes equations. It allows
the use of mixed element and overset grids. In this study, we used the
mixed-elements option. The same set of unstructured grids generated
byMADCAP/AFLR (modular aerodynamic computational analysis
process/advancing front/local reconnection) for BCFD, consisting of
a mixture of tetrahedra, prisms, and pyramids, was used. CFD��
allows a variety of turbulence models to be used, although only the
Spalart–Allmaras (SA) turbulence model was used in this study. The
discretization is a second-order, accurate, finite volumemethod, with

Fig. 1 DLR-F6 wing-body-pylon-nacelle model.

Fig. 2 FX2B wing-body fairing.
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Fig. 3 ZEUS Navier–Stokes analysis system.
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limiting to enable discontinuities to be captured without oscillations.
The solver consists of an implicit method, which uses a
semicoarsened multigrid algorithm with adaptive control of the
time step to allow the solution to overcome difficulties in the transient
phase.

D. Turbulence Models

Two turbulence models were used in these studies: Menter’s two-
equation shear-stress-transport (SST) model [16] and the SA
turbulence model [17]. The SA model is a transport equation model
for turbulent viscosity, which is calibrated on 2-D mixing layers,
wakes, and flat plate boundary layers. It is local, compatible with any
grid structure, and provides for user-specified laminar regions and
trips.

IV. Grid Generation

To analyze a complex airplane configuration, the first step is to
prepare or obtain a well-defined geometry loft for each configuration
component. A well-defined geometry should have smooth physical
coordinates, slope, and curvature variations in parameter space such
that intersection curves between each component can be easily and
accurately determined. The components are then combined to
produce a watertight definition of the complete configuration.

A. Zeus Structured-Grid Generation

The provided initial graphics exchange specification (IGES)
geometry files were imported into the Boeing Aerodynamics Grid
and Paneling System (AGPS) [18], where the geometry was cleaned
up and used to create watertight surface lofts.

The F6 wing-body configurations fit a class of configurations
available from the ZEUS library, but they required a very minor
modification (3–4 h) in the wing surface grid to account for the lack
of a wing-body fairing in one case and the particulars of the FX2B
fairing in the other.

AnH-H grid topologywas applied to the wing fuselage, one block
going above the wing and upper fuselage and the other block going
below the wing and lower fuselage, with the H grid stretching in the
streamwise direction I, from upstream, covering the upper and lower
wing fuselage, respectively, and then downstream. The second
direction J is normal to thewing fuselage. AnotherH grid stretches in
the wing spanwise direction K from the symmetry plane to the wing
tip and then to the far field. For the wing with blunt trailing edge, an
additional block with H-H grid is inserted between the upper and
lower wing trailing edge wakes and behind the blunt wing trailing
edge. It is degenerated onto the fuselage and onto the wing tip wake.
A typical K-plane grid is illustrated in Fig. 4.

Within the Zeus system, command files for accessing and
executing the AGPS are then used to generate surface grids for this
topology. The resulting surface grid is watertight, with one-to-one
point-matched blocks. The surface grid around the trailing edge of
the wing-body configuration is shown in Fig. 5.

The Zeus system automatically prepares the block connectivity
file that is essential for the volume grid generation and flow solver.
The field grids are generated block by block using an advancing front
method, which has been refined and enhanced over the years [19].
This procedure produces the viscous grids with desired y�, grid-
stretching ratio, and number of points inside of the boundary layer.

Although only three grids were called for in the drag convergence
study, four sets of grids were generated for the grid refinement study
of the two F6 configurations. Grids were refined by approximately
1.5 in each direction, while retaining at least three multigridable
levels. This refinement resulted in grids of approximately 2:6 � 106,
9:2 � 106, 18 � 106, and 31 � 106 cells. These grids are labeled
coarse, medium, medium fine, and fine, respectively. The medium
grid is typical of the standard Zeus grid for a wing-body configu-
ration. At each grid size, the total number and grid distribution for the
two wing-body configurations are identical. The grids are available
online via the DPW3 Web site [10]. A summary of the grid sizes is
given in Fig. 6.

B. Unstructured Grid Generation

As in all grid-generation processes, the first step is to obtain a
watertight definition of the geometry. The IGES files were prepared
with CADfix [20] to obtain the watertight definition and then
imported into MADCAP, a grid-generation package developed at
Boeing that is capable of unstructured and structured grid generation.
Much of the process is automated, with the user able to specify grid
spacings on the surfaces, at which pointMADCAP is able to autogrid
the geometry. With the numerous grid spacing requirements for
DPW3, a full autogrid was not possible. The grid consisted of
triangles on the surface, except for the leading edge, which consisted
of stretched quad elements. The guidelines set forth byDPW3 for the
grid-generation requirements were closely followed.

Once the surface grid is defined, which includes the freestream,
symmetry, and outflow boundaries, it is exported to AFLR [21],
which is used to generate the volume grid. Prisms are used in the
boundary layer, after which the grid transitions to tetrahedra.
Boundary conditions are then specified, and the grid is split into
multiple zones for parallel processing. Figures 7 and 8 display the
surface grid for the coarse grid F6 case. Note the prisms in the
boundary layer, which transition to tetrahedra.

The grid sizes are as follows: 3:8 � 106, 8:7 � 106, and 33:8 � 106

cells for the coarse, medium, and fine F6 grids, respectively, and
3:9 � 106, 7:8 � 106, and 35:8 � 106 cells for the coarse, medium,
and fine F6� FX2B grids, respectively. The grids are available
online from the DPW3Web site [10]. These grids were used for both

Fig. 4 Typical F6 wing grid topology (K plane).

Fig. 5 Wing-body surface grid (coarse grid).
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the BCFD and CFD�� solutions. The wing-alone (DPW case 2)
study was not performed in either code.

V. Structured Grid Results

The third AIAA DPW called for a drag convergence study,
determination of the size of the side-of-body separation bubble, and
the calculation of a drag polar for the F6 wing-body configurations.

The existence of wind-tunnel test data [10] for the basic DLR-F6
wing-body configuration from the second AIAA DPW suggested
that an initial check of solution quality could bemade by comparison
to that data. The test data were acquired in the ONERA S2M wind
tunnel, at a Reynolds number of 3 � 106 based on the mean
aerodynamic chord. The specified Reynolds number for the third
AIAA DPW calculations is 5 � 106 in anticipation of acquiring new
wind-tunnel test data at that value. Solutions at 3 � 106 and 5 � 106

Reynolds numbers were computed using the medium grid. A
comparison of wing pressures from these results with test data is
shown in Fig. 9. The comparison is made at a fixed angle of attack,
�� 0:50 deg, matching that of the experimental data (�� 0:49).
Increasing Reynolds number has little visible effect on the solution,
resulting in a slight aft movement of the shock wave. Overall
agreement with the test data is excellent.

A series of solutions were obtained to investigate the influence of
grid refinement on the predicted drag characteristics of the twowing-
body configurations. Solutions were obtained at a constant lift
coefficient, CL � 0:50, using the four available grids with the
following:

1) CFL3D with thin-layer Navier–Stokes terms using the SST
turbulence model.

2) CFL3D with thin-layer Navier–Stokes terms using the SA
turbulence model.

3) CFL3D with the full Navier–Stokes terms using the SST
turbulence model.

4) CFL3D with the full Navier–Stokes terms using the SA
turbulence model.

Multigrid and grid sequencing were used to accelerate solution
convergence. In addition to monitoring residual reduction, drag and
lift variationwith iterationwasmonitored. Solutions were converged
to CL � 0:5� = � 0:0001, with drag varying less than 0.05 count
over the last 400 iterations, except for some coarse grid cases where
drag settled into a steady oscillation of �= � 0:1 counts or less.

Wing pressure distributions from the four grids on the baseline
DLR-F6 wing-body using the SST turbulence model and the thin-
layer approximation are shown in Fig. 10. With the exception of the

Fig. 6 Structured grids.

Fig. 7 Surface grid at wing root for F6 geometry.

Fig. 8 Surface grid and reflection plane for F6 geometry.
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coarse grid solution, the distributions are indistinguishable. This was
typical of both configurations, the turbulence models, and the thin-
layer and full Navier–Stokes approximations. For a fixed angle of
attack, the shock location was slightly farther aft for the SA
turbulence model compared to the SST model. Pressure distribution
comparisons between the baseline F6 and the configuration with the
FX2B fairing are shown in Fig. 11. Wing pressure distribution
differences are pretty much confined close to the side of the body.

The objective of the FX2B fairing was to eliminate the side-of-
body flow separation that is present on the basic DLR-F6 wing-body
configuration. This was successfully achieved with a resultant drag
reduction. The size of the side-of-body separation bubble plays a
significant role in the drag of the basic wing-body configuration and
therefore will impact the incremental drag increment due to the
“cleanup” with the FX2B fairing. An oil-flow picture from the

ONERA wind-tunnel test at 3 � 106 Reynolds number is shown in
Fig. 12. Overlaid on this picture are streamlines from a CFL3D thin-
layer solution using the SST turbulence model at 5 � 106 Reynolds
number. The computed streamlines are seen to be in reasonable
agreement with the oil flow.A solution of themedium grid at 3 � 106

Reynolds number produced a separation bubble only 1.5 mm wider.
The resolution of the overlay is no better than that.

Figure 13 shows a measure of the spanwise extent of the side-of-
body separation bubble from solutions from CFL3D with thin-layer
Navier–Stokes terms using the SA and SST turbulence models for
the four grids. The values are plotted as a function of (GRIDFAC)
1=N2=3, where N is the total number of grid cells in the solution. A
value of 0 would correspond to infinite grid size. The size of the
separation bubble varies little for the three largest grid sizes. The use
of the SA turbulence model resulted in a separation bubble slightly
smaller than with the SST turbulence model. Use of the full Navier–
Stokes terms resulted in separation bubbles 2–3mmwider. Note that
the extent of the separation did not encroach on the first row of
pressure taps on the wing. This was also evident in the pressure
distributions shown in Fig. 9.

Drag results from CFL3D with thin-layer Navier–Stokes terms
using the SA and SST turbulence models are shown in Figs. 14 and
15, respectively. Drag is shown for both the basic F6 wing-body
configuration and for the configuration with the FX2B fairing. Total
drag is plotted as a function of (GRIDFAC) 1=N2=3, where N is the
total number of grid cells in the solution. For a second-order accurate
method, results from successively refined grids should form a
straight line extrapolation to an infinite grid size. In actuality, suc-
cessively refining grids by doubling them in every direction in 3-D

Fig. 9 Comparison of wing pressures with wind-tunnel data.

Fig. 10 Grid-size effects on wing pressure distribution.

Fig. 11 Effect of FX2B fairing on wing pressures.

Fig. 12 Side-of-body flow separation.

742 TINOCO ET AL.



for complex configurations is still not vary practical, although we
believe that this set of grids is a reasonable approximation. As
previously stated the solutions were converged until the drag varied
by less than 0.05 counts over the last 400 iterations. However, as is
typical of most Navier–Stokes codes it was not possible to drive the

residuals tomachine zero. It is interesting to note that while using the
SA model results in a more linear variation of drag with grid size, it
also results in a greater variation of the absolute value of drag with
grid size. The lack of linearity of the drag convergence using the SST
model is puzzling, particularly on the configuration with the FX2B
fairing. On this configuration the flow is everywhere attached, and
the significant flow features have been resolved. As will be seen in
Fig. 17 it is the skin friction that continues to change with grid
refinement. Solutions using CFL3D with the full Navier–Stokes
terms were of similar character.

Total drag is made up of pressure drag plus skin friction drag. The
pressure drag characteristics of the solutions using either turbulence
model are very similar, differing mainly in level. It is the conver-
gence characteristics of the skin friction drag that is most different, as
shown in Figs. 16 and 17. Skin friction drag with the SA turbulence
model shows little variation with grid size. Essentially no variation is
shown for the configurationwith the FX2B fairing, which exhibits no
flow separation. With the SST model the levels of skin friction for
both configurations continue to change with grid refinement. This
appears to be the cause of the lack of linearity of total drag with grid
refinement. The skin friction levels from the full Navier–Stokes
solutions are similar to the thin-layer levels for the SST turbulence
model but a count or so higher for the SA turbulence model. We do
not have an explanation for these differences.

What about the absolute drag value?Dowe believe that these CFD
results indicate we can predict an absolute drag value for an infinite
grid? Prediction may be possible with the SA model but not with the

Fig. 13 Extent of separation bubble with CFL3D.

Fig. 14 Drag convergence for thin-layer CFL3D with the SA

turbulence model; CL � 0:50,M � 0:75.

Fig. 15 Drag convergence for thin-layer CFL3D with the SST

turbulence model; CL � 0:50,M � 0:75.

Fig. 16 Skin friction drag convergence for CFL3D with the SA

turbulence model; CL � 0:50, M � 0:75.

Fig. 17 Skin friction drag convergence for CFL3D with the SST

turbulence model; CL � 0:50, M � 0:75.
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SST turbulence model. Can the absolute value of drag be determined
in a wind-tunnel test? Typical wind-tunnel corrections do not
account for all the tare and interference effects in a test. The purpose
ofmostwind-tunnel tests is not to produce absolute drag values but to
produce good incremental values between configurations [7]. In a
similar vein, can CFD produce good incremental values between
configurations?

The incremental drag between the two configurations at a lift
coefficient of CL � 0:50 (basic F6 minus F6 with FX2B fairing) is
shown in Fig. 18. Increments are from the two turbulence models,
calculated using either the thin-layer or full Navier–Stokes
approximation. Using the full Navier–Stokes terms in CFL3D yields
a similar variation but only half the increment values compared to the
thin-layer terms. What conclusions can be drawn from this figure?

1) Whichever turbulence model, thin layer or full approximation,
is used, the incremental drag difference between the two configu-
rations is very small—approximately one drag count or less.

2) The F6 wing body with the FX2B fairing has less drag.
3) The incremental values vary little for a wide range of grid sizes.
4) Extrapolating to infinite grid changes the sign of the increment.
Further insight is given by looking at the component increments

shown in Fig. 19. The skin friction drag increment shows good
convergence to the same value with increasing grid size. The con-
figuration with the fairing has higher drag, which is consistent with
the greater wetted area. The variation of the incremental drag is
essentially due to the pressure drag, and this is where we see the
biggest variation. The larger increment with the SST turbulence
model is consistent with the larger size of the separation bubble in the
basic configuration. The addition of the fairing eliminates the side-
of-body separation, reducing the pressure drag at the expense of
higher skin friction drag.

A series of solutions at different angles of attack were obtained for
the two configurations using the medium grid, the thin-layer
approximation, and the two turbulence models. Lift and pitching
moment results for the two configurations show little difference.
Using the SA turbulence model yields a slightly higher lift and
slightly more negative pitching moment at a fixed angle of attack
compared to the SST turbulence model. The incremental drag
differences between the two configurations as a function of lift
coefficient are shown in Fig. 20. Total and skin friction drag
differences are shown for both turbulence models. As was indicated
in the grid convergence study, atfixed lift, skin friction is greaterwith
the fairing, and the difference in the skin friction increment between
turbulencemodels is essentially nil. Below a lift coefficient of 0.55 to
0.60 the lower drag of the configuration with the fairing is due to
lower pressure drag, and this increment is sensitive to the choice of
turbulence model.

Based on these results (and a lot of other history) we choose to take
the pragmatic view that we will rely on the incremental drag values.
The values vary little over a wide range of grid size and appear to be
reasonable. Extrapolating to infinite grid size is neither practical nor
believable. The size of the drag increment and the differences be-
tween the two turbulence models would make it very difficult to
resolve which is superior on the basis of this comparison alone. That
said, experience still dictates that it is imperative that, for making
incremental drag comparisons, gridding be kept as consistent as
possible between configurations. As with use of the wind tunnel,
great care must be taken to minimize extraneous influences that are
not relative to the differences being sought.

Fig. 18 Drag increment between configurations CL � 0:50 and M �
0:75 CFL3D results.

Fig. 19 Component drag increments for CL � 0:50 and M � 0:75
CFL3D results.

Fig. 20 Incremental drag vs lift coefficient for thin-layer CFL3D.
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VI. Unstructured Grid Results

The application of unstructured grid Navier–Stokes solvers to
transport type configurations at transonic speeds is new to us. Thus
we do not have the many years of experience in unstructured grid
generation and solution that should have been evident in the
presentation of the structured results. The CFD results presented in
this section were obtained using BCFD and CFD��. The same
grids were used in both codes. A full comparison between the F6 and
F6 with FX2B configurations was performed using the SA
turbulence model in both codes; a more limited comparison was
performed in BCFD using the SST turbulencemodel due to unsteady
effects from the side-of-body separation on the F6 configuration
using the SST model, as well as limited time constraints. All
solutions were run atRe� 5 � 106, based on the mean aerodynamic
chord of 141.2 mm. BCFD solutions were typically obtained in 24 h
wall-clock time on a parallel-processing computer. InCFD��, the
finest grids were converged in about 200 node-hours and 1000 node-
hours for the cases with and without the FX2B fairing, respectively,
on an Opteron PC cluster. Convergence of over 7 orders of reduction
of residual was achieved.

Solutions from the two unstructured grid codes were compared
with the structured CFL3D results. All three codes were run with the
SA turbulence model. Wing pressure distributions are shown for
solutions at Mach� 0:75, Re� 5 � 106, and a fixed CL � 0:50.
Results from the three codes for the F6 configuration are shown in
Fig. 21. Note that the results from the two unstructured grid solutions
are nearly identical and differ significantly from theCFL3D results at
the inboard most station, y� 87 mm. The differences at the other
stations are a result ofmatchingCL. The results of unstructured codes
are at a slightly higher angle of attack to make up for the lift loss
relative to CFL3D at the inboard most part of the wing. The lift loss
shown at the inboard most station in Fig. 21 is a result of a much
larger separation bubble relative to CFL3D solutions and the
experimental data obtained at a lower Reynolds number. Similar
results for the F6with the FX2B fairing are shown in Fig. 22.Here the
results from all three codes are much closer. Results from the
unstructured codes are nearly identical with minor differences with
the CFL3D results at the inboard most station.

BCFDwas used to look at the effect of the turbulencemodel on the
pressure distribution shown in Fig. 23. The figure shows a
comparison between the F6with FX2Bgeometry for both the SA and
SST models. With the SST model, the shock on the upper surface
moves slightly aft at a fixed lift coefficient. (Note: this result is

consistent with the shock moving aft with the SA model at a fixed
angle of attack.) The data shown are at Y � 241 mm; other locations
are similar and are therefore not shown. Pressures on the lower side of
the wing match very well between the two turbulence models.

The separation bubble, as mentioned in the structured-grid results,
is important to the resultant drag on the F6 configuration. A picture of
the separation bubble is shown from the BCFD solution in Fig. 24
and from the CFD�� solution in Fig. 25. The pictures, which are
very similar, show the fine-grid result in the wing-root region. It
should be noted that these pictures were made with different
postprocessing visualization codes and do not show the same
perspective. The detail differences may not be meaningful given the
differences in postprocessing, convergence characteristics of the two
codes, and applicability of using a one-equation turbulence model in
a steady RANS code to depict the unsteady flow phenomena inside
the separation bubble. The external impact of the separation bubble
may still be meaningful as indicated by the CFL3D results which

Fig. 21 Wing pressures on F6—CFL3D, BCFD, and CFD��.

Fig. 22 Wing pressures on F6 with FX2B—CFL3D, BCFD, and

CFD��.

Fig. 23 Turbulence model effects on wing pressure distribution at

Y � 241 mm for BCFD.
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closelymatched the test data at a lowerReynolds number as indicated
in Figs. 9 and 12. The extent of the separation bubble, as defined by
the maximum buttline of the dividing surface streamline of the
separation bubble, is seen to be larger from the unstructured grid
solutions than the structured-grid results predicted. The extent of the
separation bubble predicted by BCFD is shown in Fig. 26, which
shows that the bubble is growing with increasing grid refinement.
The size of the separation bubble predicted by CFD�� is
essentially the same as predicted by BCFD. That trend is much more
pronounced in the unstructured results compared to those of the
structuredCFL3D code.Also, for the unstructured grid codes thefirst
row of pressure taps is within the separation bubble, as evident in
earlier Cp plots in Fig. 21 that compared distributions from the three
codes. The larger bubble results in significantly different pressure
distributions at the inboard most wing station. Further work is
necessary to understand to what extent these differences are due to
code and/or grid type.

Drag results are the primary focus of theDPW3.Grid convergence
plots at a fixed CL � 0:5 are shown in Fig. 27. Results with the SA
model with both unstructured codes are shown for the F6 and F6with
FX2B, and from the SST model in BCFD for the F6 with FX2B. A
grid convergence study was not performed on the F6 with the SST
model. The trends observed in Fig. 27 show a reduction in drag with
the addition of the FX2B fairing and a somewhat lower drag using the
SST model compared to the SA turbulence model. These trends are
not unlike those seen with the structured code.

To isolate the differences seen due to the turbulence model effect,
Fig. 28 displays the behavior of the skin friction as we vary lift. It can
be seen that themajority of the increment due to the turbulencemodel
seen in the drag shown in Fig. 27 can be attributed to the skin friction.
The skin friction is consistently lower for the SST model, regardless
of geometry. Also note that the skin friction is slightly higher for the
F6 with FX2B case, as the wetted area is larger after the inclusion of
the fairing.

Fig. 24 Side-of-body separation predicted by BCFD.

Fig. 25 Side-of-body separation predicted by CFD��.

Fig. 26 Extent of separation bubble with fixed CL � 0:50 predicted by

BCFD.

Fig. 27 Drag convergence with unstructured solvers BCFD and
CFD��.

Fig. 28 Turbulence model effect on skin friction using BCFD.
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The grid convergence of the skin friction is shown in Fig. 29. The
skin friction is seen to increasewith increasing grid density. The high
value of drag for the coarse grid BCFD solution is seen to be due to
the corresponding high value of skin friction from that solution.
Whether this high value is due to a convergence problem in the coarse
grid solution is not known. It is seen that the infinite grid skin friction
extrapolation would differ by approximately 10 counts for the F6
with FX2B geometry when comparing the SA and SST turbulence
model, with the SST model having the lesser drag. This is a much
greater difference than indicated by the CFL3D solutions shown in
Fig. 17.

A drag polar for the two configurations, shown in Fig. 30, was
computed in BCFD on the medium grid for each configuration. We
looked at the SA and SST models for both the F6 and F6 with FX2B
and compared the results with the DPW2 experimental data, which
were identical to the F6 geometry but atRe� 3 � 106 based onmean
aerodynamic chord. The SA model is seen to closely match the
DPW2 data for the F6 case.We can also see that the effect of the SST
model is a reduction in drag for either geometry. Note the error bars
on the F6 geometry with the SA model: these bars represent the
magnitude of the drag oscillations in the solution history and quantify
the effect the side-of-body separation has on the solution. Because of
these oscillations, only a limited number of SST solutions were
performed with the F6 geometry. Also note that the drag polar shape
is not sensitive to the turbulence model.

The incremental drag difference between the two configurations
predicted by the three codes using the SA turbulence model is
summarized in Fig. 31. Also shown is the extent of the separation
bubble predicted by the codes. The extent of the separation bubble
and the incremental drag predicted by the unstructured codes ismuch
larger than predicted by CFL3D. A wind-tunnel test is planned for
summer 2007 which should confirm the magnitude of the drag
increment between configurations and the extent of the separation
bubble in the F6 configuration. The drag increment between the F6
and F6 with FX2B from either unstructured code does not exhibit
linear convergence; each has a minima at the medium grid size. A
reason for this could be the “family” of grids each unstructured grid
belongs to. In this form of grid convergence plot, typically, nested
structured grids are used, which will, by definition, all belong to the
same grid family. However, this is not the case for advancing front
method used to generate these unstructured grids. Each volume grid
will have a different arrangement of prisms and tetrahedra, depend-
ing on how the advancing front method fills the volume. Even slight
changes on the surface grid can cause noticeable changes in the

volume grid. One way to possibly get around this would be to
generate the volume grid in two pieces: one piece common to both
the F6 and F6 with FX2B, and a second piece that isolates the fairing
region. This approach minimizes the change in the volume grid
between the two configurations; it should be looked at in further drag
prediction studies on unstructured grids tominimize the scatter in the
grid convergence plots.

VII. Conclusions

Previously published results [3,7] andmany in-house studies have
shown accurate prediction of drag increments between configura-
tions. Accurate prediction is key to successful configuration design.
The ability to predict incremental drag between known configura-
tions is essential to drag-based multipoint design and optimization
[3]. In those instances where drag increment prediction has been
successful, the geometry and the test data werewell known. Theflow
over the configurations was well behaved and exhibited no obvious
separation. The F6 configuration of this study is a deceptively
difficult case. Accurate prediction of difficult flow features is
important, not only for drag prediction, but also for flight stability
and control prediction issues. The experience in using structured-
grid methods for the past 25� years has been invaluable in
establishing viable processes for effectively using these methods. As
this study [8] shows, the absolute value of drag varies with grid size
and turbulence model. It is neither practical nor necessarily even
useful to try to do a drag convergence study on every configuration
iteration during an airplane development program. What is essential
for the effective use of CFD is the ability to predict drag increments
between similar configurations. In this study, the structured code
results demonstrated a consistent prediction of the drag increment
within a few tenths of a count between the two configurations. The
predicted drag increment using the structured ZEUS/CFL3D system
between the two configurations is on the order of 1 drag count. A
wind-tunnel test is planned for summer 2007 [8] which, it is hoped,
will confirm the accuracy of the prediction.

The unstructured code(s) results indicate a need for further study,
in “best practice”methods, of drag increment results. The experience
base for using unstructured grid methods for transonic analysis of
transport configurations does not yet exist (in this organization) at
this time (2006). Because structured-grid methods have been
adequate for analyzing these types of configurations, there has been
no urgency in the past to adopt unstructuredmethods. However, with
the increasing interest in including a wider range of configurations
with more geometric complexity in the analysis, there is now an
interest in exploiting the potential advantages of unstructured
solvers. The unstructured results indicate that the analysis of the F6
geometry is deceptively difficult with a side-of-body separation

Fig. 29 Skin friction drag convergence using BCFD.

Fig. 30 Drag polar for BCFD unstructured grid.
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bubble. The addition of the fairing, which eliminated the separation,
noticeably increased solution stability and improved the conver-
gence properties in both unstructured codes.

The present results indicate the status of the unstructured grid
capabilities in CFD�� and BCFD (version 4.0) as of DPW3 in
June of 2006. However, the state of the art in unstructured solvers
is rapidly changing. In fact, it is expected that the drag predictions
with unstructured codes will continue to be enhanced by the
anticipated publication time of this journal article, as advancements
in both numerics and grid generation are being made on a frequent
basis. Preliminary results using BCFD (version 5.0) are indicating
that the slope limiter of Venkatakrishnan [22] reduces drag in
BCFD by 10� counts for the DPW F6 configuration compared to
the current slope limiting procedure employed in BCFD. The
biggest issue still appears to be with the grid generation, not the
two unstructured solvers. Unstructured grid-generation best prac-
tices are being established on an ongoing basis. We believe that, to
predict accurate increments, as much of the unstructured volume
grid as possible should be kept constant between the geometries.
This practice is currently being investigated. As best practices are
developed for use of the unstructured codes, these too will exhibit
the same accuracy and reliability experienced with the structured
codes.
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