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HiLiftPW-2

@dAlAA

32nd ATAA Applied Aerodynamics Conference

Based on the
2nd AJAA CFD

High Lift Prediction Workshop

(HiLiftPW-2)
Sponsored by the Applied

Aerodynamics Technical Committee

June 2013

Joint Boeing-NASA
Contribution
With Extended Results
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32nd ATAA Applied Aerodynamics Conference

Presentation Goals

* QCR (Quadratic Constitutive Relation)

 Significant Effect on Forces and Convergence

* Pressure Tube Bundles
e Effect on Stall
e Grid Study

* Time Accuracy Requirements
e Accurate Prediction of Forces

* Poor Non-Time-Accurate Convergence
e Small Scale Unsteady Effects

/; BOFING
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Applied Aerodynamics Conference

Workshop Cases

e Workshop Submitted Cases
eCasel: Grid Refinement
eCase2: Reynolds Number Study

e Additional Studies
e Case3: Full Configuration (Config 5)
e Flap Track Fairing, Slat Brackets
* Pressure Tube Bundles

: / | BOFING
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32nd ATAA Applied Aerodynamics Conference

Flow Solver

OVERFLOW Version 2.2f and 2.2h

e Default Setup — Steady State, QCR off
e 3 order Roe Upwind Differencing

e Implicit Diagonal Scheme
e SA-RC Turbulence Model

* (SA-noft2 with rotation/curvature corrections)
e Full N-S, Low Mach Preconditioning
e Restart from Free Stream or Lower o Solution
e Fully Turbulent

/‘_ BOEING 5 @/
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Overset Grids: Workshop Guidelines

Coarse Grid for “"Config 2°
{c-mesh wakes remvoded for clarity)

DLR F11 Overset Grid Topology

Coarse Surface Grid
Wakes Removed

’ clustering along wing
| span for slat brackels

chustering along llap
span for llap fairings

Config 2: Brackets/Fairings Off (44 zones) Config 4: Brackets/Fairings On (163 zones)

Grid Points 1/N?3 x 10°

— Coarse 29,386,628 1.050
Medium | 69,014,980 0.594 >f

__Fine | 230,770,520 | 0.266 >3'

il Extra-Fine | 544,468,508 |  0.150 >4' '

1-
to-2
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Computing Platform

Pleiades Supercomputer

SGI ICE cluster with >100,000 cores

JAIAA

32nd ATAA Applied Aerodynamics Conference

-

Solver performance on Pleiades for the medium grid case

Case Npts |MPIxOMP=| Sec/Step | NanoSec/

Cores Step/Npts
Config 4 69M | 64x4=128 4.4 64
Config S No Patch 97M | 128x4=512 2.9 30
Config S Patches 117M | 30x10=300 3.4 29
Config S Ref. Patch | 131M |100x10=1000, 1.1 8.4

For Unsteady Cases: 10 Inner Iterations, 10 X Cost

'ZL””E//VG
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Convergence History
Case 1 C, —

Grid Effect, QCR Off

JdAIAA

32nd ATAA Applied Aerodynamics Conference

F11 Config 2: Slat Brackets / Flap Fairings Off
Mach = 0.175, Reynolds number = 15.1 million
Fully Turbulent, Free Air
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C O n Ve rg e n Ce ll_l I Sto r.y 32nd ATAA Applied Aerodynamics Conference
Case 1 C, — Grid Effect, QCR Off

F11 Config 2: Slat Brackets / Flap Fairings Off
Mach = 0.175, Reynolds number = 15.1 million
Fully Turbulent, Free Air
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Convergence History
Case 1 C, —

Grid Effect, QCR Off
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F11 Config 2: Slat Brackets / Flap Fairings Off
Mach = 0.175, Reynolds number = 15.1 million
Fully Turbulent, Free Air
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Case 1 C, — Low Alpha Side-of-Body Flow Field

DLR F11 Medium Grid
Contours of delta P (iteraion 9971 - iteration 103500)

Medium Grid, o. = 7°

l +delta P

- delta P

Lift Coefficient

| ' \medium
: - \ Lift change isolated to side-of-bod
1

| __' e _\—— S

! | !
0 20000 40000 60000 80000 100000

lteration
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Convergence History: QCR Effect
Case 1 C;, — QCR Effect

F11 Config 2: Slat Brackets / Flap Fairings Off
Mach = 0.175, Reynolds number = 15.1 million
Fully Turbulent, Free Air
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Quadratic Constitutive Relation (QCR)

» Approach published by P. Spalart
* Improve upon the linear eddy viscosity approximation by
using a nonlinear stress term to model the Reynolds

stresses directly

-« Improves solution accuracy for corner flows compared to a
linear (i.e., Boussinesq) eddy viscosity model
* QCR has been successfully used for
 DPW4 and DPW5 Series
« HILiftPW1

Saturday, June 14, 14 12



Convergence History: QCR Effect
Case 1 C;, — QCR Effect

F11 Config 2: Slat Brackets / Flap Fairings Off
Mach = 0.175, Reynolds number = 15.1 million
Fully Turbulent, Free Air
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Test Case 2 — Reynolds Number Study

DLR F11 Lift Curve Comparison
Slat Brackets and Flap Fairings On, Medium Grid Results
Fully Turoulent, Free Air

Mach = 0.175
3.4 r
30 b |—— ETW, Run 238 | !
—o—— RN=15.1, QCR ofl /
3.0 |- - -o- - - RN=15.1, QCRon s e With QCR, better
-——e== LSWT, Run 29293 o _ agreement at higher
i fj o RN=1.35, QCR off alphas for both
26 | . AN=1.35. QCR on Reynolds numbers

24

2.0 F

18 F

16 F

Reynolds number effect on lift
over-predicted for some alphas

0 2 4 6 8 10 12 14 16 18 20 22 24
o (deg)
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Test Case 2 — Stallat Re=15.1 M

Medium Grid Results
Mach =0.175

) ETW, Run 238
31 k|7 BN=15.1, QCR off
- =0~ - = RN«15.1, QCR on

o=224"
QCR off

e LSWT Run 29293 e 6
30H__ AN<1.35 QCRofl| = _~ZA\J _
- ~o- - - RAN=1.35,QCRon -0~

@aaEINE
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Test Case 2 — Stall at Re = 1.35M

@dAlAA

32nd ATAA Applied Aerodynamics Conference

ETW, Run 238
3.1 b|l—o—— BN=15.1, QCR ot
- --o- - - RN=15.1, QCRon
- == LSWT, Run 29293
3.0 o AN=1.35, QCH of
RAN=1.35 QCR ¢h | -5~

.........

26 "
=
25F
24 L 1 1 1 | 1 1 ]
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+ (deg)
@aasnva 16

Medium Grid Results
Mach =0.175
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Test Case 2a — Re = 1.35M

) OEING
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DLR F11 OVERFLOW Analysis Case 3: Config 5

Effect of pressure tube bundles

A0
bracket #6 /

Time accurate analysis

Boundary layer transition
T ———————

Extra-fine grid issues

\ \ Grid adaption

Brackets 6 and 7 have two" \._,
pressure tube bundles on
either side

Brackets 1-5 have one
pressure tube bundle on
the outboard side

.\
bracket #5

R ———

.ZLaaEI/va 19 @/
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Test Case 3 — Effect of Pressure Tube Bundles JAIAA
M/I'n g Patc h G rid L a yo ut 32nd ATAA Applied Aerodynamics Conference

Patch grids added to capture
pressure tube bundle effects

[ — —

Refined patch grid
at PTB 6

@ﬂﬂf]ﬂﬁ 20
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Test Case 3b — Effect of Pressure Tube Bundles @aAaa

High Reynolds Number Condition - Lift

32nd ATAA Applied Aerodynamics Conference

DLR F11 Lift Curve Comparison
Slat Brackets and Flap Fairings On

—e—— ETW, Run 238

Medium Grid Results S :’TB off
Fully Turbulent, Free Air. Mach = 0.175 . PTB on
3.4

2. RN = 15.1 million

3.0 | QCR On i

2.8

2.6

2.4

2.0

2 s 6 8 10 12 14 16 18 20 22 24

C
x (deg)
R — ———
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Test Case 3a — Effect of Pressure Tube Bundles

Low Reynolds Number Condition - Lift

OLILY.]

32nd ATAA Applied Aerodynamics Conference

DLR F11 Lift Curve Co'mparuson e LEWT. Run 29293
Slat Brackets and Flap Fairings On TS ol
Medium Grid Resulis B e Sl
Fully Turbulent, Free Air, Mach - 0.175 .
}; 0 PTB on, Patch Grids
=l | PT8 on, Dense Patch Gridé
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Test Case 3a — Effect of Pressure Tube Bundles

Low Reynolds Number Condition - Lift

GgAlAA

32nd ATAA Applied Aerodynamics Conference

DLR F11 Lift Curve Comparison

: e mm LSWT, Run 29293
Slat Brackets and Flap Fairings On OTE ofl
Medium Grid Resulis SR i
Fully Turbulent, Free Air, Mach - 0.175 B )
é 0 PTB on, Patch Grids
2 PTS on, Dense Patch Gridés
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Case 3a: Alpha = 18.5°

JAIAA

32nd ATAA Applied Aerodynamics Conference

LSWT Run
29317
RN = 1.35 mil

Wing TE separation
forms behind slat

bracket 5/6

Shat Brackets ' Flap Fairings ON
Pressure Teke Bundies oN

Shat Brackets ' Flap Fairings ON
Prossure Tobe Bundies oN
Wing Patch Grids OFF £

St Brackets ' Flap Fairings ON
Pressure Tube Bundies OFF
Wing Pasch Grids OFF 4F ==

Iy & "

Femalds Nusider » 135 al

Mach « 2.6

Femalds Nusider » 135 al

Mah » 0% Mach « 2.6

Feynolds Number « 135 mil ' =
: 2

) OEING
- 23

Wing Patch Grids N A

i Skt Brackets ' Flap Fairngs ON
Pressure Tue Bundies oN
Wing Patch Grids ON 4

-

'r'.lv'l)h‘.‘. Nusiter = 135l
o.NS

Mach »
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Case 3 a: Alpha — 2 1 0 32nd AIAA Applied Aerodynamics Conference

LSWT Run
29317

RN =1.35 mil
o=21°

E{'
Large scale separatioh
behind slat bracket 5

Slat Brackets ' Flap Fairngs ON
Pressure Tole Bundes oN
Wing Patch Grids Ory

Slat Brackets ' Flap Fairngs ON
Pressure Tole Bundies oN
Wing Patch Grids oN

¥ Shat Brackets ' Flap Fairngs ON
Pressure Tele Bundies oN
Wing Patch Grids N

St Brackets ' Flap Fairings ON y
Pressure Tube Bundies OFF
Wing Pasch Grids OFF

Femolds Nusiber = 135 sl
Mach « 2.N5

Femolds Nusiber = 135 mld
Mach « 2.N5

Femalds Nusider » 135 ol

Mach « 2.6

Feynolds Number « 135 mil

Mach » 0.5

» 2

'ZL””E//VG
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Test Case 3a — Effect of Pressure Tube Bundles  @AlaA
Re = 1.35Million, Convergence Study

32nd ATAA Applied Aerodynamics Conference

- Case3a with Dense Patch Grids

- Cases:

 Alpha = 7°,16° 18.5° and 21° started from free stream
- Run in Non-Time-Accurate (NTA) Mode

2.6
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Test Case 3a — Effect of Pressure Tube Bundlgg\IAAA gdA!AAAemd v
Re = 1.35Million, Convergence Study PR

- Case3a with Dense Patch Grids

- Cases:
 Alpha = 7°,16° 18.5° and 21° started from free stream
- Run in Non-Time-Accurate (NTA) Mode
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32nd ATAA Applied Aerodynamics Conference

Test Case 3a — Time Accuracy Study

e Alpha =16° and 21°:
eNon-Time Accurate (NTA) to convergence
e Restarted with Time Accurate (TA) run
e DTPHYS = 0.35
e Approx 1000 times steps to go 1 MAC = 347.09mm

) OEING
- 28 e
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32nd ATAA Applied Aerodynamics Conference

Test Case 3a — Time Accuracy Study

e Alpha = 16°, Switch From NTA to TA at N = 30000
e Small Increase in C; (~0.7%) and C (~14 Counts, 0.5%)

e Note: Low Frequency, Small Amplitude Oscillations

FT L (O  S. [. ” VW l& l
__ LY ,'/;'.M I
U ~ 2 0! P P
uWL 0600 20000 30000 40000 S0000 60000 ST Tloow 2000 30000 0000 50000 60000
[teration [teration
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Alpha = 16° Case 3a — Time Accuracy Study

32nd ATAA Applied Aerodynamics Conference

2.54
Unsteady Low Frequency Oscillations
2.52f — - ! : :
NTA Unsteadiness - - .
3 J— \ — i
J \ il
B ' \
NTA Restarted TA at N = 30,000
2.48 | [ —— H | : ﬁ ' : .
0 10000 20000 30000 40000 50000 60000
Iteration
g;LﬂﬂEI/VE 79
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Alpha = 16° Case 3a — Time Accuracy Study

32nd ATAA Applied Aerodynamics Conference

2.54
Unsteady Low Frequency Oscillations
2.52| — ! : '
NTA Unsteadiness - -
3 J— \ — i
J \ il
B ' \
NTA Restarted TA at N = 30,000
2.48 . [ —— H | : ﬁ ' : .
0 10000 20000 30000 40000 50000 60000
Iteration
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Alpha = 16° Case 3a — Time Accuracy Study

32nd ATAA Applied Aerodynamics Conference

High Frequency Oscillations

2.521

60000 60500 61000 61500 62000 62500 63000 63500
Iteration
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Alpha = 16° Case 3a — Time Accuracy Study

32nd ATAA Applied Aerodynamics Conference

High Frequency Oscillations

2.521

60000 60500 61000 61500 62000 62500 63000 63500
Iteration
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32nd ATAA Applied Aerodynamics Conference

Alpha = 16° Case 3a — Time Accuracy Study

: L :
2.5208 -~~~ ---enom- T S
CL F E P D
| ] E !
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'y , : :
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Iteration
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32nd ATAA Applied Aerodynamics Conference

Alpha = 16° Case 3a — Time Accuracy Study

Low-Frequency Oscillations In c, | /\
Flap Wake Region and Side-of-Body =

lllllll

@__ﬂﬂf]ﬂﬂ 79 @
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32nd ATAA Applied Aerodynamics Conference

Alpha = 16° Case 3a — Time Accuracy Study

Low-Frequency Oscillations In c, | /\
Flap Wake Region and Side-of-Body =

@__EDEI/VG 79 @/
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32nd ATAA Applied Aerodynamics Conference

Alpha = 16° Case 3a — Time Accuracy Study

High-Frequency Oscillations In
Side-Of-Body Junction Flow Region |

*" e

im )
Iteration

@aasnva 79
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32nd ATAA Applied Aerodynamics Conference

Alpha=21° NTA Solutions At Various N

2.8 T T
N=40,000

N=80,000

N=96,000

N=120,000"

2.64

L
\

B | : = | 1 1
40000 50000 60000 70000 S0000 90000 100000 110000 120000
Iteration
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32nd ATAA Applied Aerodynamics Conference

Alpha = 21°: Time Accurate Investigation

- Restart NTA solution TA at Key Spots Along Convergence History
» All the TA Runs Converge to Consistent Result
« NTA to TA: Increase ~ 0.4 % in Cr, ~0.6% 1n Cp (23 Counts)

HiLaftPW2 Case 3 With Patch Gnids HilLaftPW2 Case 3 With Patch Gnids
M 17S Alpha 1 Re SED ASHS

A 17S Alpha ' Re 24

[94 . . W . .
S0 ool SO0 U 1 200000 140000) 1AM 0000 I NN B 1 20000 140000 160000
Iteration Iteration

.Z;Laafﬂva 39 @/
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32nd ATAA Applied Aerodynamics Conference

Alpha = 21°: Time Accurate Investigation

- Restart NTA solution TA at Key Spots Along Convergence History
» All the TA Runs Converge to Consistent Result

« NTA to TA: Increase ~ 0.4 % in Cr, ~0.6% 1n Cp (23 Counts)

HiLaftPW2 Case 3 With Patch Gnds HiLaftPW2 Case 3 With Patch Gnds
M= 0175 Alpha = 21 Re = 1,3566 M= 0175 Alpha = 21 Re = 1.3586
¥ == Nom-Thaw Acvural 2S
Fime-Accurse From Frev Strvam
w Theme Accurate From N\ - UNN® as10 4 | ¢ 11|
A Phine-Accursse From N < S0 A
1N |7 TimeAccurase From N = 0
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Alpha = 21°: Time Accurate Investigation

eSeparation Bubble Grows In Size From N = 80,000 to TA Result

@aafl,va
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DLR F11 OVERFLOW Analysis

GgAlAA

32nd ATAA Applied Aerodynamics Conference
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32nd ATAA Applied Aerodynamics Conference

DLR F11 OVERFLOW Analysis

e Uniform Grid Refinement
e Does Not Have a Big Effect on Pressures or Stall

e QCR: Significant Effect at Both Low and High Angles of Attack
* Alters Off-body Flow Field at Side-of-body for 7° and 12°
* Forces Stall to Occur at 22.4° for High RN, 20° for Low RN

e Trailing Edge Stall Occurs: Main Element Full-chord Separation
e Experiment : ~50% Semi-span or Behind Slat Bracket #5
e OVERFLOW : ~80% Semi-span or Behind Slat Bracket #6

e More Study 1s Needed
e Determine Why We Missed the Critical Wing Station

/‘_ BOEING 34 @

Saturday, June 14, 14

34



dAalAA

32nd ATAA Applied Aerodynamics Conference

DLR F11 OVERFLOW Analysis
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32nd ATAA Applied Aerodynamics Conference

@ﬂﬂf]ﬂﬁ

Thank You!
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32nd ATAA Applied Aerodynamics Conference
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32nd ATAA Applied Aerodynamics Conference

@aasnva
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Grid Details

et

13421

T

s s

Slat/Main - Inboard, Upper Surf

Medium Grid

Slat/Main - Inboard, Upper Surf

Extra-Fine Grid

Slat/Main - Inboard, Upper Surf

Coarse Grid

Slat/Main - Inboard, Upper Surf

Fine Grid

':E.
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Grid Details

32nd ATAA Applied Aerodynamics Conference

SR T
ST e
HHE I,XI: HLET

S

=
»

AR
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Coarse Grid

Main/Flap - Inboard, Upper Surf

Fine Grid

Main/Flap - Inboard, Upper Surf

Extra-Fine Grid
Main/Flap - Inboard, Upper Surf
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Test Case 1 — Grid Convergence Study

GgAlAA
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DLR F11 Config 2 Results
Grid Convergence Study: Lift

Slat Brackets and Flap Fairings Off

DU ., S

a=7".QCR oft
x=7".QCRon

—t— . =12° QCR off

- ol ==

Fully Turbulent, Free Air

——O—— .= 16° QCR off
«=18.5", QCR off
o =20% QCR off

-

--=-&-- 1=12° QCR on Mach 75 R 4 i ——p—— 1=21°, QCR off
ach=0.175, R, = 15.1 million SEEVERCR: -
2.8 ‘ 3.6 ' '
| IR WO SUUG. SO WOV, S | IR N SO SN SNV S
_f__“_,.i,_____.___.__.fr._a _______ | IR _,.._{ w___ _______
- 5 5 f - | | Pm—t— }
O s s 5 O r R
22} : 5 : 3.0f 5 { :
i - : : . —
i 5 : : : : B e 1y
20} gk 5 5 28] . ? 5
o :SELLLCEPEELY: o,
l.8“i (G 1 - 2.6~ e sy | [ P | -
0.0 0.2 04 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 1.2
1/N?° x 10° 1/N?* x 10°
Using QCR for the lower angles, all lift trend lines are linear and relatively flat with
grid refinement
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Test Case 1 — Grid Convergence Study

DLR F11 Lift Curve Comparison

Slal Brackels and Flap Fairings Off
Fully Turbulent, Free Air

Mach = 0.175, Reynolds Number = 15.1 million

ETW. Run 238
coarse, QCR off
coarse, QCR on
medium, QCR off
medium, QCR on
fine, QCR off
fing, QCR on

\ Over-predicting C, at
| higher alphas for all
| grid densities analyzed

| Explored the effect of
QCR on stall

| characteristics for Test
| Case 2a/b

With QCR, linear portion of lift curve
is more consistent across grid size

L l 1 l 1 l 1 l 1

L

| I T ST BT - | i 1 . 1 . |

33
3_2-_ [
3.0 F _:_
29 f|-----
. :

28 __ . __
27 [

&) 2.6:
25|
24 |
23 F
22"
21 |
20}
1’96 7 8 9

@ﬂﬂf]ﬂﬁ

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

x (deg)
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Test Case 2a — Re = 1.35M
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Test Case 2b — Reynolds Number Study

DLR F11 Lift Curve Comparison
Medium Grid Results

Fully Turbulent, Free Air
Mach = 0.175, Reynolds Number = 15.1 million

QCR Off:
brackets / fairings
do not alter stall
behavior

QCR On:
brackets / fairings
force stall at 22.4°

33 r )
3.2 H—e— ETW, Run 238 : : - - g~
51 H——9o—— brackets/fairings coff, QCR off | I
- - -o- - - prackets/fairings cff, QCR on : 2
= [| —o—— brackets/fairings on, QCR off ' ot T | o '
28 - - -0 - - Dbrackets/fairings en, QCR on A 5 “a
2.8 L - ~
2.7 F po7’ 4 r
26 I ’ 1 s
RS §

29 I 2
24 I = // 7
23 | A

! Z
22| > i
21 =
20 g 7 Brackets and fairings reduce lift
YN o> across the full alpha range
1‘8 x/ﬁ | 1 | 1 1 1 1 1 | 1 | | 1 1 1 1 1 1 | 1 | 1 | 1 1 | 4 | |
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o (deg)
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- 41

S

Saturday, June 14, 14

41




