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Introduction et e

Summary is preliminary

— Participants can update their results after the workshop,
If desired; deadline: Sept 6, 2010

Looking for:

— QOverall collective results
— Trends
— Qutliers
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B=Boltzmann

SX=Structured
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UT=Unstructured tet

UH=Unstructured hybrid
CB=Cartesian based
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model
used

direc center center
grids  grids

1=Str point-matched A

2=Str point-matched B

3=Str overset A

4=Unstr tet cell-center A
5=Unstr tet node-center A
6=Unstr hybrid (merged from 5)
7=Unstr hybrid node-center A
8=Unstr hybrid node-center B
9=Unst hex (from 1)

each each each each each
direc  direc  direc direc  direc

SA=Spalart-Allmaras

SST=Menter Shear Stress Transport
KE=K-Epsilon

VLES=Very Large Eddy Simulation
RSM=Reynolds Stress Model
KO=Wilcox K-Omega

* = modified in some way
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1=Str point-matched A

2=Str point-matched B

3=Str overset A

4=Unstr tet cell-center A
5=Unstr tet node-center A
6=Unstr hybrid (merged from 5)
7=Unstr hybrid node-center A
8=Unstr hybrid node-center B
9=Unst hex (from 1)
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RSM=Reynolds Stress Model
KO=Wilcox K-Omega

* = modified in some way
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Most used unstructured grids effrye frefien

Code P

(@)

W

E

R

) CB
Turb

nmr <

Trans-
ition
model
used

N=node-centered SX=Structured 1=Str point-matched A SA=Spalart-Allmaras
C=cell-centered UX=Unstructured hex 2=Str point-matched B SST=Menter Shear Stress Transport
B=Boltzmann UT=Unstructured tet 3=Str overset A KE=K-Epsilon
UH=Unstructured hybrid  4=Unstr tet cell-center A VLES=Very Large Eddy Simulation
CB=Cartesian based 5=Unstr tet node-center A RSM=Reynolds Stress Model
6=Unstr hybrid (merged from 5) KO=Wilcox K-Omega
7=Unstr hybrid node-center A * = modified in some way

8=Unstr hybrid node-center B
9=Unst hex (from 1)
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LIFT CURVE & POLAR PLOTS
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Comparing to experimental bounds
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Collectively, CFD tended to
yield too-low lift, too-low
drag, too-high moment (on
Medium-level grid)
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Lift curve on coarse grids QAIAA
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Lift curve on fine grids

Workshop
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Both grid types similar spread on
(with same turbulence model)
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fine grids
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Moment polar on coarse grids QAIAA
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Moment polar on fine grids QAIAA
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Prediction of alpha at CLmax
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Config 1 vs. config 8

Workshop
. All Grids, Turb Models, and Solvers
CFD.comiIgl “
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3 . Chomee
2.5
-
O
2
1.5 Recall that all
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20 25

ALPHA

30

35 40

comparisons between
Config 1 and Config 8
were made using
Medium-level grids only

(Only showing those
who ran both configs)
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Config 1 vs. config 8

A WA N B
CFD High Lift Prediction
Workshop
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Config 1 vs. config 8

Workshop
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who ran both configs)
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Config 1 vs. config 8
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3.5 Turbulence Model: SA e Turbulence Model: other
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Except for 009, “other” models appear to yield lower
lift than SA near CLmax
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Structured vs. unstructured CL
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Grid Convergence Parameter = 1/N

AIAA HiLiftPW-1 — Chicago, IL June 2010

. 2/3
Grid Convergence Parameter = 1/N
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CL and CD by turbulence model
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Cp, alpha=13, flap 85 (2) O g

Workshop
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Cp, alpha=13, flap 85 (4) el i

Workshop

5 out of 6 SSTs missed T.E. pressures at this station

Among SA, 12 did well with T.E. pressures, 9 not as well
— SA runs that missed T.E. more than others: 005.01, 005.02, 006, 007,
012.01,012.02, 016, 017.01, 021.01

— Reason(s) for differences not clear

Most grid-sensitive:
— 002, 006, 016
— Jury out on 005.02, 014.03, 020.01, 021.02 (need Fine grid result)

— Same grid UT5 (tets) more grid-sensitive than UH6 (merged into prisms in
B.L.) when run in same code (FUN3D)

Also looked at stations 17 (not shown)
— All seem to get T.E. Cps on flap okay
— Similar results (as flap 85) regarding grid sensitivity
— Some participants get upper surface peak Cps worse than others
— 007 and 019 exhibited odd-even decoupling on slat 17 (alpha=13)
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Cf, alpha=13, flap 85 (1)

High Lift Prediction
Workshop
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Cf, alpha=13, flap 85 (2) e
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Cf, alpha=13, flap 85 (2) e

Workshop

Cf not reported by all participants
001 has very different CF shape (transition incl. in model)

OVERFLOW indicates transitional flow even though fully
turbulent
« This code used SA+fv3, a version known to have this tendency

019 reported incorrect CF levels

Near flap T.E., 021.01 and 021.02 stand out from the
others

— All others predict upper surface T.E. separation or incipient
separation

— But participant showed separated streamlines in his talk
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Flow near wingtip at alpha=28 crongy e

Workshop

CcP

- All participants predicted flow near —
flap wingtip poorly (true at alpha=13
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This is an example of one of the best results
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Flow near wingtip at alpha=28

CFD High Lift Prediction

Workshop

CcP

This is an example of the most common results (“Fair”)
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CFD High Lift Prediction
Workshop

Cp, alpha=28, flapfwdspan (1)

SX1 & UX9
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Cp, alpha=28, flapfwdspan (2) Ceongh i et

Workshop
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Cp, alpha=28, flapfwdspan (3)

CFD High Lift Prediction

Workshop
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Cp, alpha=28, flapfwdspan (4) o gyt ion

Workshop

Subjective grouping;:

(only listed here if 2 or more grid levels used)

* Best:

— 003 (but not XF), 005.01, 014.01, 015, 018
 VVery good:

— 001, 004, 007, 012.01, 016, 017.01
» Good:

— 009, 012.02, 013.01, 013.02, 013.03, 014.02
s Fair:

— 005.02, 010, 011, 017.02, 017.03, 017.04, 019, 020.01, 020.02, 021.01, 021.02
* Furthest from the data:
— 002, 008.01, 008.02, 008.03

—Other than grid UH7, the grid system does not seem to be
the main key to success/failure
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Some observations regarding tip flow eongunaci

Workshop

Notes (based on flapfwdspan station only), accounting for
trend near flap outboard tip as grid is refined:
— Overset grid results among best (but there were inconsistencies)
— TAU code with SA on UHS8 grid good, but on UH7 among worst

o Effect of grid? (more sensitive to ICs?)

— USM3D on UT4 with SA good, but with k-omegas only fair

o Effect of turbulence model?

— SX1 grid with SA with ELSA among best, but with CFL3D only fair

o Thin layer issue? Implementation difference?

— UT5&UHG6 grids with SA with FUN3D good, but NSU3D only fair

o Thin layer issue? Implementation difference?

— UHS8 grid with SA with TAU good, but with EDGE only fair

> Implementation difference?
— 009 stands out at tip area
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Participants who computed brackets

CFD High Lift Prediction
Workshop
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Trans- brackets Thin Trans- Thin Used Used Roe HLLC Central Thin ~ Thin  Thin Thin  Thin

Notes ition offon each ition each node- node- each each each

model
used

bracket-
like grid

direc

N=node-centered
C=cell-centered
B=Boltzmann

SX=Structured

model
used

UX=Unstructured hex
UT=Unstructured tet

UH=Unstructured hybrid
CB=Cartesian based

AIAA HiLiftPW-1 — Chicago, IL June 2010

direc center

grids

center
grids

1=Str point-matched A

2=Str point-matched B

3=Str overset A

4=Unstr tet cell-center A
5=Unstr tet node-center A
6=Unstr hybrid (merged from 5)
7=Unstr hybrid node-center A
8=Unstr hybrid node-center B
9=Unst hex (from 1)

each

direc  direc  direc direc

SA=Spalart-Allmaras

SST=Menter Shear Stress Transport
KE=K-Epsilon

VLES=Very Large Eddy Simulation
RSM=Reynolds Stress Model
KO=Wilcox K-Omega

* = modified in some way
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Effect of Brackets
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drop at alpha=28 2.5} =
: | \
J =
O 5 i Z
B E. no brackets
1.5 brackets
i experiment
Ig 0 15 20 25 30 35 40
ALPHA

AIAA HiLiftPW-1 — Chicago, IL June 2010
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Effect of brackets

Workshop

€
>
-
|||||I>

Alpha=13

247 0.35 0.47
2.08 | 0.345F } -0.48 A\
r--------------/l-- B / /1) S |\ iy 2 \

0.34 \\ / \

2065 ! // 0335} '0'55 \ //
2.04: 00.332 A5K\\.l// -0'51:________ AT SN F—
A e (e N BT

.82} 054

CL
CM

: —8— no brackets L —8— no brackets a —F8— no brackets
1.98 —=&— brackets i 0.315 F —=&— brackets H 0.55E —=&— brackets ]
i = = = experiment range ¥ = = = experiment range PRE = = = experiment range

0.56L

1.961L 0.31¢L

I I 1 L L I 1 I I
003.02 007 009 010  012.01 003.02 007 009 010  012.01 003.02 007 009 010  012.01

Brackets have relatively minor effect:
typically slightly lower CL, higher CD,
higher CM
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Effect of brackets

I
»

A

@:

I W B
CFD High Lift Prediction
Workshop

Alpha=28

2.95
29}

O 285}

o7t

A

28}

s
I

\]

—+&— no brackets

2.75}

—=—— Drackets
= = =  pxperiment range

I I 1
003.02 007 009 010  012.01

0.72
0.71F
0.7F
0.69
0.68

8 0.67F
0.66 F
0.65F
0.64F
0.63F
0.62k

——&— no brackets
—— brackets

= = = experimentrange [

L L I
003.02 007 009 010  012.01

047
0.42f
0.44

=-0.46
0.48f

05}

0.52L

—+&8— no brackets

—=—— brackets
= = = experiment range

1 I I
003.02 007 009 010  012.01

Brackets have larger influence.
Collectively, CFD trend with brackets

IS away from experiment (on Medium-
level grids) — grid study needed

AIAA HiLiftPW-1 — Chicago, IL June 2010
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Effect of brackets

A WA N B
CFD High Lift Prediction
Workshop

- Bracket effect can be seen at Cp station flap 50

007 Contig 1. alpha 28, flap 50

CP

cpP

003 Config 1. alpha 28. flap 50

coarse
— — — medium

T] ===-=- fine
med w brackets
experiment

Q\.

N

[

\,
\

B2 64 66 68

010 Contig 1. alpha 28, flap 50

L 1

¢oarse

— = = medium

med w brackets

[ g s fine
i
- | m [ ] experiment

Wi

AIAA HiLiftPW-1 — Chicago, IL June 2010

CcP

cpP

|

| |

coarse
— —  medium
—-=- fine

med w brackets
] experiment

R E
Sl

N
=Y

\

| P

012.01 Config
|

86 68 70

1. alpha 28, flap 50
| |

=N

coarse
— — medium
----- fine

med w brackets
] experiment

)
/
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Effect of brackets

A WA N B
CFD High Lift Prediction
Workshop

- Bracket effect can be seen at Cp station flapfwdspan

003 Config 1. alpha 28, flapfwdspan

CP

cpP

_’_'_'HHA
/

— — — medium
----- fine

] experiment

coarse

med w brackets

80 60

Y

010 Contig 1. alpha 28, flaptwdspan

40 =20 0

9r I I
j —— coarse
i — — — medium
~ oo o fine |
] med w brackets
L n | | experiment
v
-80 -60 -40 -20 0

AIAA HiLiftPW-1 — Chicago, IL June 2010

CcP

cp

007 Contfig 1. alpha 28, flaptwdspan

—— Coarse

— — medium
----- fine

] experiment

med w brackets

A\

80 60 40 =20 0
Y
012.01 Contig 1. alpha 28, flaptwdspan
[ [ [
— COBIS©
— — — medium
s fine =
med w brackets
experiment
‘ ‘ d ‘ ‘
-80 -60 -40 -20 0
Y

i
\
!

rearam o
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OTHER COMPARISONS

AIAA HiLiftPW-1 — Chicago, IL June 2010
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Same grid & turb, different code CFD igh Ut et

0O 0 0O OO O O 0 0 O 0 0 O 0 0 O 0 0 O 0 0 0 O
0O 0 0O OO O O 00 0O 0O O 1 1 1 1 SN IR RTINS Ik 1 1 1 1 2 2 2 2
Ll1zZ18g|l8]|4] 5|5 7/8 8 8 9 0 1 2 2 SN ESH NN T T G 77 7 9 0 0 1 1
0 O 0 O 0 0 O 0 O 0 0 0 0 O 0 O 0 0 0 0 O
1 2 1 2 1 2 3 1 2 21 & il 2| & 1 2 4 1 2 1 2
Code C C O OH F N T T T T P E N T U C C O 0O o u F C C N U U N N
F F V VvV I U S A A A A ODS AP F F VvV V V S U F F S S S s s
X D E E F N U U U U u w= G uU s A D D E E E M N L L M M M U U
+ R R U 3 3 E E 3 C + + R R R 3 3 3 3 B 3 3 3 3
+ N D D R D S + o+ D D D D D D D D
Type N C N N C N NlN N NN B N N N ClCC N N N ClN ClClCCC N N
) UX UH SX SX UH UH UH UH UH UH UH CB UH UH UH SX UT UX SX SX SX UT UH SX SX SX UT UT UH UH
Grid 9 3 3 66.8777 8 l593334l6 1.2. 4 4 6 6
Turb S K S S S S s S S S RV S S S s K K S S s S S S S S K K S S
S E A A A A A A A S S L A A A A E E A A A A A S S S O O A S
T # T M E e S| T T T * T
* S
?I'_rans- brackets Thin T_rans- Thin Used Roe HLLC Central Thin Thin Thin Thin
Notes i = s l mode Fo .2222} l e lSﬁZZ l el
used like grid used grids
N=node-centered SX=Structured 1=Str point-matched A SA=Spalart-Allmaras
C=cell-centered UX=Unstructured hex 2=Str point-matched B SST=Menter Shear Stress Transport
B=Boltzmann UT=Unstructured tet 3=Str overset A KE=K-Epsilon
UH=Unstructured hybrid  4=Unstr tet cell-center A VLES=Very Large Eddy Simulation
CB=Cartesian based 5=Unstr tet node-center A RSM=Reynolds Stress Model
6=Unstr hybrid (merged from 5) KO=Wilcox K-Omega
7=Unstr hybrid node-center A * = modified in some way

8=Unstr hybrid node-center B
9=Unst hex (from 1)
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006 vs. 013.01 vs. 016

Workshop
Config 1 Config 8
B 006 - == 013.01
3_7::: 812-01 LN 3%_ ----- g;;?erimem
i experiment y‘f \‘ \.\ .,/;‘_,/,.\ 01301 Ce”'
-, 2/ ' 2sl a8 center code, so
. LAY . ; S
i v iy i N + approx 6x more
// L ., | - .
o, 9 - S Ll 7 N resolution with
Y I s . .
i P same grid points
I N for tets than 006
[ |4 or 016 (node-
5 i SUUN NN DUV HOUOE PO OO T ghedeccde e d e 4 center)
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
ALPHA ALPHA
Config 1, Alpha=13 deg Config 1, Alpha=28 deg 006 and 016 are
2.1 . 3 same code:
[ - —ea—— 006 .
; —F N a\_\_é\ - - oo differences due
2-05: o~ _-_:-_. g:;?erimem 2.87 ~ = = .\.\\ o experiment to eﬁect Of ICS In
2 e i \ ol 0067?
- “~N 26
o195} ™~ \ o | \
i \ 2.4
1.9} g [
: N _
1.85} 22r L
1.8—————3go5" AE05 20 “2E05 AE05
NA(-2/3) NA(-2/3)

AIAA HiLiftPW-1 — Chicago, IL Jun

e 2010
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007 vs. 010

@i!égzgé;%ég%?
CFD High Lift Prediction
Workshop
Config 1 Config 8
: 007 - 007
3f—{-—-- o100 o 3 010 " ..
. experiment = < - . experimen -1
/” \ T S Similar results
gl .‘ ‘ gl &1 : except for Config
| / ¥ [ ’\ \ 8 past alpha=21
a _| / \\
i ! |
o, /| ‘ © >
; 4 ' / i
. 1.
15} K 5t 7
10775 70 15 20 25 30 35 40 10570 15 20 25 30 35 40
ALPHA ALPHA
— Config 1, Alpha=13deg — Config 1, Alpha=28 deg —
2.1 : 3
—a— 007
[ - -e— 010 1 et =—===——48
2.05 i ® experiment 58
2} - — I
; 2.6
o195} o
g 2.4
1.9 i
[ —e— 007
- F - -o— 010
1.85 2.2 I ° experiment
18" ——"%E06  {1E05 1BE05  2E-05 20—
NA(-2/3)
AIAA HiLiftPW-1 — Chicago, IL June 2010

=

NA(-2/3)

B0

T5E05  2E-05
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O 1 7 . 03 VS. O 1 8 o eehon

Config 1 Config 8
- 017.03 : 017.03
[ — B e = — = 018 = .
3- . gl;?erimem yr“/\:\ 3- . experiment > /}\ D|ﬂ:erence at
i o i % .
i B4 i P 2 higher alphas
2.5 e 2.5 .
i / \ ; 7 \ due to use of
I \ I 5 . .
o Ll g 3 thin-layer in
2
[ ’ [ 017.03?
1.5 / 1.5} //
1075 10 15 20 25 30 35 40 107570 15 20 25 30 35 40
ALPHA ALPHA
Config 1, Alpha=13 deg Config 1, Alpha=28 deg
217 ‘ 3
[ —e— 017.03 <; o —|— —@ — 4 — = g
3 - -8 — 018 - [ S—
2.05¢ ° experiment || 28 R dmm—
[ =l = I
2} S .- [
: . 26
o195} o
f 2.4
1.9} i
1.85} e W
| L] experiment
1.8 5E06  1E-05  T.5E-05  2E-05 20 5E-06  1E05  T5E05  2E-05
NA(-2/3) NA(-2/3)
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Same grid, code & turb, different peoplesiy iz

00 0 /0 0 O 0 0 0O OOO O O O 0 0 /0 O 0 0 0O OOO O O 0 O 0
00 0 /0 0 O o 0/ 0o o oo 212 221111121 1 11 1 1 1 1 1 1 11|22 2
(N 3 SN R 6 7 8 8 8 9 0 12/2/2 /3 3 3 4 4 4 5 6,7 7, 7/7/8 9 0 0 1
00 0 0 0 O 0O 0 0O OO O O O 0 0 0 O 0 O 0
1 2 1 1 2 3 SN I IR I S 1 1 2 3 4 1 2 2
Code C C O O H F F T T T TP ENTUTCT CTCOUOOWUTFFCTCTCENUWUWU N
F F V VvV I U Uu A AAAODSAPFFFVVV S UWUTFTFFL S S s S
X D E E F N N UUUUWSGUSAUDT DU DTEETEMNNILILTLSMMM U
+ R R U 3 3 E E 3 c + + + R R R 3 33 3 3 3. A B 3 3 3
+ N D D R D S + + + D D D D D D D D D
Type N C N N C'N l N NN NNB N NN CU CU CU CNNNTCNNTCC S| €| €| C l N
) UX UH SX SX UH UH UT UH UH UH UH CB UH UH UH SX UT UT UX SX SX SX UT UT UH SX SX SX SX SX UT UT UH
Grid 9 3 3 6 l 5 8 7 7 7 8 5 5 9 3 3 3 4 5 6 1 1 2 1 4 4 l 6
Turb S K 8§ S8 s 'S S S S SRV SSSSS KK S S S S SIS S S S S s K K S
S E A A A A AAA A S S L A A AAAEEAAAAAASASASODO O S
T # T M E e g% T T T * T
* S
Trans- brackets Trans- Thin Used Used Roe HLLC Central Thin Thin Thin i
Notes b o l e e = o l
used like grid used grids  grids
N=node-centered SX=Structured 1=Str point-matched A SA=Spalart-Allmaras
C=cell-centered UX=Unstructured hex 2=Str point-matched B SST=Menter Shear Stress Transport
B=Boltzmann UT=Unstructured tet 3=Str overset A KE=K-Epsilon
UH=Unstructured hybrid  4=Unstr tet cell-center A VLES=Very Large Eddy Simulation
CB=Cartesian based 5=Unstr tet node-center A RSM=Reynolds Stress Model
6=Unstr hybrid (merged from 5) KO=Wilcox K-Omega
7=Unstr hybrid node-center A * = modified in some way

8=Unstr hybrid node-center B
9=Unst hex (from 1)
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003.01 vs. 014.01

CFD High Lift Prediction
Workshop
Config 1 Config 8
: 003.01 L 003.01
3F—|— — — 014,01 /‘,__/'.’l 31— — — 01401 | d |
i o »\ [ experiment / \ Near Yy identica
gl / " /_/ \ e_xcept. on super-
i / % \ fine grid
i \
- [ -
e S "
1.5} / 15} /]
[ i /
7
[ [
0505 30 35 30 3540 107570 15 20 25 30 35 40
ALPHA ALPHA
Config 1, Alpha=13 deg Config 1, Alpha=28 deg
2.1 3
I —e— 003.01 | & - -
[ — -a— 01401 1 [ -
2.05: . ° experiment - 55
, - f*—;ku__‘ i /
- / 26}
o195} o /
f 2.4
1.9 [
I I / —se—— 003.01
- - -2 — 014.01
1.85 2.2 [ B . experiment [ |
185 TE05 E-05 3E.05 20 TE05 SE-05 3E.05
NA(-2/3) NA(-2/3)
AIAA HiLiftPW-1 — Chicago, IL June 2010
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005.01 vs. 017.01

O
T
W)
L
«
>
—
=
=2
T
=
(9]
=
o
fm
@]
=1

Config 1
005.01
3= == 01701
. experiment
- by .>
2.5 o7
a | /
0 2 .
15— /
1 Ll

0 5 10 15 20 25 30 35 40

20
ALPHA

Config 1, Alpha=13 deg

2.1 ,

[ —a—— 005.01

| - -a - 017.01
2.05¢ ° experiment |

; o

2 Y
i S g S
i S~ T
o195} ~
1.9}
1.85}
L E—T T “IE-05
NA(-2/3)

AIAA HiLiftPW-1 — Chicago, IL June 2010

40

Config 8
[ 005.01
3b—- = - 01701
s . experiment
s .C /
2.5 o7 X
- 7
J | /
O ,f /
1.5} //
10570 15 20 25 30 35
ALPHA
Config 1, Alpha=28 deg
3
L4 L a—
- ks : e
2.8 = = o
i = e
2.6f
P
o =
2.4
5 —e— 005.01
290 - -a— 017.01
i ° experiment
2 I L L L L
0 2E-05 4E-05
NA(-2/3)

Differences due
to use of limiter
in 017.017
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005.02 vs. 021.01

@.g—-g—i-gnzi
CFD High Lift Prediction
Workshop
Config 1 Config 8
I oy e N e 1 o
| . experiment / " i N oxperiment /.(’ - \ Nearly |dent|Ca|
\ ; .
58l gl & T except at highest
i o j ' r alphas
E'> [ d [ \
2 L 2
By B
1: ! 1. ! /
5| K 5¢ i
10775 70 15 20 25 30 35 40 107570 15 20 25 30 35 40
ALPHA ALPHA
Config 1, Alpha=13 deg Config 1, Alpha=28 deg
21 : 3
B —ea—— 005.02 00—~ —~
- & - e — 021.01 1 e —— | o
2.05¢ .‘xxpenmem H 5%
[ ~e [
2f [
: 2.6
o195} o
i 2.4
1.9 i
i —e— 005.02
L W - -0 - 021'0.1
1.85 2.2 [ U experiment
e T2E05  4E-05 %0
NA(-2/3)

AIAA HiLiftPW-1 — Chicago, IL June 2010

. SEiE .

NA(-2/3)

“2E-05
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STATISTICAL ANALYSIS

AIAA HiLiftPW-1 — Chicago, IL June 2010
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Statistical analysis Ly At

Used basic method from DPW (see AIAA
2010-4673)

Limits u4xKo

— U = median of sorted data

— O = sample standard deviation

— K =4/3 = coverage factor

Coefficient of variation Cv =&/ i1
Analysis only done for alpha=13 & 28
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Statistical analysis eyt

I
»

A

@:

Workshop

Alpha=13

Coarse Medium Fine
22¢ 22r 22r
Bl Bl Lol o 7ol Aalan, | P o
cJME T ] | BRI P T
o 1-95_\4__.11_________ ] = o 19_ © 1'9;
18} | 18F2 1.8}
il 0.24 .17 0.09-

scatter range Coefficient of variation on fine grid = 0.013

Scatter limits converging as grid is refined
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GAIAA

Statistical analysis

Workshop

I

Alpha=13

Coarse Medium Fine

0.36 0.36 0.36

036 ——f—— 4 0.35F oz 0.35F

0.34 \ T e e e e T e .
0.333’&? ?Bé{\ - & P 0.333’%” ?/\\Mﬂm 0 0.33?1‘5.“ H,L\\" - o
0.30 EL TSR Peee—Rig 0 0.32 EL1 ﬁf@\“\ﬁw% ] BN . il B LY 1=
M T i V0l T Pt 5 7 O P 0 O i 1
00-3‘5u o i 00-3‘5_#___-____ = = = = TR "
0.3;-H------—- -————n- o.sgj[ 0.3F =
0.292 U 0.2920.6.2 0.29;

0.28} 0.28} . 0.28}

ool 463 cts 027l 366 cts o2} 245 cts
026 028 e B

Coefficient of variation on fine grid = 0.022
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Statistical analysis eyt

Workshop

Alpha=13
Coarse Medium Fine
03 0.3 03
-0.35 B -0.35 -0.35
2_0_45: 'ﬁ R ﬂ:J 2_0.45 __/T a0~ .: R A R _ﬂ- -~ 2_0_45: 0102 %9
O™ e/ | B | a0 O T WA e T e A R i o
I TN [ e e e B £ e e
__ 1 _%_LJ_ 1 L1 Os_m_ 1 _%/‘_LJ_ L] 051-_:‘”
° 0,101 ° 0.083 0.043
Ny ()| INERAS EFAISA WS A WAFA S W By )2} IINERES EFSCAAS ST WAV WAFS O W ol b b b b b 1

Coefficient of variation on fine grid = 0.026

002 is “big” outlier on C and M levels for CL, CD, CM
Participant 002 used k-epsilon based model on non-committee
unstructured hybrid grid
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Statistical analysis

I

=

A

@:

Workshop

Alpha=13, SA only

Coarse Medium Fine
22p 22p 22
2.1 : 2.1 : o120+t 2.1 :
[ R GO [P I | UgVUUNN (Y [ - L _ | _ _ _ma;'\)__._____/.g_
2: — I'IE/EF‘I 4 ——f} 2 n;—.Rv'?-n_ GBLB L= =T - 2 = [ "'?W‘E’S/
i & B o SESN g g | S g E=g
N T S CSEEE R e |
d 1.9____ )_ B — _\&l_____ d 1.9: d 1.9:
[ 008 016 [ [
1.8} 1.8} 1.8}
0.18 .09 0.07
160l pple b LR e o et e

Coefficient of variation on fine grid = 0.010

Scatter limits still converging with grid refinement; somewhat tighter
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Statistical analysis eyt

Workshop

Alpha=13, SA only

Coarse Medium Fine

0.36 0.36 0.36
0.35F wki 0.35F - 0.35F
0.34} | 0.34f P 034} o
~rFr--1--7T-9-T-—-"-—-""7-- R S e T =R e e e TR 3
W B O = ] e o Rl S Y Dt g“ﬁp‘:ﬂﬁl e i 3_‘-/,1
o] L B 950 b - 032k W \ h P osob m 4 g e
el & o éfl e et = [u] é"' WOEE e — L= = E/______
0031:__________ é______ 0031:__________-- I D 1: ALE
- G 4L o 031F
0.3} 0.3} 0.3F
0.29F 0.29F 0.29F
0.28 F 0.28 F 0.28 F
- n 5 ) N -
027 265 cts oorf 222 Cts 027} 185 cts
(1721 TS IR WS TS AT SR S (1721 TS IR WSS SIS W A S (121 TN IR S TS T SR S

Coefficient of variation on fine grid = 0.016

012.01 has consistently high drag compared to SA collective

AIAA HiLiftPW-1 — Chicago, IL June 2010 Slide 65 of 97



I

=

GJAIAA

Statistical analysis eyt

Workshop

Alpha=13, SA only

Coarse Medium Fine

0.3 0.3 0.3
-0.35} -0.35 | -0.35 |
0.4} 0.4} 0.4}
- 006 016 [ r
2_045____ —r-=m = T A - == 2_045: 006 016 2_045:
S5-045f B 45}
: mmt.“.gb/gf{%\tpé &RSA © i Ugﬁ?lm $@ fﬁﬂﬁ_ © = e = [ p;a““
%)) S S S 0.5} o - ) I
-0.55 OO -0.55F 0 N2AQ -0.55F O 092
; U.uoZ ; U.Uoo [ U.UZb
0e—t— ot -0.6 L

Coefficient of variation on fine grid = 0.014
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Statistical analysis
Alpha=28
Coarse Medium Fine

4 4r 4
3.5:___________________ 3.52-----_____--_______ 3.53
i O
o 25p *Mf\ /’ S 25HT T 1a O 25p
N v e e s s Il
B I ] - |
E o= 005'0‘&; E & M : 002
1.5; 008.02 1.16 1'5;%2 002 J_.Zl 1'52 J-81

For alpha=28: 002, 008.xx are “big” outliers in most cases

002: k-epsilon model on non-committee unstructured hybrid grid
008: same code as 007, on unstructured hybrid node-centered A grids
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Statistical analysis JAIAA

Workshop

Alpha=28, with outliers 002 and 008.xx removed

Coarse Medium Fine
3.5_ 3.5_ 3.5
’ G’%FL f”%wﬂa%f% f,hg‘\g F |y S s R m;aﬁf i Il e e -0, T
2.5:___ \L_____--_______ 2.5: . 2.5: N
i l 0.52 | 0.19 i 0.19

Coefficient of variation on fine grid = 0.019
Scatter limits not converging between medium & fine levels
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Statistical analysis JAIAA

Workshop

Alpha=28, with outliers 002 and 008.xx removed

Coarse Medium Fine

0.75 [ 0.75 I 0.75 [

0.7:————— —_—— == 0.7 d S N S IR S S
' N\ L Mo o e
?Taﬁlél? Lﬂjla /‘Fq 2 : Dﬂmﬁlﬁm%ﬂ{mﬂmﬂ? /P f\EBE“‘\m{‘:'misEi A j"

0.65 B R 0.65F _ o 0 F s 085 ===t === Bt =

g f_. / I M T R P O ) g | ¥

0.6 i 0.6 019 0.6 019

0.55 : - 0.55 : = 0.55 :

: 754 cts i 572 cts ; 582 cts

i O e

Coefficient of variation on fine grid = 0.025
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Statistical analysis eyt

Workshop

Alpha=28, with outliers 002 and 008.xx removed

Coarse Medium Fine

02¢ 0.2 0.2
0.25f 005 025 0.25}
03 7\; 03 03

E-o.as?‘“%\“ “‘"P;{ ““ﬁ‘““ 0% 1 03¢ o

© -o.4§ / — '3’\ ?E’f%:@ j ke = -o.4;’ - - _m'; :_,;1'3 sk 3 -/f*é;ﬂi‘ = 0.4 pr- — %‘Z""\i}’\
OO i N O o= o (PN SN RS LRI
05} 0.134 05| 0.078 05f 0-079
Y1 SRS VNS R NN A DU Y] SN P FUUTE FUUTN PR SR S 10.55 Lo

Coefficient of variation on fine grid = 0.052

006: massively separated on C level... effect of ICs?
019: SST on non-committee structured multi-block grid
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Statistical analysis eyt

Workshop

Alpha=28, with outliers 002 and 008.xx removed, and SA only

Coarse Medium Fine

35 35 3.5
3—__—— B N O A 3 3

| Qe ek SR | B B e S5 |- = g e SRR R RS T R

ZIJ X , o \\m}zr)z c__l) q17.03 EI) q17.03
2.5'_‘\"""‘"‘“““ 2.57 2_5»
/ 0.61 | 0.09 0.07

2 o 2L 2

Scatter limits converging Coefficient of variation on fine grid = 0.007

AlIAA HiLiftPW-1 — Chicago, IL June 2010 Slide 71 of 97



I
»

GAIAA

Statistical analysis eyt

Workshop

Alpha=28, with outliers 002 and 008.xx removed, and SA only

Coarse Medium Fine
0.75 075 0.75
Y] MM A N A S — — 07: 0.7f
F Sle ﬂ B _la o= <l i S A = - e A e
I L ! : - e e = B3O )
0.65f 17 Ol e o.es“""“""’?ﬁf"’ oesf—+ T — 1=~ T o= -
o S A I . A a I a i o
o [ / o [ o [
06} & 06} 06}
0.55 : 0.55 : ; 0.55 :
i 806 cts i 329 cts ; 308 cts
V)] SNSRI S EUNUOS (PO SR AT )] SUPSAER S TS EUNUOS SPUAAIS SURNIN )] SR IS S S S S

Coefficient of variation on fine grid = 0.013
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Statistical analysis eyt

Workshop

Alpha=28, with outliers 002 and 008.xx removed, and SA only

Coarse Medium Fine
021 0.2 0.2
-0.25 %5 -0.25 -0.25
03 {\ -0.3 0.3
E-o.asf‘"?“‘ S s s E-o.asf E-o.ssf
o _04: /\ _ P /l;‘EL\_ O _04: 417.03 & _04: 011 917.03
T RN R - e T TR o O S g 1 =Y B
Fosh el o \E‘Z{H B 045 %= _/_ _Hliﬂ_\gf__\b/_ f‘_ '0-455__""":25&_ _/__”:_t_f _._.__.__B;A_:'_
0sp====r====r=1 52 05 0.046 05 0.043
065 b b L 055 -0.55 L

Coefficient of variation on fine grid = 0.028

006: massively separated on C level... effect of ICs?
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Coefficient of variation summary =g

DPW Il & Il All models n/a 0.02-0.025 0.045-0.06
DPW IV All models n/a 0.022 0.157
Alpha=13 All models 0.013 0.022 0.026
Alpha=28 All models 0.019 0.025 0.052
Alpha=13 SA model only 0.010 0.016 0.014
Alpha=28 SA model only 0.007 0.013 0.028

(*fine” grid, major outliers removed)
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Statistical analysis

Alpha=13

Statistics include C-M-F data only (XC and XF not included)

All

SA only

1.7

1.6

1.5
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>
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L |

CFD (32 submissions)
mean

scatter

experiment

exp bounds

L L

o

2E-05
NA(-2/3)

4E-05

1.4%

e
r—a
T
:ﬁ

1.7}

1.6}

15

CFD (20 submissions)
mean

oo gegtter
®  experiment
> exp bounds
2E05  4E05
NA(-2/3)
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Statistical analysis
Workshop
Alpha=13
Statistics include C-M-F data only (XC and XF not included)
All SA only
2.2r 2.2r
: =
- 1, gF  003.01 XF
Or O 1or
1.7 [ / i CFD (32 submissions) 1.7 - CFD (20 submissions)
E mean B mean
1.8 "R scatter 1.6p—————F *ooninin scatter
- 002 ®  experiment - ®  experiment
Z [>  expbounds g > expbounds
1.5} 1-5F
Mo 205 4E05 % T 205 4E05
NA(-2/3) NA(-2/3)
Slide 76 of 97

AIAA HiLiftPW-1 — Chicago, IL June 2010



- . GJAIAA.
A A N B
Statistical an alys|s
Workshop
Alpha=13
Statistics include C-M-F data only (XC and XF not included)
All SA only
0.36 | 0.36
CFD (20 submissions)
I CFD (32 submissions) N | RCTTTTTTerere rsr;eaz:tr;r
. mean - ® 4
- T | sater = > oxpbounds
I > exp bounds i
L i L L | i | L L L | | L L J
9.26,5 2E-05 7E-05 0.885 5E-05 7E-05
NA(-2/3) NA(-2/3)
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Statistical analysis
Workshop
Alpha=13
Statistics include C-M-F data only (XC and XF not included)
All SA only
0.36
h -
| CFD (20 submissions)
I CFD (32 submissions) N | RCTTTTTTerere rsr;ea?tr;r
il mean @ :
R AR L - = > orbbmis
I 002 > exp bounds i
9.26,5 2E-05 7E-05 0.885 5E-05 7E-05
NA(-2/3) NA(-2/3)
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Statistical analysis
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CFD High Lift Prediction
Workshop

Alpha=13

Statistics include C-M-F data only (XC and XF not included)

All

SA only

'03 I '03 |
CFD (32 submissions) o
mean CFD (20 submissions)
0.3 5 s scatter -0.35 mean
o experiment | | [ | v scatter
] > exp bounds l.> z:get;gmumts
-04 r / -0.4
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= .0.45 e —— ”‘“’:-TA
O Ty o _ El
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: Frs B T
-0.55 | -0.55
06205  4E05 0.6 2E-05  4E-05
NA(-2/3) NA(-2/3)
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Statistical analysis
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CFD High Lift Prediction

Workshop

Alpha=13

Statistics include C-M-F data only (XC and XF not included)

All

SA only

-0.3 .
i 002 CFD (32 submissions)
\ mean
-0.35 I e scatter
017.02 @ experiment
) > exp bounds

06 y———"——ZF05  4E-05

NA(-2/3)

CFD (20 submissions)
mean

scatter

experiment

exp bounds

L

2E-05

“AE-05

NA(-2/3)
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CFD High Lift Prediction
Workshop

Statistical analysis

Alpha=28

Statistics include C-M-F data only (XC and XF not included)

All except outliers 002 & 008.xx SA only (no 008.xx)

3.2r 3.2¢

]
- "’
’ L i
at ',-

CFD (28 submissions) / CFD (19 submissions)
mean = mean
2.2 | v scatter \S 2 B BELLLE T scatter \S
experiment B experiment
exp bounds exp bounds
| | L L ! I 1 L L ]
2E-05 4E-05 2E-05 4E-05
NA(-2/3) NA(-2/3)
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Statistical analysis eyt

Workshop

Alpha=28

Statistics include C-M-F data only (XC and XF not included)

All except outliers 002 & 008.xx SA only (no 008.xx)

3.2r 3.2¢

]
- "’
’ L i
at ',-

CFD (28 submissions) i / CFD (19 submissions)
mean - mean
2 2 smsssnan scatter o 2.2 T ssssiinenns scatter P
[ ® experiment [ ® experiment
B > exp bounds i . > exp bounds
1 1 | L L | L ! ) [ I I 1 L L ]
20 SE-05 4E-05 2 SE-05 4E-05
NA(-2/3) 003.01 XF N~(-2/3)
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Statistical analysis
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CFD High Lift Prediction

Workshop

All except outliers 002 & 008.xx

Alpha=28

Statistics include C-M-F data only (XC and XF not included)

SA only (no 008.xx)

0.58 r?mlt:egn[% submissions) 0.58 | r%ZaDn“ 9 submissions)
------------ scatter o geatter
0.56 & experiment — 0.56 @ experiment
P exp bounds [p2 exp bounds
0.54 T2E-05  4E05 Q.24 — 2E-05 ~JE-05
NA(-2/3) NA(-2/3)
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Statistical analysis eyt

Workshop

Alpha=28

Statistics include C-M-F data only (XC and XF not included)

All except outliers 002 & 008.xx SA only (no 008.xx)

B S . 0 - ",
TR . .,f | 015 006 C
0.62} | /\ s Lozt / 017.03
06; /’ 19 = 06; / ¥
058k CFD (28 submissions) 0.58F CFD (19 submissions)
. lj mean . é mean
[0 | s scatter § K | e scatter
0.56 ® experiment — 0.56 @ experiment
i P> exp bounds ¢ > exp bounds
0.8%— 2E-056 _ 4E-06 054"~ oF05 ~4E-05
NA(-2/3) 003.01 XF N~(-2/3)
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Statistical analysis
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CFD High Lift Prediction

I

=

A

Workshop

All except outliers 002 & 008.xx

Alpha=28

Statistics include C-M-F data only (XC and XF not included)

SA only (no 008.xx)

0.2 u 0.2
CFD (28 submissions) r?;gn“ 2 submissions)
0.25F— T —— ':;2?{; -0.25| scatter
i o it Pa i experiment I
I periment i exp bounds
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Statistical analysis
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CFD High Lift Prediction
Workshop

Alpha=28

Statistics include C-M-F data only (XC and XF not included)

All except outliers 002 & 008.xx

SA only (no 008.xx)

003.01 XF
0.2 ] 0.2p
CFD (28 submissions) r?ngn“ 9 submissions)
R e — 2::2?11 0.25 7 sennnen scatter
[ i e i o experiment
i @ experiment i Ei 5 e
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| 019 5 \ 017.03 \
0.35F / 0.35] / 006 C
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Statistical analysis eyt

Workshop

Configuration 8, Alpha=13
Medium grid

All SA only

221 22
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Statistical analysis JAIAA

Workshop

I
S

Configuration 8, Alpha=28
Medium grid

All Outliers removed SA only
4r 3p 3t
7 2.9} 2.05}
3.5 ! g
A e R N 29F 29F
3 285:00| 285E
_| T f-hfl\ %h':“a;m‘ﬂimr\: Lo Y| s h_ o NI
:_%__\_/_____"____\ -7 2.75E i il | BN 275k R o r\:l /
S | B e NI e i e e A
ar &i&:’ 27 & o701
1:5 - 018 r 018
[ 002 2.65F 265
1 2604 26

002, 007, and 019 are outliers at alpha=28
(002 and 019 were also outliers for config 1 at alpha=28)
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Statistical analysis

Predicting deltas between configs 1 and 8, Alpha=13

CFD CFD g CFD
2.2 | dolta CL (oxp) = 0.172 mean 0.36 | delta CD (exp) = 0.0452 mean 0.35 | delta CM (eag))= 0.0 mean
| deltaCL(CFD)=0.147 | | SaalGr delta CD (CFD) = 0.0434 Scatior detaCM(CFDy=00466 | | = o
[ experiment experiment | [ experiment
21 PP TTY ' > exp bounds exp bounds | b exp bounds

——

t—
=
—c)

o 2E05  4E-05 0o 2E05  4E05

Grid study needed for config 8
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Statistical analysis
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CFD High Lift Prediction
Workshop

Predicting deltas between configs 1 and 8, Alpha=13
SA only

2.2 CFD 0.36 CFD -0.35 - CFD
Gl ST meen el mean ELTE mean
scatter - L LU scatter e R TP TP scatter
experiment L - oon R [ experiment o experiment
exp bounds 0_34[> > exp bounds > exp bounds
-0.4
T ﬂ .....
N
=3 =g z |
L ce® T
181 0.28 = b
1.7 —2E-05 “ZE-05 0.265— 2E-05 “ZE-05 055, —2E-05 ~ZE-05
NA(-2/3) NA(-2/3) NA((-2/3)
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Statistical analysis

A Wame EaN B
CFD High Lift Prediction
Workshop

Predicting deltas between configs 1 and 8, Alpha=28
Outliers removed

3.2 delta CL (oxp) = 0.063 CFD 0.75 | delta CD (exp) = 0.0306 CFD -0.3 | delta CM (oxp) = 0.0139 CFD
| delta CL (CFD) = 0.100 mean delta CD (CFD) = 0.0538 mean olta CM (CFD) = 0.0357 mean
------------ scatter i s geatter i s geatter
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Statistical analysis eyt

Predicting deltas between configs 1 and 8, Alpha=28
Outliers removed, SA only

3.2 GL (9xp) = 0.083 CFD i 0.75 [ dotta GD (exp) - 0.0306 CFD i -0.3 [ ot oM (exe) - 00139 CFD
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Conclusions (1) e

Effect of brackets

— Only minor influence at alpha=13

— Collective trend is away from experiment at alpha=28
— But only Medium-level grids were used

— Brackets influence seen at some Cps stations

Trends between configs 1 & 8
— Statistically, deltas somewhat low at alpha=13
— Deltas significantly high at alpha=28

— Grid study needed for Config 8 to draw firmer
conclusions

— Collectively, SA appears to yield higher lift near CLmax
than other models (grid studies needed near CLmax)
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Conclusions (2) eyl

Surface pressures and skin friction
— The spanwise rows of taps on the flap are very useful

— CF data useful to note where “fully turbulent” turbulence
models actually activate

— SST tended to produce more separation than SA (at flap
station 85, alpha=13)

— Cp particularly missed by CFD near wingtip on the flap
— Possible issues arising from use of thin-layer N-S
— Other CFD trends were noted

— Much more analysis is possible

o we have 29 cuts on all grids (alpha=13 & 28) and at all angles of
attack run (medium grid)
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Conclusions (3) eyt

Workshop

Statistical analysis

— At alpha=13, scatter converges with grid refinement
> Only one “big” outlier — goes away on fine grid
o Scatter of SA-only is tighter: AcL=0.07, ACD=185 cts
— At alpha=28, scatter does not converge between M & F
unless analyze SA-only
o A few “big” outliers
o Scatter of SA-only (minus outliers): ACL:0.07, /ACD=308 cts
— QOutliers also identified within SA-only group
— 003.01 on XF grid is a big outlier — why?

— Collective is in reasonable agreement with experiment at
alpha=13 & 28, taking into account repeatability bounds

— CD coefficient of variation (fine grid) similar to DPW if
keep all models; smaller if only consider SA results
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Thoughts / Recommendations e i

Next time, collect iterative convergence histories for select
cases

Additional grid-convergence studies would be helpful
— with brackets

— config 8

— near CLmax

Issue of thin-layer vs. full Navier-Stokes?

Issue of codes using different versions of a given
turbulence model?

In retrospect, collecting Cps at so many cuts and for so
many cases was a good idea

— It was somewhat painful for the participants, but now we have a
wealth of data for analysis that would have been extremely difficult
to obtain otherwise
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Noted issues Iin submission files =gt

006: missing many CP/CF cuts

009: missing bracket CP/CF cuts; also, slat & flap
positioning appears to be incorrect in CP/CF extractions

010: wing component of forces/moments too low
014: CFs labeled incorrectly (already fixed)

019: CF values off by large factor (approx 2500x)
021: CF (flap showed no separation)
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