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Test cases of APC-8 REC

o E2881-3D CRM-HL. EE T

ZEBEH . o il 273
- A

« $2883:3D CRM-HL, 7oVt AR ({EE)
« E2884:2D CRM-HL, EBET(EE)

XKSMELEDREDIL—EDHTHHE

Geometry Wi

« $2781~3:3D CRM-HL
— BEE1~2: 75y 40° /37° (inboard/outboard)
- FRRES: 75y 43° /40° (inboard/outboard)

inboard outboard

« E2884:2D CRM-HL

https://turbmodels.larc.nasa.gov/multielementverif_grids.html x/c 8
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WNE
Test cases of APC-8 REC.
E%ﬁl . 3D CRM-H L\ Eﬁﬁg*ﬁ :hPBV:;-Practice Results

(03_GMGWS3_HLPW4_RANS.pdf, p.17)

— M =0.2, Re=5.49 X 10°
— AoA =7.05,17.05,19.57,21.47deg
EB8E) 3D CRM-HL. JEE & ZAT
— M=0.2,Re=5.49 X 106
— AoA=7.05,17.05,19.57,21.47deg o 2
f2883:3D CRM-HL, 7oV AR (EE) -
— M =0.2, Re=5.49 X 10° b
— AoA =7.05,17.05deg
E2884:2D CRM-HL, EEBRITUYEE)
— M =0.2, Re=5.00 X 10°
— AOA = 16deg

BRREL-3(FAIAA HIPWAD S E S B ITERTE  SRREAIINASA TMROEHE S E(TRE

BT HBRT—8  we

ERgE1~3;
— BFIZEABH, HPWATARBEIh T3
FEEATTEL. JAXAKEF (MEGG3D) ZH# 42,

— LEE T BEER T —AHLPWAT ARSI TS T

—3%EH, ZEARK. EHhHH. FLo0—
MAFRSNTINS,

iRrA4
— KBFIXREBIBH, #FIINASA TMRTARHSN
TWAT—3%FE R,

— EEBRT—ARIE DT, NASA TMRTAKENT
WAETERR LR
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EiES e,

« REMZERTHICHI=Y. APCEHEREDERK
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APC Website REC.

* Please see the APC website for more information
— https://cfdws.chofu.jaxa.jp/apc/
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Scale-resolving simulations of the CRM high-
lift configuration at high angles of attack.

Zauner M., Kojima Y., Sansica A., Hayashi K., and Hashimoto A.

JAXA - Aircraft Lifecycle Innovation Hub

APC-8 Workshop

RANS
Seale-resebvnrg- simulations of the CRM high-

lift configuration at high angles of attack.

M. Zauner, Y. Kojima, A. Sansica, K. Hayashi, and A. Hashimoto

JAXA - Aircraft Lifecycle Innovation Hub

APC-8 Workshop
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Agenda

* Introduction

* Methods

* Convergence

* Sensitivity of RANS simulations to initial conditions
* Sensitivity of RANS simulations to turbulence model

e Conclusions

Introduction

* Low-speed flight envelope critical for safety.

* More than 50% of commercial airplane accidents, where
high-lift devices are engaged.
» Status: Certification requires extensive flight testing
> EXPENSIVE!!!
* Can Reynolds-averaged Navier-Stokes (RANS) methods be
used to predict low-speed flight envelope (i.e. C; ,.,)?
» High-lift version of Common Research Model (CRM-HL)
» Fourth NASA High-Lift Prediction Workshop
» Eighth Aerodynamics Prediction Challenge (APC-8) |
* Nominal CRM-HL configuration
* Flap/Slat angles:
* AoA: varied
* M=0.2
* Re=5.5million

This document is provided by JAXA.



Methods

Code: JAXA's in-house code FaSTAR

Set-up based on successful contribution to Drag-Prediction Workshop:

Eighth Aerodynamics Prediction Challenge (APC-8)

* Finite volume, unstructured

HLLEW for inviscid fluxes
U-MUSCL reconstruction

* GLSQ for gradient computation

* Limiter: van Leer type Hishida

¢ Turbulence models:

LU-SGS for time integration

* Submitted results: SA-noft2 and SA-noft2-R-QCR2000
* Additional preliminary results: SA-noft2-R, SA-noft2-QCR2000, SST k-omega variants

Convergence Characteristics

In case of no "perfect" convergence (machine-precision zero residuals):

Residuals in our case:
1) Compute L2-norm of residuals
2) Pick maximum value of entire

domain

Residuals can depend on numerical schemes and regions with maximum residuals do not necessarily

coincide with the those relevant for industrial application. Also, residuals usually only compare two
consecutive iterations, which could understate the total change of results over longer run times.

As an alternative we propose to assess fluctuations of aerodynamic coefficients, which are often used
for evaluating simulation performances.

Definition of convergence parameter ConvP:
-> Statistics (root-mean-square and time average) of aerodyn. coefficients computed over 50000 iterations

-> ConvP: |Og( [ (CD,rms/CD,avrg)2 + (CL,rms/CL,avrg)2 + (CM,rms/CM,avrg)A2 ]0'5 )

ConvP~-7

CL-jumps of 10-5

ConvP~-6

CL-oscillations of 10-4

ConvP~-5

CL-oscillations of 10-3

This document is provided by JAXA.
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Convergence Characteristics

This convergence parameter allows us for the present test case to

- separate convergence characteristics of simulations for the current test case more clearly
- evaluate convergence based on physical quantities, which are of main interest for practical application

ConvP~-7 CL-jumps of 10-5 ConvP~-6

Cold-started RANS simulations

¢ Testing different RANS turbulence models
(SA & SST), starting from uniform flow
conditions

* Lift was significantly underpredicted for all
simulations near C, ..

* Poor performance of our simulations
compared to HLPW-4 results even at low AoA

¢ SST models show no improvement, but
are more expensive

Lift Coefficient

25

CL-oscillations of 10-4

ConvP~-5

CL-oscillations of 10-3

- Iterations

400000
] l 300000

200000

0O D O0D@mo

Angle of Attack

This document is provided by JAXA.



cold-started

warm-started

Eighth Aerodynamics Prediction Challenge (APC-8)

Warm-started RANS simulations

Selected RANS SA turbulence models:

= SA-noft2

= SA-noft2-R-QCR2000
Simulations were restarted from a solution
obtained at AoA = 0 degrees, run for 10,000
iterations.
Significant improvement compared to cold-
started simulations. Results now compare
well with HLPW-4 results.

Lift Coefficient

25

17

Iterations

400000
T l 300000

200000

oo

Results for SA-noft2

AoA=7.05°

10 15 20

Angle of Attack 0

* Showing contours of skin-friction coefficient Cf for
cold- and warm-started solutions using a SA-noft2 model

* Atlow angles of attack results look qualitatively similar

11
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Results for SA-noft2

cold-started

warm-started

AoA=7.05°

Lovel cix
10

Results for SA-noft2

TFFE R TSR R B R JAXA-SP-22-003

* Cold-start:
Two regions of un-physical outboard flow

separation

A
-

* Un-physical separation region near wing

tip larger for warm-started simulation.

cold-started

warm-started

AoA=7.05°

AoA=19.57°

Lovel cix
1o

12

Cold-start: Un-physical
flow separation grows
for further increasing
AoA

Warm-start: Out-board
flow separation does
not change much

Both cases seem to over-
predict flow separation
at the bend of the wing

In-board flow is deflected
towards the root

13
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cold-started

warm-started

Results for SA-noft2

Eighth Aerodynamics Prediction Challenge (APC-8)

AoA=7.05°

Lovel cix

Loval cix
o

AoA=17.05°

Lovel cix
10

Results for SA-noft2

At 21.47°, also warm-

started simulations shows

flow separation near
bend.
Large separation regions

promote reattachment at

the flaps.

Cold started solutions

show an additional region

of out-board separation.

cold-started

warm-started

A0A=19.57°

Loval cix
1o

AoA=21.47°

Loval cix
1o

AoA=17.05°

Lovel chr
10

AoA=19.57°

Lovel chx

Lovel clx
1o

AoA=21.47°

Lovel cix

This document is provided by JAXA.
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cold - warm start

cold - warm start
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Cold vs Warm Start using SA-noft2

AoA=7.05°

,* Plots show relative differences between Cp contours of

cold- and warm-started RANS simulations:
_ SAcold~ SAvarm_ ,/' +* Blue: Cp of cold-started solutions < Cp of warm-started solution
o SAvarm +*» Red: Cp of cold-started solutions > Cp of warm-started solution
+»*» Lower Cp -> increased velocities -> reduced separation
L * Green solid curves: warm-started
’ * Black dashed curves: cold-started
* Minor differences near nacelle at 7.05°
16
A0A=7.05° , AoA=17.05° * Additional separated flow region for
At~ Ao/ cold-started simulation well
e Pam ; pronounced.
- = £ D * Cp on out-board part of flap increased
[ 7 | L\7N’5 {1 for cold-started case

—* Reduced separated flow near wing-
tip for cold-started simulation

. 17
Black dashed curves: cold-started * Green solid curves: warm-started

This document is provided by JAXA.
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Cold vs Warm Start using SA-noft2

cold - warm start

AoA=7.05° ,  AoA=17.05° A0A=19.57°
+ . * Qut-board region between
S SAcoid - SAarm V4 both approaches similar
g SAwarm Vs
@ S e o
= - - -2
2 | = i ~
s | 7‘ - L. BF
4 ’ 4 ®° More pronounced
difference at fuselage
behind the wing
* Black dashed curves: cold-started * Green solid curves: warm-started ¥
AoA=7.05° ,  AoA=17.05° AoA=19.57° 7 AoA=21.47°
SAco\d N SAwarm
SAwarm
¢ Mid-span flow separation
closer to the bend for
warm-started simulation.
* In-board flow separation
for cold-started simulation
* Out-board flow separation
¢ Black dashed curves: cold-started * Green solid curves: warm-started similar for both v

This document is provided by JAXA.
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SA-noft2

SA-R-QCR

Cold/Warm start conclusions

* Flow separation tends to occur at lower angles of attack for cold-started simulations

* Is sensitivity to initial condition turbulence-model dependent?

Cold vs Warm start for SA-noft2 and with R-QCR corrections

Ao0A=7.05° ,  AoA=17.05° A0A=19.57° 7 AoA=21.47° Yol
SAceld N SAwarm
SAwarm
[, .
SAct)ld - SAwarm / i
SAwarm
L, | L
¢ Black dashed curves: cold-started * Green solid curves: warm-started

This document is provided by JAXA.
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Cold/Warm start conclusions

* Flow separation tends to occur at lower angles of attack for cold-started simulations

* Is sensitivity to initial condition turbulence-model dependent?
* This question is hard to answer at the time being. However, there seems to be a trend.
* Cold-started simulations seem to be less sensitive to turbulence-model effects.
* R-QCR correction seems to have larger effects on

/
warm-started simulations, as it prevents parts AOA=7.05° /-
of separated flow at high AoA : 4

Now, comparing only warm-started solutions using

SA-noft2 and SA-R-QCR

This document is provided by JAXA.
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Cp differences

Cf differences
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Comparing warm-started SA-noft2 and SA-R-QCR

AoA=7.05°

SAcor - SAstandard
SA,

'standard

Cp differences

Cf differences

Plots show relative differences between Cp contours of

SA with R-QCR correction and SA-noft2 RANS simulations:
+¢ Blue: Cp of corrected SA solutions < SA-noft2 solution
++ Red: Cp of corrected SA solutions > SA-noft2 solution

Green solid curves: SA-noft2

Black dashed curves: SA R-QCR corrected

Minor influence of turbulence model
on flow over flaps and nacelle

Plots show relative differences between Cf contours of

SA with R-QCR correction and SA-noft2 RANS simulations:
+* Blue: Cf of corrected SA solutions < SA-noft2 solution
+* Red: Cf of corrected SA solutions > SA-noft2 solution

24

Comparing warm-started SA-noft2 and SA-R-QCR

AoA=7.05°

SA - SA

corr standard

SAstandard

7, AoA=17.05°

pppppp

* Differences in Cp mainly near wing-
tip and nacelle

* Localized pockets of flow separation
for both turbulence models

* Differences in Cf near the wing
root become more pronounced
with increasing AoA

25
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Cf differences

AoA=7.05°

Eighth Aerodynamics Prediction Challenge (APC-8) 25

Comparing warm-started SA-noft2 and SA-R-QCR

- AoA=19.57°

/7 , AoA=17.05°

corr ~ SAstandard
SA,

'standard
P i
[

-

* Trends continue for
increasing AoA to 19.57°

26

Comparing warm-started SA-noft2 and SA-R-QCR

Solutions at 21.47° AoA=17.05° o AoA=19.57°

fundamentally different.

(%]
Main flow separation for 3
. c
SA-R-QCR behind the o
nacelle. £ gF =
ES
Q_ Y
o
Increase pressure L, L,

recovery over the in-
board flaps for SA-R-
QCR, despite minor
differences in Cf.

SA-R-QCR: flow
separation originating
from the slats is more
pronounce.

Cf differences

This document is provided by JAXA.
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Comparing warm-started noFt2 SA and SA-R-QCR

AoA=21.47°

(%)
(]
o
o
g
[ pm 03
‘.:E s
o Y
Q.
S L
* To confirm observations, here Cf, plots for each simulation
e SA-noft2 _: SA-R-QCR
!Ea% [ Cover | oo Towr o -
a0 (]
e .
= oo c
oo (9]
i @
I =
©
v Y
L_ o

Turbulence model conclusions

* R-QCR correction seems to suppress flow-separation near wing bend, but
promotes separation behind the nacelle at high AoA.

* Flow around sharp corners and edges of slats or flaps seem to be sensitive to the
choice of turbulence model

* More detailed studies required

This document is provided by JAXA.
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Conclusions for CRM-HL

* No tested RANS turbulence model suitable
for accurate C, ., predictions.

* Cold started RANS simulations should be avoided!

* Experiment-based error for warm-started simulations at lower angles of
attack within 5%

* Significant convergence problems make purely RANS-based conclusions
and comparisons difficult.

* Presented RANS simulations on their own seem not reliable for complex
configurations like CRM-HL, even at moderate angles of attack (~7 degrees)

Conclusions for CRM-HL & Outlook

* No tested RANS turbulence model suitable
for accurate C, ., predictions.

* Cold started RANS simulations should be avoided!

* Experiment-based error for warm-started simulations at lower angles of
attack within 5%

* Significant convergence problems make purely RANS-based conclusions
and comparisons difficult.

* Presented RANS simulations on their own seem not reliable for complex
configurations like CRM-HL, even at moderate angles of attack (~7 degrees)

=mm) Combinations or assimilations of == Global stability analysis and reduced
lower fidelity (e.g. RANS), order models (e.g. ML/Al-based)
higher-fidelity methods (e.g. WM-LES),
and experiments may be required.

This document is provided by JAXA.



FHIMZEIFIE B TSR R B A B JAXA-SP-22-003

CHERBHYNESITETNELS:

Any questions?

(Personal) open questions

* What do we expect from RANS? What can we expect from RANS?

* Why are we systematicaIIY]under redicting lift, but overpredicting drag and pitch?
(l.e. Large regions of un-physical flow separation)

* Why do SA models perform better than SST models? (How important is Boussinesq )
* How do SST models perform for warm starts?

* Why do we have convergence problems:
¢ Aerodynamic instabilities -> Would RANS "mimic" URANS?
* Due to flow separation effects
* Grid
* How can we improve the convergence characteristics? (e.g. selective frequency damping, GMRES)

* Can we use Global Stability Analysis #GSA) to extend the application of RANS (e.g. predicting onset
of numerical instabilities + selective frequency damping)?

* Would conclusions change when using different grids or adaptive mesh refinement (AMR)?
¢ Can URANS simulations improve accuracy (SA and SST)?

This document is provided by JAXA.
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Back-up slides

* Convergence

7deg:

17deg
19deg
21deg

35

RANS — SST at AoA=21.47 degrees

22

Comments on convergence characteristics

Convergence at off-design conditions with significantly separated
flow can be problematic.

Residuals can depend on numerical schemes and regions with maximum residuals W M u i “ i 'WWH‘H‘H‘WWWWWW'

do not necessarily coincide with the those relevant for industrial application. Also,
residuals usually only compare two consecutive iterations, which could understate

- 16000680000 2G0000 550000300000
the total change of results over longer run times. lterations

Note that .

* Allresiduals are for all cases of the
same order of magnitude

* Pink and grey curves show
reasonably steady CL

* Blue and red curves show significant
lift fluctuations

* BUT pink/blue and grey/red curves
have similar residuals

6E-10

4E-10

2E-10

Residual U

1 1 1
100000 150000 200000 250000 300000
Iterations

This document is provided by JAXA.
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As an alternative we propose to assess fluctuations of aerodynamic coefficients,
which are often used for evaluating simulation performances.

Definition of convergence parameter ConP:
-> Statistics (root-mean-square and time average) of aerodyn. coefficients computed over 50000 iterations

-> ConvP= log( [ (CDrms/CDavrg)”2 + (CLrms/CLavrg)*2 + (CMrms/CMavrg)*2 ]20.5)

Residuals ConvP 22 1E09
1.00E-08 1.00E-01 8E10
6E-10
; L T et L
1.00E-02 o ieo
1.00E-09 -
== resU 3 'é
1.00E-03 - | EQEM
1.00E-10 (e CONVp 18k
1.00E-04
1.00E-11 © - 1.00E-05 N ol ‘
19 I. 21 ‘. @ =. 23 1 26 \&0000 150000 200000 250000 300000 100000 150000 200000 250000 300000
et et Hterations Hterations

This convergence parameter allows us to
- separate convergence characteristics of simulations for the current test case more clearly
- evaluate convergence based on physical quantities, which are of main interest for practical application

Simulation results with respect to convergence

L1 ! 1 - i . L 1 1 - i L I 1 1
ConvParam ConvParam a ConvParam o
] us - E 005 -4 -
a5 . 46 g o | 46 46 o -
52 g ~ 52 F o 3 52 8 E
58 s ° o\ 58 e /°F 58 3 g
6.4 ~ a a8 pt o 6.4 g / E 6.4 g g
5 8 g I / oos 7 oF

’ e g F ; . : — I ; o 8

size by # of iterations P g L oss - size by # of iterations g P - o size by # of iterations g

0 - F 4 8 . PF

4 j o s g o
r 4 g g e - F 8 osd i

g 03
& p

8 ~ E E

~® 0z e E 02 3

°
15 S L ' 025 ~\ F
/ 02 - E o \
-
¥ >4 os 4 - VE
. - L 8 P

e 035 s F

d T T T T L T T T T o T T T T

5 1o 15 2 5 10 15 20 5 10 15 20

AoA AoA AoA

* Using different turbulence models, we observe a significant spread
of RANS results, particularly at increased AoA.

* Lift is mostly underpredicted and drag overpredicted.

*  Momentum coefficient is most critical and even at moderate AoA not
sufficiently well predicted.

* SST models show no significant improvement and are much more
expensive.

* Convergence is insufficient near C ...

This document is provided by JAXA.
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ConvParam
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' ' 1 Number of iterations and convergence of Simulations
W —— o
5 el E * Convergence is insufficient near C_ ..
sizoby #ofteraions -+ g g * All simulations were run for at least 200,000 iterations.
N of * SST models were limited to 300,000 due to computational expenses.
A of
! . SA ssT
i ! ! ! ! . i ‘AA\/? L L L L 5 (‘—‘ﬁ - - f—“ﬁ
2_: I,;;g of z_i !?% ° _ Z_f AOAN1 2 4 6 8 101214161820 E b
LN s _%gz ) o S i
size by # of iterations 1 g & - o | ° x
<+ § g-% “q 2 ! e [ E 1 e g o ° o o r
] S I P v e
¥ : s b D L o g
_ ; ] . _
* Comparison cold vs warm start using different SA models
40
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Cold vs Warm Start using SA-noft2

AoA=7.05° ,  AoA=17.05° - AoA=19.57° J AoA=21.47° 7

-
3
(%]
3
© ST e e
2 £ =i =i
- , , ,
g L, L, L., =7 «
(%]
o
=)
g
o
(@]

Cold vs Warm Start for SA-noft2 and with rotation and QCR corrections
<
wv
T
- o
RCI 1 S,
o ,
8 ,
T L,
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(@)
g
|
| & o
| s
< v
” L
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Back-up slides

* Simulation costs

43

Simulation costs

e Standard FaSTAR Tuned FaSTAR

SA (standard) 96000 coreh/300000 iterations 50000 coreh/300000 iterations
SST 115000 coreh/300000 iterations 65000 coreh/300000 iterations

» SST about 30% more expensive than SA
* Tuned FaSTAR almost twice as fast as standard FaSTAR

44
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54th Fluid Dynamics Conference/40th Aerospace Numerical Simulation Symposium

Eighth Aerodynamics Prediction Challenge (APC-8)

(‘ HEXAGON

scFLOWIZ & % CRM-HL®D &%
BAFEICETHE AL
Numerical Prediction of Aerodynamic

Characteristics of CRM-HL at Low Speed
and High Angles of Attack by scFLOW

June 29th, 2022

Nakashima Yoshitaka,
Taguchi Seiichi, and Takeda Naoya

Hexagon Manufacturing Intelligence
Design & Engineering Business Unit
CFD Centre of Excellence

/ Software Cradle
Background and Objectives
About scFLOW
*+ What is scFLOW? Strength, rigidity, vibration, ':2;';:3::
» A part of commercial CFD package “Cradle CFD” Multi-Body fatigue & thermal
developed by Hexagon Dynamic Motion p

« User-friendly GUI
« A comprehensive package
* Pre-processor: Polyhedral mesh generator
« Solver: Unstructured polyhedral mesh thermo-fluid solver
« Incompressible to hypersonic flows
* Multi-phase flows
* Granular flows
* Post-processor: Visualization
* Multiphysics
» Co-simulation among MSC Nastran, Marc, Adams, Actran.

MSC Nastran

e

—_— =

Cr Cradle
Acti
Fluid & " NvH&
Thermal Acoustics

2 |hexagonmi.com (‘ HEXAGON
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Background and Objectives
About scFLOW

* What is scFLOW?

» scFLOW has recently been ported to the Fugaku A64FX system and become available on Fugaku.

(4 4 HEXAGON

Press Release
For immediate distribution
23 June 2021

; 1 adopts the sup: p
simulations in product innovation

Fugaku to

Partnership with Fujitsu means Cradle CFD can
simulations faster than ever before

Hexagon has demonstrated how innovation can be accelerated by opening up the possibility of completing complex CFD
(computational fluid dynamics) simulations that were previously 0o time consuming and expensive using the world's fastest

https://www.mscsoftware.com/news/hexagon-adopts-supercomputer-fugaku-

revolutionise-use-simulations-product-innovation

3 | hexagonmi.com

https://asia.nikkei.com/Business/Technology/Japan-s-Fugaku-keeps-

position-as-world-s-fastest-supercomputer

(4 4 HEXAGON

Background and Objectives
Validation Works and Objectives

» Validation of scFLOW on aerospace applications

» AIAA 2020-3029

* Hemisphere-cylinder (HC) and ONERA M6 (OM6) wing in NASA's turbulence model resource (TMR).
» Good agreement with those obtained by NASA's government codes (FUN3D, CFL3D, USM3D).

« AIAA 2022-3522

ONERA M6 Wing

+ Validate scFLOW on models used at 4th AIAA CFD High Lift Prediction Workshop (HLPW4).

+ Demonstrate the parallel efficiency on Fugaku.

» Objectives of this work

» Further verification study for low speed & high AoA flows of CRM-HL with scFLOW

« Steady RANS

« lterative convergence characteristics of aerodynamic coefficient

» Comparison with experimental measurement

» Research on the aerodynamic hysteresis around the stall angle

« Transient analysis
* Shows preliminary results

4 | hexagonmi.com

0.024

< ZTFUN3DFV

— %~ CFL3D
0023 [ ...x... USM3D
—&— scFLOW(prism/hex) /
= scFLOW(polyhedral) ‘
0.022 [ —

0.021 |

Drag Coefficient Cp.
°
S

0.019 |

0.018 |

0.017 |

0.016
0 0.005 0.01 0.015 0.02 0.025

h=(LN)13
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Numerical Methods
Numerical Mesh

* Mesh generation by scFLOW

37

» For the boundary layer elements, the recommended values of Level-C in Mesh Generation Guidelines on the

workshop website were used for the initial thickness and boundary layer growth rate.
+ For this work, Octants are simply refined around the walls, especially at the edges.

Example of Octants specification

Octants size = 0.96[m]

Finer resolution

5 | hexagonmi.com

u HEXAGON

Numerical Methods
Numerical Mesh

+ Comparison with provided mesh, ANSA103
Surface mesh

ANSA 103, Level C

ANSA 103, Level C

276,096,145

764,761,128

Polyhedral Mesh

62,124,074

294,876,783

Around the nacelle

Polyhedral Mesh

I o8s

Tt

30500550 0506
n8iRses-SBsge
LR
IO R EC

6  |hexagonmi.com
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Numerical Methods
Numerical Procedure

+ Discretization method
» Cell-centered finite volume method, unstructured polyhedral, density-based solver
* Inviscid flux
* Roe flux
* Reconstruction
* Linearity-preserving U-MUSCL (Nishikawa 2020)
* Recovers the accuracy of U-MUSCL even when the mesh is in bad condition
» « for the meanflow equations
* Polyhedral Mesh : k=0.5
« ANSA 103 : k=0.0(more stable but less accurate)
+ Viscous flux
* Alpha damping scheme (Nishikawa 2010)

« Evaluates the gradient at a CV-face by using high-frequency damping term with the parameter alpha in addition to the arithmetic
mean of elemental gradients

« Stable and accurate even for skew mesh (Jalali et al. 2014)

7 | hexagonmi.com (‘ ‘ HEXAGON

Numerical Methods
Numerical Procedure

+ Calculation method of gradients

* Polyhedral Mesh : Weighted least squares

+ ANSA 103 : Green-Gauss(more stable but less accurate)
» Non-linear solver in a steady-state analysis

+ Implicit defect correction solver with the residual Jacobian derived exactly from a lower-order discretization with a
local pseudo-time step

* Turbulence model

+ Steady : SA-neg
* Transient : SST-SAS
+ Initial field & calculated AoA
+ Steady
« Uniform Flow 1 2.78,7.05,11.29, 17.05, 19.57, 20.55, 21.47°

* AoAlncreasing : 17.05— 19.57 — 20.55 — 21.47°

* AoADecreasing : 11.29 « 17.05 — 19.57 « 20.55 « 21.47°
+ Transient

« Steady results 1 7.05,17.05,19.57, 21.47°

8 | hexagonmi.com (‘ 4 HEXAGON
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Numerical Results
Convergence Histories

39

+ Calculation histories of aerodynamic coefficients, CL, CD, and CM, Polyhedral Mesh
« Evaluate the averaged flow-field in the last 2,500 cycles

Lift coefficient

Drag coefficient

CcM

0.00

-0.35

-0.40

-0.45

Momentum coefficient

21.47°
—q8 57
—17.06°
—7.05°
0 2,500 5,000 7,500 10,000
Cycle
(4 4 HEXAGON

Momentum coefficient

—O—Experiment
—e—Polyhedral Mesh
4—ANSA 103 Level-C f
|AOA=21 .47|
5 0 5 10 15 20 25
alpha [deg]

3.00 0.50
0.45
250
0.40
200 0.35
fL 030
s [}
© 150 21.47° e 025 21.47°
] — 1857 020 —19.57°
1.00 —17.06° —17.06"
Averaged —7.05° —7.05°
0.15
0.50 0.10
0 2,500 5,000 7.500 10,000 0 2,500 5,000 7,500 10,000
Cycle Cycle
9 | hexagonmi.com
Numerical Results
AoA Sweep
» Comparison of the aerodynamic coefficients, CL, CD, and CM
» It has been said that around the stall angle is difficult with the steady RANS, but these results are relatively good.
Lift coefficient Drag coefficient
3.00 0.50
—O—Experiment —O—Experiment
2 50 —e—Polyhedral Mesh 0.45 —e—Polyhedral Mesh
A—ANSA 103 Level-C 0.40 ~@—ANSA 103 Level-C
4
200 035
3 5030
1.50 0.25
0.20
1.00
|A0A=21 .47| 03! |AoA=21 .47|
0.50 0.10
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
alpha [deg] alpha [deg]
10 | hexagonmi.com
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Slat F/Wing F|

Numerical Results /Fiap F

AoA Sweep

» Comparison of the pressure coefficients, Cp, at AoA=21.47°
* In terms of the pressure distribution on the wing surface, Polyhedral Mesh gives better results.

slatA Wing A Flap A
o Experiment
200 0 200 o Experiment
— Polyhedral Mesh o Experiment
400 ~ —— ANSA 103 Level.C 600 A 150 ——polyhedral Mesh
) T \ Polyhedral Mesh
5.00 { ——ANSA 103 Level-C
o —— ANSA 103 Level-C 1.00
5 4.00 o5
Slat A/\Wing A 25 oo 0350 o
& & &
/Flap A o 56 5
oo 100 0:50 tcmr
0.00 i
1.00 1.00
150
0.2 000 02 050 07 1.00 1.2 0.2 000 02 050 07" 1.00 1.2 0.2 000 0.2 050 07" 1.00 1.2
x/c x/c x/c
SlatF Wing F Flap F
=18e0 2d R = 300 3 © Experiment
xperimen
-16.50 o © Experiment 650 07’ e 2.50 ° oo ——pPolyhedral Mesh
14.50 2, ——Polyhedral Mesh 5.50 oynedal s 2.00 ——ANSA 103 Level C
° " —— ANSA 103 Level-C o
AT ——ANSA 103 Level-C 250 -150
1050
i 350 E
Slat FWing F| & 55 & &
JFlap F 55 2.50 050
P s 1.50 2 oo 0.00
2.50 050 o 0.50
050 050 OO O=—O0=-300 1.00
150 150 150
0.2 0.2 0.00 0.2 50 07 1.00 1.2 025 000 025 050 075 1.00 125
x/c x/c
11 | hexagonmi.com o ‘ HEXAGON

Numerical Results
AoA Sweep

» Comparison of the oil flow visualization at AoA=21.47°
» Polyhedral Mesh predicts well the flow separation around the wing root and attached flow around the section Wing F.

Experimental oil flow visualization

Polyhedral Mesh ANSA 103, Level-C
e = — 3 -

- =—

Around wing root

Around Wing F

12 | hexagonmi.com
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Numerical Results
Aerodynamic Hysteresis

41

» Comparison of the aerodynamic coefficients, CL, CD, and CM, among 3 sets of initial conditions: a uniform flow (Uniform
Flow), the result at a lower AoA (AoA Increasing), and the result at a higher AoA (AoA Decreasing)

Lift coefficient

3.00
2.50
2.00
a
[§)
1.50
—O—Experiment
100 —@—Uniform Flow
@-A0A Increasing
—a—A0A Decreasing
0.50
-5 0 5 10 15 20 25

alpha [deg]

13 | hexagonmi.com

Drag coefficient
0.50
—O—Experiment
0.45 —e—Uniform Flow
-A—AoA Decreasing
0.40 @-AoA Increasing /

-5 0 5 10 15 20 25
alpha [deg]

Numerical Results
Aerodynamic Hysteresis

0.00

-0.05

-0.10

-0.15

-0.20

Momentum coefficient

—O—Experiment

—e—Uniform Flow
@-AoA Increasing

—a—Ao0A Decreasing

10 15 20 25
alpha [deg]

(4 4 HEXAGON

» Comparison of the aerodynamic coefficients, CL, CD, and CM, among 3 sets of initial conditions: a uniform flow (Uniform
Flow), the result at a lower AoA (AoA Increasing), and the result at a higher AoA (AoA Decreasing)

Lift coefficient 270
3.00
2.50
250
2.30
200
% z 210
1.50
—0—Experiment 1.90 —O—Experiment AGA=19.57°
100 "—:"Z"I’"‘ Flow —e—Uniform Flow [
o O, ncreasing .
—a—AoA Decreasing 1.70 B-AoA Increasing Different CL among
the three cases
050 .
s 5 % pes p- e 5 —t—A0A Decreasing
alpha [deg] 1.50
10 15 20 25
alpha [deg]
14 | hexagonmi.com
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Numerical Results
Aerodynamic Hysteresis

» Comparison of oil flow and iso-surfaces of the vorticity, AoA=19.57°
« Separation behind the nacelle or at the wing root occurs depend on the initial field

Uniform Flow AoA Increasing AoA Decreasing

u HEXAGON

15 | hexagonmi.com

Numerical Results
Transient Analysis

» Comparison of the aerodynamic coefficients, CL, CD, and CM
» Preliminary calculation of transient analysis can not improve the steady RANS results.

Lift coefficient Drag coefficient Momentum coefficient
3.00 0.50 0.00
—O—Experiment
-0.05 "
: 0.45 e=Sieady —O—Experiment !
2550 010 !
0.40 —a—Unsteady —e—Steady '
H -0.15
i —a
2.00 ! 0.35 Unsteady
\ 0.20
o a 0.30 z
N AoA=17.05 e S.025
1.50 0.25
0.30
—O—Experiment
0.20
1.00 —e—Steady -0.35
—a—Unsteady 0.15 -0.40
|AoA=1 7.05|
0.50 0.10 -0.45
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Numerical Results
Transient Analysis

» Comparison of the pressure coefficients, Cp, and wall shear stress at AoA=17.05°

Slat G Wing G
-10.00 7.00
o
5 0 Experiment 500 o Experiment
8.00 o Steady % —— steadh
Slat/Wing G 5.00 ) !
600 — Unsteady °g — Unsteady
4.00

o

& i
o
g

2.00 1.00
025 000 025 050 075 1.00 125 02 0.00 02 050 075 1.00 12
x/c x/c
slatH Wing H
8.00 8.00 o
-7.00 S O Experiment -7.00 o Experiment
Slat/Wing H| 5% ° —— Steady 6.00 —Steady
-5.00 —— Unsteady -5.00 ——Unsteady
4.00 %
o -4.00 2 300
© 300 s
-2.00
-2.00 1.00
-1.00 0.00
0.00 1.00
1.00 2.00
025 000 025 050 075 1.00 125 025 0.00 025 050 075 1.00 125
x/c x/c (
17 | hexagonmi.com o ‘ HEXAGON

Conclusions & Future Work
Conclusions & Future work

» Conclusions
» Verification study of CRM-HL with a polyhedral finite-volume turbulent-flow solver, scFLOW was performed.
+ Steady results were successfully obtained.

» The coefficients CL, CD, and CM are relatively good agreement with those of experiment. Especially, prediction at a higher AoA
after the stall is difficult. However, Polyhedral Mesh got better results in terms of surface pressure by capturing the separation
accurately.

+ Aerodynamic hysteresis is observed: especially for AoA=19.55°, steady-state results are different among the three cases of
angle-increase, decrease, and uniform flow start.

+ Preliminary calculation of transient analysis could not improve the steady RANS resullts.
* Future work

» Study the transient analysis and adaptive mesh refinement approach to capture the separation phenomena
more accurately and improve the resulting aerodynamic coefficient prediction.

18 | hexagonmi.com (‘ 4 HEXAGON
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June 29, 2022

Eighth Aerodynamics Prediction Challenge (APC-8)
1C10

Aerodynamics prediction of CRM-HL

using RANS by TAS code

TASIZ&ACRM-HLORANSTEHZE HfR#HT

OFuruya Ryutaro (Ryoyu Systems Co., Ltd.)
Murayama Mitsuhiro (JAXA)
Ito Yasushi (JAXA)
Tanaka Kentaro (Ryoyu Systems Co., Ltd.)

Cases calculated 2

s Test Cases

o Casel: C gy Study (warm & cold starts)
- Case3: Flap deflection study

- Case4: Turbulence model study in 2D simulation (SA-noft2-R(C,,=1) & SA)

Case 1 | Case 3 Case 4
Geometry 3D CRM-HL 2D CRM-HL
Flap deflection R, o/ 1Mo _
(inboard/outboard) 40°/37 43°/40
(2.78°)
7.05°
(11.299) 7.05° o
S 17.05° 17.05° 16.00
19.57°
21.47°
2.2-Pointwise-
Grid nzsi?_if\xré;i” Unstr-PrismTet- Family 172
unstructy V2_43/40"1
Grid Level C-level D-level L1~7

*1 Grid downloaded from HLPW-4 website
*2 Grid provided by NASA TMR

*3  A-level (coarsest) to D-level (finest)

*4 L1 (coarsest) to L7 (finest)

This document is provided by JAXA.
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Computational condition & Numerical methods 3
= Computational conditions
o Casel, 3
= Mach =0.2,Re = 549 x 108 (C,s = 275.8 in), T,s = 289.4K
- Case4d

«  Mach =02,Re =500x 105 (Co = 1), Ts = 272.1K

s Numerical methods

Code TAS
Governing Equations RANS (Reynolds Averaged Navier-Stokes) Eq.
Discretization Cell-vertex finite volume method
Convection term HLLEW (Harten-Lax-vanLeer-Einfeldt-Wada)
Reconstruction method 2nd order Unstructured MUSCL
Time integration LU-SGS implicit
tencemodel | SAIOERCnn (o bl

= Computational Resources = /T
JSS3/

o JAXA Supercomputer System generation 3 (JSS3) was used
for these computations. .,ISI]“BE

Surface grids (Cases 1 & 3)

This document is provided by JAXA.
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Sectional views of grids (Cases 1, 3 & 4)

G

e
(n = 0.4)

Syt o
S s

Case3 (n=04

px

Case 4 (L4)

26
24

22f

Aerodynamic coefficients (Case 1) 6
» CFD results with warm and cold starts are compared with
experiment.
= Compared with experiment, CFD tends to predict lower C;, and
higher C, and C,, at high angles of attack.
= CFD with warm and cold starts provides different results at high
angles of attack. CFD with warm starts predicts
- Slightly higher C,, lower C, and higher C,, before the stall occurs.
- Significantly higher C,, after the stall occurs.
= CFD with warm starts seems to provide better results before the
stall occurs. Flow fields are compared in the following slides.
_é— :;(aprm start ’.{“%\ i _é_ 5\;2:m start ﬁ 0 _é_ :ﬁ:m start ﬁ
Cold start ; - v 04 Cold start 5 J oo L2 Cold start = E 4
x 9
{(5 035 ).:/.-"' 0.1
’./' S o_si / ‘}_-0.15: 1 a
: ,JIP 025¢ 5 Y 002: J?/.. o]
s / 02f 9/!/ . |
i /9 o5k i | )
t).’ ‘ : ;/&" 40357 | a3 IQ,.,-/'?.. |
on [deg_] 15 20 ] A°1A0[deg‘] 15 20 = 5 AoAO[deg‘] 15 20
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Surface Cf contours (Warm vs Cold starts) 7

Flow separation on the
mid to outboard wing

Flow separation on
the outboard wing

cf

— 0.015
0.014
0.013
0.012
0.011
0.01

0.009
0.008
0.007
~ | 0.006
0.005
0.004
0.003
0.002
0.001

Warm

£ Flow separation from )
the LE of the nacelle ) e O.f body flow
separation, similar to

the experimental result

Cold

Spanwise sectional C; & C,, distributions at a=21.47° g

s Compared CFD results with cold start, warm start result T T3 W Py
predicts
o Lower C, at the mid to outboard wing and higher C, at the inboard  &*” g;!
wing. . ot
s Higher C,, due to the larger separation on the mid to outboard o el E
wing and smaller separation on the inboard wing and outboard flap. ,t=""

" poA[dég] ¥

1200 T
\ ,( Cold I
\ 1000 |
[ Section|F
oL /W RS S W N N S S
\ \ =
]
£ 000
A - il
400
\%V Section B .
L S SESy
. | L. 1. L " 1|
002 004 006 008 01 012 %08 006 004 002 002 004 006 008
C C
12 1 “ 14 'm : :
10 i =21.47°(Warm start) | -12 - o =
Section b a Section F a=21.47°(Warm start]
a=21.47°(Cold start) i 1ol | a=21 .4T°=Cold start) y

|
[

 —

1 1 1 1 1
1100 1200 1300 1400 1500 15'00 1550 1600 1650 17|00
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Aerodynamic coefficients (Case 3) 9
» CFD results only with Warm starts for the flap 40°/37° & 43°/40°
configs are compared with experiment.
n For the flap 43°/40° config, compared with experiment, CFD predicts
- Lower C, & higher Cy,at a = 7.05 & 17.05°.
- Comparable C, at a = 7.05° & higher C, at o = 17.05°
= Compared with CFD result of the flap 40°/37° config, that of the flap
43°/40° config provides
- Lower C, and Cj at a = 7.05°, while higher C;, and Cj at a = 17.05°.
- Higher Cy at a = 7.05°, but comparable Cy at o = 17.05°.
| 045 ‘ o == —
| E— e J e ;
. » %4F O Flap40°%37° CFD o 00sf~{ O Flap 40%37° CFD
! A o a A Flap 43°/40° CFD Akl | &  Flap43</40° CFD
, .o 0ssf—— TS 1
(S n‘ g “f AAA Uzoz o
| P4 025F =0 . V.
1.57 = . i::::g:ﬁ;: E’;: 02— ,ﬁA ,,,,,,,,, .0_35 = == e o~
L, O  Flap 40°/37° CFD 0.15 035 0=
‘ iA Fla.p43°l40°CiFD = Cl ‘ ‘ o4 i-.‘ =] T ar ‘ .
AoR [deg.] 15 20 . AoRj[deg_] 15 20 5 AOAO[deg.] 15 20

Aerodynamic coefficients (Case 3)

| A

T

o. 0.06

N~

I 0.08

3 0.1
0.12
0.14
0.06
0.04

om 0.02

=

N~ o

-

1 0.02

10

Compared with experiment, TAS code predicts lower AC, of the 43°/40° config at o = 7.05°. This

trend is similar to results of other CFD codes participating in HLPW-4.

Aerodynamic coefficients predicted by TAS code at o = 17.05° are closer to the experimental
result than those at o = 7.05°.

0.015

\

— CFD (TAS)
— Exp

0.05

HLPW-4 results |/,

This document is provided by JAXA.

o
y , 0021 1 1 1
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0.02 0.05 -
o 001 stk — CFD (TAS)
— Exp
0.005 |- :
0.02
0
0.01
/ -0.005 [~ ! \
ol
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y . 0.015 L—1L 1 1
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Surface Cf contours (flap 40°/37° vs 43°/40° configs) 1

|| 0=7.05° | a=17.05° a=17.05°

/ Al

Cf

1 0.015
0.014
0.013
0.012
0.011
0.01
0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002
0.001

Flap 40°/37°

Large separation on the inboard flap near the fuselage
in the case of Flap 43°/40°

Flow separation on
the outboard wing,
similar to Flap 40°/37°
at the same o

Flap 43°/40°

«=7.05°
Flap 43°/40°

«=7.05°
Flap 40°/37°

Larger flow separation on the inboard flap
with the higher deflection angle.

o .o o
Aerodynamic coefficients (Case 4) 12
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— e / i
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sak \\ 0.064 |- " /”/ I Bry

6 < F g /

I \\: 0.062fF o 038 ¥

3555 00005 0001 00015 0002 00025 % 00005 0001 00075 0002 00025 O350 00005 0001 00016 0002 00025

(1/N)'/2 (1/N)'72 (1/N)'/2

SR P = Compared to FUN3D, TAS with SA predicts

R //. - Similar C, & C,, at all grid levels
5o % o 10~17 cts. larger C; & C,, at all grid levels
- o Cy converged at the finest grid
¥ 50 cts
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Summary 13

m C nax Study
o CFD results were obtained with warm and cold starts.

- Compared with experiment, CFD results with both warm and cold starts
predicted lower C,, and higher C, and C,,.

- Compared with CFD with cold starts, CFD with warm starts provided
results closer to the experiment before the stall occurred.

= Flap deflection study

o For the flap 43°/40° config, compared with experiment, CFD predicts
» Lower C, & higher Cy,at a = 7.05 & 17.05°.
» Comparable C, at o = 7.05° & higher C, at o = 17.05°

- Compared with experiment, TAS code predicted lower AC, of the 43°/40°
config at a = 7.05°. This trend was similar to results of other CFD codes
participating in HLPW-4.

= Turbulence model study in 2D simulation

- SA in TAS code were verified by comparison with FUN3D results.

- Compared to SA in TAS code, SA-noft2-R(C,,,=1) shows
« Lower C;, Cjrand higher C,
= Similar C;and C,

This document is provided by JAXA.
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APC-8 (i&%#&S:1C11)

CflowI[Z & 2CRM-HLOKREEEHT

Prediction of Low-speed Flows
for the CRM-HL Configuration using Cflow

LUAMBR. ZH =T, FAK &K L5 B
Yamauchi Yuka, Yasuda Hidemasa, Sawaki Yuta, Ueno Yosuke
Kawasaki Heavy Industries, Ltd.

Aerodynamics Engineering Section

2022%6A29H8 (7K) B <€ Kawasaki
FE54ERHEES/F40BIANSS @[ Powering your potential

Outline /

B Objective

W Focus of APC-8
1. Grid dependency study
2. Effect of turbulence model
* SA-neg vs SA-noft2-R-QCR
* SA-noft2-R-QCR vs SA-noft2-R (effect of QCR)
* SA-noft2-R-QCR crot 1.0 vs 2.0 (sensitivity analysis of crot)

B Summary

© Kawasaki Heavy Industries, Ltd. All Rights Reserved

Powering your potential n
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Objective
B Participation case

|| casel | Case2 | Case3 | Cased |
A O

Submitted O X

W Focus on the results of Casel in this presentation

® Casel
SA-neg SA-noft2-R-QCR SA-noft2-R
Cflow Grid O O O | Focus 2
JAXA Grid O X X
Pointwise Grid O X X
Focus 1
> Focus 1 : Grid dependency study Grid feature study

+ CflowGrid vs. JaxaGrid vs. PointwiseGrid and code to code comparisons

> Focus 2 : Effect of turbulence model Which turbulence model
* SA-neg vs. SA-R-QCR vs. SA-R approaches the WTT results?

B Kawasaki
Powering your potential

© Kawasaki Heavy Industries, Ltd. All Rights Reserved

Numerical Method

CFD tool Cflow (KHI in-house)
Governing Equations RANS (Reynolds Averaged Navier-Stokes equations)

Spatial Discretization Cell-centered finite volume method
with 2nd-order accurate reconstruction based on

MUSCL
Inviscid Flux SLAU (Simple Low-dissipation AUSM scheme)
Viscous Flux 2nd-order accurate central difference

Turbulence Modeling SA-neg (Negative Spalart-Allmaras One-Equation Model)
SA-noft2-R/R=-QCR (for investigation of turbulence model effect)

Time Integration MFGS implicit method with local time stepping

References for Cflow details

1. Ueno, Y. and Ochi, A., “Airframe Noise Prediction Using Navier-Stokes Code with Cartesian and Boundary-fitted
Layer Meshes,"” 25th AIAA/CEAS Aeroacoustics Conference, (AIAA 2019-2553).

2. Atsushi Hashimoto, Takashi Aoyama, Yuichi Matsuo, Makoto Ueno, Kazuyuki Nakakita, Shigeru Hamamoto, Keisuke Sawada,
Kisa Matsushima, Taro Imamura, Akio Ochi, and Minoru Yoshimoto, “Summary of First Aerodynamics Prediction
Challenge (APC-I),” 54th AIAA Aerospace Sciences Meeting, AIAA SciTech, (AIAA 2016-1780).

3. Yasushi Ito, Mitsuhiro Murayama, Atsushi Hashimoto, Takashi Ishida, Kazuomi Yamamoto, Takashi Aoyama, Kentaro Tanaka,
Kenji Hayashi, Keiji Ueshima, Taku Nagata, Yosuke Ueno and Akio Ochi, “TAS Code, FaSTAR and Cflow Results for the
Sixth Drag Prediction Workshop," Journa/ of Aircraft, Vol. 55, No. 4, pp. 1433-1457, 2018.

4, Yasushi Ito, Mitsuhiro Murayama, Yuzuru Yokokawa, Kazuomi Yamamoto, Kentaro Tanaka, Tohru Hirai, Hidemasa Yasuda,
Atsushi Tajima and Akio Ochi, "JAXA's and KHI's Contribution to the Third High Lift Prediction Workshop,” Journal of

Aircraft, Vol. 56, No. 3, pp.1080-1098, 2019.
W& Kawasaki n
Powering your potential
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Grid comparison

*These conform to the mesh generation guidelines(fuselage cell size,
chord/spanwise spacing, y+ etc.) of HLPW4 and are equivalent to LevelC.

|| CflowGrid | JaxaGrid | PointwiseGrid

Total
number 384M 209M 142M

of cells

Cell size

@x~44m S5mm 39mm 24mm

‘ wing surface
@y=16m

wing surface wing surface

@y=16m

xz plane

Kawasaki Heavy Industri - A
Powering your potential

[ st | saaoce | s ]
Grid dependency study e . °o o
o

2.6 p In this presentation, CL is averaged AoA=19.57deg
and flow visualization is instantaneous. i
2.5
24
2.3
2.2
o 21
2 4
1.9 AoA=19.57deg
—--EXP
—e—CflowGrid CflowGrid JaxaGrid PointwiseGrid
1.7 ~&-JaxaGrid Largest cell size
—><PointwiseGrid cell volume of first cell off the wall : 0 II 0.0035[m?]
1.6

4 6 8 10 12 14 16 18 20 22 24

aldeg] B CflowGrid has the largest grid spacing on the wing.

There is a possibility that it is necessary to pay attention to the surface grid spacing
of the wing even if the grid is the same Level C.

© Kawasaki Heavy Industries, Ltd. All Rights Reserved

B Kawasaki
Powering your potential
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| saweo | snoce | san |
ZTrm o | o o

Effect of turbulence model

Ay . Loy | oo
Motivation for changing turbulence model o

AoA=17.98deg uivalent to AoA=19.57deg for CFD) AoA=19.57deg

Large differences
between WTT and CFD

separation

In the case of SA-neg, large separation
occurs at AoA=19.57deg in 3 grids.

m Change Turbulence Model to Reduce Separation in CFD
® to suppress separation on area A — add QCR
® to suppress separation on area B — add R (Rotation Correction)

Turbulence model is changed to SA-R-QCR to assess
wing outboard/root effects.

© Kawasaki Heavy Industries, Ltd. All Rights Reserved B Kawasaki
Powering your potential

Effect of turbulence model $m
[ swacria [

SA-neg vs. o

2.6 ,Focus on AoA = 19.57deg
AoA=19.57deg
AoA=17.05deg .

2.5

2.4

23

2.2

SA-neg
o 21 Q criterion |
Isosurface 0.01 |
2

1.9

—o-EXP
1.8 j

-e-SA-neg | ApA=21.47deg
1.7 SA-R-QCR |
16 B By changing the turbulence model from SA-neg to

SA-R-QCR CL approaches the WTT results.

Differences appeared in both the corner flow and
the vortex generated from the outboard wing.

4 6 8 10 12 14 16 18 20 22 24 _
a[deg]

Application of both R and QCR supress root and outboard separation.

© Kawasaki Heavy Industries, Ltd, All Rights Reserved B Kawasaki
Powering your patential
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Effect of turbulence model _m@__m
SA-R-QCR vs. SA-R (1/2) [

26 |
25 E p.9 and 10 shows effect of QCR
2 AoA=19.57deg at AoA=19.57 and 7.05deg.
24 F
; o dCp([1 - A)
23 F
[ \ dCp
i 05
2.2 F i 0.25
221 F QCRon is closer to the WTT _g -
Q& result at AoA=19.57 deg. 05
Zr —o-EXP
19 - A QCRoff *Not avaraged
[ O QCRon
1.8 F Q
1.7 F
/ O - next page
1.6 Dodobesninti b, blue—negative pressure is
4 6 8 10 12 14 16 18 20 22 24 large@QCRon
a[deg]

B QCRon approaches WTT at a high AoA.

B There is a difference between QCRon and QCRoff on the wing root side ; the negative
pressure of QCRon is larger on the wing root side.

© Kawasaki Heavy Industries, Ltd. All Rights Reserved

B Kawasaki
Powering your potential

Effect of turbulence model o

SA-R-QCR vs. SA-R (2/2) a

= The total CL of QCRoff is larger at AoA=7.05deg, differing from at AoA=19.57deg,
I AoA 7'05deg |and is close to the WTT result. (see p.9)

3 AlB |C D E Flap —_ QCRoff red—negative pressure is
2{;9 (o QCRonJ large@QCRoff
5T —a— Total QCRoff
—&— Total QCRon
Zr F H
=
o
T 15 }
o
o
—
1 F
05 F
o il il 1 'l 1

0 01 02 03 04 05 06 0.7 08 09 1
Non-dimensional y position

B QCROoff has a larger Cn than QCRon in the A and B sections on the wing root side
and in the F section of the outboard wing.

B The Cp distribution in the flap is different between QCRon and QCROoff.

B [t is necessary to see not only the integral value but also the flow field.

The turbulence model approaching the WTT result
at high and low AoAs are not identical.

Powering your potential n

© Kawasaki Heavy Industries, Ltd. All Rights Reserved
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Effect of turbulence model %@?
Sensitivity of Crot (SA-R-QCR) T =

O
Based on this study, it is considered that QCR is effective in predicting high AoA. (see p.9)
=>We change the Crot of the Rotation Correction in the turbulence model SA-R-QCR to analyze its sensitivity.
2.5 | 4
AoA=19.57deg _3 |
2

2.4

Local Cn

-o—-Crot=1.0
-5-Crot=2.0
0 ' 1 il I I 1 1 L 1

0 0.10.20.30.40.50.60.70.809 1

2.3

22 differences

in wing roots

o 21 Non-dimensional y position
2
1.9
—o-EXP
1.8
¢ crot=1.0
1.7 O crot=2.0
1.6

4 6 8 10 12 14 16 18 20 22

a[deg]
B The sensitivity analysis of Crot without changing the condition of QCRon shows a difference
on the wing root side.
In this study, Crot = 2.0 is better.

© Kawasaki Heavy Industries, Ltd. All Rights Reserved

B Kawasaki
Powering your potential

Summary

m The grid dependency on the 3 grids and | ¢ c\e;

the effects of the turbulence model on the| a sar

_ : ; : ; -=-SA-R-QCR
CRM-HL configuration were investigated. |/ SAR-QCR(Crot=1.0)

B Lessons Learned

® Grid dependency study :
+ There is a possibility that it is necessary to pay2.2
attention to the surface grid spacing of the B :

wing even if the grid is the same Level C. © 21

23 |

2 b
® Effect of turbulence model :
+ At AoA=19.57deg, the SA-R-QCR (Crot=2.0)19 [

had the closest value to the WTT. :
« The turbulence model approaching the WTT

result at high and low AoAs are not identical.
+ When SA-R/SA-R-QCR is applied, the effect of

turbulence model is commonly observed 1.6

SenSitiVely on the wing root side. 4 6 8 10 12 14 16 18 20 22 24
+ In this study, Crot=2.0 of R (Rotation afdeg]

Correction) is closer to the WTT result than

Crot=1.0.

1.8 F

© Kawasaki Heavy Industries, Ltd. All Rights Reserved
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Eighth Aerodynamics Prediction Challenge (APC-8) a\‘
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Aerodynamic Prediction of CRM-HL
Using Hierarchical Cartesian Grid and
Immersed Boundary Method

QFunada Masaya, Imamura Taro
(The University of Tokyo )
Sugaya Keisuke
(JAXA)
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1
Agenda c‘\,‘

Background

Objective

Numerical methods
Case4 : 2D CRM-HL
Casel : 3D CRM-HL

Conclusions
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Background 1

* UTCart (The University of Tokyo Cartesian grid based automatic flow solver)
* Unstructured hierarchical Cartesian grid
e Automatic and robust grid generation
* The Immersed Boundary Method with a wall function*1
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Background 2

e Until now, the upper limit of the number of grids in UTCart has
been about 200 million
* Some variables exceed the integer4 limit
* Visualization software do not support integer8

* Extend the upper limit of number of grids
* The type of some variables has been changed to integer8

* Visualization data is output separately
—>Flow simulations with about 400 million grids can now be

performed
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Objective c‘\,‘

* To evaluate the prediction accuracy of Immersed Boundary
Method with a wall function for low-speed simulations of high-
lift device configuration

* The effects of grid width are investigated
» Steady computations
* Case4 : 2D CRM-HL

* Casel: 3D CRM-HL
* Up to 400 million grids
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Immersed Boundary Method c‘,\‘

* Flow variables are extrapolated from
Image Point (IP)

* Wall function is used to determine
the wall shear stress

* Assuming that tangential velocity is
linear between the wall and IP

’ Image Point
&

Face Center

_______ Wall model
Linear profile
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Numerical methods

Governing Equation RANS
Turbulence Model SA-noft2
Inviscid Flux SLAU+3m-order MUSCL
Viscous Flux 2"d-order central difference
Time Integration MFGS (Local Time Stepping)
Wall Boundary Condition IB+SA wall model
Distance between IP and wall 3Ax
Initial Condition Free stream
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2D CRM-HL

HEUK F

( ’ THE UNIVERSITY OF TOKYO
<

This document is provided by JAXA.



Eighth Aerodynamics Prediction Challenge (APC-8) 65

Computational grid

* CFLnumberis 20 in all grids

#1 #2 #3 #4 #5 #6 #7

Minimum | 1.590 9.538 4,768 2.980 1.703 8.515 4.585
grid width | X 10™* | x 107> | x 107> | x 107> | x107° x 1076 x 1076

Grid 177,164 | 291,797 | 577,771 | 921,351 | 1,606,333 | 3,207,629 | 5,950,335
number

Grid #1  Grid #7
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Aerodynamic coefficients

* A fair agreement between UTCart and 0.080
FUN3D*1 at finest grid

* In the third finest grid, UTCart results differ <
from FUN3D results

0.075

0.070

* IPis in the buffer layer (y;% : 10~30) 0:009 D . o
* If IP is not in the buffer Iayer, the 0.0005 00010 1/0%5 00020 00025
prediction accuracy is reasonable Ca
—@— UTCart -0.35
38
—— FUN3D 036
C37 $037
-0.38
3.6 ~0.39
0.0005  0.0010 ~ 0.0015  0.0020 0.0005  0.0010  0.0015  0.0020
VN 1/VN
Cl Cm
(;’ ?;Jﬁﬂng?: 1) https://turbmodels.larc.nasa.gov/ 10
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Surface pressure coefficient

* A fair agreement with FUN3D results, except for #5-grid

_10_

— #]
— #6

#5

#4

#3
— #2
— #l
— FUN3D
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Computational grid

* Unstructured hierarchical Cartesian grid
* Three grids are used

* IPisin the log layer

100M-grid 200M-grid 400M-grid
Number of 103,640,578 | 194,862,769 | 409,626,109
Grids
Reference Grid |9.537 6.936 4,768
Wldth (Axref) X 10_4CMAC X 10_4CMAC X 10_4CMAC
CFL number 2 20 20

wing | fuselage | fairing flap slat nacelle | pylon

Minimum | Axpr | 4AXper | 0.5AX ef | AXpep | AXpep | 8AXper | 28%per
grid width

— N . ALY
S Llaraes 13

Computational grid
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200M-grid
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Time history

* Almost converged solutions

2.6
0.45
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§0.35 >>>>>>>> 522 i‘
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Aerodynamic coefficients

* A fair agreement between UTCart and

exp. at low AoA o

* Smaller Cy, larger Cp, and larger Cy; of <03
UTCart than those of exp. at high AoA

0.2

* No grid convergence in Cp and Cy,
at high AoA ’ O e

aldeg]
Cp — a curve

—o— 100M 2.50
—&- 200M 020
—— 400M 025
" E ~2.00 5
P © © 030
1.75
-0.35
1.50
—0.40
5 10 15 20 5 10 15 20
aldeg] afdeg]
C, — a curve Cy — a curve
e 4 %}ﬁsz&% 1) https://hiliftpw.larc.nasa.gov 16
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Skin friction at Cy, ;.45 (19.57[deg])

* Larger outboard separation compared to exp.
* Smaller C;, larger Cp, and larger Cy,
* Also reported in RANS simulations in HLPW*1
* The position of the separation area depends
on the grid width

100M-grid 200M-grid
e 4 %&1&%% 1) https://hiliftpw.larc.nasa.gov 17

Conclusion

 Steady flow simulations around CRM-HL were conducted with
UTCart (IB+SA wall model)

* Case4 : 2D CRM-HL
* A fair agreement between UTCart and FUN3D at finest grid
* IfIPisin the log layer, the prediction accuracy is reasonable

* Casel: 3D CRM-HL
* A fair agreement to exp. at low AoA
* Larger outboard separation compared to exp. at high AcA
* The calculation results were dependent on grid width
* Grid convergence was not observed in Cp and Cy, at high AcA

— IB+SA wall model can analyze high-lift device configurations with
reasonable accuracy
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The 54th Fluid Dynamics Conference/ The 40th Aerospace Numerical Simulation Symposium AE‘?,C
29th June 2022 AN

APC-8DKEHER
Summary of Eighth Aerodynamics

Prediction Challenge (APC-8)

B 2 (JAXA)
Hashimoto Atsushi(JAXA)

Statistics of submitted data ~ Es.

Organizations and number of submitted data(total 21 data)
— National research institutes:  JAXA(9)

— Aerospace industry: KHI(8)

— Vender: Hexagon(1)

— University: Univ. of Tokyo(3)
Grid

— HLPW4 grid generated by MEGG3D: 7
— HLPW4 gird generated by Pointwise: 2
— HLPWA4 grid generated by ANSA: 2
— Custom grid: 7
— TMRIZHEA& F(FAMILY1): 3
Code
— Unstructured solver(19)
— Unstructured Cartesian solver(3)
Turbulence model
— SA(21)
Initial condition
— Cold start(17): Calculation from the uniform flow solution
— Warm start(4): Calculation from the low angle of attack solution

This document is provided by JAXA.



72

Participants of Case 1
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\
REC

Organization Code Grid Description of the grid Turbulence Initial
(generated by) Model Condition

== Al SA-noft2
A SA-noft2-R- Cold start
- FaSTAR QCR2000
Zauner Markus  JAXA (Unstructured HLPW4(MEGG3D)
O A3 solver) SA-noft2
O AL SA-noft2-R- Warm start
QCR2000
-~ B1 HLPW4(MEGG3D) /
O B2 P HLPW4(Pointwise) Pointwise grid(1.3.C) SA-neg
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. . P
Part|C|pants of Cases 3 and 4 W
Case 3

Organization Code Grid Description of the grid Turbulence Initial
(generated by) Model Condition

B7

iR

A 3 EHAEEKER

Case 4

KHI

JAXA
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(Unstructured
solver)
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(Unstructured
solver)
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Custom

HLPW4(Pointwise)
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Uniform flow
SA
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. YANE
Case 1:Steady computation REC,
* Conditions
— 3D CRM-HL flap angle:40°/37°(inboard/outboard)
— M=0.2, Re =5.49 x 108 (C,s = 275.8inches), T,;= 521°R
— AoA =7.05,17.05, 19.57, 21.47deg
5
RRC
CL-Alpha, Case 1 Rk,

HLPW4

All Best-Practice Results
(03_GMGW3_HLPW4_RANS.pdf, p.17)
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CD-Alpha, Case 1

HLPW4

All Best-Practice Results
(03_GMGWS3_HLPW4_RANS.pdf, p.17)
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Surface Cf Contours(Case 1, 7.05deg, Viewpoint 1) ARG
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Surface Cf Contours(Case 1, 19.57deg, Viewpoint 1) ARC,
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Surface Cf Contours(Case 1, 7.05deg, Viewpoint 2) ARG
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Surface Cf Contours(Case 1, 19.57deg, Viewpoint 2) JARC,
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Surface Cf Contours(Case 1, 19.57deg, Viewpoint 2) JARC,
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Surface Cf Contours(Case 1, 7.05deg, Vlewpomt 1) YA\.Q(‘
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Surface Cf Contours(Case 1, 21.47deg, Viewpoint 1) YA.,! RC
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Surface Cp distribution
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Surface Cp distribution . o
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Case 3: Steady computation ReC,

* Conditions
— 3D CRM-HL flap angle:43°/40°(inboard/outboard)
— M=0.2, Re =5.49 x 108 (C,s = 275.8inches), T,s= 521°R
— AoA=7.05,17.05deg
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Surface Cp distribution (Case 3, 7.05deg)
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Case 4:Steady computation

* Conditions

— M=0.2,Re =5.00 x 106 (C,; = 1), T, = 272.1K

— AoA =16.0deg

TMRIZ & F (FAMILY1)

43

Grid Level m&H-YD/—FEN
L1 (coarsest) 173958

L2 294161

L3 508099

L4 930671

L5 1679982

L6 3227904

L7 (finest) 5980721
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APC-8M74+0—F7 Y7 DERHER
Summary of APC-8 follow-up

B 2 (JAXA)
Hashimoto Atsushi(JAXA)

Participants of Case 1 RES.
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Case 1:Steady computation RS,

* Conditions
— 3D CRM-HL flap angle:40°/37°(inboard/outboard)
— M=0.2, Re =5.49 x 108 (C,s = 275.8inches), T,;= 521°R
— AoA=7.05,17.05, 19.57, 21.47deg
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Q-Criterion Surface, X-Vorticity (Case 1, 17.05deg, Viewpoint SYA,‘!E,?,Q
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