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Comparison study of computations for the Third AIAA Computational Fluid Dynamics Drag Prediction

Workshop is performed on theDLR-F6wing–body configurations with andwithout the wing–body fairing using the

structured grid solver UPACS and unstructured grid solver TAS code. Grid convergence study at a fixedCL using a

family of three difference density grids and the results by� sweep are discussed. The self-mademultiblock structured

grids and mixed-element unstructured grids are employed. Another participant’s grid is also compared.

Comparisons between the two codes are conducted using the same turbulence model. Moreover, the detailed

comparisons are conducted on the grid topology at the corner of the wing–body junction, the turbulencemodels, and

the thin-layer approximation in viscous terms using the multiblock structured grids. The reconstruction schemes to

realize the second-order spatial accuracy are also compared on unstructured grids. By comparing the results, the

sensitivity of drag prediction to these factors is discussed.

Nomenclature

 = wing aspect ratio
b = wing span
CD = drag coefficient
CDf = friction drag coefficient
CDp = pressure drag coefficient
Cf = skin friction coefficient
CL = lift coefficient
CM = pitching moment coefficient
Cp = surface pressure coefficient
cref = mean aerodynamic chord
M = Mach number
N = total number of grid point
p = pressure
Re = Reynolds number based on cref
S = reference area
Ŝ = strain rate
T = temperature
� = angle of attack
� = specific heat ratio
� = difference in quantity
� = density
� = unstructured-MUSCL parameter
� = vorticity
1 = physical variables in freestream

I. Introduction

T HE precise prediction of drag is important for a successful
aerodynamic design of an aircraft. Especially, drag increments

between configurations have to be well predicted in the design
process. The reliability of drag prediction has been discussed in
AIAA’s computational fluid dynamics (CFD) drag prediction
workshops (DPW) held by the AIAA Applied Aerodynamics
Technical Committee. In the workshops, state-of-the-art computa-
tional methods solving Reynolds-averaged Navier–Stokes (RANS)
equations have been assessed for aircraft force and moment
prediction of industry relevant geometries. The first DPW (DPW-1)
[1,2]was held in June 2001. InDPW-1, theDLR-F4wing–body civil
transonic aircraft configurationwas employed. The results ofDPW-1
showed an unexpected large scatter between CFD codes [1,2]. The
second DPW (DPW-2) [3,4] was held in June 2003. In DPW-2, two
DLR-F6 wing–body configurations with and without the nacelle-
pylon were employed. The focus of the workshop was on drag
prediction accuracy and component drag increments with/without
the nacelle-pylon. The results of DPW-2 showed that the variation
betweenCFDcodeswas reduced fromDPW-1 and prediction of drag
increment between configurationswas better than that of the absolute
value of drag, although still not at a desirable level [3,4]. The DLR-
F6 wing–body configuration with the nacelle-pylon revealed large
flow separations at the pylon by the strong interaction between the
wing and the nacelle-pylon and at the corner of the wing–body
junction. The flow separations had the possibility to spread the
variation.

In the Third DPW (DPW-3)‡ [5,6] held in June 2006, two wing–
body configurations with andwithout flow separation at the corner of
the wing–body junction were employed to discuss how the flow
separation affects the scatter. The DLR-F6 wing–body configura-
tions were employed with and without a wing–body fairing, FX2B,
which was designed to remove the boundary-layer separation at the
wing–body junction [7]. In addition, a comparison study using two
wing-alone configurations was also conducted for a simpler geom-
etry without the flow separation to allow more grid convergence
study.

This paper describes the computational work for DPW-3 using a
structured grid solver, Unified Platform for Aerospace Computa-
tional Simulation (UPACS) and an unstructured grid solver, Tohoku
University Aerodynamic Simulation code (TAS), by the Aviation
Program Group in Japan Aerospace Exploration Agency
(APG/JAXA). Additional work after the workshop is also
included on the detailed comparison of turbulence models, viscous
term approximation, and reconstruction scheme to realize the
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second-order spatial accuracy on unstructured grids. In our study, the
computations have been performed for two DLR-F6 wing–body
configurations with and without the wing–body fairing. The self-
made multiblock structured grids and mixed-element unstructured
grids are used. The medium-size grid of the Boeing multiblock
structured grids that are available on the DPW-3 Web site‡ is also
used only for the DLR-F6 wing–body configuration without the
FX2B fairing.

Our results in DPW-2 [8] showed that the turbulence models, grid
resolution at junction corners, and approximated computation in
viscous terms affected the flow separation at the corner, and the
factors had the possibility to result in the difference of drag
prediction. Besides, our computational results on unstructured grids
submitted to DPW-3 showed relatively larger grid dependency than
our results on structured grids. Therefore, the following comparisons
are performed and the computational results are validated:
1) comparison of the results by the difference of the reconstruction
scheme on the JAXAunstructured grids; 2) comparison of the results
on the JAXA multiblock structured and JAXA unstructured grids;
3) comparison of the results by the grid topology at the corner on the
JAXA multiblock structured grids; 4) comparison of the results by
turbulence models on the JAXA multiblock structured grids;
5) comparison of the results by the thin-layer approximation in
viscous terms on the JAXA multiblock structured grids;
6) comparison of the results by the JAXA and Boeing multiblock
structured grids. By comparing the results, this paper attempts to
clarify the sensitivity of drag prediction to these factors.

II. Geometry Descriptions

In DPW-3‡ [5,6], the computations are required on two
configurations shown in Fig. 1: DLR-F6 wing-body configuration
(WB) and DLR-F6 FX2B wing-body configuration with a wing–
body fairing (FX2B). The DLR-F6 WB model represents a modern
twin-engine transonic transport configuration [9]. The model was
used in DPW-2 [3,4] and had a flow separation at the wing–body
junction. The FX2B model has the addition of a wing–body fairing
that was designed to remove the boundary-layer separation at the
wing–body junction [7]. The CAD models are provided on the
workshop Web site.‡ The reference quantities are described in
Table 1. Thewind-tunnel test for the geometries at the computational
conditions has not been conducted yet and the experimental data are
not provided.

III. Computational Conditions

For the DLR-F6 wing–body configurations with and without the
FX2B fairing, grid convergence study atCL � 0:500 (�0:001) using
three difference density (coarse, medium, and fine) grids and drag
polar at ���3:0, �2:0, �1:0, �0:5, 0.0, 0.5, 1.0, 1.5 using the
medium-size grids are required. For all cases, M1 is 0.75, Re is
5 � 106, and T1 is 322.22 K. A fully turbulent boundary layer is
assumed in the computations. In DPW-2, the experimental Re is
3 million. In DPW-3, Re is increased to 5 million to reduce the flow
separation near the wing trailing edge.

IV. Computational Method

A. Multiblock Structured Grid Solver: UPACS

As the flow solver onmultiblock structured grids, UPACS is used,
which is a standard CFD code for multiblock structured grids in
Japan Aerospace Exploration Agency [8,10,11]. The flow solver is
based on a cell-centered finite volume method. It is collaborative
computational software designed to be shared among researchers.
Besides the flexibility and extendibility, the reliability is especially
emphasized in its development. In this study, the second-order
scheme of the Roe’s flux difference splitting for convection terms
[12] is used with MUSCL extrapolation and van Albada’s limiter
[13]. The viscous terms are discretized using a scheme based on the
second-order central difference. Both full- and thin-layer approxima-
tion Navier–Stokes equations are implemented. In the thin-layer
approximation, the cross terms in the viscous flux terms are omitted.
The approximation is also applied to the equations for the turbulence
models. Most of the calculations were performed with full Navier–
Stokes equations. The time integration is carried out using theMatrix
Free Gauss–Seidel (MFGS) implicit method [14].

B. Unstructured Grid Solver: TAS Code

As the unstructured grid generator and flow solver, TAS code [15]
is used in this study. TAS_Flow is the flow solver. In TAS_Flow, full
Navier–Stokes equations are solved on the unstructured grid by a
cell-vertex finite volume method. The Harten–Lax–van Leer–
Einfeldt–Wada (HLLEW) method [16] is used for the numerical
flux computations. The Lower/Upper Symmetric Gauss–Seidel
(LU-SGS) implicit method [17] is used for the time integration.

Second-order spatial accuracy is realized by a linear recon-
struction of the primitive variables with Venkatakrishnan’s limiter
[18] in our computational results submitted to DPW-3 held in
June 2006. To discuss the effect on the drag prediction by the
reconstruction scheme, the unstructured-MUSCL scheme (U-
MUSCL) [19] is introduced:

~QL
i�1=2 �Qi �

�

2
�Qi�1 �Qi� � �1 � ��rQi �

r̂

2
(1)

where Q, rQ, r̂, and � are variables, gradient of Q, vector between
nodes, and U-MUSCL parameter, respectively. The original
reconstruction scheme is given by �� 0. In this study, � is 0.5. For
the computation of the gradients of variables, the Green–Gauss
method is used in both reconstruction schemes.

Fig. 1 DLR-F6 wing–body configuration.

Table 1 Reference quantities for theDLR-F6wing–body configuration

Reference quantities

Half-model reference area, S=2 72; 700 mm2

Mean aerodynamic chord, cref 141.2 mm
Moment reference from fuselage
nose

�x� 504:9 mm, �z��51:42 mm
(aft and below nose)

Projected half-span, b=2 585.647 mm
Aspect ratio,  9.5 (9.436)
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C. Turbulence Models

Two turbulence models, the Spalart–Allmaras one-equation
model (SA) [20] and Menter’s shear stress transport k-! two-
equationmodel (SST) [21], are compared. In the study, the SAmodel
is used as a standard model.

The equations for the turbulence models are also solved using the
second-order scheme in both UPACS and TAS. Both UPACS and
TAS employ the SAmodelwithout the trip term for transition and the
ft2 function, which serves to suppress the production of eddy
viscosity due to numerical error. The production of eddy viscosity
starts with the freestream value. A variation of the model, which
reduces the eddy viscosity in the regions of high vorticity [22,23], is
used. In this study, a simple combination using the minimum of the

vorticity ��
�����������������
2�ij�ij

p
and strain rate Ŝ�

�������������
2sijsij

p
is used in the

modification [23] as follows:

S��� Cvor min�0; Ŝ ��� (2)

Here, Cvor � 1 for the present computations. The modified model
computes turbulent vortical flowwithout adding much dissipation to
the vortex core.

The computational methods used in UPACS and TAS are
summarized in Table 2.

D. Computing Platform

Computations were carried out on the Fujitsu PRIMEPOWER
HPC2500 multiprocessor (SPARC 64V, 1.3 GHz, 1792 CPU),
which is the main machine of the Numerical Simulator III system in
the Japan Aerospace Exploration Agency [24]. Although the
required CPU time to get converged solutions varied depending on
the angles of attack and the flowfields with/without the flow
separation, the converged results on the fine grids of the WB
configuration without FX2B required 71 h for the fine structured
grids (29.8 million grid points) using 100 CPUs and 75 h for the fine
unstructured grid (17.5 million grid points) using 64 CPUs.

V. Computational Grids

The multiblock structured grids and mixed-element unstructured
grids were generated according to DPW-3 gridding guidelines on the
DPW-3Web site.‡A grid family with three levels of density (coarse,
medium, and fine) is required. The gridding guideline describes the

total grid size, far-field boundary location (	100cref), chordwise
spacing at wing leading edge and trailing edge (	0:1% local chord
on the medium grid), wing spanwise spacing at root and tip (	0:1%
semispan on the medium grid), cell size near the fuselage nose and
afterbody (	2:0%cref on the medium grid), spacing normal to
viscous walls, growth rate of cell sizes (<1:25), and the number of
cells on the wing trailing-edge base. Most of the results presented in
this paper were obtained on the self-made grids. Besides the self-
made grids, the medium-size grid of the Boeing multiblock
structured grids that are available on the DPW-3 Web site‡ was also
used only for the DLR-F6 wing–body configuration without the
FX2B fairing.

A. JAXA Multiblock Structured Grids

The multiblock structured one-to-one point-matched grids for
UPACS were generated with commercial software, Gridgen. Near
the model surface, the grid wraps around the configuration basically
with O—O grid topology to guarantee good orthogonality within the
boundary layer, and then extends outward with C—O topology. The
medium grid is shown in Fig. 2. At the corner of the wing–body
junction, two kinds of grid topologies are used, as shown in Fig. 3.
The grid “simple type” in Fig. 3a was generated by inserting a block
to keep good orthogonality at the corner. The grid “extrude type” in
Fig. 3b was generated by extruding the boundary-layer grid normal
to the wing and body, and averaging the normal vector. In the study,
simple-type grid topology is used as a standard grid.

Figures 4–6 show the close-up and cross-sectional views of the
surface and volume grids. Information of the multiblock structured
grids is summarized in Table 3 and 4.

B. JAXA Mixed-Element Unstructured Grids

The mixed-element unstructured grids composed of tetrahedrons,
prisms, and pyramids for viscous flows with high Reynolds number
were generated using an unstructured surface/volume mesh
generator, Edge-Editor in TAS-Mesh [25–29]. Edge-Editor is a
mesh generator with graphical user interface tools. The surface grids
are triangulated with the direct advancing front method using
stereolithography (STL) files as background grids for the surface
definition [25,26]. As the mixed-element volume grid generation
method for viscous flows with high Reynolds number, two
approaches can be selected: 1) After the tetrahedral meshing

Table 2 Summary of computational methods used in UPACS and TAS

UPACS TAS

Mesh type multiblock structured mixed element unstructured
Governing equations full-NS/thin-layer NS full-NS
Discretization cell-centered finite volume cell-vertex finite volume
Flux computation Roe second order [12] HLLEW second order [16]
Limiter in flux computation van Albada [13] Venkatakrishnan [18]
Time integration MFGS [14] LU-SGS [17]
Turbulence model SA_model [20,22,23], SST [21] SA_model

Fig. 2 JAXA multiblock structured grid for the WB configuration (medium grid).

MURAYAMA AND YAMAMOTO 801



Fig. 4 Close-up views of the JAXA multiblock structured grids for the WB configuration (simple-type corner grid); left: coarse grid, center: medium

grid, right: fine grid.

Fig. 3 Grid topology at the corner of the wing–body junction for the structured grids.
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Fig. 6 Cross-sectional views at the kink of the JAXA multiblock structured grids for the WB configuration (simple-type corner grid).

Fig. 5 Close-up views of the JAXAmultiblock structured grids for theWB configuration (extrude-type corner grid); left: coarse grid, center: medium

grid, right: fine grid.
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(Delaunay or advancing front method), prismatic layers for the
boundary layer are inserted [28]; 2) After the generation of prismatic
layers for the boundary layer, the advancing front method is used as
the tetrahedral meshing [29]. In this study, the former approach is
used. The mixed-element volume grid generation starts with the
isotropic tetrahedral grid generation to enhance the robustness. The
isotropic tetrahedral volume grids are generated using the method of
Delaunay tetrahedral meshing [27]. Then, prismatic layers are added
on the nonslip walls, while the tetrahedral elements near the nonslip
walls are shifted inward by a Laplacian-like method [28]. The
addition of the prism layers is locally stopped if negative volume
elements are created. At the corner of the wing–body junction, the
extrude-type grid is used. The medium grid is shown in Fig. 7.

A grid family with three levels of density (coarse, medium, and
fine) was generated according to DPW-3 gridding guidelines.
However, the guideline for the minimum grid resolution on the wing
trailing-edge base was not kept. The unstructured surface meshing
using nearly isotropic triangles in this study is semi-automatic.
However, a huge number of mesh points are necessary to insert grid
points required in the guideline using the nearly isotropic triangles on
the thin trailing-edge base. On the present unstructured grids, 4, 5,
and 6 cells were placed on the trailing edge for coarse, medium, and
fine grids, respectively, although 8, 12, and 16 cells should be placed
according to the gridding guideline. Figures 8 and 9 show the close-
up and cross-sectional views of the surface and volume grids.
Information of the unstructured grids is summarized in Table 5.

C. Boeing Multiblock Structured Grids

TheBoeingmultiblock structured one-to-one point-matched grids
are available on theDPW-3Web site.‡ In this study, only themedium
grid for the DLR-F6 WB configuration shown in Fig. 10 is used. A
H–H grid topology is used and the number of the blocks is five. The
base of the blunt trailing edge and the tip face of the wing are treated
as inviscid surfaces due to the use of the grid, which is not adequate to
resolve the viscous layer. The number of the grid points is 9.2million
on the medium grid. At the corner of the wing–body junction, the
extrude-type grid is used. Detailed information of the grid is in [30].‡

Figures 11 and 12 show the close-up and cross-sectional views of the
surface and volume grids.

VI. Results

A. Comparison by the Difference of the Reconstruction Scheme on
JAXA Unstructured Grids

To discuss the effect on the drag prediction by the reconstruction
scheme on the unstructured grids, the original linear reconstruction
scheme [�� 0 in Eq. (1)] and U-MUSCL scheme [�� 0:5 in
Eq. (1)] are compared.

Richardson extrapolation is used to evaluate the grid convergence
of the drag. Figure 13 shows plots ofCD andCDf atfixedCL � 0:5 vs
a function ofN�2=3. TheN�2=3 is based on the second-order accuracy
of the numerical method. Zero value ofN�2=3 means the infinite grid
size. For the second-order accurate method using a family of
uniformly refined grids, the results should be arranged on a straight
line and the value on an infinite grid size can be extrapolated.

Regarding the FX2B configuration, both results show good linear
grid convergence, although they do not seem to be converged even
on the fine grid. The gradients of the grid convergence are different,
whereas the values on the infinite grid size are the same, 262 cts.
(1 cts:� 0:0001). The gradient using the U-MUSCL scheme is
smaller and the grid dependency is decreased. On the coarse grid,CD
is reduced by 10 drag cts. when the U-MUSCL scheme is employed.
Regarding the WB configuration, the fold of the grid convergence is
observed on the results using the linear reconstruction scheme,
whereas the results using the U-MUSCL scheme show similar grid
convergencewith the results of the FX2B configuration and decrease
of the grid dependency. Regarding the friction drag shown in
Fig. 13b, the change with the grid size and scheme is small and the
difference is within 1 cts.

In Figs. 14 and 15, Cp distributions at 15 and 41% span locations
on each density grid for the WB configuration are compared. The
results using the U-MUSCL scheme resolve the shock wave more
clearly and show less grid dependency for the shock wave.

Table 3 Summary of the JAXA multiblock structured grids (simple-type corner grid)

Configuration Grid density Number of nodes
(volume grid)

Number of nodes
(surface grid)

First grid
cell size

Growth
rate

Number of cells
on trailing edge (TE)

DLR-F6 WB coarse 3.1 million 47 K 6:0 � 10�4, mm 1.29 8
medium 9.8 million 100 K 4:0 � 10�4, mm 1.17 12
fine 29.8 million 209 K 2:7 � 10�4, mm 1.12 16

DLR-F6 FX2B coarse 3.3 million 49 K 6:0 � 10�4, mm 1.29 8
medium 10.0 million 103 K 4:0 � 10�4, mm 1.17 12
fine 29.3 million 209 K 2:7 � 10�4, mm 1.12 16

Table 4 Summary of the JAXA multiblock structured grids (extrude-type corner grid)

Configuration Grid density Number of nodes
(volume grid)

Number of nodes
(surface grid)

First grid cell size Growth rate Number of
cells on TE

DLR-F6 WB coarse 3.0 million 47 K 6:0 � 10�4, mm 1.29 8
medium 9.3 million 100 K 4:0 � 10�4, mm 1.17 12
fine 28.4 million 209 K 2:7 � 10�4, mm 1.12 16

DLR-F6 FX2B coarse 3.0 million 49 K 6:0 � 10�4, mm 1.29 8
medium 9.3 million 103 K 4:0 � 10�4, mm 1.17 12
fine 28.4 million 209 K 2:7 � 10�4, mm 1.12 16

Fig. 7 JAXA mixed-element unstructured grid for the WB configura-

tion (medium grid).
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Figures 16 and 17 show the contours of entropy change, which is
defined as follows:

�s

R
� 1

� � 1
ln
�
p

p1

�
�1
�

�
�
�

(3)

The contours in the figures are visualized using narrow range from
10�6 to10�3. In general, the entropy increment can be observed in the
boundary layers and after the generation of shock waves. In Figs. 16
and 17, the entropy is nonphysically increased in the regions near the
leading edge and away from thewing surface by the numerical errors,
which indicates insufficient resolution. The nonphysical entropy
increment is decreased on finer grids. Comparing the results shown
in Figs. 16 and 17, the results using the U-MUSCL scheme show
much less numerical errors. The decrease of the numerical
dissipation results in the improvement of the resolution for shock
wave and the lower drag.

B. Comparison on JAXA Multiblock Structured Grids and JAXA

Unstructured Grids

The results on the JAXAmultiblock structured grids (simple-type
corner grid) and JAXA unstructured grids are compared. The full
Navier–Stokes equations are solved in both codes. The same SA
turbulence model is used.

Figure 18 shows the solution convergence histories obtained on
the medium grids for the WB configuration at a fixed �� 0:5 deg.
The computations are restarted from the results at lower �� 0:0 deg.
Both histories by UPACS and TAS show good convergence,
although the WB configuration model has flow separation at the
wing–body junction as shown in Fig. 1a. CD is fully converged at
below 1 drag cts. or less. The other computational results at the other
angles of attack and on the coarse andfine grids show similar solution
convergence histories.

Figure 19 shows the plots of the grid convergence ofCD andCDf at
fixed CL � 0:5. Angles of attack to keep CL � 0:5 are plotted in

Fig. 8 Close-up views of the JAXAmixed-element unstructured grids for theWB configuration; left: coarse grid, center: medium grid, right: fine grid.
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Fig. 19c. The results by UPACS show good linear grid convergence
and similar gradients for both configurations. Comparing the results
by UPACS and TAS, the gradients of the grid convergence are
different, whereas the values on the infinite grid size are nearly the
same: 262	 263 cts: for the FX2B configuration and 277	
278 cts: for the WB configuration. The gradients of the grid
convergence by UPACS are smaller. On the medium grids, the
difference betweenUPACSandTAS,�CD�TAS���UPACS�, is about�4
drag cts. for the FX2B configuration and �1 drag cts. for the WB
configuration. Regarding the friction drag, the change with the grid
size is small in both codes and the difference is within 1 cts. Both
codes can similarly predict the difference of the friction drag between
two configurations,�CDf�WB���FX2B�. Figure 20 shows the plot of the
grid convergence of �CD�WB���FX2B�. TAS shows relatively larger
grid dependency for �CD�WB���FX2B�, whereas �CD�WB���FX2B� on
the infinite grid size by both codes are similar:�14:5 cts for UPACS
and �16 cts: for TAS. The angles of attack are different between
UPACS and TAS, whereas the direction of the change and �� to
keep CL � 0:5 agree well when the geometry is changed from the
WB configuration to the FX2B configuration.

Figures 21 and 22 show the computed oil flows and Cp near the
wing–body junction for the WB configuration by TAS and UPACS.
The separation bubbles are visualized on thewing and body. The size
of the separation bubbles does not change largely on each grid
density. The size byUPACS is a little larger than that by TAS. Larger
separation bubble leads to larger pressure drag. The small difference
of the separation bubbles seems to reveal �CD�TAS���UPACS� for the
WB configuration.

Figures 23 and 24 show the plots of the grid convergence of CD,
CDp, and CDf on the wing and body. The gradients of the grid
convergence and the drag values on the infinite grid size agree well
on the wing in both codes. On the other hand, there is a difference of
the gradients ofCD on the body, although the drag values on thefinite
grid size and�CD�WB���FX2B� agreewell. The difference derives from
the pressure drag shown in Fig. 24b. The TAS results for CDp show
larger gradients on the body,which indicates larger grid dependency.
These results show that the relatively larger grid dependency of the
total drag on the unstructured grids comes from insufficient grid
resolution of the body on the coarse and medium grids. The grid
density of the coarse unstructured grid on the body is much coarser

Fig. 9 Cross-sectional views at the kink of the JAXA mixed-element unstructured grids for the WB configuration.

Table 5 Summary of the JAXA mixed-element unstructured grids

Configuration Grid density Number of nodes
(volume grid)

Number of nodes
(surface grid)

First grid cell size Growth rate Number of
cells on TE

DLR-F6 WB coarse 5.4 million 134 K 6:0 � 10�4, mm 1.20 4
medium 9.4 million 219 K 4:0 � 10�4, mm 1.20 5
fine 17.5 million 368 K 2:7 � 10�4, mm 1.20 6

DLR-F6 FX2B coarse 5.4 million 136 K 6:0 � 10�4, mm 1.20 4
medium 9.5 million 223 K 4:0 � 10�4, mm 1.20 5
fine 17.2 million 378 K 2:7 � 10�4, mm 1.20 6
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than that of the structured grid, as shown in Figs. 4 and 8. More
experienced gridding guidelines will be required on the body for our
unstructured grids.

Figure 25 compares CL-� on the medium grids. Regarding CL-�,
both codes show good agreement in the slope although there are
small shifts of CL by 0.01 for the WB configuration and 0.02 for the
FX2B configuration. Figure 26 compares CL-CD and CL-CDf on the
medium grids. Both codes show good agreement in the polar curves
for both configurations even at lower and higher CL, and the
increment by the geometry change is also consistent. Figure 27
compares CL-CM on the medium grids and the grid dependency of
CL-CM for the FX2B configuration.�CM�WB���FX2B� is consistent in

both codes, whereas shifts of CM are also observed between the
codes. As shown in Fig. 27b, the grid dependency on the
unstructured grids is larger. By the increase of the grid resolution,
TAS shows better agreement with UPACS. Figure 28 shows Cp
distributions by UPACS at 15 and 41% span locations for the WB
configuration. Compared with the results by TAS shown in Fig. 15,
the UPACS results show less grid dependency even for the
separation near the wing–body junction. In addition, the UPACS
results show much smaller Cp jump near the trailing edge. On the
unstructured grids, as shown in Figs. 8 and 9, the volume grids are not
uniformly refined in space and the grid resolution in space away from
the wing surface is lower, because the change of the number of the
grid points is mainly adjusted by the surface grid density and less
number of grid points are placed on the trailing-edge base of
unstructured grids than that of structured grids, as explained in
Sec. V.B.

Next, the grid dependency study for the flow separation near the
wing trailing edge was performed on the FX2B configuration. In
DPW-2, the results by the unstructured grids had a tendency to
predict the trailing-edge separation, which appeared in the flow
visualization by the wind-tunnel experimental result. However,
many results by structured grids includingUPACSdid not predict. In
DPW-3,Re is increased to 5 million to reduce the region of the wing
trailing-edge separation, whereas the results by TAS showed subtle
trailing-edge separation regions, as shown in Fig. 29. Figure 29
shows the oil-flow patterns near the kink trailing edge atCL � 0:5 on
each grid density. The trailing-edge separation decreases with the
grid refinement from the coarse grid to the fine grid. As shown in
Fig. 19c, the angles of attack to keep CL � 0:5 are also decreased
with the grid refinement. Figure 30 shows the oil-flow patterns at
���0:5 and 0.5 on themedium grid and at �� 0:5 on the fine grid.

Fig. 10 Boeing multiblock structured grid for the WB configuration

(medium grid).

Fig. 11 Close-up views of the Boeing multiblock structured grid for the WB configuration (medium grid).

Fig. 12 Cross-sectional views at the kink of the Boeing multiblock structured grid for the WB configuration (medium grid).
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Fig. 13 Comparison of the grid convergence of CD and CDf at CL � 0:5 by the reconstruction schemes on the unstructured grids (TAS, full-NS, SA).
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Fig. 14 Comparison of the grid dependency of Cp for the WB configuration at CL � 0:5; TAS original scheme, full-NS, SA.
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Fig. 15 Comparison of the grid dependency of Cp for the WB configuration at CL � 0:5; TAS U-MUSCL, full-NS, SA.

Fig. 16 Contours (range from 10�6 to 10�3) of the entropy variation change; TAS original scheme, full-NS, SA.
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With the increase of �, the trailing-edge separation tends to move
upstream. To investigate the effect of the grid density near the trailing
edge, the results are compared on the coarse grid and the grid refined
only near the trailing edge of the coarse grid using an equilateral
subdivision technique [31] shown in Fig. 31. The computed forces
are listed in Table 6. CL increases by 0.004 and CM decreases by
0.002. The increment ofCD is only 0.5 cts. Fig. 32 shows the oil-flow
pattern on the refined grid at the same angle of attack. The trailing-
edge separation decreases with the grid refinement.

The present unstructured grids use nearly isotropic triangles for
the surface meshing, and the aspect ratio of the trailing-edge grids is

nearly one. On the other hand, the present structured grids use a
stretched grid in the spanwise direction. Mavriplis [32] showed that
the difference of the aspect ratio in unstructured grids leads to a large
change in the forces. Therefore, the effect of the spanwise grid
refinement on the trailing-edge separation is investigated here by
structured grids. Figure 33 shows the grids changed in the chordwise
(0:5�) or spanwise resolution (4� and 8�) to the baseline coarse
grid. The computational results were obtained from the restart using
the result on the original coarse grid. The computed oil-flow patterns
were not shown here, but all computational results did not predict the
trailing-edge separation. Table 7 shows the results for drag. On the

Fig. 17 Contours (range from 10�6 to 10�3) of the entropy variation change; TAS U-MUSCL, full-NS, SA.

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

0 5000 10000 15000 20000

Iteration

R
es

id
ua

l

UPACS 

TAS

0.4900

0.5000

0.5100

0.5200

0.5300

0.5400

0.5500

0.5600

0.5700

0.5800

0.5900

0 5000 10000 15000 20000

Iteration

C
L

UPACS 

TAS

0.0270

0.0280

0.0290

0.0300

0.0310

0.0320

0.0330

0 5000 10000 15000 20000

Iteration

C
D

UPACS 

TAS

0.0119

0.0120

0.0121

0.0122

0 5000 10000 15000 20000

Iteration

C
D

f

UPACS 

TAS

a) Residual b) CL

c) CD d) CDf

Fig. 18 Solution convergence histories obtained on themedium grids for theWBconfiguration at a fixed�� 0:5deg byUPACS (simple-type grid, full-

NS, SA) and TAS (U-MUSCL, full-NS, SA).

MURAYAMA AND YAMAMOTO 809



coarser grid (0:5� in chordwise direction), the pressure drag is
increased. On the other hand, the effect of the spanwise grid
refinement is minimal.

C. Comparison by the Corner Grid Topology on JAXA Multiblock

Structured Grids

To investigate the effect of the grid topology at the corner to the
separation bubbles, the comparison of two kinds of grid topologies at
the corner of the wing–body junction is performed on the JAXA
multiblock structured grids. One is the simple type, in Fig. 3a, which
was generated by inserting a block to keep good orthogonality at the
corner. The other one is the extrude Type, in Fig. 3b, which was

generated by extruding the boundary-layer grid normal to the wing
and body and averaging the normal vector. The full Navier–Stokes
equations are solved and the SA turbulence model is used in the
comparisons.

Figure 34 shows the plots of the grid convergence ofCD,CDp, and
CDf at fixed CL � 0:5. Regarding the FX2B configuration without
the separation bubbles, the differences of CD, CDp, and CDf are
minimal. Regarding the WB configuration with the separation
bubbles, however, the total drag is reduced on every grid density
using the extrude-type grid. Figure 35 shows the computed oil-flow
patterns and Cp near the wing–body junction for the WB
configuration using the extrude-type grids. Compared with the
results using simple-type topology, shown in Fig. 22, the separation
bubbles become smaller especially on the extrude-type coarse grid.
CDp is decreased andCDf is increased a little. The reduction ofCDf is
relatively larger and it results in the reduction of the total drag. On the
coarse grids,�CD�simple���extrude� is about�3:8 drag cts. However, on
the fine grids, the differences in both CDp and CDf are reduced, and
CD on the infinite grid size agrees well. In the case of the WB
configuration with the flow separation bubbles, the grid topology at
the corner has the possibility to produce the difference of CD by
several drag counts, whereas the difference can be reduced with the
grid refinement.

D. Comparison by the Turbulence Models on JAXA Multiblock

Structured Grids

In this study, the SA model is used without the trip term for
transition and the ft2 function, and with a modification of the
production term as described in Sec. IV. The equations for the
turbulence models are solved using the second-order scheme. First,
the sensitivity study of the minor differences in the SA model is
conducted on a JAXAmultiblock structured grid (WB configuration,
medium-size extrude-type corner grid) using UPACS. The full

Fig. 19 Comparison of the grid convergence ofCD,CDf, and angle of attack atCL � 0:5 byUPACS (simple-type grid, full-NS, SA) andTAS (U-MUSCL,

full-NS, SA).

Fig. 20 Comparison of the grid convergence of �CD�WB���FX2B� at
CL � 0:5 by UPACS (simple-type grid, full-NS, SA) and TAS (U-

MUSCL, full-NS, SA).
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Fig. 23 Comparison of the grid convergence of CD, CDp, and CDf on the wing at CL � 0:5 by UPACS (simple-type grid, full-NS, SA) and TAS (U-

MUSCL, full-NS, SA).

Fig. 22 Comparison of Cp and oil-flow patterns near the wing–body junction for the WB configuration; UPACS simple-type grid, full-NS, SA.

Fig. 21 Comparison of Cp and oil-flow patterns near the wing–body junction for the WB configuration; TAS U-MUSCL, full-NS, SA.
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Navier–Stokes equations are solved in the comparisons. The effects
of the ft2 function, the accuracy to solve the turbulence model
equation, and the modification of the production term are evaluated.
Table 8 summarizes the results of the sensitivity study for the drag
prediction. The accuracy to solve the turbulence model equation
affected the drag prediction by 1 drag cts. However, the other results
showed little difference in the results even for the WB configuration
with the separation bubbles.

Next, the difference by the turbulence models is evaluated on the
JAXA multiblock structured grids (simple-type corner grid) using
UPACS. In this study, two kinds of turbulence models explained in
Sec. IV are used: the Spalart–Allmaras model [20] with a
modification to reduce the eddy viscosity in the regions of high

vorticity, andMenter’s SST k-!model [21]. The full Navier–Stokes
equations are solved in the comparisons.

In Fig. 36,Cp distributions at 15, 41, and 84.7% span locations on
the coarse grid are compared. The difference ofCp by the turbulence
models is minimal, although Cp at 15% span location for the WB
configuration slightly differs near the separation bubbles at the
corner. Figure 37 shows the computed oil-flow patterns and Cp near
the wing–body junction for the WB configuration using the SST
turbulence model. Compared with the results using the SA
turbulencemodel, shown in Fig. 22, the difference does not appear in
the size of the separation bubbles but in the aspect of the center of the
separation bubble. Figure 38 shows the plots of the grid convergence
ofCD,CDp, andCDf at fixedCL � 0:5. As shown in Fig. 38c, the SST
model produces lower CDf for both configurations. The grid
dependency is observed even for the friction drag when the SST
model is used. The difference of CDf between the coarse and fine
grids is 3.5 cts.;�CDf�WB���FX2B� is about�2:5 cts: and independent
of the turbulence models and the grid size. Regarding CDp, there is a
difference only for the FX2B configuration.

Figures 39 and 40 show the plots of the grid convergence of CD,
CDp, and CDf on the wing and body. On the wing, the SA and SST
models produce similar results. For the FX2B configuration, the
gradients of the grid convergence and the drag values on the infinite
grid size agree well on the wing. For both configurations, the SST
model produces lower CDf by about 1 cts. on the wing, whereas
�CDf�WB���FX2B� is consistent. The grid dependency is not observed
on the wing for the friction drag even when the SST model is used.
On the body, the grid dependency is observed for the friction drag
when the SSTmodel is used. However,�CDf�WB���FX2B� on the body
is identical for both turbulence models and every grid size. For the
FX2Bconfiguration,�Cf�SST���SA� on the surface of themediumgrid
is visualized in Fig. 41. The difference on the wing exists in the
regions near the leading edge and shock wave. A large difference on

Fig. 24 Comparison of the grid convergence of CD, CDp, and CDf on the body at CL � 0:5 by UPACS (simple-type grid, full-NS, SA) and TAS (U-

MUSCL, full-NS, SA).

Fig. 25 Comparison of CL-� on the medium grids by UPACS (simple-

type grid, full-NS, SA) and TAS (U-MUSCL, full-NS, SA).
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Fig. 27 Comparison of CL-CM by UPACS (simple-type grid, full-NS, SA) and TAS (U-MUSCL, full-NS, SA).

Fig. 26 Comparison of CL-CD and CL-CDf on the medium grids by UPACS (simple-type grid, full-NS, SA) and TAS (U-MUSCL, full-NS, SA).
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Fig. 28 Comparison of the grid dependency of Cp for the WB configuration at CL � 0:5; UPACS simple-type grid, full-NS, SA.

Fig. 29 Comparison of the oil-flow patterns near the kink trailing edge at CL � 0:5 for the FX2B configuration; TAS U-MUSCL, full-NS, SA.
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the body exists in the region near the leading edge at the wing–body
junction. The three-dimensional flow at the corner near the leading
edge has the possibility to generate a difference on the body. More
detailed and additional validation studies have to be conducted on the
three-dimensional flow at the corner for the turbulence models.

E. Comparison by the Thin-Layer Approximation on JAXA

Multiblock Structured Grids

To investigate the effect of the thin-layer approximation for
viscous terms, the results by solving the full Navier–Stokes
equations and thin-layer Navier–Stokes equations are compared on
the JAXA multiblock structured grids. Both simple-type and
extrude-type corner grids are used to evaluate. The SA turbulence
model is used.

Figure 42 shows the plots of the grid convergence ofCD,CDp, and
CDf at fixed CL � 0:5. Angles of attack to keep CL � 0:5 are also
plotted in Fig. 42d. For the FX2B configuration, the thin-layer results
produce lowerCDp by 1 drag cts. on every grid including simple type
and extrude type, as shown in Fig. 42b. For the WB configuration
with the separation bubbles, the difference by the thin-layer
approximation is significantly larger. The thin-layer results for the
WB configuration produce lower CD by 9 drag cts. on simple-type
grids and 9	 13 drag cts. on extrude-type grids. Figures 43 and 44
show the computed oil-flow patterns and Cp near the wing–body
junction for the WB configuration solving the thin-layer Navier–
Stokes equations on simple-type and extrude-type corner grids.
Comparison of the results with/without the thin-layer approximation
on simple-type grids in Figs. 21 and 43 shows the separation bubbles
become smaller on every grid density.CDp is decreased by 9 drag cts.
and CDf is increased a little. Comparison of the results on extrude-
type grids in Figs. 35 and 44 shows the separation bubbles become
extremely smaller on every grid density.CDp is largely reduced to the
level of the FX2B configuration and the total CD becomes nearly
identical with that of the FX2B configuration. As shown in Fig. 42d,
the angles of attack to keep CL � 0:5 are decreased due to the

decrease of the separation bubbles and it may also lead to the
reduction.

The thin-layer approximation omits the cross terms at the
evaluation of the velocity gradient for the viscous flux for Navier–
Stokes equations and the eddy viscosity gradient for the diffusion
term for the turbulence model. Then, it should cause a strong grid
dependency in the diffusion on the cross-section at the corner flow
separation, especially when skewed grids like the extrude type are
used.

F. Comparison by JAXA and Boeing Multiblock Structured Grids

The results using the Boeing multiblock structured grid that is
available on the DPW-3 Web site‡ are compared. The computations
using the Boeing grid were conducted only on the medium size grid
for theDLR-F6WBconfiguration. TheBoeing grids use the extrude-
type grid at the corner of the wing–body junction. The results solving
the full Navier–Stokes equations and thin-layer Navier–Stokes
equations are compared. The SA turbulence model is used.

Figure 45 shows the computed oil-flow patterns and Cp near the
wing–body junction for the WB configuration without and with the
thin-layer approximation on the Boeingmedium grid. The size of the

Fig. 30 Comparison of the oil-flow patterns near the kink trailing edge for the FX2B configuration at different �; TAS U-MUSCL, full-NS, SA.

Fig. 31 Comparison of the coarse grid and the grid refined only near the trailing edge of the coarse grid using a subdivision technique.

Table 6 Aerodynamic forces with and without grid refinement near the wing trailing edge on

unstructured grids

Grid � CL CD CDp CDf CM

Coarse grid 0.1228 0.5000 276:3 � 10�4 154:3 � 10�4 122:0 � 10�4 �0:1398
Refined grid 0.1228 0.5046 276:8 � 10�4 154:8 � 10�4 122:0 � 10�4 �0:1417

Fig. 32 Oil-flow pattern near the kink trailing edge on the trailing-edge

refined grid at �� 0:123deg for the FX2B configuration; TAS U-

MUSCL, full-NS, SA.

814 MURAYAMA AND YAMAMOTO



separation bubbles without the thin-layer approximation is similar to
the results on the JAXA grids. The separation bubbles become
smaller with the thin-layer approximation, which is also the same
tendency with the results on the JAXA grids. CD, CDp, and CDf at
fixed CL � 0:5 on the medium grid for the WB configuration are
plotted in Fig. 46. The results on both simple-type and extrude-type
JAXA multiblock structured grids are also plotted in the figures.
Comparison of the results with/without the thin-layer approximation
shown in Fig. 46 shows that CD with the thin-layer approximation is
reduced due to the decrease of the separation bubbles. The tendency
of the results on the Boeing grid is consistent with the results on the
JAXA grids. The absolute values of CD on the Boeing medium grid
are also similar with the results on the JAXA extrude-type medium
grid, although the Boeing medium grid produces slightly lower CD
by 1	 2 cts: due to the difference in CDf by 1 cts.

VII. Conclusions

Comparison studies of computations for DPW-3 have been
performed on the DLR-F6 wing–body configurations with and
without the wing–body fairing using the structured grid solver
UPACS and unstructured grid solver TAS code. The self-made
multiblock structured grids and mixed-element unstructured grids
were employed. The medium size grid of the Boeing multiblock
structured grids, which were available on the DPW-3 Web site, was
also compared.

The comparisons between the two codes have been conducted
using the same SA turbulence model. The reconstruction schemes to
realize the second-order spatial accuracy have been also compared
on unstructured grids and the results showed that the U-MUSCL
scheme reduced the numerical dissipation and largely improved the
grid convergence of the drag. The comparisons between the two
codes showed that both results by UPACS and TAS were consistent
for the grid convergence of drag, the size of the flow separation, the
incremental drag between configurations, and � sweep on the
medium grids when the same turbulence model was used. The
gradients of the grid convergence were different, whereas the values
on the infinite grid size were nearly the same for both configurations.
The relatively larger grid dependency ofCD on the unstructured grids

came from the difference ofCDp on the body and from the insufficient
grid resolution of the body on the coarse and medium grids. More
careful and experienced gridding guidelines will be required on the
body for our unstructured grids.

In addition, detailed comparisons have been conducted on the grid
topology at the corner of the wing–body junction, the turbulence
models, and the thin-layer approximation in viscous terms, using the
multiblock structured grids to clarify the sensitivity of drag
prediction to these factors.

The comparisons of the grid topology at the corner showed that, in
the case with the flow separation bubbles, the extrude-type corner
grid topology produced lower CD by several drag counts due to the
decrease of the flow separation bubbles than the simple-type corner
grid, whereas the difference is reduced with the grid refinement.

The comparisons of the SA and SST turbulence models showed
that the SST model produced lower CDf for both configurations,
whereas �CD between the configurations was nearly identical. The
difference tended to be reduced with the grid refinement. The
difference of the flow separation bubbles did not appear in the size
but in the aspect of the center of the separation bubble. The grid
dependency ofCDf by the SSTmodel came from the body, and large
difference in�Cf�SST���SA� existed in the region near the leading edge
at thewing–body junction. Amore detailed validation study has to be
conducted on the three-dimensional flow at the corner near the
leading edge.

The comparisons with/without the thin-layer approximation
showed that the thin-layer approximation reduced the size of the
separation bubbles and resulted in lower CD by 9	 13 drag cts. for
the WB configuration. The approximation caused a strong grid
dependency at the corner flow separation, especially when skewed
grids like the extrude type were used. The results using the medium
size grid of the Boeing grids also showed the same tendency with the
results on the JAXA grids.

In the present computations for the WB configuration excluding
the thin-layer approximation, the variations of CD by the numerical
methods including the grids and turbulence models were about
10 cts. (3	 4%) on the coarse grids (3	 5 million grid points) and
about 4 cts. (1	 2%) on the fine grids (17	 29 million grid points).
The variation by the numerical methods decreases with the grid size.

Fig. 33 Structured grids changed in the chordwise or spanwise resolution to the baseline coarse grid.

Table 7 Comparions of CDp and CDf on the structured grids changed in the spanwise

resolution

Grid 0:5� chordwise Baseline coarse grid 4� spanwise 8� spanwise

CDp 161 � 10�4 150 � 10�4 149 � 10�4 149 � 10�4

CDf 123 � 10�4 123 � 10�4 123 � 10�4 123 � 10�4
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Fig. 34 Comparison of the grid convergence ofCD,CDp, andCDf atCL � 0:5 by the grid topology at the corner of the wing–body junction; UPACS, full-
NS, SA.

Fig. 35 Comparison of Cp and the oil-flow patterns near the wing–body junction for the WB configuration; UPACS extrude-type grid, full-NS, SA.

Table 8 Sensitivity study of the minor differences in the Spalart–Allmaras turbulence model

SA model Ft2 function Accuracy to solve
turbulent model Eqs.

S in production term Angle of attack CL CDp CDf CD

Present SA model without second-order min (vorticity,
strain rate)

0.1272 0.50004 0.01565 0.01213 0.02778

Model A with second-order min (vorticity,
strain rate)

0.1272 0.49996 0.01565 0.01213 0.02778

Model B without first-order min (vorticity,
strain rate)

0.1160 0.50001 0.01552 0.01213 0.02765

Model C without second-order vorticity 0.1000 0.50014 0.01558 0.01218 0.02776
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Fig. 38 Comparison of the grid convergence of CD, CDp, and CDf at CL � 0:5 by the turbulence models; UPACS simple-type grid, full-NS.
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Fig. 36 Comparison ofCp on the coarse grid by the turbulencemodels for the FX2B andWB configurations atCL � 0:5; UPACS simple-type grid, full-

NS.

Fig. 37 Comparison of Cp and the oil-flow patterns near the wing–body junction for the WB configuration; UPACS simple-type grid, full-NS, SST.
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Fig. 40 Comparison of the grid convergence of CD, CDp, and CDf on the body at CL � 0:5 by the turbulence models; UPACS simple-type grid, full-NS.

Fig. 39 Comparison of the grid convergence of CD, CDp, and CDf on the wing at CL � 0:5 by the turbulence models; UPACS simple-type grid, full-NS.
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Fig. 41 �Cf �SST���SA� on the surface of the medium grid for the FX2B configuration at CL � 0:5; UPACS simple-type grid, full-NS.

Fig. 42 Comparison of the grid convergence of CD, CDp, CDf, and angle of attack at CL � 0:5 by the approximation for viscous terms; UPACS simple-

type grid, SA.
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Regarding the FX2B configuration without the flow separation
bubbles, the variations by the numerical methods were much smaller
and all results were almost identical. Through this study, the grid
dependency has been clarified. However, the quantitative prediction
to the configuration with the flow separation bubbles still has

difficulty. Study of the turbulence models for the corner flow
separation is the next step. In this study, practical and widely used
turbulence models have been evaluated. The applicability and
characteristics related to the grid for the corner flow separation
should be investigated further in conjunction with the wind-tunnel

Fig. 43 Comparison ofCp and the oil-flowpatterns near thewing–body junction for theWBconfiguration; UPACS simple-type grid, thin-layerNS, SA.

Fig. 44 Comparison of Cp and the oil-flow patterns near the wing–body junction for the WB configuration; UPACS extrude-type grid, thin-layer NS,

SA.

Fig. 45 Comparison of Cp and the oil-flow patterns near the wing–body junction for the WB configuration on the Boeing medium grid; UPACS, SA.
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tests. In addition, the turbulence models considering the physics of
the flows at the corner also should be studied.
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