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Results from the Third AIAA Drag Prediction Workshop (DPW-III) are summarized. The workshop focused on
the prediction of both absolute and differential drag levels for wing-body and wing-alone configurations that are
representative of transonic transport aircraft. The baseline DLR-F6 wing-body geometry, previously used in DPW-
11, is also augmented with a side-of-body fairing to help reduce the complexity of the flow physics in the wing-body
juncture region. In addition, two new wing-alone geometries have been developed for DPW-III. Numerical
calculations are performed using industry-relevant test cases that include lift-specific and fixed-alpha flight
conditions, as well as full drag polars. Drag, lift, and pitching-moment predictions from numerous Reynolds-
averaged Navier—-Stokes computational fluid dynamics methods are presented, focused on fully turbulent flows.
Solutions are performed on structured, unstructured, and hybrid grid systems. The structured grid sets include
point-matched multiblock meshes and overset grid systems. The unstructured and hybrid grid sets are composed of
tetrahedral, pyramid, and prismatic elements. Effort was made to provide a high-quality and parametrically
consistent family of grids for each grid type about each configuration under study. The wing-body families are
composed of a coarse, medium, and fine grid, whereas the wing-alone families also include an extra-fine mesh. These
mesh sequences are used to help determine how the provided flow solutions fare with respect to asymptotic grid

convergence, and are used to estimate an absolute drag for each configuration.

Nomenclature
AR = wing aspect ratio =b%/S,
a = acoustic speed
b = wing span
Cp = 3-D drag coefficient =drag/q.. S,
Cpp = idealized profile drag =Cj, — (C? /mAR)
Cpy = pressure drag coefficient
Cps = skin-friction drag coefficient

C. = lift coefficient =lift/q. Syt

C;, = lift curve slope

Cy = pitching-moment coefficient

Cp = pressure coefficient =(P — P.)/ ¢
C.; = wing reference chord ~ MAC

cr = local coefficient of skin friction
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count = drag coefficient unit = 0.0001
N = total number of grid points

P = static pressure

q = dynamic pressure =1 pV?

Re = Reynolds number =04, Vo Cret/ oo
Sref reference area

T = temperature

Vv = velocity

Y+ = wall distance =Re/(c;/2)y
o = angle of attack

A = difference in quantity

n = fraction of wing semispan

I = fluid viscosity

P = fluid density

00 = signifies freestream conditions

1. Introduction

HE AIAA CFD Drag Prediction Workshop (DPW) Series was
initiated by a working group of members from the AIAA
Applied Aerodynamics Technical Committee. From the onset, the
DPW organizing committee defined and has adhered to a set of
primary objectives for the DPW series. These include the following:
1) Assess state-of-the-art computational fluid dynamics (CFD)
methods as practical aerodynamic tools for the prediction of forces
and moments on industry-relevant geometries, with a focus on
absolute drag.
2) Provide an impartial international forum for evaluating the
effectiveness of CFD Navier—Stokes solvers.
3) Promote balanced participation across academia, government
labs, and industry.
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4) Use common public-domain subject geometries, simple enough
to permit high-fidelity computations.

5) Provide baseline grids to encourage participation and help re-
duce variability of CFD results.

6) Openly discuss and identify areas needing additional research
and development.

7) Conduct rigorous statistical analyses of CFD results to establish
confidence levels in predictions.

8) Schedule open-forum sessions to further engage interaction
among all interested parties.

9) Maintain a public-domain accessible database of geometries,
grids, and results.

10) Document workshop findings and disseminate this infor-
mation through publications and presentations.

The first workshop [1] in this series, DPW-I , was held in
Anaheim, California, in conjunction with the 19th Applied
Aerodynamics Conference of June 2001. The premise of DPW-I
was to solicit CFD predictions of a common, industry-relevant
geometry and assess the results using statistical analysis techniques.
Although the focus of the workshop was on drag prediction, lift and
pitching-moment predictions were also evaluated. The DLR-F4
wing-body configuration was chosen as the subject of DPW-I both
because of its simplicity and the availability of publicly released
experimental test data [2]. The workshop committee provided a
standard set of multiblock structured, overset, and unstructured
grids for the DLR-F4 geometry to encourage participation in the
workshop and reduce variability in the CFD results. However,
participants were also encouraged to construct their own grids using
their best practices so that learned knowledge concerning grid
generation and drag prediction might be shared [3] among workshop
attendees. The test cases were chosen to reflect the interests of
industry and included a fixed-C; single-point solution, drag polar,
and constant-C; drag rise data sets. Eighteen participants submitted
results, using 14 different CFD codes; many submitted multiple sets
of data exercising different options in their codes, for example,
turbulence models and/or different grids. A summary of these results
was documented by the DPW-I organizing committee [4,5].
Because of strong participation, DPW-I successfully amassed a
CFD data set suitable for statistical analysis [6,7]. However, the
results of that analysis were rather disappointing, showing a 270-
drag-count spread in the fixed-C; data, with a 100:1 confidence
interval of more than +50 drag counts.

Nonetheless, DPW-I was a definitive success. It brought together
CFD developers and practitioners and focused their efforts on a
common problem. It facilitated an exchange of learned best practices
and promoted open discussions, identifying areas requiring further
research or additional scrutiny. Possibly most significant, it
employed statistical methods to objectively assess CFD results.
Finally, it reminded the CFD and applied aerodynamics communities
that CFD is not yet a fully matured discipline.

In addition to the accomplishments listed above, DPW-I initiated
interest in industry-relevant drag predictions that has been sustained
through two more workshops and looks to continue beyond. Several
of the participants presented their DPW-I results [8—12] at a well-
attended special session of the 2002 AIAA Aerospace Sciences
Meeting and Exhibit in Reno, Nevada. The interest generated by
DPW-I naturally led to the planning and organization of the 2nd
AIAA Drag Prediction Workshop, DPW-II. The DPW-II organizing
committee, recognizing the success of DPW-I, maintained its
objectives for DPW-IL

The second workshop [13] was held in Orlando, Florida, in
conjunction with the 21st Applied Aerodynamics Conference of
June 2003. For this workshop, the DLR-F6 was chosen as the
subject geometry, in both wing-body (WB) and wing-body-
nacelle-pylon (WBNP) form. The DPW-II organizing committee
worked with DLR and ONERA to make pertinent experimental
data available to the public domain. One specific objective of
DPW-II was the prediction of the incremental drag associated with
nacelle/pylon installation. Although the F6 geometry is similar to
that of the F4, its pockets of flow separation at the design condition
are more severe; these occur predominantly at the wing/body and

wing/pylon juncture regions. Again, this workshop was docu-
mented with a summary paper [14,15], a statistical analysis [16],
an invited reflections paper [17] on the workshop series, and
numerous participant papers [18-30] in two special sessions of the
2004 AIAA Aerospace Sciences Meeting in Reno, Nevada. A
conclusion of DPW-II was that the separated flow regions made it
difficult to draw meaningful conclusions with respect to grid
convergence and drag prediction. During the follow-up open-
forum discussions, the CFD community voiced the desire for the
organizing committee to include in the third workshop: 1) blind
test cases, and 2) simpler geometries. The request for blind test
cases is motivated by an earnest attempt to better establish a
measure of the CFD community’s capability to predict absolute
drag, rather than match it after the fact. The request for simpler
geometries allows more extensive research in studies of asymptotic
grid convergence.

The third workshop [31] was held in San Francisco, California,
in conjunction with the 24th Applied Aerodynamics Conference of
June 2006. The DLR-F6 WB from DPW-II was retained as a
baseline configuration for the DPW-III to provide a bridge between
these two workshops. However, to test the hypothesis that the grid-
convergence issues of DPW-II were the direct result of the large
pockets of flow separation, a new wing-body fairing was designed
to eliminate the side-of-body separation. Details of the FX2B
fairing design are documented by Vassberg et al. [32]. In addition,
to help reduce the wing upper-surface trailing-edge flow sepa-
ration, a higher Reynolds number was introduced for the WB test
cases. These changes in both geometry and flow condition also
provided the DPW-III participants a blind test because no test data
would be available before the workshop. Furthermore, two wing-
alone geometries were created to provide workshop participants
with simpler configurations on which more extensive grid-
convergence studies could be conducted; these wings were
designed to not exhibit any appreciable separation at their design
conditions. An extended summary paper [33] for this workshop is
available.

The DPW-III had a total of 15 participants submit multiple data
sets for the DLR-F6 WB cases and 10 participants submit data sets
for the wing-alone cases. To illustrate the balance of participation
achieved in these workshops, the demographics of the DPW-III
breakdown is as follows: 1) USA: 66%, Europe: 21%, Asia: 13%;
2) industry: 54%, government labs: 33%, academia: 13%;
3) structured: 42%, hybrid: 46%, tetrahedra: 12%; 4) returning from
DPW-II: 54%, new to DPW: 46%.

In addition to the publications spawned directly by the DPW
series, the DPW databases have been used elsewhere and continue to
be downloaded from the web site. Two notable references are by
Baker [34] and Salas [35]; both provide independent, rigorous
analyses of the grid-sensitivity data generated by the DPW-II. The
conclusions of these studies were leveraged by the organizing
committee to better construct the test cases for DPW-III, and
although the applications of the test cases still have flaws, the lessons
learned from each workshop have improved the outcome of
subsequent workshops.

When the concept of this workshop series first began to take form
in January of 2000, it was impossible then to imagine the magnitude
of the cumulative efforts the DPW participants would be willing to
invest. Even in retrospect, this is hard to believe. It is a testament that
a grass-roots campaign such as this workshop series can accomplish
so much. Through the contributions of the DPW participants, the
public now has access to a wealth of previously unavailable CFD
data.

This paper is organized in the following manner. Section II
provides a description of the subject configurations. Section III
outlines the test cases of the third workshop. Section IV gives a brief
description of the family of baseline grids used in the workshop.
Section V summarizes the collective results of the DPW-IIL
Section VI provides a status of the wind-tunnel test campaign
currently under work to collect experimental data on the DLR-F6 and
FX2B WB configurations.
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II. Geometry Descriptions
A. DLR-F6 Wing/Body and FX2B Fairing

The baseline WB configuration for DPW-III was the DLR-F6
wing/body which was the same geometry used as the test case in
DPW-II. The F6 wind-tunnel model represents an aircraft
designed to cruise at transonic speeds with a wing leading-edge
sweep of 27.1 deg and a quarter-chord sweep of 25 deg. The
dihedral of the wing is 4.787 deg. More reference quantities for
this model are as follows: S,¢/2=72,700.0 mm?; C,;=
141.2 mm;  b/2 =585.647 mm; X, = 157.9 mm; Y, =
0.0 mm; Z; = —33.92 mm.

Note that an aspect ratio of 9.5 is used herein instead of the
computed value of 9.436. The purpose of this is to remain consistent
with the literature on this geometry. A planform view of the F6 WB
configuration is shown in Fig. 1. For more detailed information on
this geometry, see Brodersen [36] and Laflin [14].

The DLR-F6 model has an acute angle, roughly 60 deg, between
the fuselage and wing upper surface at the trailing edge which
contributes or leads to flow separation at the WB juncture. A new WB
fairing was developed by Vassberg et al. [32] with the goal of
completely removing the separation bubble present at the design
conditions. For consideration of a possible follow-on wind-tunnel
test, the only design constraint for this fairing was that it does not cut
into the baseline DLR-F6 geometry. Further, no attempt was made to
optimize drag reduction. By removing the side-of-body pocket of
flow separation, this workshop could test the hypothesis that the
complexity associated with flow separations is the root cause of the
poor asymptotic grid convergence identified in DPW-II.

B. DPW Wings W1 and W2

Two wing-alone geometries DPW-W1/W2 were developed for
DPW-III. Both have a common simple trapezoidal planform shape
with no leading-edge or trailing-edge breaks. Their leading-edge
sweep is 17.2 deg and they have a quarter-chord sweep of 15.0 deg.
Their reference quantities are summarized as follows:
Sier/2 = 145,161.0 mm?; C,; = 197.556 mm; b/2 = 762.0 mm;
AR =8.0. WI: X, =06847.145 mm; Y. =0.0mm; Z =
2226.615 mm. W2: X, = 154.245 mm; Y. =0.0 mm; Z. =
0.0 mm.

The airfoil selected for DPW-WI1 is representative of a
supercritical section found on most modern transport aircraft. At the
design condition of Mach 0.76 and C; = 0.50, the upper-surface
pressure distribution has a nearly flat, roof-top shape with a shock
located at about 57% x/c.

The second wing, DPW-W?2, was created by optimizing the first. A
Tranair [37] single-point optimization at Mach 0.76 and 5 x 10°
Reynolds number was performed on the DPW-W1 wing to create a
test for drag increment prediction. Because the goal was to preserve
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Fig. 1 DLR-F6 wing/body planform.

the planform and thickness of the original wing, only camber and
twist design variables were used. The variables were laid out at seven
spanwise cuts (airfoils), with five camber and one twist variable per
airfoil, for a total of 42 geometry degrees of freedom. The twist
variable rotates the airfoil about its trailing edge in a plane orthogonal
to the y axis. In addition, the angle of attack was allowed to vary to
maintain the same lift coefficient at this Mach number as that of the
original wing. No attempt was made to tune the locations of the
geometry variables. For each airfoil section, camber variables were
placed atevery 0.2 in x/c, starting at 0.1 and ending at 0.9 x/c. These
camber bumps are given by quintic B-splines which interpolate the
amplitude of the central knot and vanish at neighboring endpoint
knot locations. The defining airfoil sections were placed at 0.0, 0.2,
0.4,0.6,0.75, 0.90, and 1.0 in fractions of semispan. This allows the
entire wing to change shape, including both the wing root and the
wing tip. To prevent a singular problem definition, the twist variable
at the wing root was fixed at 0. All variables express a delta change in
geometry from the initial wing.

The optimization used the variables described above to minimize
the drag as computed by the farfield formulation of induced, profile,
and wave drags. This was subject to the fixed-lift constraint, and a
set of transpiration modeling constraints which are necessary to
keep the optimization step size within the domain of applicability of
the model problem which is constructed on each Tranair grid. The
optimizer used was the sequential quadratic programming algo-
rithm, NPSOL [38,39]. The largest camber change was approxi-
mately 1.4 mm in full scale units, with the twist change being
between £0.5 deg.

Additional information regarding the design of these wings is
provided by Zickuhr and Tinoco in the workshop presentations [31]
on geometry review.

III. Test Cases

The success of the DPW series is due in large part to the
significant amount of personal time and computing resources
invested by the participants of the workshops. To keep these
individual investments from growing out of control, the organizing
committee decided to essentially manage DPW-III as two
subworkshops within one. Participants were allowed to select one
of the following two cases, but were then required to provide all
data mandated for that test case. Both cases are blind tests, the first
on rather simple wing/body configurations, the second on extremely
simple wing-alone shapes. Both cases include a single-point grid-
sensitivity study, and an alpha sweep on a medium-size grid. Note
that a fixed-lift condition requires convergence on «; this in turn
adds additional effort. In addition, the CFD solutions for both test
cases were required to represent fully turbulent flow as closely as
possible.

To collect a consistent set of data from each participant, the
organizing committee supplied template data set files. These
templates requested lift, drag (broken down by mechanical com-
ponent), pitching moment, pressure distributions at specified span
stations, trailing-edge separation locations, dimensions of the side-
of-body separation bubble, grid family and sizes, turbulence model,
computing platform and code performance, number of processors
used, number of iterations required, etc. These workshops capture an
extensive amount of information that serves as a snapshot of the
industry capabilities of the time. For example, in the three workshops
held thus far, one obvious trend is that the size of a typical wing/body
grid has grown dramatically; the averages of size of the medium WB
structured meshes in DPW-I, DPW-II, and DPW-III have been
3.2 x 10%, 5.4 x 10, and 7.8 x 10° grid points, respectively. This
represents a growth rate of 30% per year between DPW-I and DPW-
II, and 13% per year between the last two workshops. Does this
indicate that engineering applications are finally approaching the
grid resolutions needed for accurate drag predictions on a wing/body
configuration? We will at least show that the engineering-class grid
resolutions (DPW medium grids) are likely within the asymptotic
range of grid convergence for many, yet not all, of the solvers
represented herein.
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A. Case 1: DLR-F6 WB with and Without FX2B Fairing

The first test case is based on the DLR-F6 wing/body
configuration. This case study was constructed to serve two
purposes: 1) provide a link to DPW-II, and 2) test a hypothesis that
pockets of flow separation can be a root cause for results showing
poor grid convergence.

Participants were required to provide data for both the baseline
DLR-F6 geometry and one that incorporates the FX2B fairing at the
following flow conditions on the specified grids.

Fixed-C, Single-Point Grid-Sensitivity Study on Three Grids

1) Mach = 0.75, C;, = 0.5, Re = 5 x 10°.

Drag Polar on Medium Grid

1) Mach =0.75, Re=5x10°, o =[-3.0,-2.0,—1.0,—0.5,
0.0,0.5,1.0, 1.5 deg].

B. Case 2: DPW-W1/W2 Wing Alone

The second test case is based on generic wing-alone geometries
designed by members of the organizing committee. Participants were
required to provide data for both wings at the following flow
conditions on the specified grids.

Fixed-a Single-Point Grid-Sensitivity Study on Four Grids

1) Mach = 0.76, a = 0.5 deg, Re =5 x 10°.

Drag Polar on Medium Grid

1) Mach=0.76, Re=5x10° «a=[-1.0,0.0,0.5,1.0,1.5,
2.0,2.5,3.0 deg].

IV. Baseline Grids

An overview of the baseline grids is provided in this section.
However, the details of these grids are not included herein. For more
information regarding these grids, please refer to the following
companion papers. Tinoco et al. [40] provide descriptions of the
Tinoco multiblock structured and advancing-front local-reconnec-
tion (AFLR) unstructured grid families. Sclafani et al. [41] provide
descriptions of the Sclafani overset structured grid families.
Mavriplis [42] provides descriptions of the NASA Langley Research
Center (LaRC) unstructured-mesh families. Brodersen et al. [43]
provide descriptions of the Deutsche Forschungsanstalt fuer Luft-
und Raumfahrt (Institute of Aerodynamics and Flow Technology)
(DLR) hybrid mesh families.

Because of the variation of grid types needed, a set of gridding
guidelines, listed below, was established to help facilitate the
creation of these grids. The gridding guidelines were provided to the
persons responsible for generating the baseline grids in an attempt to
maintain some level of uniformity across all types of meshes. Note
that each grid family is required to include a coarse (C), medium (M),
and fine (F) grid; case 2 also required an extra-fine (X) grid. Further,
the organizing committee decided that the medium mesh should be
representative of current engineering applications of CFD being used
to estimate absolute drag levels on similar configurations. For
unstructured meshes, the size of the medium mesh is also a function

of the intended flow solver. For example, a cell-centered scheme has
about 5.5 times the number of unknowns as that of a nodal scheme for
a given unstructured tetrahedral mesh, with the ratio being closer to
3.5 for typical hybrid meshes. In the tables that follow, only numbers
of grid points are given.

Table 1 provides the number of grid points for each grid family,
configuration, and resolution for case 1. The Tinoco through AFLR
families were baseline grids provided by the organizing committee
and are available to the public domain. (Although not shown in this
table, the Tinoco grid family also includes a medium—fine mesh for
both wing/body configurations.) The Embraer through the Tohoku
University aerodynamic simulation code (TAS) grids were generated
by individual participants. The types of meshes used include
multiblock (MB), overset (OS), unstructured (UN), and hybrid (HY);
the LaRC grid family was used in unstructured and hybrid states
(UH). These grids range in size from 2.3—41.1 x 10° points. Also
included in this table is a mapping of the participants who used each
grid. The usage key is described in Sec. V.

Table 2 provides the number of grid points for each grid family,
configuration, and resolution for case 2. All except the Jameson-FLO
code (FLO is the name of the series of CFD methods by Jameson)
grid family were provided by the organizing committee and are freely
available to the public domain. The Tinoco and JFLO families are
multiblock; the Sclafani grid family is overset; the DLR grid family is
hybrid; the LaRC and Raytheon grid families are unstructured
tetrahedral, although these meshes can be converted to hybrid. Case 2
families include an extra-fine mesh in the sequence. The grids range
in size from 0.95-55.0 x 10° points.

Gridding Guidelines

1) Boundary layer region

Yt <(1,3.5.5) (C,M,F, X)

A, ~0.0006 mm (approximate dimensional spacing for Y* = 1)

A, = A, (two cell layers of constant spacing at viscous wall)

growth rates < 1.25 (preferably < 1.20)

2) Farfield: ~100 C, lengths away from geometry

3) Local spacings on medium grid

chordwise: 0.1% local chord at wing leading edge and trailing
edge

spanwise: 0.1% semispan at root and tip

cell size on fuselage nose and tail: 2% C.¢

4) Cells across wing trailing-edge base: (8, 12, 16, 24) (C, M, F, X)

5) Grid family

medium mesh representative of current engineering drag
predictions

maintain a parametric family of uniformly refined grids in
sequence

grid size to grow ~3X for each level refinement (structured: 1.5X
in each I, J, K direction

give consideration to multigridable dimensions on structured
meshes

sample size for DLR-F6 wing/body: (2.7M, 8M,24M) (C, M, F)

Table 1 Case 1 DLR-F6/FX2B grids—number of grid points

DLR-F6 FX2B
Family Type Fine Medium Coarse Fine Medium Coarse Usage
Tinoco MB 27,185,664 8,080,896 2,298,880 27,185,664 8,080,896 2,298,880 A-C,G-J
SAUNA MB 9,761,201 4,731,073 2,551,989 9,761,201 4,731,073 2,551,989 D
Extruded MB 28,367,120 9,343,009 2,996,626 28,367,120 9,329,185 3,028,420 E
Gridgen MB 27,982,776 8,927,196 2,739,621 27,982,776 9,138,772 2,842,878 F, T
Sclafani 0S 26,892,352 7,985,236 2,387,918 26,969,192 8,020,348 2,395,170 K-M, U
DLR HY 8,535,263 5,102,446 2,464,385 10,305,876 6,111,664 2,873,102 N
ANSYS HY 18,120,772 8,038,922 3,059,189 20,472,520 8,272,308 3,163,605 (0]
LaRC UH 40,014,934 14,298,135 5,354,214 41,069,036 14,598,610 5,618,073 P,Q
AFLR UN 11,374,451 3,792,485 1,492,082 11,849,212 3,178,559 1,640,590 R,S,Y
Embraer UN 24,030,000 8,320,000 3,550,000 24,030,000 8,320,000 3,550,000 v
STAR UN 12,377,058 21,509,137 12,469,599 8,421,799 w
USM3D UN —_— —_— —_— —_— —_— X
TAS UN 17,535,215 9,431,154 5,399,929 17,219,535 9,481,477 5,422,128 Z




VASSBERG ET AL.

785

Table 2 Case 2 DPW-W1/W2 grids—number of grid points

DPW-W1 DPW-W2
Family Extra Fine Fine Medium Coarse Extra Fine Fine Medium Coarse
Tinoco 14,811,489 8,620,123 4,204,203 1,602,651 14,811,489 8,620,123 4,204,203 1,602,651
Sclafani 55,014,321 16,265,909 4,856,149 1,442,285 55,014,321 16,265,909 4,856,149 1,442,285
DLR 17,053,510 10,150,588 5,288,507 2,174,364 16,631,805 9,910,645 5,030,379 1,928,405
LaRC 36,956,019 11,492,625 4,495,117 1,818,508 38,462,630 11,903,329 4,658,853 1,882,672
Raytheon 12,748,678 6,138,245 2,417,082 983,633 12,419,567 5,963,713 2,325,884 947,409
JFLO —_— — — o
Table 3 Case 1 submissions
Tag Code Grid type Grid family Turbulence model Submitter
A PAB3D Multiblock Tinoco Girimaji EASM ASM Elmiligui
B PAB3D Multiblock Tinoco K-Epsilon ASM Elmiligui
C PAB3D Multiblock Tinoco SZL EASM ASM Elmiligui
D STAR-CCM+ Multiblock SAUNA Wilcox K-Omega QinetiQ Milne
E UPACS Multiblock Extruded Modified SA JAXA Murayama
F UPACS Multiblock Gridgen Modified SA JAXA Murayama
G CFL3D-Thin Multiblock Tinoco SA Boeing Tinoco
H CFL3D-Thin Multiblock Tinoco SST Boeing Tinoco
I CFL3D-Full Multiblock Tinoco SA Boeing Tinoco
J CFL3D-Full Multiblock Tinoco SST Boeing Tinoco
K CFL3D-Full Overset Sclafani SST LaRC Rumsey
L CFL3D-Thin Overset Sclafani SST LaRC Rumsey
M Overflow Overset Sclafani SA Boeing Sclafani
N TAU Hybrid DLR SA Edwards DLR Brodersen
(0] Edge Hybrid ANSYS CFX Hellsten EARSM FOI Eliason
P FUN3D Unstructured LaRC Nodal SA LaRC Lee—Rausch
Q NSU3D Hybrid LaRC Mixed SA UWy Mavriplis
R CFD + + Hybrid AFLR SA Boeing Venkat
S BCFD Hybrid AFLR SA Boeing Winkler
T UPACS Multiblock Gridgen SST JAXA Murayama
U OVERFLOW Overset Sclafani SST LaRC Rumsey
\% FLUENT Unstructured Embraer K-Epsilon Fluent Scheidigger
w STAR-CCM+ Unstructured STAR SST CD-Adapco Vaughn
X USM3D Unstructured USM3D SA/WF Raytheon Venkat
Y BCFD Hybrid AFLR SST Boeing Winkler
Z TAS Unstructured TAS Modified SA JAXA Murayama
V. Results exhibits signs of flow separation, while the flow about the FX2B

Participants of the DPW-III were required to provide results on
either the wing/body or wing-alone test case. To their credit, many
participants chose to investigate both cases; several provided
multiple data sets on a given case. This section summarizes the data
collected on these test cases. These data are then used to estimate
absolute drag levels for the DLR-F6 with and without the FX2B
fairing, and lift-to-drag ratios of the DPW-W1 and DPW-W2 wings.
These estimates are made before any experimental data are available
(at test-case Reynolds number) on any of the configurations. There
were 26 submissions for case 1 and 11 for case 2. To help minimize
confusion, the case 1 submissions are tagged with a single capitalized
letter from A—Z, while the case 2 submissions are labeled 1-11. The
following sections detail the results for the two cases.

A. Case 1: DLR-F6 WB with and Without FX2B Fairing

The first test case is the DLR-F6 wing/body configuration with and
without the FX2B fairing. Table 3 provides the CFD code, grid type,
grid family, turbulence model, and submitter name and organization
for each block of data submitted. Twenty of the 26 submissions were
complete in the sense that they included all of the mandatory data
requested. Although almost all of the data were supplied by the six
remaining, these data blocks could not be used to conduct a
consistent Richardson extrapolation to the continuum in the grid-
sensitivity study.

A representative example of the wing pressure distributions at the
design condition of M = 0.75, C; = 0.5, and Re = 5 x 10% is given
in Fig. 2. In this example, the 15% semispan (near side of body)
upper-surface pressure distribution of the baseline DLR-F6 clearly

geometry is well attached. In general, the DPW-III submissions
unanimously agreed that the flow was well attached for the FX2B
configuration, however, they were divided dramatically on the size of
the side-of-body separation bubble for the baseline DLR-F6. More
discussion on this will follow.

1. Case la: Fixed-Cy Single-Point Grid-Sensitivity Study

Figures 3—6 provide grid-sensitivity trends for idealized profile
drag at the single-point fixed-C; condition. In these figures, side-by-
side comparison plots are shown, where the baseline DLR-F6 data
are captured in the left plot and the FX2B data on the right. The
curves of these plots are labeled with the tag letter given in Table 3.
Note that all data blocks based on the Tinoco grid family also include
results from a medium—fine grid; for consistency, these data are not
included in the tables, nor were they used in the ranking procedure
described at the end of this section. Figure 3 includes all data from all
submissions. At first glance of this overview plot, the scatter in this
data can be quite disheartening. Recall that the medium mesh is
supposed to represent the current engineering practice. In these
figures, the medium mesh grid factor falls within the range (2E-05,
3E-05). Hence, the range of the idealized profile drag scatter of the
current engineering practice is on the order of 50 counts, for either
configuration. A paper by Morrison and Hemsch [44] addresses this
scatter and better quantifies confidence levels through a rigorous
statistical analysis of the data.

The composite curves of Fig. 3 are broken out by grid type in
Figs. 4-6. Figure 4 illustrates the trend of the multiblock CFD
results. In this figure, note that three different multiblock families
are shown. The solid lines represent results using the Tinoco grid
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Fig. 2 Comparison of pressure distributions on the DLR-F6 wing/body: M = 0.75, C; = 0.5, and Re = 5 x 10°.
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Fig. 3 Case 1 grid sensitivity on idealized profile drag: M = 0.75, C; = 0.5, and Re = 5 x 10°,

family; the dashed lines capture the Gridgen families; the chain-dot
refers to the SAUNA grid family. For the DLR-F6 baseline, note
that if extrapolated to the continuum, many of the Tinoco-grid-
family results indicate a low-drag value, while the Gridgen-grid-
family data point to a higher value. For the FX2B geometry, the
data associated with these two grid families are more comparable.
Figure 5 shows the grid-sensitivity trends for the Sclafani grid
family of overset-grid results. Figure 6 provides the corresponding

trends of the unstructured and hybrid CFD solutions. In this figure,
note that the unstructured-mesh families are grouped. The solid
lines represent results based on the LaRC grid families; the dashed
lines depict results using the AFLR grid families; the chain-dot
lines capture data based on the five remaining unstructured-mesh
families.

Figure 7 illustrates the size and location of the side-of-body
separation bubble for the baseline DLR-F6 wing/body configuration,
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Fig. 5 Case 1 Grid Sensitivity on overset-mesh idealized profile drag.

as computed by the participants. The airflow is from left to right, the
bold vertical line depicts the wing trailing edge, while the bold
curved horizontal line is the wing/body intersection. The A-Z
symbols plotted in this figure represent the (X-EYE,Y-EDGE)
coordinates of the computed separation bubbles. Here, X-EYE
depicts the streamwise position of the bubble eye (which is
approximately the streamwise location of the maximum bubble
width), and Y-EDGE is the maximum spanwise extent of the bubble.
For reference, these data are overlayed on an oil-flow pattern taken
from an ONERA wind-tunnel test. However, note that the oil-flow
pattern of the test corresponds to a lower Reynolds-number flow. For
clarity, these data are organized into three subplots by grid type. This
figure illustrates that there is large scatter in the computed sizes of the
separation bubble, represented by Y-EDGE, even within the
common grid types.

Upon reviewing the previous five figures, it appears visually that
some of the grid-convergence data may be classified as outliers.
How to quantify a block of data as an outlier can be a rather tricky
matter. Nonetheless, there is an enormous amount of information
encoded in the database provided by the participants and presented
previously in Figs. 3—-6. See Morrison and Hemsch [44] for one

approach to identify outliers through statistical filtering, and
Vassberg [33] for another technique based on the linearity of
convergence trend lines.

If a Richardson extrapolation is performed on a pair of data from a
grid-sensitivity curve, an estimate of the continuum value is obtained.
If this extrapolation is performed using data from the fine and medium
meshes, the resulting value does not necessarily equal that of a similar
extrapolation using data from the medium and coarse meshes. If the
two values are equal, the trend line is exactly straight, and thus meets
the necessary (but insufficient) requirement that data from all three
meshes fall within an asymptotic range. For the constant-lift grid
sensitivity of case 1, this type of extrapolation could be performed on
@, Cp, Cppy, Cpg, OF Cyy. In the following Lagrange equation, let Y
represent any one of these quantities, and X = N 3. Here, N is the
total number of grid points in the grid system. As defined, X" is an
appropriate parameter for a second-order scheme applied to results on
a parametric family of three-dimensional meshes that have been
uniformly refined in all three coordinate directions.

XuVr — XYy

YT
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Fig. 7 Case 1 side-of-body separation bubble characteristics of the baseline DLR-F6.

Table 4 Case 1 DLR-F6 data extrapolated to continuum

Tag o Cp Copr Cpt Cu Cp — C7/(7AR)
A 0.0244 0.02686 0.01404 0.01283 —0.14617 0.01843
B —0.0614 0.02846 0.01420 0.01425 —0.15065 0.02005
C 0.1518 0.02613 0.01428 0.01185 —0.13747 0.01778
D —0.0990 0.02732 0.01470 0.01261 —0.15342 0.01894
E 0.1824 0.02761 0.01552 0.01209 —0.14624 0.01930
F 0.2003 0.02772 0.01564 0.01208 —0.14602 0.01941
G —0.1633 0.02622 0.01392 0.01231 —0.15753 0.01784
H 0.0472 0.02641 0.01438 0.01203 —0.14280 0.01803
1 —0.0909 0.02636 0.01402 0.01235 —0.14770 0.01799
J 0.0863 0.02658 0.01453 0.01205 —0.13211 0.01820
K 0.2692 0.02747 0.01544 0.01205 —0.13538 0.01910
L 0.0737 0.02795 0.01485 0.01210 —0.14450 0.01857
M 0.2663 0.02759 0.01561 0.01199 —0.13944 0.01923
N 0.1022 0.02612 0.01335 0.01252 —0.15245 0.01775
(0] 0.0400 0.02710 0.01375 0.01334 —0.16255 0.01844
P 1.2476 0.03226 0.02193 0.01035 —0.11064 0.02396
Q 0.1006 0.02626 0.01473 0.01151 —0.14349 0.01788
R —1.1783 0.03325 —_— —_— —_— 0.02487
S 0.4938 0.02939 0.01740 0.01199 —0.12926 0.02101
Z —0.1089 0.02846 0.01628 0.01215 —0.15433 0.02002
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Table 5 Case 1 DLR-F6 data extrapolated to continuum

Tag o Cp Copr Cost Cu Cp — C1/(wAR)
A 0.1296 0.02701 0.01409 0.01293 —0.13977 0.01860
B 0.0950 0.02854 0.01430 0.01422 —0.14129 0.02013
C 0.2210 0.02639 0.01438 0.01199 —0.13328 0.01798
D —0.1150 0.02705 0.01427 0.01275 —0.15310 0.01867
E —0.0887 0.02628 0.01393 0.01235 —0.15479 0.01790
F —0.888 0.02628 0.01391 0.01237 —0.15489 0.01790
G —0.0569 0.02624 0.01382 0.01244 —0.15189 0.01786
H 0.1178 0.02639 0.01423 0.01217 —0.13818 0.01802
I —0.0673 0.02636 0.01388 0.01251 —0.14343 0.01798
J 0.1180 0.02655 0.01437 0.01220 —0.13562 0.01818
K 0.0507 0.02656 0.01438 0.01220 —0.14227 0.01818
L 0.0493 0.02643 0.01425 0.01220 —0.14353 0.01805
M —0.0907 0.02596 0.01366 0.01230 —0.14997 0.01759
N —0.1414 0.02527 0.01324 0.01202 —0.16042 0.01691
(0} 0.3866 0.02584 0.01505 0.01077 —0.11826 0.01746
P 0.3866 0.02584 0.01505 0.01077 —0.11826 0.01746
Q 0.2634 0.02606 0.01444 0.01161 —0.13338 0.01768
R —0.0405 0.02934 —_—  — e 0.02097
S 0.1207 0.02795 0.01569 0.01226 —0.13778 0.01957
Z —0.1140 0.02627 0.01397 0.01228 —0.15451 0.01789

Here, V1, represents the continuum estimates using the fine/medium
pairs of data.

Unfortunately, the level to which the uniform-refinement critereon
has been achieved varies across the set of baseline grid families. For
structured meshes, this requirement can be easily met by uniformly
scaling the I, J, and K dimensions. For unstructured meshes, the
situation is more complicated. One approach is to use a global scaling
parameter related to cell sizes, but this technique is difficult to
enforce uniformly and does not guarantee the mesh connectivity to
be self-similar between coarse and fine meshes. Another approach is
to subdivide each element into smaller elements, but this can lead to
undesirable cell aspect ratios, especially in the finest grid.

Twenty of the submissions provided sufficient data to perform a
consistent set of Richardson extrapolations. These data are
summarized in Table 4 for the baseline DLR-F6 and in Table 5 for the
FX2B configuration. The estimated continuum values in these tables
are based on fine/medium mesh extrapolations. (Note that these
tables omit all medium—fine data based on the Tinoco grids so that
comparison across data blocks is more consistent.)

Before leaving the discussion related to the continuum estimates, a
couple of observations will be noted; there are a few back-to-back
comparisons in the data where only one variable changed. For

example, the drag predicted using the full Navier—Stokes equations
appears to be higher than that obtained using the thin-layer
approximations. The back-to-back comparisons yielding this
observation come from the data block pairs of (G, I), (H, J), and
(L, K) for both the DLR-F6 and FX2B results; all six pairs exhibit this
trend.

Another comparison that can be made is regarding the Spallart—
Allmaras (SA) and shear stress transport (SST) (mentor) turbulence
models. Here refer to the data block pairs of (G, H), (I, J), and (M, U).
Although we do not have sufficient data for a continuum estimate of
the U data block, we can compare the DLR-F6 medium grid results
with those of the M data block. In this comparison, all five pairs of
data show that the total drag from the SST model is higher than that
from the SA model. Digging further into this SA/SST comparison
shows that the pressure drag of the SST model is always higher than
that of the SA model, yet the skin-friction drag shows the opposite
trend in all cases.

In addition to the above trends identified, other trends are currently
being investigated by participants of the DPW-III with postwork-
shop studies. As an example, Sclafani [41] studied the effect of an
extreme refinement of the grid near the wing trailing edge. Also, he
added an extra-fine mesh to his overset grid families; the results on
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Fig. 8 Case 1 structured-mesh idealized profile drag polars.
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Fig. 10 Case 1 overset-mesh idealized profile drag polars.

the baseline DLR-F6 show that the side-of-body bubble monotoni-
cally grows with increasing grid refinement. Further, the size of the
bubble is consistently larger when the flow is computed with the full
Navier—Stokes equations as compared with that of the thin-layer
approximations.

2. Case 1b: Drag Polar on Medium Grid Study

The remainder of this section provides the a-sweep data. For
clarity, these data are presented by grid type using similar side-by-
side plots as before, with DLR-F6 on the left and FX2B on the right.

Figures 8 and 9 provide the idealized profile drag and skin-friction
drag, respectively, of the data blocks based on multiblock structured
grids. Note that these curves have been further itemized by grid
family sets. The solid lines represent results using the Tinoco grid
families; the dashed lines capture the Gridgen families; the chain dot
refers to the SAUNA grid families. In these figures, data block B
appears to be an outlier related to the idealized profile drag, and data
block A looks like an outlier with respect to skin friction.

Figures 10 and 11 provide drag-polar results based on the overset
mesh family. Note that the shapes of the idealized profile drag polars
for the K data block are unlike those of any other data block. Upon
further inspection, it was noticed that the grid-sensitivity data from
the K submission were not compatible with its own polars. The cause
of this inconsistency was tracked down to different processes being
used to compute the fixed-C; results from those of the o sweep. As a
consequence, these data are updated in a companion paper [41]
focused on overset-mesh drag predictions.

Figures 12 and 13 address the unstructured and hybrid mesh data.
These data are also grouped. The solid lines represent results based
on the LaRC grid families; the dashed lines depict results using the
AFLR grid families; the chain-dot lines capture data based on the five
remaining unstructured-mesh families. Here, the S and P data blocks
appear to be outliers on the DLR-F6 idealized profile drag polars; the
S block is also an extreme on the FX2B scatter. Refering to the skin-
friction polars, the P and W data blocks look like they could also be
outliers.
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Fig. 12 Case 1 unstructured-mesh idealized profile drag polars.

For completeness, lift and pitching-moment curves are included
next. Figure 14 shows the lift curves. Here, note that the P data block
appears to be an outlier on the DLR-F6 lift curve. Figure 15 shows the
pitching-moment curves. Here, none of the pitching-moment curves
clearly stand out as being outliers.

B. Case2: DPW-W1/W2 Wing Alone

The second test case is based on the wing-alone geometries
developed by the organizing committee. Table 6 provides the CFD
code, grid type, grid family, turbulence model, and submitter name
and organization for each block of data submitted. Ten of the 11
submissions were complete in the sense that they included all of the
mandatory data requested. These data were used to conduct a
consistent Richardson extrapolation to the continuum in the grid-
sensitivity study that follows.

A representative example of the DPW-W1 wing pressures and
upper-surface streamlines at the design condition of M = 0.76,
a=0.5 deg, and Re=5x10° is given in Figs. 16 and 17.
Figure 17 overplots the 55% semispan pressure distributions as

computed on the coarse, medium, fine, and extra-fine meshes. Notice
that there is an almost imperceptible difference of these pressures
between all but the coarse mesh solution. This behavior is typical of
all of the data submitted on this case to the DPW-III.

1. Case 2a: Fixed-o Single-Point Grid-Sensitivity Study

Figures 18-23 provide grid-sensitivity trends for the single-point
constant-« condition of M = 0.76, @ = 0.5 deg, and Re = 5 x 10°.
These figures are organized such that the W1 data reside on the left
side of the page and the W2 data on the right. All curves are labeled
with a number 1-9,0. Recall that this grid-sensitivity study includes
four meshes.

Figures 18 and 19 illustrate the grid convergence of total drag. The
scatter of these curves is on the order of 10% and is fairly constant
with grid resolution. Figures 20 and 21 depict the trends of lift with
respect to grid resolution. The scatter of these curves is also on the
order of 10%. However, because drag is a strong function of lift, and
lift varies between data blocks, maybe the scatter on predicted
aerodynamic performance is not as large as it seems in Figs. 18 and
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Fig. 14 Case 1 lift curves.

19. In an attempt to compensate for drag variation due to lift, the next
two metrics are included. Figures 22 and 23 illustrate the idealized
profile drag trend lines. Notice that the scatter band of this metric has
been reduced to about 5% of absolute drag. Figures 24 and 25 depict
the lift-to-drag (L /D) ratio of these data. Again, the scatter is about
5% of absolute L/D. Although the scatter bands of the later two
metrics are better than those of lift and drag, they are only comparable
to the scatter bands of the wing/body configurations of case 1.

The continuum estimates of the Yy extrapolations are
summarized in Table 7 for the DPW-W1 wing and in Table § for

the DPW-W2 wing. Here, Yy represents the continuum estimates
using the extra-fine/fine pairs of data.

2. Case 2b: Drag Polar on Medium Grid Study

Figures 26 and 27 provide the polar of idealized profile drag, Cpp,
for DPW-W1 and DPW-W2, respectively. Notice that the DPW-W1

polar has a typical parabolic shape, while the DPW-W2 polar
exhibits a drag-bucket behavior. This characteristic is common for
single-point optimizations in a low-dimension design space. In these
medium grid drag polars, at the higher lifting conditions, data block 6
consistently shows a higher idealized profile drag than that of the
other data blocks.

Figures 28 and 29 illustrate the computed lift curves. Note the
linear behavior of the DPW-W1 wing liftcurvefor—1 < o < 1 deg.
In this same o range, note the nonlinear behavior of the DPW-W2
wing lift curve. The scatter bands of both sets of lift curves are about
AC; ~0.04 in size. The roundover of these curves occurs at
o > 1.5 deg. The lift curve of data block 6 is on the low extreme side
of the set.

Figures 30 and 31 show the pitching-moment trends with angle of
attack. With the exception of data block 9, the shapes of these curves

are very similar. The pitching-moment curve of data block 6 is on the
high extreme side of these data.
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Fig. 15 Case 1 pitching-moment curves.
Table 6 Case 2 submissions
Tag Code Grid type Grid type Turbulence model Submitter
1 FLUENT Multiblock Tinoco K-Epsilon Fluent Scheidigger
2 CFL3D-Thin Multiblock Tinoco SA Boeing Tinoco
3 CFL3D-Thin Multiblock Tinoco SST Boeing Tinoco
4 OVERFLOW Overset Sclafani SA Boeing Tinoco
5 TAU Hybrid DLR SA Edwards DLR Brodersen
6 FUN3D Unstructured LaRC Nodal SA LaRC Lee-Rausch
7 NSU3D Hybrid LaRC Mixed SA UWy Mavriplis
8 NSU3D Unstructured Raytheon SA Cessna Zickuhr
9 FLOWer Multiblock Tinoco RSM DLR Eisfeld
10 FLOWer Multiblock Tinoco SST DLR Raddatz
11 TAI Multiblock JFLO C-H BL TAI Tarhan
3. General Observation
DPW—W1 Wing 1.0 A general observation, after reviewing all of the results, is that
OVERFLOW 2.0 . SA . UPW . Medium Grid | 0.4 there is a set of CFD codes whose members all seem to agree
M=0.76 . Alpha=0.5 . CL=0.47428 . CD=0.020203 |_0_ 2 relatively well with each other, and do so over all of the test cases
™ spanning the DPW series. Most noteworthy about this core set of
-1.4 codes is that it is composed of flow solvers that are based on all types
of grids.
DPW-W1 Wing Pressures
Mach = 0.76, RN = § million, C, = 0.5, Fully Turbulent
-1.5 T T T T 1
B coarse
[ —— [ medium
L o e e S fine
[ extra fine
Y USSR S . W S
aQ T . ™
o / \ \
0 oo AN
i x/c .\j
0.5 fremmmme b
1.0
OVERFLOW-SA
2 W1 upper-surface pressures and streamlines: Fig. 17 Case 2 W1 pressure distributions: M = 0.76, C;, = 0.5, and
Re =5 x 10°,

M =0.76,a = 0.5 deg, and Re =5 x 10°.
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Fig. 19 Case 2 grid sensitivity on W2 total drag: M =0.76,
a =0.5 deg,and Re = 5 x 10°.

Fig. 22 Case 2 grid sensitivity on W1 idealized profile drag: M = 0.76,
a =0.5 deg, and Re = 5 x 10°.
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Fig. 23 Case 2 grid sensitivity on W2 idealized profile drag: M = 0.76,
a =0.5 deg, and Re =5 x 10°,
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Fig. 24 Case 2 grid sensitivity on W1 lift-to-drag ratio: M = 0.76,
a=0.5 deg,and Re =5 x 10°.

VI. On-Going Plans

Work has been underway at NASA, at DLR, and by committee
members for a September 2007 test of a refurbished DLR-F6 model
in NASA’s National Transonic Facility (NTF). The goal of the test is
to provide data for comparison to existing DPW-III calculations with
and without the Boeing-designed side-of-body fairing and at a
Reynolds number higher than in the current database. DLR has
provided all model hardware, including the new side-of-body fairing
and mounting block to attach to the NASA balance. NASA has
provided instrumentation, new model support hardware to closely
match the ONERA hardware used in earlier tests, and NTF test time.
The maximum Reynolds number is 5 x 10° based on mean
aerodynamic chord, due to load limitations on the model and support
hardware, and because the model is not suitable for cryogenic
conditions. The test matrix includes 3 x 10° Reynolds-number runs
to match existing data, with Mach numbers from 0.4 to 0.8. The
clean-wing configuration with and without the new side-of-body
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Fig. 25 Case 2 grid sensitivity on W2 lift-to-drag ratio: M = 0.76,
a =0.5 deg, and Re = 5 x 10°,

fairing is included. Data to be acquired include forces, moments,
surface pressures, and wing deformations under load. Targeted flow
visualization will include transition measurements via sublimating
chemicals, and techniques to visualize the side-of-body and wing
trailing-edge flow separations.

Another collaboration currently being pursued by the organizing
committee is related to the preparation of future workshops. A
recurring theme of these events has consistently identified that the
quality of the CFD results is only as good as the quality of the
underlying meshes. The linkage between grid quality and solution
quality has been recognized for decades. Nonetheless, it has been
very difficult for the organizing committee to guarantee that all
baseline meshes meet a consistent level of quality. To help address
this issue, the committee has engaged dialog with the AIAA
Meshing, Visualization, and Computational Environments (MVCE)
Technical Committee to develop a more rigorous process of quality
control for the standard baseline grids. This has resulted in planning a
special session on grid generation before the next drag prediction

Table 7 Case 2 DPW-W1 data extrapolated to continuum

Tag CL Cp Cppr Cpst Cu Cp— C%/ (TAR) L/D
1 0.48684 0.02098 0.01467 0.00631 —0.06970 0.01155 2321
2 0.47626 0.02039 0.01430 0.00615 —0.6740 0.01137 23.36
3 0.46245 0.01978 0.01375 0.00603 —0.06390 0.01127 23.38
4 0.48160 0.02021 0.01422 0.00600 —0.06822 0.01098 23.83
5 0.47803 0.02052 0.01460 0.00592 —0.06774 0.01143 23.30
6 0.42668 0.01788 0.01245 0.00544 —0.05470 0.01064 23.86
7 0.45361 0.01788 0.01324 0.00592 —0.06172 0.01096 23.69
8 0.47359 0.01982 0.01398 0.00581 —0.06544 0.01090 23.89
9 0.46727 0.01979 0.01399 0.00580 —0.06491 0.01110 23.61
10 0.46564 0.01979 0.01382 0.00554 —0.01070 0.01070 23.61

Table 8 Case 2 DPW-W2 data extrapolated to continuum

Tag (o Cp Cppr Cpyt Cy Cp — C3(wAR) L/D
1 0.50869 0.02126 0.01498 0.00628 —0.06920 0.01096 23.93
2 0.50491 0.02127 0.01517 0.00610 —0.06857 0.01113 23.74
3 0.48817 0.02035 0.01435 0.00599 —0.06434 0.01087 23.99
4 0.50180 0.02044 0.01448 0.00597 —0.06726 0.01043 24.54
5 0.49894 0.02078 0.01491 0.00589 —0.06384 0.01087 24.01
6 0.44704 0.01801 0.01261 0.00540 —0.05362 0.01007 24.82
7 0.47263 0.01922 0.01333 0.00589 —0.06003 0.01033 24.59
8 0.49359 0.02009 0.01429 0.00580 —0.06533 0.01040 24.56
9 0.49206 0.02011 0.01437 0.00574 —0.06490 0.01047 24.47
10 0.49249 0.01983 0.01434 0.00550 —0.06488 0.01018 24.84
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workshop where the baseline grids will officially be made available
to the public domain, and quality metrics of these grids are formally
documented and discussed in an open forum.

VII. Conclusions

Results from the Third AIAA Drag Prediction Workshop are
summarized. This workshop focused on the prediction of drag for
wing-body and wing-alone configurations that are representative of
transonic transport aircraft. Numerical calculations were performed
using industry-relevant test cases. Numerous Reynolds-averaged
Navier—Stokes CFD results on fully turbulent flows are provided.
These solutions are performed on structured, unstructured, and
hybrid grid systems. The structured grid sets include point-matched
multiblock meshes and overset grid systems. The unstructured and
hybrid grid sets are composed of tetrahedral, pyramid, and prismatic
elements. Effort was made to provide a high-quality and
parametrically consistent family of grids for each grid type about
each configuration under study. The wing-body families are
composed of a coarse, medium, and fine grid, while the wing-alone
families also include an extra-fine mesh. These mesh sequences are
used to help determine how the provided flow solutions fare with
respect to asymptotic grid convergence, and are used to estimate an
absolute drag of each configuration.

The DPW series has provided a very broad view of the state of the
art of CFD applications within the industry, much more so than that
which can be garnered by an isolated study. In fact, by reviewing in
isolation any one of the DPW-III’s individual data blocks, one may
arrive at different conclusions than those presented herein. For
example, a typical publication may show how successful a CFD
solution matches test data. By combining a large set of solutions from
many sources around the world, this workshop clearly shows that
there remains much room for improvement. Although this
conclusion is somewhat disappointing, it is tempered by an
observation that there exists a core set of CFD methods that
consistently agree with each other in general, and do so on all test
cases spanning the workshop series. Most noteworthy about this core
set of solvers is that these methods are based on all grid types.

A measure of merit is introduced that quantifies issues specifically
associated with grid-convergence data. This metric is not biased by
grid type, absolute value of drag, or slope of grid-convergence trend
line. It does not identify the source of a problem, only that a problem
exists with the grid-convergence data. Applied to the data blocks of
DPW-III, this metric successfully identified which data blocks were
outliers, at least at the flow condition of the grid-convergence studies.

Through the data compiled by this workshop, it is obvious that
several problematic issues continue to persist in the processes used
for accurate drag prediction. Generating a consistent set of grids for
the purpose of grid-convergence studies remains a challenge,
especially for unstructured meshes. The side-of-body separation
bubble of the DLR-F6 wing/body configuration continues to be a
source of difficulty; the full set of CFD solutions shows a large
variation of predicted bubble sizes. However, on a good note, the
skin-friction predictions of the aggregate data blocks are well
behaved and form relatively tight groupings.

An underlying objective of the DPW-III was to test a hypothesis
that pockets of flow separation can be a root cause of poor grid-
convergence characteristics. Although it appears that pockets of flow
separation did adversely affect the grid-convergence trends of many
of the CFD data blocks provided by the participants, it did not seem to
cause issues with others. This is somewhat of an unexpected finding
of the DPW-IIL
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