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Presentation Outline JAIAA

Buffet Working Group: Motivation and structure
Test Case 1 description

Results
— Test Case 1a: RANS results
— Test Case 1b: Unsteady results

Conclusions and way forward
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Working Groups Layout JAIAA
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Motivation and Test Cases JAIAA

Leverage knowledge from both DPW and AePW to advance state of the art for
buffet environment

— Determine practices that accurately resolve unsteady, fixed-geometry at buffet
— Exercise capabilities of solvers to simulate unsteady FSI buffet

Test Case 1: Verification test case
— 2D ONERA OATI15A, Re=3 Mil, Mach 0.73
— Pre-stall and post-stall conditions

Test Case 2: Unsteady CFD and rigid wing, Common Research Model (CRM)
— Unsteady CFD at committee-supplied deformations (JAXA data, Re=1.5 Mil)

Test Case 3: Unsteady CFD and dynamic wing, CRM
— Committee-supplied FEM and unloaded geometry (JAXA data, Re=2.3 Mil)
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Test Cases 1a and 1b JAIAA

0.1

Consistent with workshop-wide efforts

* Pre- and post-buffet 0.1 02 of/o_e 08
« Committee-supplied RANS grids ONERA OATI15A profile
 Test Case 1a e adaptive wall

— Same as rest of workshop, but high-alpha extension e

_RANS windows

Test Case 1b

— Same as Test Case 1a

— Unsteady CFD

— Required user-generated grids for HRLES and WMLES

adaptive wall
e /

Jacquin, et al. "Experimental Study of Shock
Oscillation over a Transonic Supercritical Profiles."
AlAA Journal, Vol. 47, No. 92, 2009
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Participant Summary and Data Submission JAIAA

SHAPING THE FUTURE OF AEROSPACE

17 institutions submitted Test Case 1a/1b data
— Nine Countries
— Five continents
— Six academic, four commercial, and seven government enterprises

® 7o+ SmeiSSions Repositories All

HH o | @ an Search repositories Q

- Utilized workshop-wide 3 mte —
° ° ° ° & Sources 6 repositories =4 Last pushed ~ |g =
GitHub website for submissions ¥ ron T

This is similar to the traditional DPW approach for transonic flow on a static geometry. This
group will concentrate on identifying the reasons for data scatter that was observed in DPW-VII.

®Python - ¥ 9 - {¥3 - @0 - 111 - Updated 2 days ago

i-i Templates

DPW8-Plotting Public |
Plotting scripts for Drag and Aeroelastic Prediction Workshops

®@TeX - ¥1 .90 - (0 - 110 - Updated last week

DPW8-Buffet public N

This group seeks to identify nature of pre- and post-buffet flight regimes with unsteady CFD
analysis. Simulations will be performed on both experimentally-measured deformations and with
coupled fluid/structure interactions. Members of the DPW and AePW communities will be
involved.

® MAXSeript - $19 - Y21 - D0 - 111 - Updated last month

DPW8-Static-Deform  pPublic A

Fluid-structure interactions will be calculated and studied in detail. This group will be comprised
of individuals in both DPW and AePW communities with significant collaboration leading up to
the final workshop.

Y2.9%1- 00 110 - Updated on Jan 10
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Test Case 1a : Grid Study at a = 3.90- JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by turbulence model variant

R Shown for a = 3.90° but generally true for all other
s e L TP e mms) angles of attack

002.03 ALPHA 3.90
—— 002.04 ALPHA 3.90
—— 004.01 ALPHA 3.90
—— 004.02 ALPHA 3.90
—Jl— 004.03 ALPHA 3.90

:I: 007.04 ALPHA 3.90
007.05 ALPHA 3.90

= Borear . SA, SA-R, SA-C (“SA” group, red and green)
+I 012,04 ALPHA 390

+ 012.05 ALPHA 3.90 - El 1. d C L

—l— 012.06 ALPHA 3.90 evaie
012.07 ALPHA 3.90
012.08 ALPHA 3.90

_._:': — Elevated CD

—— 012.10 ALPHA 3.90

+ 012.11 ALPHA 3.90

- BgeaLenacee — Decreased CM

 SA-QCR, SA-comp, SA-QCR-comp, SA-RC-
comp ("QCR/comp” group = blue, gray brown)

Colors: ~ Decreased CL

' |Red = SA

B S A GCh, SA-RC-QCR

H ue = -R- s - - .

| Gray = SA-comp Decreased CD
Brown = SA-QCR-comp

 |Yellow = SA-RC-comp — Elevated CM
! |Symbols:

+{Square = SA-based . . .
Flangle = SSTbased Few contributions with SST, but they seem to follow

|

0 0.0002 O.OOO4N_2/30.0006 0.0008 0.001 the “QCR/Comp” group

0.95

Note: All data are preliminary
and are subject to change
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Test Case 1a: Integrated F&M JAIAA

SHAPING THE FUTURE OF AEROSPACE

SA

SA-R, SA-C

For the lowest angle of attack SA-R-QCR, SA-RC-QCR

— 30 drag counts and 0.040 CL SA-comp

SA-QCR-comp Squares: SA
Triangles: SST

Increased scatter relative to DPW-VII (surprising)

For the highest angle of attack
— 75 drag counts and 0.140 CL

[Colors: ~ — I A [Colors: RN R N [Colors:
11 M;SA 1 11 i " 11 s

o0:

| uidusdesidoafestiaocasfosihanlocdscdottocdsn y = . shssdusdssabrsdiscosthostosadssdssatos Jlod:SA f.i.4 oo

| Groen = SA-R, SA-C . |Green = IO |Green = w
Blue = SAR-GCR, Sa-nC-ach; | ! bl Blue « g: /RGCR, SA-RC-OCR| RN Blue « %: 'hGCR, $A-RC-CR| %

| Gray = SA-com) . Gray - ‘comg . 3 Gray - comg o0
Brown = SA-QCR-comp . X H. : : R 00
1.05 FVellow = SA-RC-comp : e ; 1.05 | Veiow = SA-RC-comp” : e 1.05 | Veltow = SA-AC-comp” %0
d - . - 00!

I . - LW, AR | SRR R BN T .. o et _SYMbOBSA » §

) ™ R T -- - w5 T ?ﬁ"‘ SST-based %
1T Z - = ; = f L 3.7 1 ot
3 FZ =i x= P int b ; bt
....... 4

o

"

S88888222222282ee
=Sas
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Test Case 1a : Polars (Grid Level 4) JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by grid type

—l— 002.01 GRID LEVEL 4
—— 002.02 GRID LEVEL 4
:': 002.03 GRID LEVEL 4
002.04 GRID LEVEL 4
—ll— 002.05 GRID LEVEL 4
~—l— 004.01 GRID LEVEL 4
~—l— 004.02 GRID LEVEL 4
:.: 004.03 GRID LEVEL 4
005.01 - Grid Level 4
—l— 005.02 - Grid Level 4

—l— 007.01 GRID LEVEL 4
—— 007.02 GRID LEVEL 4

007.03 GRID LEVEL 4
007.04 GRID LEVEL 4
007.05 GRID LEVEL 4
007.06 GRID LEVEL 4

—{ll— 008.01 GRID LEVEL 4
012.01 GRID LEVEL 4
:I: 012.02 GRID LEVEL 4
—— 012.03 GRID LEVEL 4
—— 012.04 GRID LEVEL 4
:l: 012.05 GRID LEVEL 4
012.06 GRID LEVEL 4
—— 012.07 GRID LEVEL 4
—— 012.08 GRID LEVEL 4
—{— 012.09 GRID LEVEL 4
012.10 GRID LEVEL 4
:I: 012.11 GRID LEVEL 4
—— 014.01 GRID LEVEL 4
—— 018.01 GRID LEVEL 4
—— 018.02 GRID LEVEL 4
:l: 023.02 GRID LEVEL 4
024.01 GRID LEVEL 4
—l— 026.01 Grid Level 4
—l— 026.02 Grid Level 4

—l— 027.02 GRID LEVEL 4
—— 021.01 GRID LEVEL 4

Shown for CL but generally true for CD and CM 1.1 ffcolors:

| Red = Cadence (structured) -
|Green = Cadence (unstructured)|. ]

and other grid levels [Blue = HeldenAero

| Gray = Custom
1.05 = —

Not striking frends due to grid type. 1

0.95

Understanding the metrics of the custom grids s
will be crucial 0.9

0.85

Cadence (structured) 08
Cadence (unstructured) 4 N WA A 1
HeldenAero e N e EEE

Custom ' o

Note: All data are preliminary
and are subject to change
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Test Case 1a: Cp-cuts JAIAA

SHAPING THE FUTURE OF AEROSPACE

. L] Even before onse‘l" mOS‘l'
Sop ™ | | solutions predict the shock
N T T | too downstream

' ‘ - """::::;'5.;;&::::::::::::::r?:" — “_Comp” correction
et improves things but still

oxle ’ " xle

= * Because of the steady

| nature of the calculations,

the shock does not move

R NG WL || anddoes notcapture the

h smooth (time-averaged)

«—+—7 AT~ gradient across the shock
0 100 O 0 O Bl = 8 for pos.l._onsei. cases

CP
o)
]

T oxie ' ©oxe ' Note: All data are preliminary
and are subject to change
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Test Case 1b : Polars (Steady and Unsteady) JAIAA

SHAPING THE FUTURE OF AEROSPACE

1.1 Kcolors: —— 005.03 GRID LEVEL 1 1.1 = . 005.02 RANS
] Green = URANS -~~~ X 00505 GRID LEVEL 1 005.04 HRLES
i el‘i'le = thg?_ I || —— 006.02 GRID LEVEL 4 005.05 URANS
L Yellow = R T R P -|| —— 006.03 GRID LEVEL 4 007.06 RANS
a — .. ' . . U X G
Gray = WMLES | —§ issmioed 007,05 URANS
1.05 * e :A‘t: 007.08 g::g tgzgta 1.05 008.01 RANS
007.09 4
—A— 008.02 GRID LEVEL 1 008.02 URANS
F— 008.03 GRID LEVEL 1
E!»— 010.01 GRID LEVEL 10
A— 012.12 GRID LEVEL 4
1 —A— 014.03 GRID LEVEL 5 1
—A— 027.03 GRID LEVEL 3
—A— 027.04 GRID LEVEL 3
——A— 021.01 GRID LEVEL 1
0.95 0.95
- -
O (&)
0.9 0.9
0.85 0.85
0.8 0.8
0.75 0.75

o
* For the same participant/setup:
— Steady and unsteady values do not match at pre-buffet N
— Early RANS separation anticipated but not necessarily observed N‘ﬁiaﬁ!‘é‘i‘éﬁéﬁ‘?ée!?é';‘;z
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Test Case 1b : Cp-cuts (mean) JAIAA

SHAPING THE FUTURE OF AEROSPACE

005.03 - ALPHA 3.90 - GRID 1

3 ———— & e o e ey ————— 005.04 - ALPHA 3.90 - GRID 1
Y a 9 : ————— 005.05 - ALPHA 3.90 - GRID 1
= ; ———— 007.07 - ALPHA 3.90 - GRID 4
15 15 15 007.08 - ALPHA 3.90 - GRID 4
= & \ \ 007.09 - ALPHA 3.90 - GRID 4
i ! U ] A > 010.03 GRID LEVEL STRAND-
e, \ 1 IE 4 J It it 012.12 - ALPHA 3.90 - GRID 4
; )Sé\ ; J ! \y 027.03 - ALPHA 3.90 - GRID 3
1 p f £ f ————— 027.04 - ALPHA 3.90 - GRID 3
B o5 B o B 5 9 M=073-a=3.90
(&) . (&) . WY (&) . Ny
} s - » » - - * Improved agreement at
0 i SV 0 v 0 o oge
¥ . post-onset conditions,
$4 $4 ° °
el I s 1P A E 4
054 05 0sh but still the shock is too
downsiream
L) 0z 04 _06 08 1 1o 0z 04 __06 08 1 19 0z 04 _06 08 1
— Notable exception SST-
2 2 2
=325 o= 350 EEEE  ComPOcR
151 _ 15 - ] o ne
e faEEEy f N * Overprediction of
) A f S b °
" W o 1 2N suction downstream of
& 05 ¥ & 05 & 05 the shock for HRLES
o ® i 0 ™ My 0 ~ Green = URANS
7, - A P N Blue = HRLES
®. g : : Symbols:
0.5 l’ 0.5 f 0.5 f 'Bfiangmd: VéMLE$ .
lamond = experiments
4 4 I
L . .
19 0.2 0.4 0.6 0.8 1 19 0.2 0.4 0.6 0.8 1 13 0.2 0.4 0.6 0.8 1 Note: All data are preliminary
x/c x/c x/c and are subject to change
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Test Case 1b : Cp-cuts (rms)

JAIAA

SHAPING THE FUTURE OF AEROSPACE

0.5 - 0.5 -
o = 2.50 a =3.00°
0.4} 1 o4} ~
203 203
(0 (s
G 0.2 1 &o02f . -
0.1 1 01} :
- | ' //.'; + |

|

0 0.5 1 0 0.5 1
x/c x/c
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005.03
005.04
005.05
007.07
007.08
007.09
010.10
012.12
. 014.03
023.01
027.03
027.04
| experiment

black = URANS-SA
red = URANS-SA-QCR
blue = URANS-SST
green = HRLES

cyan = WMLES

Note: All data are preliminary
and are subject to change
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Test Case 1b : Cp-cuts (rms) JAIAA

SHAPING THE FUTURE OF AEROSPACE

0.5 T 0.5 r

o = 2.50-

 HRLES and SA-comp strong
fluctuations and early onset

|+ SA-QCR and SST weak

% 2l fluctuations and delayed
G 0.2 onset
0.1 ! » Fluctuations peak amplitude,

location and width:

— URANS fail at predicting the
width of the fluctuations
amplitude, location and
width, but behave well
downstream of the
inferaction

— Opposite happens for the
HRLES solutions

— For the highest alpha, WMLES
behaves best but still

differences upstream of the

peak Note: All data are preliminary
and are subject to change
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Conclusions: General JAIAA

« Summary of preliminary data for Buffet Working Group efforts for Test Case 1
* A huge thanks to all contributors, leading groups and plotting teams!

« Of the 74 datasets provided, only 18 unsteady datasets (mostly URANS)

— Possible reasons?
= increased computational costs
= difficulfies in setting up fime-integration parameters

* Large number of participants used customs grids.
— What are the reasonse
— More investigations on the grid metrics will be done for the final workshop
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Conclusions: Results JAIAA

* RANS results:
— Grid independence not shown

— Larger scatter than in DPW-VII for a full-aircraft (not the core objective of the Buffet
Working Group, but still concerning); questions remain

— Differences between “SA” and "QCR/comp” groups

— Shock generally predicted too far downstream even for pre-onset cases
= How 2D are the experimental data¢
= 3D span-periodic simulations¢ Sensitivity to span width?e
= What is the effect of corner separationse

* Unsteady results
— Few contributions, difficult to make definite conclusions
— Large scatter between different methods (URANS, HRLES, WMLES)
— Improvement of the prediction of shock behavior, but still foo downstream
— Fluctuations are difficult fo capture correctly

AIAA Aviation 2025 Forum: Las Vegas, Nevada, US | July 21, 2025
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Way Forward JAIAA

SHAPING THE FUTURE OF AEROSPACE

« If you find any problems in the presented data, please get in touch (aiaabuffet@gmail.com)
» Participants can correct and add datasets for the final workshop

* Further work on case 1:
— PSD comparisons
— Custom grid metrics information
— Transients and stafistics collection fimes
— Confirmation of different SA flavours

* Many lessons learnt, but improved communication is needed for the success of the more
complex cases 2 and 3 (full-aircraft)

17
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SHAPING THE FUTURE OF AEROSPACE

alaabuffetldgmail.com
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Back-up Slides

Includes information above, but with more detail

Also includes more plots

JAIAA
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Buffet Working Group Leadership

- Working group leadership
— Hadar Ben-Gida =
— Brent Pomeroy =
— Daniella Raveh =
— Andrea Sansica -
— Bret Stanford &

« Subgroup leaders

— URANS and HRLES :

= Jeff Housman &
= Fulvio Sartor 1A

— WMLES & Beyond:
= Johan Jansson &=

Point of Contact: AIAA Buffet Group (aiaabuffet@gmail.com)

AIAA Aviation 2025 Forum: Las Vegas, Nevada, US | July 21, 2025
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Buffet — Motivation with More Detail JAIAA

Leverage knowledge from both DPW and AePW to advance state of the art
— Increase understanding within each field, individually
— Synthesize methods to increase understanding of buffet predictions

« Determine practices that accurately resolve unsteady, fixed-geometry at
buffet conditions

« Exercise capabilities of solvers to simulate unsteady FSI buffet

« To provide an impartial forum for evaluating the effectiveness of existing tools
and methods

» Provide guidance for simulations while relying upon users to implement code'’s
best practices

 Establish workshop model for future multidisciplinary communities

22
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Buffet — Test Cases with More Detail

« Test Case 1: Verification test case
— ONERA OATI15A profile, Re=3 Mil
— Test Case 1a: RANS
— Test Case 1b: Unsteady calculations

« Test Case 2: Unsteady CFD and rigid wing
— JAXA's 2.16% scale CRM wing-body-tail, Re=1.5 Mil
— Static wing deformation measurements used to deform the wing
— Unsteady calculations at both pre- and post-buffet onset

« Test Case 3:
— JAXA's 2.16% scale CRM wing-body-tail, Re=2.3 Mil
— Contains FSI, FEM is provided
— Static and dynamic response at one pre- and one post-buffet onset alpha

AIAA Aviation 2025 Forum: Las Vegas, Nevada, US | July 21, 2025
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Test Case 1 Description

JAIAA
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Test Case 1: Geometry and Experimental Data @AIAA

HAPING THE FUTURE OF AEROSPACE

0.1

- Jacquin et al, AIAA Journal (2009) [https://doi.org/10.2514/1.30190]

0

 Transonic S3Ch Wind Tunnel of the ONERA-Meudon Center 0.1 55 o:/o_e 55

* Geometry: ONERA OATI15A profile
« 2D OATIS5A profile (chord = 230 mm, blunt trailing-edge) ‘ :
» Span =780 mm (AR ~ 3.4) _ adaptive wall

« Available at : https://aiaa-dpw.larc.nasa.gov/geometry.himl#oat.

* Flow conditions:
« M=0.73, Re = 3 Mil
 P_st=10A5 Paand T_st = 300 K
« Angle of aftack (a) = 1.36 - 3.90- (buffet onset a ~ 3.10¢)
* The flow is considered span-homogeneous

- Experimental results available at : * adaptive wall
_ : : 1 1aiaa- i /8 /
Available at: https://aiaa dpw.lorc.nosc.qov/expenmen’r.h’rml S3Ch Wind Tunnel
— Mean and rms pressure from 36 unsteady Kulite tfransducers . _—
Jacquin, et al. "Experimental Study of Shock

— Ol flow Oscillation over a Transonic Supercritical Profiles."
AlAA Journal, Vol. 47, No. 92, 2009

AIAA Aviation 2025 Forum: Las Vegas, Nevada, US | July 21, 2025
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Test Case 1a : Workshop-Wide Validation JAIAA

SHAPING THE FUTURE OF AEROSPACE

Detailed case description:
— https://aiaa-dpw.larc.nasa.gov/WorkingGroups/Group3/TestCases/buffet-case 1-v3.pdf.

Settings
— Steady CFD (e.g., RANS)
— Prefer some version of SA, multiple turbulence models can be submitted

Grids

— Committee-provided six-member RANS grid family (Cadence and Helden Aero)

— One-cell wide

— Encourage use of committee-supplied grids; user-generated grids are acceptable

Conditions
— Pre-buffet conditions the same as other working groups: 1.36, 1.50, 2.50, 3.00, 3.10¢
— Buffet working group supplement (post-onset): 3.25, 3.40, 3.50, 3.60, and 3.90¢
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Test Case 1b : Unsteady CFD Validation JAIAA

SHAPING THE FUTURE OF AEROSPACE

« Buffet Working Group supplement. Validation of unsteady CFD analysis
* Mostly the same as Test Case 1a
- Settings
— Unsteady CFD (URANS, hybrid RANS/LES, WMLES, LES, etc.)
— Prefer some version of SA, multiple turbulence models can be submitted

« Grids

— Same geometry as Test Case 1a

— Specialized grids for unsteady schemes will likely be generated by participants
« Conditions

— Same as Test Case 1a

- Data
— All data in this presentation are preliminary and are subject to change for the workshop
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Data Submission and
Participants List
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Data Submission JAIAA

- Submissions taken from both Scatter Reduction Working Group (focused on
low angles of attack) and Buffet Working Group

« Data submissions collected on the shared Github repository (16 May 2025):
— https://qithub.com/Drag-Prediction-Workshop/DPW8-Buffet
— Repository is open to contributors
— Additional datasets are accepted for the final workshop

* Dataset status:
— An overview was given in May at the Mini-Workshop 2
— Some corrections have been requested (some amended, some not)
— Some exclusions have been made. Some mistakes have been made on our side!
— The idea is for this to be corrected for the final workshop

AIAA Aviation 2025 Forum: Las Vegas, Nevada, US | July 21, 2025
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Participant List

ID Team Organization Solver Method Turbulence Model Grid
QCR Cadence structured,
002 Mestriner Embraer CFD++ RANS SA, SAS-;(:_‘ ) Cadence unstructured,
HeldenAero
Pomeroy,
NASA SA_SA-R,
004 I.I):mmyala (Langley CAB) USM3D-ME RANS SA-QCR2000 Cadence unstructured
RANS
NASA SA-neg, Cadence structured
05 Housman (Ames) LAVA ENERIE SA-neg-RC-comp Deck extruded
HRLES
w06 Jirasel US Air LI ORANE kw-Wilkox 1998K, e
Force Academy HRLES' SST
Sansica, SA-nof2, SA-nott2-R,
007 Lusher, JAXA FaSTAR e SA-nof2-R-QCR, Colomse sctusd,
. URANS Custom
Matsuzaki SST
Batten RANS.
: . Cadence structured,
008 me Metacomp CFD++ URANS, SA-neg-RC-QCR Deck extruded
Kovvali HRLES
Cadence structured,
Petropoulos, ONERA Cadence unstructured,
it Sartor (DAAA) — —— SA, SST Custom,
HeldenAero
Goc, Boeing ] L
010 Clark (BCA Technology) charl ES WMLES Dynamic Smagorinski Custom
- SA-neg, SA-neg-comp
- G'h‘:""““'“ NASA — RANS, SA-neg-comp-QCR.  Cadence unstructured,
“ 3 assey (Langley AEL) URANS  SA-neg-RC-comp-QCR, Custom adapted
acobeon SST-comp-QCR
Udupa, RANS, R
014 veakatraman us Su2 URANS s Cadence unstructured
mem SA-neg,
018 Wm:ﬁ:lght. Zenotech #CFD RANS SSTV-2003 Cadence unstructured
Lamberson,
Lynch, CREATEAV RANS,
021 Jamal, NASA Langley Kestrel URANS SA-RC-QCR Cadence unstructured
Pomeny
Amould, R
23 Radigue, Poylechidse  CHAMPS ~ RANS sA Cadence unstructured
Laurendau
024 1’1::15:'2 Univ. of Liverpool TAU RANS SA-neg Cadence unstructured
06 Eld;lkgz-kﬂegn. Corvid Tech Raven RANS SA, SA-comp Cadence unstructured
Candon, RANS, SA_SA-C,
027 Gerner RMIT N/A URANS SST. SST-C Cadence structured
032 Janssoa KTH N/A A N/A Custom
Euler

Dataset submitted:

— 18 groups

— 74 datasets submitted
Method:

— RANS: 56 datasets

— URANS: 11 datasets

— Hybrid RANS/LES: 5 datasets
— WMLES: 1 dataset

— Adaptive Euler: 1 dataset
Grid:

— Cadence structured: 15 datasets

JAIAA

SHAPING THE FUTURE OF AEROSPACE

— Cadence unstructured: 35 datasets

— Custom: 21 datasets
— Helden Aerospace: 3 datasets

AIAA Aviation 2025 Forum: Las Vegas, Nevada, US

| July 21, 2025

Note: All data are preliminary
and are subject to change

30



Test Case 1a:
RANS Results

Grid Study
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Test Case 1a: Grid Study at a = 3.90° JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by turbulence model variant

105 Il """" - ganmes Shown for a = 3.90- but generally true for all
o ' B R o [ =fpines other angles of attack

—Jl— 004.03 ALPHA 3.90
:I: 007.04 ALPHA 3.90
007.05 ALPHA 3.90
007.06 ALPHA 3.90
008.01 ALPHA 3.90
012.01 ALPHA 3.90

E S SA, SA-R, SA-C (“SA" group s=red and green)

= e fend fo give higher values of CL and CD and
—E— DA

= Sprear lower values of CM compared to SA-QCR, SA-

—8— 02601 Aphass comp, SA-QCR-comp, SA-RC-comp
("QCR/comp™ group = blue, gray brown)

0.95

E Ct;lors:
! |Red = SA . . .
L IGreen < SA R SAC o .QCR Few conftributions with SST, but they seem to

: Gray = SA-comp

r1Brown = SA-QCR-comp fO”OW the “QCR/Comp” gI’OUp

. |Yellow = SA-RC-comp

! |Symbols:

- {Square = SA-based

: Trlanglle = SST-based
I

i
0 0.0002 0.0004 N_2/30.0006 0.0008 0.001

Note: All data are preliminary
and are subject to change
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Test Case 1a: Grid Study at a = 1.50° JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by grid type

—— 002.01 ALPHA 1.50
—— 002.02 ALPHA 1.50
:I: 002.03 ALPHA 1.50

002.04 ALPHA 1.50
—— 002.05 ALPHA 1.50
—— 004.01 ALPHA 1.50
—— 004.02 ALPHA 1.50

004.03 ALPHA 1.50
:': 007.01 ALPHA 1.50
—l— 007.02 ALPHA 1.50
—l— 007.03 ALPHA 1.5
—— 007.04 ALPHA 1.50
:': 007.05 ALPHA 1.50

007.06 ALPHA 1.50
—— 008.01 ALPHA 1.50
—— 012,01 ALPHA 1.50
—— 012.02 ALPHA 1.50
:I: 012.03 ALPHA 1.50

012.04 ALPHA 1.50
—— 012.05 ALPHA 1.50
—— 012.06 ALPHA 1.50
—— 012.07 ALPHA 1.50
:l: 012.08 ALPHA 1.50

012.09 ALPHA 1.50
—— 012.10 ALPHA 1.50
—— 012.11 ALPHA 1.50
—— 014.01 ALPHA 1.5
:I: 023.02 ALPHA 1.50

024.01 ALPHA 1.50
—— 027.01 ALPHA 1.5

—fl— 027.02 ALPHA 1.5
—— 021.01 ALPHA 1.50

Shown for a = 3.90° but generally true for all other
angles of attack

Not striking frends due to grid type. 0.8

However, most of the participants used custom
grids and the mefrics are unknown (now
requested)

0.78

| s NG e s s v L i |Red = Cadence (structured)
v (R SNV T :  |Green = Cadence (unstructured)
Lo Voo : : N . Blue = HeldenAero

' : ' : Gray = Custom

1 ] 1 . ] !

.0006 0.0008 0.001

Note: All data are preliminary
and are subject to change
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Test Case 1a: Grid Study at a = 3.90° JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by turbulence model variant

002.03 ALPHA 3.90
—— 002.04 ALPHA 3.90

B s other angles of attack

—— 004.02 ALPHA 3.90
—— 004.03 ALPHA 3.90

:I: 007.04 ALPHA 3.90
007.05 ALPHA 3.90
007.06 ALPHA 3.90
008.01 ALPHA 3.90
012.01 ALPHA 3.90
:': 012.02 ALPHA 3.90
012.03 ALPHA 3.90

o e Grid convergence not shown

—fl— 012.05 ALPHA 3.90
—fl— 012.06 ALPHA 3.90

:.: 012.07 ALPHA 3.90
012.08 ALPHA 3.90
—l— 012.09 ALPHA 3.90

—l— 012.10 ALPHA 3.90
~—— 012.11 ALPHA 3.90

:l: 023.02 ALPHA 3.90
024.01 ALPHA 3.90

G s Large scatter (fine grid available):
- a=3.10°: 10 CD-counts, 35
. a = 3.50°: 50 CD-counts, 25 CL-counts

B SRR Sanc.acn a = 3.90°: 90 CD-counts, 120 CL-counts
| Venow = SARGcomp”

! |Symbols:

- {Square = SA-based

: Trlanglle = SST-based
I

i
0 0.0002 0.0004 N_2/30.0006 0.0008 0.001

o8 Il _______ - ganmes Shown for @ = 3.90- but generally true for all

0.95

Note: All data are preliminary
and are subject to change
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Test Case 1a:
RANS Results

Polars
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Test Case 1a : Polars (Grid Level 4) JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by turbulence model variant

MRS B S ihoieed Shown for CL but generally true for CD and CM

| |Blue = SA-R-QCR, SA-RC-QCR}._ _ |

| Gray = SA-comp ;

1.05 k Brown = SA-QCR-comp
. | Yellow = SA-RC-comp

002.04 GRID LEVEL 4 °
:': 002.05 GRID LEVEL 4 d ‘l'h d I I
B JnosGRiDLEVEL ana orner grida ieveis
—— 004.02 GRID LEVEL 4
:': 004.03 GRID LEVEL 4
005.01 - Grid Level 4
| 005.02 - Grid Level 4
Symbols: —— 007.01 GRID LEVEL 4

[|Square = SA-based N S S i —W— 00702 GAID LEVEL 4
[ Triangle = SST-based N s = = B sifnaapo - 007.03 GRID LEVEL 4

—ll— 007.04 GRID LEVEL 4

==—sE Sy Similarly to for the grid study, “SA" group (SA,
190 0 1 T Z & Win s e W= SEEEY SA-R, SA-C; red and green) tends to give
0 Z s-memmn S mIEE BRI higher values of CL and CD and lower values
—f-iamiel of CM compared to the “QCR/comp” group
§ i@ (SAQCR, SA-comp, SA-QCR-comp, SA-RC-
% comp; blue, gray brown).

—— 027.02 GRID LEVEL 4
—— 021.01 GRID LEVEL 4

SST closer to the "QCR/comp™ group

0.75

...................................................................................

Note: All data are preliminary
and are subject to change
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Test Case 1a : Polars (Grid Level 4) JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by grid type

~—fll— 002.01 GRID LEVEL 4
~—fll— 002.02 GRID LEVEL 4
:': 002.03 GRID LEVEL 4
002.04 GRID LEVEL 4
—ll— 002.05 GRID LEVEL 4
~—l— 004.01 GRID LEVEL 4
~—l— 004.02 GRID LEVEL 4
:I: 004.03 GRID LEVEL 4
005.01 - Grid Level 4
—— 005.02 - Grid Level 4

' I oo o =4 T —— 007.01 GRID LEVEL 4
=5 v V 0 v i e ' ' D I == [ - - - + 007.02 GRID LEVEL 4
o . ; . . r--a beea = 5= B oicooroomm - 007.03 GRID LEVEL 4
Not striking trends due to grid type LI S I SR W2
. : I Lo VL el - 007.05 GRID LEVEL 4
AR AR It it S i el (e Al it b iy 3 P — - 007.06 GRID LEVEL 4
-4 rodendead LA il = = - 008.01 GRID LEVEL 4
' Vo ' o 012.01 GRID LEVEL 4
012.02 GRID LEVEL 4
012.03 GRID LEVEL 4
012.04 GRID LEVEL 4
012.05 GRID LEVEL 4
012.06 GRID LEVEL 4
012.07 GRID LEVEL 4
012.08 GRID LEVEL 4
012.09 GRID LEVEL 4
012.10 GRID LEVEL 4
012.11 GRID LEVEL 4
014.01 GRID LEVEL 4
018.01 GRID LEVEL 4
018.02 GRID LEVEL 4
023.02 GRID LEVEL 4
024.01 GRID LEVEL 4
026.01 Grid Level 4
026.02 Grid Level 4
027.02 GRID LEVEL 4
021.01 GRID LEVEL 4

Shown for CL but generally true for CD and CM 1.1 ffcolors:

| Red = Cadence (structured) -]
|Green = Cadence (unstructured)|. ]

and other grid levels Blue = HeldenAero

| Gray = Custom
1.05 = T

Understanding the metrics of the custom grids s
will be crucial

0.75

Note: All data are preliminary
and are subject to change
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Test Case 1a: Polars (Grid Level 4) JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by turbulence model variant

[ X ,: """"""""""""""""" :“Z"’:"’i """ -. :» """ : """ ’:" :v v]’: : """" TSR T : """ -. . ;

11 FRearsa = = 11 FRe=sa 11 FRea—sa . s om e+
| Green = SA-R, SA-C R .Green = SA-R, SA-C H .Green = SA-R, SA-C . O e
|Blue = SA-R-QCR, SA-RC-QCR}._| . | Blue = SA-R-QCR, SA-RC-QCR | Blue = SA-R-QCR, SA-RC-QCR| . . by ot iyl
| Gray = SA-C%? | Gray = SA-c_%n& H | Gray = SA-com| 004,07 GAID LEVEL 4

1.05 | Brown = SA-QCR-comp 1.05 | Brown = -comp 1.05 | Brown = SA -comp 004,62 GAID LEVEL &

V9 I Yellow = SA-RC-comp 5 B . " Yellow = SA-RC-comp . " Yellow = SA-RC-comp g e by
e < B B 005.02 - Grid Level 4
Symbols: 007.01 GAID LEVEL &
"!‘m&e = SA-based 5 007,62 GRID LEVEL 4

1 T = SST-based x> 1 007,83 GAID LEVEL &
i=2'+=ﬁ==i At - 1

IITTII

0.95

0.95

0.95 012,05 GO LEVEL 4
‘ 012,06 GAID LEVEL &
01207 GRID LEVEL &

0.9 f—— 09 = 0.9f

012,11 GRID LEVEL &
014,07 GRID LEVEL &
018,01 GAID LEVEL &

007,04 GAID LEVEL &
007,05 GAID LEVEL &
COT.08 GAID LEVEL &
00897 GRID LEVEL 4
012,01 OAID LEVEL 4
012,02 GAID LEVEL &

018,02 GRID LEVEL &

02302 GRID LEVEL 4
024,01 GAID LEVEL &
026,01 Geid Lovel 4
026,02 Grid Level 4
027,02 GRID LEVEL &
021,91 GRID LEVEL &

0.85 j— 0.85 0.85 |

08

........................

0.75 =+ * +
—epespespecpeaflecpocpaapenpedbachecpolpens
r 1 1

..................................................................................................................................................................

» Larger scatter than for the full-aircraft (DPW-7):

— For the lowest angle of attack, about 30 CD-counts and 40 CL-counts
— For the highest angle of attack, 75 CD-counts and 140 CL-counts

Note: All data are preliminary
and are subject to change
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Test Case 1a:
RANS Results

CP-cuts
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SHAPING THE FUTURE OF AEROSPACE

Test Case 1a: Cp-cuts JAIAA

002.01 - ALPHA 3.90 - GRID 4
002.02 - ALPHA 3.90 - GRID 4
002.03 - ALPHA 3.90 - GRID 4
002.04 - ALPHA 3.90 - GRID 4
004.01 - ALPHA 3.90 - GRID 4
004.02 - ALPHA 3.90 - GRID 4
004.03 - ALPHA 3.90 - GRID 4
005.01 - ALPHA 3.90 - GRID 4
005.02 - ALPHA 3.90 - GRID 4
007.04 - ALPHA 3.90 - GRID 4
007.05 - ALPHA 3.90 - GRID 4
007.06 - ALPHA 3.90 - GRID 4
012.01 - ALPHA 3.90 - GRID 4
012.02 - ALPHA 3.90 - GRID 4
012.03 - ALPHA 3.90 - GRID 4
012.04 - ALPHA 3.90 - GRID 4
012.05 - ALPHA 3.90 - GRID 4
012.06 - ALPHA 3.90 - GRID 4
012.07 - ALPHA 3.90 - GRID 4
012.08 - ALPHA 3.90 - GRID 4
012.09 - ALPHA 3.90 - GRID 4
012.10 - ALPHA 3.90 - GRID 4
012.11 - ALPHA 3.90 - GRID 4
018.01 - ALPHA 3.90 - GRID 4
018.02 - ALPHA 3.90 - GRID 4
021.01 - ALPHA 3.90 - GRID 4
023.02 - ALPHA 3.90 - GRID 4
024.01 - ALPHA 3.90 - GRID 4
026.01 - ALPHA 3.90 - GRID 4
—— 026.02 - ALPHA 3.90 - GRID 4
] M=0.73-a=23.90

Colors:

Red = SA

Green = SA-R, SA-C

Blue = SA-R-QCR, SA-RC-QCR
Gray = SA-comp

Yellow = SA-RC-comp

Brown = SA-QCR-comp

Violet = SST

— e e s

Symbols:
Square = Experiments

08 1 0 02 04 06 08 1

x/c Note: All data are preliminary

and are subject to change
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Test Case 1a: Cp-cuts JAIAA

SHAPING THE FUTURE OF AEROSPACE

. L] Even before onse‘l" mOS‘l'
Sop ™ | | solutions predict the shock
N T T | too downstream

' ‘ - """::::;'5.;;&::::::::::::::r?:" — “_Comp” correction
et improves things but still

oxle ’ " xle

= * Because of the steady

| nature of the calculations,

the shock does not move

R NG WL || anddoes notcapture the

h smooth (time-averaged)

«—+—7 AT~ gradient across the shock
0 100 O 0 O Bl = 8 for pos.l._onsei. cases

CP
o)
]

T oxie ' ©oxe ' Note: All data are preliminary
and are subject to change
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Test Case 1b:
Unsteady Results

Polars
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Test Case 1b : Polars JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by method

1.1 e R R ' 1.1 flmiy T g 1.4 s e T .
s unaus - R anE T e EES
oo s [} 5 Lot e | oo s T mmamine
1.05 — —— : 1.05 p—————— 1.05 f=———— A 00700 aRib LEVEL 4
. . A 00603 GRID LEVEL 1
- % 0l001 GRID LEVEL 10
..... b - ~——— 012.12 GRID LEVEL 4
e e ARy T = ;- ——— W 1 T A 02705 GRIDLEVELS
(A -2 A 03101 Gib LeveL Y
005 T R b T | 0.95 095 p—— ¥ T
e _ EE SR B o
0.9 0.9 0.9
0.85 085 [+ 0.85 -
08 0.8 0.8 |
0.75 0.75 0.75
AR RN A O T A A A
0.01 g . . : B -0.1 -0.11 -0.12 -0.13 -0.14 -0.15 -0.16
o C, =
(] [ ] [ ]
* Few contributions, mostly URANS, but some HRLES and WMLES submitted
[ ]
- Again, larger scatter
[ ]

Time-averaged results, but unclear how transients and statistics collections
ﬁmeS were deCided (fUi'Ul'e WOI‘k) Note: All data are preliminary

and are subject to change
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Test Case 1b : Polars (steady vs unsteady) JAIAA

SHAPING THE FUTURE OF AEROSPACE

e —
1.1 HColors: —y— 005.03 GRID LEVEL 1 1.1 P~ ; ; : ——t—t + : + 005.02 RANS
T R =X S 1 oo 04 L Es
i el‘i'le = thg?_ B R A R S || —A— 006.02 GRID LEVEL 4 005.05 URANS
H Yellow = R B il Bt sl ST SRS T -|| —— 006.03 GRID LEVEL 4 007.06 RANS
| - I DT o 04 G
Gray = WMLES — A 007.07 GRID LEVEL 4 007.09 URANS
1.05 + h——— :A‘t: 007.0822:3 tgzgta 1.05 008.01 RANS
007.09 4
|| —#—— 008.02 GRID LEVEL 1 008.02 URANS
p— 008.03 GRID LEVEL 1
3»— 010.01 GRID LEVEL 10
. A— 012.12 GRID LEVEL 4
1 A 0703 GRID LEVEL S
|| —#—— 027.04 GRID LEVEL 3
-|| —#&— 021.01 GRID LEVEL 1
0.95 0.95
-l -
(& (&
0.9
0.85 0.85
0.8
0.75 0.75

* For the same participant/setup:
— Steady and unsteady values do not match at pre-buffet oo Al o .
ofe: ata are preliminary

— Time-averaged unsteady values should be lower than steady, but they are not and are subject to change
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Test Case 1b:
Unsteady Results

CP-cuts
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Test Case 1a : Cp-cuts (mean) JAIAA

SHAPING THE FUTURE OF AEROSPACE

005.03 - ALPHA 3.90 - GRID 1

3 ———— & e o e ey ————— 005.04 - ALPHA 3.90 - GRID 1
Y a 9 : ————— 005.05 - ALPHA 3.90 - GRID 1
= ; ———— 007.07 - ALPHA 3.90 - GRID 4
15 15 15 007.08 - ALPHA 3.90 - GRID 4
= & \ \ 007.09 - ALPHA 3.90 - GRID 4
i ! U ] A > 010.03 GRID LEVEL STRAND-
e, \ 1 IE 4 J It it 012.12 - ALPHA 3.90 - GRID 4
; )Sé\ ; J ! \y 027.03 - ALPHA 3.90 - GRID 3
1 p f £ f ————— 027.04 - ALPHA 3.90 - GRID 3
B o5 B o B 5 9 M=073-a=3.90
(&) . (&) . WY (&) . Ny
} s - » » - - * Improved agreement at
0 i SV 0 v 0 o oge
¥ . post-onset conditions,
$4 $4 ° °
el I s 1P A E 4
054 05 0sh but still the shock is too
downsiream
L) 0z 04 _06 08 1 1o 0z 04 __06 08 1 19 0z 04 _06 08 1
— Notable exception SST-
2 2 2
=325 o= 350 EEEE  ComPOcR
151 _ 15 - ] o ne
e faEEEy f N * Overprediction of
) A f S b °
" W o 1 2N suction downstream of
& 05 ¥ & 05 & 05 the shock for HRLES
o ® i 0 ™ My 0 ~ Green = URANS
7, - A P N Blue = HRLES
®. g : : Symbols:
0.5 l’ 0.5 f 0.5 f 'Bfiangmd: VéMLE$ .
lamond = experiments
4 4 I
L . .
19 0.2 0.4 0.6 0.8 1 19 0.2 0.4 0.6 0.8 1 13 0.2 0.4 0.6 0.8 1 Note: All data are preliminary
x/c x/c x/c and are subject to change
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Test Case 1a : Cp-cuts (rms)

JAIAA

SHAPING THE FUTURE OF AEROSPACE

0.5 - 0.5 -
o = 2.50 a =3.00°
0.4} 1 o4} ~
203 203
(0 (s
G 0.2 1 &o02f . -
0.1 1 01} :
- | ' //.'; + |

|

0 0.5 1 0 0.5 1
x/c x/c

AIAA Aviation 2025 Forum: Las Vegas, Nevada, US | July 21, 2025

005.03
005.04
005.05
007.07
007.08
007.09
010.10
012.12
. 014.03
023.01
027.03
027.04
| experiment

black = URANS-SA
red = URANS-SA-QCR
blue = URANS-SST
green = HRLES

cyan = WMLES

Note: All data are preliminary
and are subject to change
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Test Case 1a : Cp-cuts (rms) JAIAA

SHAPING THE FUTURE OF AEROSPACE

0.5 T 0.5 r

o = 2.50-

 HRLES and SA-comp strong
fluctuations and early onset

|+ SA-QCR and SST weak

% 2l fluctuations and delayed
G 0.2 onset
0.1 ! » Fluctuations peak amplitude,

location and width:

— URANS fail at predicting the
width of the fluctuations
amplitude, location and
width, but behave well
downstream of the
inferaction

— Opposite happens for the
HRLES solutions

— For the highest alpha, WMLES
behaves best but still

differences upstream of the

peak Note: All data are preliminary
and are subject to change
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Conclusions and Way Forward
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Conclusions: General JAIAA

« Summary of preliminary data for Buffet Working Group efforts for Test Case 1
* A huge thanks to all contributors, leading groups and plotting teams!

« Of the 74 datasets provided, only 18 unsteady datasets (mostly URANS)

— Possible reasons?
= increased computational costs
= difficulfies in setting up fime-integration parameters

* Large number of participants used customs grids.
— What are the reasonse
— More investigations on the grid metrics will be done for the final workshop
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Conclusions: Results JAIAA

* RANS results:
— Grid independence not shown

— Larger scatter than in DPW-7 for the full-aircraft (not objective of the Buffet Working
Group, but still concerning)

— Differences between “SA” and "QCR/comp” groups

— Shock generally predicted too downstream even for pre-onset cases
= Are the experiments truly 2D<
= 3D span-periodic simulations¢ Sensitivity to span width?e
= What is the effect of corner separationse

* Unsteady results
— Few contributions, difficult to make definite conclusions
— Large scatter between different methods (URANS, HRLES, WMLES)
— Improvement of the prediction of shock behavior, but still foo downstream
— Fluctuations are difficult fo capture correctly

AIAA Aviation 2025 Forum: Las Vegas, Nevada, US | July 21, 2025
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Way Forward JAIAA

SHAPING THE FUTURE OF AEROSPACE

« If you find any problems in the presented data, please get in touch (aiaabuffet@gmail.com)

» Participants can correct and add datasets for the final workshop

* Further work on case 1:
— PSD comparisons
— Custom grid metrics information
— Transients and stafistics collection fimes
— Confirmation of different SA flavours

* Many lessons learnt, but improved communication is needed for the success of the more
complex cases 2 and 3 (full-aircraft)
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Test Case 1a:
RANS Results

Grid Study
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Test Case 1a : Grid Study at a = 1.50

0.8

Colored by turbulence model variant

002.01 ALPHA 1.50
002.02 ALPHA 1.50
002.03 ALPHA 1.50

:l: 002.04 ALPHA 1.50
002.05 ALPHA 1.50
—— 004.01 ALPHA 1.50
—l— 004.02 ALPHA 1.50

:': 004.03 ALPHA 1.50
007.01 ALPHA 1.50
:!: 007.02 ALPHA 1.50
007.03 ALPHA 1.5
—ll— 007.04 ALPHA 1.50

007.05 ALPHA 1.50
007.06 ALPHA 1.50
008.01 ALPHA 1.50

—— 012.01 ALPHA 1.50
—— 012.02 ALPHA 1.50
:l: 012.03 ALPHA 1.50

012.04 ALPHA 1.50
—l— 012.05 ALPHA 1.50
:=: 012.06 ALPHA 1.50

012.07 ALPHA 1.50
:l: 012.08 ALPHA 1.50

012.09 ALPHA 1.50
—— 012.10 ALPHA 1.50
—— 012,11 ALPHA 1.50
—l— 014.01 ALPHA 1.5
:l: 023.02 ALPHA 1.50

024.01 ALPHA 1.50
—l— 027.02 ALPHA 1.5
—l— 021.01 ALPHA 1.50

0.8

Colored by grid type

JAIAA

SHAPING THE FUTURE OF AEROSPACE

—— 002.01 ALPHA 1.50
—— 002.02 ALPHA 1.50
:I: 002.03 ALPHA 1.50

002.04 ALPHA 1.50
—— 002.05 ALPHA 1.50
—— 004.01 ALPHA 1.50
—— 004.02 ALPHA 1.50

004.03 ALPHA 1.50
:': 007.01 ALPHA 1.50
—l— 007.02 ALPHA 1.50
—l— 007.03 ALPHA 1.5
—— 007.04 ALPHA 1.50

007.05 ALPHA 1.50

007.06 ALPHA 1.50
—— 008.01 ALPHA 1.50
—— 012,01 ALPHA 1.50
—— 012.02 ALPHA 1.50
:I: 012.03 ALPHA 1.50

012.04 ALPHA 1.50
—— 012.05 ALPHA 1.50
—— 012.06 ALPHA 1.50
—— 012.07 ALPHA 1.50
:l: 012.08 ALPHA 1.50

012.09 ALPHA 1.50
—— 012.10 ALPHA 1.50
—— 012.11 ALPHA 1.50
—— 014.01 ALPHA 1.5
:I: 023.02 ALPHA 1.50

024.01 ALPHA 1.50
—— 027.01 ALPHA 1.5

—fl— 027.02 ALPHA 1.5
—— 021.01 ALPHA 1.50

0.78 = AA/‘/‘/ \ e L eoe: 0.78
" : . P ! |Red = SA
I : ' Green = SA-R, SA-C

. |Blue = SA-R-QCR, SA-RC-QCR
. |Gray = SA-comp
: |Brown = SA-QCR-comp

Yellow = SA-RC-comp

: |Symbols:
i |Square = SA-based

Red = Cadence (structured)
Green = Cadence (unstructured)
Blue = HeldenAero

Gray = Custom

Trlanglle = SST-based
1

i i i
0.001 0 0.0002  0.0004 _ 00006  0.000

1 |

0.001

(o' )] R
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Test Case 1a : Grid Study at a = 1.50-

002.01 ALPHA 1.50 —fl— 002.01 ALPHA 1.50

002.02 ALPHA 1.50 —— 002.02 ALPHA 1.50

002.03 ALPHA 1.50 :I: 002.03 ALPHA 1.50

:l: 002.04 ALPHA 1.50 002.04 ALPHA 1.50

PR 002.05 ALPHA 1.50 —ll— 002.05 ALPHA 1.50

0.0155

—— 014.01 ALPHA 1.5 —— 014.01 ALPHA 1.5

0.015 :l: 023.02 ALPHA 1.50 0.015 :': 023.02 ALPHA 1.50

. 024.01 ALPHA 1.50 . 024.01 ALPHA 1.50
—fl— 027.02 ALPHA 1.5 —l— 026.01 Alpha 1.5

....... —l— 021.01 ALPHA 1.50 4 || —— 027.01 ALPHA 1.5

Colored by turbulence model variant

—— 004.01 ALPHA 1.50
—l— 004.02 ALPHA 1.50

:': 004.03 ALPHA 1.50
007.01 ALPHA 1.50
:!: 007.02 ALPHA 1.50
007.03 ALPHA 1.5
—ll— 007.04 ALPHA 1.50
007.05 ALPHA 1.50
EE 007.06 ALPHA 1.50
008.01 ALPHA 1.50

—fl— 012.01 ALPHA 1.50
—fl— 012.02 ALPHA 1.50

:l: 012.03 ALPHA 1.50 :I: 012.03 ALPHA 1.50
012.04 ALPHA 1.50 012.04 ALPHA 1.50
—— 012.05 ALPHA 1.50 —l— 012.05 ALPHA 1.50
:=: 012.06 ALPHA 1.50 —— 012.06 ALPHA 1.50

012.07 ALPHA 1.50 ~—— 012.07 ALPHA 1.50

:l: 012.08 ALPHA 1.50
012.09 ALPHA 1.50
—— 012.10 ALPHA 1.50
—— 012,11 ALPHA 1.50

=SA
Green = SA-R, SA-C

0.0155

JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by grid type

—l— 007.02 ALPHA 1.50
—l— 007.03 ALPHA 1.5
—— 007.04 ALPHA 1.50

004.01 ALPHA 1.50
004.02 ALPHA 1.50
004.03 ALPHA 1.50
007.01 ALPHA 1.50

007.05 ALPHA 1.50
007.06 ALPHA 1.50
008.01 ALPHA 1.50
012.01 ALPHA 1.50
012.02 ALPHA 1.50

012.08 ALPHA 1.50
012.09 ALPHA 1.50
012.10 ALPHA 1.50
012.11 ALPHA 1.50

027.02 ALPHA 1.5
021.01 ALPHA 1.50

........

. |Blue = SA-R-QCR, SA-RC-QCR
. |Gray = SA-comp
: |Brown = SA-QCR-comp

0.0145

Yellow = SA-RC-comp 0.0145

+{Symbols:
i |Square = SA-based

Red = Cadence (structured)
Green = Cadence (unstructured)
Blue = HeldenAero

Gray = Custom

Trlanglle = SST-based
1

0.001

1 |

0.001
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Test Case 1a: Grid Study at a = 3.10- JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by turbulence model variant Colored by grid type

002.01 ALPHA 3.10
002.02 ALPHA 3.10

002.01 ALPHA 3.10
002.02 ALPHA 3.10
002.03 ALPHA 3.10 002.03 ALPHA 3.10

: : ' / H : d ' : } : H . 1 H —— 002.04 ALPHA 3.10 002.04 ALPHA 3.10

1.02 ; " " T . " " " " " " " —l— 004.01 ALPHA 3.10 1.02 ; " T v . " " " " " " " " " 004.01 ALPHA 3.10
—— 004.02 ALPHA 3.10 . . . i, | .| | —#— o004.02 ALPHA 3.10

—ll— 004.03 ALPHA 3.10 ; ' : . P v —l— 004.03 ALPHA 3.10

:.: 007.04 ALPHA 3.10 - . 3 - - f :l: 007.04 ALPHA 3.10

007.05 ALPHA 3.10 H ' H . H ’ H H : H 007.05 ALPHA 3.10

007.06 ALPHA 3.10 ] : : 3 v ] e - i ; 3----| | —l— 007.06 ALPHA 3.10

008.01 ALPHA 3.10 : : : : H : : —l— 008.01 ALPHA 3.10

012.01 ALPHA 3.10 1 —_— —— 012.01 ALPHA 3.10

:l: 012.02 ALPHA 3.10 1 - - HU A S N :.: 012.02 ALPHA 3.10

012.03 ALPHA 3.10 ' : ' : ' : ' : : 012.03 ALPHA 3.10

—l— 012.04 ALPHA 3.10 - . e . I SR A S, —— 012.04 ALPHA 3.10

—l— 012.05 ALPHA 3.10 H . H H H ' H —— 012.05 ALPHA 3.10

—l— 012.06 ALPHA 3.10 B D T e S T e T —l— 012.06 ALPHA 3.10

' 012.07 ALPHA 3.10 ' :l: 012.07 ALPHA 3.10

0.98 ; T , v ’ 1 : " T 012.08 ALPHA 3.10 0.98 012.08 ALPHA 3.10

b —l— 012.09 ALPHA 3.10 p —l— 012.09 ALPHA 3.10
' ' ' ' ' ' ' ' —l— 012.10 ALPHA 3.10 ' ' ' ' ' ' ' —— 012.10 ALPHA 3.10
...... ko —— 012.11 ALPHA 3.10 . L weu-| | = 012.11 ALPHA 3.10

..................

:.: 023.02 ALPHA 3.10 023.02 ALPHA 3.10
- B : 024.01 ALPHA 3.10 1 - - seo-- G- - joeeehenndonns 024.01 ALPHA 3.10
O m ¢y LN P :!: 026.01 Alpha 3.1 (®) ‘mle ! : LN Py —— 026.01 Alpha 3.1
0.96 T S — " " - — 027.01 ALPHA 3.1 0.96 —— 027.01 ALPHA 3.1
: : —J— 027.02 ALPHA 3.1

—fl— 027.02 ALPHA 3.1
—— 021.01 ALPHA 3.10 ~—f— 021.01 ALPHA 3.10

0.94 ——iln = 0.94

|Red = SA

: " Green = SA-R, SA-C : HIU R | N
0.92 — — — —_— ‘ Blue = SA-R-QCR, SA-RC-QCR 0.92 ; ; ;

. |Gray = SA-comp
: |Brown = SA-QCR-comp

..................

+1Yellow = SA-RC-comp

Symbols:

™Square = SA-based 0.9

; Trlanglle = SST-based
1

.|Red = Cadence (structured)
Green = Cadence (unstructured)
Blue = HeldenAero

Gray = Custom

1 L
0.001 0.001
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Test Case 1a : Grid Study at a = 3.10¢°

Colored by turbulence model variant

Colored by grid type

JAIAA

SHAPING THE FUTURE OF AEROSPACE

E 002.01 ALPHA 3.10 —l— 002.01 ALPHA 3.10
- PR - - 002.02 ALPHA 3.10 —4— 002.02 ALPHA 3.10
H H 002.03 ALPHA 3.10 :I: 002.03 ALPHA 3.10
Vo —— 002.04 ALPHA 3.10 002.04 ALPHA 3.10
0.042 - —— 004.01 ALPHA 3.10 0.042 —— 002,05 ALPHA 3.10
: —— 004.02 ALPHA 310 —— 004.01 ALPHA 3.10
o | SRR = Foran
: 007.05 ALPHA 3.10 007.04 ALPHA 3.10
A . 007.06 ALPHA 3.10 —l— 007.05 ALPHA 3.10
’ 008.01 ALPHA 3.10 —— 007.06 ALPHA 3.10
01202 ALPHA 3.10 - el ereHirrirg o
:l: 012.03 ALPHA 3.10 :l: 012.02 ALPHA 3.10
0.04 I —— 012.04 ALPHA 3.10 0.04 —8— 012.03 ALPHA 3.10
. T | —— 01205 ALPHA 3.10 . —— 012,04 ALPHA 3.10
: —— 012.06 ALPHA 3.10 —— 012.05 ALPHA 3.10
PR 012.07 ALPHA 3.10 :l: 012.06 ALPHA 3.10
H 012.08 ALPHA 3.10 012.07 ALPHA 3.10
H —— 012.09 ALPHA 3.10 ~——fl— 012.08 ALPHA 3.10
-==3-=--| | —fli— 012.10 ALPHA 3.10 —— 012,09 ALPHA 3.10
ME S rn = S
o a0 ALeHAS 10 - Emana
H . pha 3. y A
o 0 038 Il :!: 027.01 ALPHA 3.1 0 038 ~——— 026.01 Alpha 3.1
' : —— 027.02 ALPHA 3.1 ' —— 027.01 ALPHA 3.1
' —— 021.01 ALPHA 3.10 :': 027.02 ALPHA 3.1
Rt hh 021.01 ALPHA 3.10
R S
b il B P P i i [Colors: : : :
0.036 —t—t —t—t —t—t I — = Red = SA 0.036 —t—t —t—t —t—t I — I —
P 5 i P i . A i ! |Green =SA-R, SA-C P 5 i P i . P P
T R T R (R R S A R S R . f-m=d----t---4---4---- {Blue = SA-R-QCR, SA-RC-QCR ALY EERRCT AERS (R R S A R S R .
¢ 18 ¢ b ¢ r P i ! |Gray = SA-comp ¢ 18 ¢ b ¢ r P .o
ey LI DI PR bomedemmeionndon. deemebendene)n R ol SE i----{Brown = SA-QCR-comp R SITRC TR ERR bomedemmeionndon. deemebendene)n R ol SE I Y
H ' H H H H H H : H : H : . |Yellow = SA-RC-comp : : H H H H H H : H H H H Colors:
U R T IR R S T N T R S R R . HEn U R - I N T R S R R . i---{Red = Cadence (structured)
o Voo N ! i |Symbols: oo Voo Lo oo . |Green = Cadence (unstructured)
0.034 — i A — — . Square = SA-based 0.034 — F—— — — .—Blue = HeldenAero
: I Al/ oo R I . [Triangle = SST-based : I T oo R I : |Gray = Custom
L1 1 L1 1 L1 [ [ L1 1 L1 1 L1 [ [
. . N o3 V- . . . . N o3 V- . .
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Test Case 1a: Grid Study at a = 3.90° JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by turbulence model variant Colored by grid type

B EEREEEEEEEEEEEE o e e [ meeawmas
1.05 —— E bt e e 002.02 ALPHA 3.90 1.05 —— E bt e e —J— 002.02ALPHA 3.9
* ' ' i i i ' i i ' ' ' ' ' ' i 002.03 ALPHA 3.90 * ' ' ' i i ' i i ' ' ' ' ' ' i :I: 002.03 ALPHA 3.90
—ll— 002.04 ALPHA 3.90 ' : H H H . H HE H . H : N 002.04 ALPHA 3.90

—— 004.01 ALPHA 3.90 S R — p : : TR - ; $eeeqgeen-| | —— 004.01 ALPHA 3.90

—— 004.02 ALPHA 3.90 oo o —— 004.02 ALPHA 3.90

—l— 004.03 ALPHA 3.90 ' ' ’ ' H ~ll—— 004.03 ALPHA 3.90

:l: 007.04 ALPHA 3.90 R RREAREE : ; r [EREE EEEE :l: 007.04 ALPHA 3.90

007.05 ALPHA 3.90 ' ' ' ' ' ' ' ' ' ' ' 007.05 ALPHA 3.90

007.06 ALPHA 3.90 ' H H H H H H H H ' H H —l— 007.06 ALPHA 3.90

008.01 ALPHA 3.90 B e [--=17"""r=""1""""| | —— 008.01 ALPHA 3.90

012.01 ALPHA 3.90 : : . : ' —— 012.01 ALPHA 3.90

:l: 012.02 ALPHA 3.90 | L :.: 012.02 ALPHA 3.90

012.03 ALPHA 3.90 i = T 012.03 ALPHA 3.90

—— 012.04 ALPHA 3.90 : H : H
—l— 012.05 ALPHA 3.90 1 H H n > H H H —— 012.05 ALPHA 3.90
—l— 012.06 ALPHA 3.90 H H . H H . . 1 g | —— 012.06 ALPHA 3.90
:.: 012.07 ALPHA 3.90 : : : : : v :l: 012.07 ALPHA 3.90
012.08 ALPHA 3.90 S : : : [ S, 012.08 ALPHA 3.90
—— 012.09 ALPHA 3.90 : : " T ; : : ' o —— 012.09 ALPHA 3.90
—— 012.10 ALPHA 3.90 : } = = t o : : ' ; P —— 012,10 ALPHA 3.90
—— 012.11 ALPHA 3.90 SU 3 . A o eedeeebeeedeena| | —fl— 012.11 ALPHA 3.90
:.: 023.02 ALPHA 3.90 : H H b H :l: 023.02 ALPHA 3.90
024.01 ALPHA 3.90 - : H : H . H . H 024.01 ALPHA 3.90
—ll— 026.01 Alpha 3.9 ($) SRRl B - P ] : deeeebonodeeoo| | B 026.01 Alpha 3.9

—— 012.04 ALPHA 3.90

0.95 gl 0.95 [tk

: =SA : : H H
. |Green = SA-R, SA-C |
. |Blue = SA-R-QCR, SA-RC-QCR N :
: P : i |Gray = SA-comp P . P ¢
N H Rkl Sty i 1----r1Brown = SA-QCR-comp i ; ? el ettt i
: N i1 |Yellow = SA-RC-comp A Colors:
T — 0.9 S — S—— —_— — Red = Cadence (structured)
: : ' e ' e : : ! : : |Symbols: : : : [ ! Lo : ! : +  |Green = Cadence (unstructured)
e LS quare = SA-based e e X ..l |Blue = HeldenAero
o N ] [Tniangle = SST-based e N [ (Gray=Custom
[ L1 1 [ [ L1 11 [ L1 1 [ [ [
0 0.0002 0.0004 2/30.0006 0.0008 0.001 0 0.0002 0.0004 2/30.0006 0.0008 0.001
N N
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Test Case 1a: Grid Study at a = 3.90- JAIAA

SHAPING THE FUTURE OF AEROSPACE

Colored by turbulence model variant Colored by grid type

002.01 ALPHA 3.90 002.01 ALPHA 3.90
002.02 ALPHA 3.90 002.02 ALPHA 3.90
: H H ; : : 002.03 ALPHA 3.90 002.03 ALPHA 3.90
A T e A R
0.058 A — — T et T — —— 004.02 ALPHA 3.90 0.058 004.02 ALPHA 3.90
_‘: --i....L _______ R S O S I U —l— 004.03 ALPHA 3.90 gg;gi:t:::ggg
[ Pl P P Pood :l: 007,06 ALPHA 2.9 o oo R oL o 007.05 ALPHA 3.90
H H H H H H H H H H H H H H H 7.05 A ' ' ' ' ' ' . ' ' ' ' ' i ' . .
: 007.06 ALPHA 3.90 R ; : B = “toocittttromim7| | —i— 007.06 ALPHA 3.90
008.01 ALPHA 3.90 : : : : : I —ll— 008.01 ALPHA 3.90
012.01 ALPHA 3.90 B M —— g::g; ﬁt::: ggg
012.02 ALPHA 3.90 H . R
0.056 t :l: 012.03 ALPHA 3.90 0.056 t $ + 012.03 ALPHA 3.90
o —— 012.04 ALPHA 3.90 ' ' i i i ' i i ' [ L] S S g:gg;:tin:ggg
-l —— 012.05 ALPHA 3.90 : : ‘ d b b 01206 ALPHA 3.90
H —l— 012.06 ALPHA 3.90 o im el ol L b T | . X
e 012.07 ALPHA 3.90 ’ . ' 012.07 ALPHA 3.90
012.08 ALPHA 3.90 ‘ot : : : : : 012.08 ALPHA 3.90
012.09 ALPHA 3.90 g}g.?g ﬁtﬁﬂﬁ g.gg
012.10 ALPHA 3.90 . X
0.054 012.11 ALPHA 3.90 0.054 012.11 ALPHA 3.90
023.02 ALPHA 3.90 023.02 ALPHA 3.90
o 024.01 ALPHA 3.90 o 024.01 ALPHA 3.90
($) —ll— 026.01 Alpha 3.9 ($) 026.01 Alpha 3.9
: |Red = SA
0.05 ~ Green = SA-R, SA-C 0.05
. |Blue = SA-R-QCR, SA-RC-QCR
. |Gray = SA-comp
+{Brown = SA-QCR-comp
Yellow = SA-RC-comp
. :"""|Red = Cadence (structured)
; : i Green = Cadence (unstructured
0.048 Symbols: 0.048 —— ———t 8 1 Green= Cadenc
' ! |Square = SA-based N oo A N : ue = HeldenAero
‘ i ; Triangle = SST-based ----i---{Gray = Custom
1 | 1 T | [
. . N' 23" . .
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SHAPING THE FUTURE OF AEROSPACE
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Test Case 1a:
RANS Results
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Test Case 1b:
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