A0 5 AT m MR RETL A B R = R 2
(B REAIHINE T v 7T A

[fLZEteT 2 N7 T A R0 < HRIKBAFE DX (IR 7= 3251
i
il AL s

SM644ES5H1 7H
ESLRFENHIL RS
[ ST A FE BRI RS VA N T H W ZE A 90 PR S8 1A

=
o
S

=]



LB D BB . ... 2
2.8HIOEE (MEERE) DRI . . 2
2-1. MZEE (SOFE) OBEEMIE. .. ... 2
2-2. ERERB (BLBR) o 3
(1) BEBRERIEF - EMEETFRAEIET 71 FFVHC-ACE (2 & ZIEEM 5 B EE TOIRME LV ZoH
RATAES SIS EEREEOTREE. .. ... 3
(2) KRB ERFAERT— 2O T—2BBRE. 20

@) TEEINXT ZRFEARMRT TUr—2av~0BRAKE .. ... 23

4) 7ROy FOBREMHEE 29
2.3, FBE (AR RO EEIE) . 30
24, R RE . 30
A1 BRERBREW 32



HENERD AT
MR BRAIINE Y v 7 2y
WLZERET o 207 T A b3 HRIRBAZE DX A 72 FEREAF 2

RRHIE S+ JPMXP1020230320

1. WEIEXOEM
AHFERETIE, B EmERHERTB LT — 2B 7ofE 0, M2WER 7 7 14 Mlie R
T HT XN ENER LT iz BAR 7 r e X 37 b b @ R BN 3 L O — B
RIS M T O XNV T T4 ML D, A FE TOILRERR ECIEAVWBERBR%E DX (RHEEAT & 72
HIELHFEFMTHIEEANET D, FTMAERBR A — U — & OBREIREEED T SRRz G
7 2O DX RIS 72 SR A HEE T 5, N2 T, mEEE S LEELHER L 2D, Kl
(HEH) 7ol EHEE COREZR ﬁrfﬁﬁﬁlﬁﬁﬁﬂﬁ%%/}iﬁﬁ I FE R AT RE & 5 P E AT
¥ FEME T AR AEAT A 7 7" U FEVHC-ACE DOBAFE 218 L T, #i2e L7210 Tla < | JEMEMETIA DS
RO DMRIEWNEICEBNT 2 2 L 2 BT

2. SMSHEE HBEFE) OEEAR
2—1. YZEE (S5 EE) OFEERNE
(1) MEERIE AT « JEREPETRIAEEAR 7 7Y FFVHC-ACE 12 X A KD & 8 5 £ T OME IR it 42k
FRAT ek A3k 2 8 % B TERR G AR OO TR A

(1 a) KEEP(Kinetic Energy and Entropy Preserving) A %— A DOEEWHEE O « BIFRE,
WLZSHE TR BT A2 EE N7 = v FIRROBER T /L LES (large—eddy simulation) 7
PR F0 L OVAEEAT [ PNEHE B B D R REARAT A B
< FESERERE ¢ ENLREARALR T >

(1 b) KEEP R ¥ — AT L2220 58T FiE O - BA¥S, Mizeizs 1BRs B3R 7 L OBMT
¥ K OAFRHT,

<SR - ENLRAEANRALR T >

< EWarkEa : ENZHFFERRFEIE N T M A AT TE B TR >

(1 c) PEBMERETIECR T B8 - ZIEMEGREFIEORT, Wik - #Ek o B LML
oy — L ORRES « BAZE. J6 I OMLZEHE T3 22 ) P RAURATT
< AR ¢ ESLREFEIEARALR >

(2) KRBT — 2 OF — 2 BBIRE



AL - MUY AR 2 R T — & O 7 — 2 BRENFL AR OB - PHIE, Al aig
TR« @l T = v FBBRITEB T D RHBEMETUA T — 2 OF — 2 BREV R LRI ORI 3
FOASRAT,

< GERFERE ¢ ENLREFEIEARALR S >

(3) I NEXT & RARZ IR T 7V r—3 3 U~ D BB
KEEP A % — LD SEERAAN—ZF 7 v T ALADKFIB IO —xv7' v 7T LAOE, e
FUEAZHE -« TERMEPETRIARFAT 5887 77 U FFVHC-ACE DEf R,
< FEHiFERT - ENL KRR AR AL R >
< FEHHERE : ENTAFEBHFS 15 N T2 A SR BH A >

(4) Fuv =7 koA HIHEE

TuYx s NEROBERE & LoD MR O, WS IR & O i S RORIE S
78 E A BRME L. BFSEH I BEBE O HERERE 0 JELE - I IS BT D, EINAN O BERREE & O HEC,
ROE=—ZOMEE X A LV —IZRV AT 7=, ENS O & EMRICZT 5, £2, 7
BV bR EAREH - REER VLR Y Y MO B & 0 BRI AR
Do HREEIZOWTIE, AR AM AR L, BT 5, ZhIfEnv, BHFRIFRE O, [Pk
DAT 7T v 7T ETRIEZIBRALCAMBERRORY A% Fhi LT <,

2—2. EENE (BKRE)
(1) BEREERKTF - [EHEMEFRAEET 71) FFVHC-ACE 2 &k B{EEM S B E E £ TOIEA L V2o
RATEEB 2B 5 EERETERE D FAIEEM

(1 a) KEEP(Kinetic Energy and Entropy Preserving) R ¥— L DEEREELDHRE - BIK.
MEHEEEIKICE ITAEE/NNT7 Ty FREDETTE T/L LES(large-eddy simulation) 3%
RN S & RN, EREEEEORITARITHEE,

KEEP R % — A DOERIHEE DB

BA%E 7 7'V FFVHC-ACE[la.1]% W CTEE HALZ T3 2728, KEEP A % — A[1a.2])DOE B i
B (A7 RAFZ—2) 2T LIz, R AT— A39E80% KEEP A % — Alla.2]%2 X — A ZE K
ERGVE 2 RO F DRI R D 2 & C, W A2 ZE I Lo DELREE S E 72 & OELITEL S 2 (KK
WA OEEEICHAET D LA AREE T 50X AR LI b DO TH D, kA N9 2 sk IZLL T o
AP —[la3lick>Tarbo—1L745,

_ |V - ul )
IV-ul+|Vxul+¢

T 2T, e3ARMICERE OB THIES IS N D L5 IZT 272D TA=FTHY [lad], 7
LY S F ) — T L Ve =102 RE LT, U EOBE R o —% T2 2L T, R LA T
Uy RAF—LOBAER (N—7Hm+1/2) ZBT 2HEREFTGILTFO L dickans,

m+1/2

0




P C=F - @lgél (@1 — @), @
T ZCFREED I3 KEEP 75w 7 AL AIDE “IHIIEMERNE T T v 7 ATH VR EAXF—LO—FETH D
Roe AF—A[lasiIC k> CTiMiEN TV D (AlE Roe EENZ L » TR SRRy a7~ Y
v A, QIIRFETH D),

LIFTIiE, BARL7IoAA 7 U v RAX—ADOHFMEIC DN T ZRIuthiB3 2 RE oM 2SR 0 B 5
ERE ELIREE N E T (BT = v M) CTREET 5. RETTHIT 222k NASA-
CRM[1a.6)J& ¥ OE FE AT AR NA 7 U > R AF— L% U724 Fig.la.l I[Z7~7, Fig.la.1(a)
IERDODH D A/ UALEIZE T 2 Wi 31 D B O FE 5 AR A/ ap (2 2 Cag i —HEE S H) |
Fig.la.1(b)l%[F UREZNC R T 2 @R o — (X7 axv ¥ —) 0054 T 5, Fig.la.l(b)k W ATEH
B Y — IR O B A R L, AL D ORISR LBUERE A N X D 2 & CREICHE
B A TTREIC Lo, ELTEE AUB SER IR GR A % — 4 D KEEP A % — A2 X V) & IS LA
1 fif 5 C & T D (Fig.la.1(a)). Fig.la2 3R mITHEOELIEE (R 30 FHRREw, OBFE A OA
ATV FAF =AM XD EME R LR LA X — 22 AWHA0, SHEBROLETH D, MFE
& HICHERY & ELMERNBRN T T 2N EELEICFIR TETWDEN, ANA 7Y v RAF— AT
DINNELTE A S F CTRBEICMBE TETRY, TOAIMERHERTE 5,

[ [T

0 0.1 0.2 03 0.4 0506 0.7 08 09 1

(a) u/aw (b o
Fig. 1a.1 Instantaneous (a) streamwise velocity and (b) shock sensor distributions around the NASA-CRM.



(a) Present hybrid scheme (b) Conventional upwind scheme

Fig. 1a.2 Instantaneous spanwise vorticity distributions around the NASA-CRM.
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Fig. 1a.3 Instantaneous vortical structures visualized by the iso-surfaces of the Q-criterion and shock structures

at the angle of attack a = 5.78deg.
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Fig.1a.4 Instantaneous streamwise velocity (u/a,) distributions around the main wing at the spanwise cross-

section (n = 0.5) with five different angles of attack.
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Fig.1a.5 Lift coefficient C; in terms of the angle of attack a obtained by the present WMLES. Blue square

present WMLES; white circle experiment.
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Fig.1a.6 Time-averaged C,, distributions over the main wing obtained by (a) wind tunnel experiment and (b)

present WMLES.



RBINZEBENT =y FEREDOIT HBETH LT = v M EADFKAEIZONTHERT 5728, Fig.la7
(R RIS BBREOENEBC, A% R, ST 2y N TSRS 2 E BB AT S A S R
fHETHAL, BIEANZ D> TR L TS BIRTH Y N T = v FORAELBERNH 5 Z & 238 EIR 5=
BRIZ L > TR S LTV S [1a. 7], Figla7 IZIIARMT TR LN S HA DR R EZ /R L T\ D, HIANME
WH®D 3 r—A (a =3.05deg,3.33deg,3.61deg) TiXid> XV Lo T = v MEADPHERI NV OIZH
L. Gridl OMHHDE - TH D, HADEWTD 2 7 —A (a = 4.70deg, 5.78deg) TIE/ N7 = » k
T DOFAENHARRICHER TE %, BEFET /L LES IZBWTHEJAER CTHE SN AT =y FEILDF
ENHERTE D — T, MIRAFERTIEINT7 =y b4 vty METEATH Da = 3.61°12 8\ T H B
N7 xy bEADBESND LGS TR Y[1a7]. KR EOER LRSI D, S%IT L0
DINOEFREAG T Grid2 (B2 N FEEITHI 2000 S 70D X 9 ARG RE) 2 H Ui & 9206 L.
NT xy MEARAEFIEENT =y Aty FOBURSBERET /L LES DT =y Aty bl
T DA O T, KDFELSHELITR> T TETH D,

Fig.1a.7 Instantaneous C, distributions over the main wing obtained by the present WMLES.
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Fig.1a.8 Time-averaged lift coefficients skin friction distributions and surface streamlines of CRM-HL

configuration obtained by the WMLES using FFVHC-ACE with Grid 0.
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(a)Hierarchical Cartesian grid (b)Instantaneous pressure distributions

Figlb.1 Computational grid and instantaneous pressure distributions obtained by simulations with FFVHC-ACE.
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(a) Hierarchical Cartesian grid (b) Iso-surfaces of Q-criterion (c) Pressure fluctuation
Fig.1b.2 Computational grid and instantaneous flows obtained by aeroacoustics simulations around landing gear

using FFVHC-ACE.
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frequency[Hz]

(b) K1
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frequency[Hz] ‘ 3 frequency[Hz]
() K9 (d) K15
Fig.1b.3 Power spectrum density of pressure fluctuations at three locations on the wall of landing gear obtained
by direct aeroacoustics simulations using FFVHC-ACE. White circles: experiment [1b.7]; blue lines FFVHC-
ACE.
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(a) Hierarchical Cartesian grid (b) Pressure fluctuations
Fig.1b.4. Computational grid and instantaneous pressure fluctuations for high-lift devices obtained by direct

aeroacoustics simulations using FFVHC-ACE.
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frequencylHz]
(c) F1: lower surface of flap
Fig.1b.5 Power spectrum density of pressure fluctuations at three locations on the wall of high-lift devices obtained
by direct aeroacoustics simulations using FFVHC-ACE. White circles: experiment [1b.6]; blue lines FFVHC-
ACE.
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Fig. 1c. 1 Instantaneous vorticity distributions for the oscillating cylinder case. Every fifth grid point is shown. Left

proposed method on fixed Cartesian grid (Ax = D/50); right conventional method on body-fitted grid.
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Fig. 1c. 2 Instantaneous pressure distributions for the oscillating cylinder case. Every fifth grid point is shown. Left

proposed method on fixed Cartesian grid (Ax = D/50); right conventional method body-fitted grid.

Fig. 1c. 3 Time histories of lift and drag coefficients for the oscillating cylinder case (Cl: lift coefficient Cd: drag
coefficient). Blue and red lines proposed method on fixed Cartesian grid with Ax = D/50 and D/25 respectively;

circles and triangles conventional method on body-fitted grid.
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Fig. 1c. 4 Spanwise-averaged Mach-number distributions around the transonic pitching airfoils at pitch down phase.
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Fig. 1c. 5 Time histories of lift coefficient of the transonic pitching airfoil. Left a,, = 0° ;right «a,, = 4° ;squares
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experimental data [1¢.6]; black circles results for fixed airfoil at &« = 0° and a = 4°.
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Fig. 1c. 6 Distributions of the real and imaginary parts of the first Fourier mode of surface pressure coefficient. Left
column a,, = 0° right column a,, = 4°; upper row real part; bottom row imaginary part; blue lines upper airfoil

surface; red lines lower airfoil surface; squares experimental data [1c.6].
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Fig. 1c.7 Summary of preliminary analysis for static aeroelasticity using FFVHC-ACE.

BEER

[1c.1] Asada, H., Tamaki, Y., Takaki, R., Yumitori, T., Tamura, S., Hatanaki, K., Imai, K., Maeyama,
H. and Kawai, S. (2023), “FFVHC-ACE: Fully Automated Cartesian-Grid-Based Solver for
Compressible Large-Eddy Simulation,” ATAA Journal, 61 (8), 3466-3484.

[1c.2] Choung, H., Saravanan, V., Lee, S. and Cho, H. (2021), “Nonlinear weighting process in ghost-
cell immersed boundary methods for compressible flow,” Journal of Computational Physics, 433,
110198.

[1c.3] Brehm, C., Bara, M.F. and Kiris, C.C. (2019), “Development of immersed boundary
computational aeroacoustic prediction capabilities for open-rotor noise,” Journal of Computational
Physics, 388, 690-715.

[1c.4] Kuya, Y., Totani, K. and Kawai, S. (2012), “Kinetic energy and entropy preserving schemes for
compressible flows by split convective forms,” Journal of Computational Physics, 375, 823-853, (2018).
[1c.5] Kawai, S. and Larsson, J., “Wall-modeling in large eddy simulation: Length scales, grid
resolution, and accuracy,” Physics of Fluids, 24 (1), 015105.

[1c.6] Davis, S.S. and Malcolm, G.N. (1980), “Transonic shock-wave/boundary-layer interaction on an

-19-



oscillating airfoil,” ATAA Journal, 18 (11), 1306-1312.

[1c.7] Date S. Abe Y. Yamamoto T. & Okabe T. (2021) “Fluid-structural design analysis for composite aircraft
wings with various fiber properties” Journal of Fluid Science and Technology 16 (1) 1-23.

[1c.8] Date S. Abe Y. & Okabe T. “Effects of fiber properties on aecrodynamic performance and structural sizing
of composite aircraft wings” Aerospace Science and Technology 124 107565 (2022).

(2) RREBEEMRET - 20T —2BHHZF
ER(E - BHMENFIREGBRRIET — 2 DT — 2 BERPHIBITEDRET - FAFK. MEEEH
MK - BENT Y FRRIZE T HIRBEREMRAT — 2 0T — 2 BB PR OHRRNE
EOV.N: 2

Bl - WU B FIRE AR AR T — & O F — Z BRER EROMBATIE DRSS - BAR

BA% 7 7V FFVHC-ACE[2.1)IC & % & IR R ARFRHT T D DB RBIRE T — Z 2 6 | BIR BRSO R
BFICH BRI E RO T 7 — 2 BREREN FEZRE Lic, BRI, 81T — Ko fig
(DMD)[2.2 23]%& M+ BB HEZ B 2 5 BABMET — Z ([ A wRe & 3 2 I LFIE A st L .DMD
FREAT Y NS —ZBRE LT, Eio, B LcitFbFiEE | mEEICE— RafEd %5/ /L DMD[2.4 2.5]
B L7z,

DMD TiE, At v 7 va vy N EMINIBMT —% 2 DR S 21750 L CEA B fEZITUV,
BHETRN 2 B D JEE I & iR R4 AT % DMD E— RICHET 5, KGR AELELETTF—2 D7
ZHWTHNT CE 570, BIEWRIE I ZO 58O 7 6T FBRIEA ) oM /55 T HiEa < v b
TWnb, LarL, KRBT —ZIC L TCDMD @M L& 5 &7 25 &, EAREDMEIT IITIIERET S
TeOIZBERFH R A A NOEAT Y NMEE 0D, EERFIL, EHESMEITIITIZED DDA
RIFR TN, ZOITFNERET 5 F TICERZRITH 2 Wb 72 TR bRV RTH D, BEOE
[2.6 2.7 2.8] Tl BEAMEDMEAEAT DITHNEMERE T DO OFE 2 2 MHITFIES A € U HIRFEN 7R
ENTWDEHEOD, MEESCT — 2 A X775 L Bbi b oL bOiEElEHNTWD, —F, K
FFE T, T2 WD Z & L FE 2t DMD % FELT 2 5L TE 2 B LT, Big L=itsb T
ETIEH T —ZATHIX = [x1, %2, %] (Xm(m = 1,2, ) IZA T v 7 a3y MK L TXTXZFIFHE L,
R SNTZXTX % VT DMD O 7 V=Y X AR 7 A E A Ok o 7 Ok 2, R 72
WHIFHRIL, ZOXTXOFE DI THEF T E | OITHIEFIL S THFIIZEM /N S VTHIOFE TR
52 EERHGRISEN TN D, ZORER, BHEEZ#EZ 5 KHET — 2123 LT, DMD OtHR a2 | &
VEAEY 27 U CRIBICHIE T 2 Z S IZI LT 5,

INZ TAMFZECIE., BE%E L7 AHETiEIT N 770 DMD ICESICERARETH L Z L2 AHL T
%o N7V DMD I, TTHINTT — & ZE721F Tl MBS bR TREE SN D A T ATHE WV, T
—ZATHINICE ENDERE T Z & T, T— ROMEDOMD E— RIZ L 55V O FEEL) O B % [h)
ESHDLFETH D, TOHENET Takens OHLDIALERL[2.91C K o THFHNRIES LTI Y | FERKE
B2 A T X7 AT 5% < O THOIAREEIIH VLGN TS, —JF, /~> /L DMD Tl
T—HITHINDOT — X ZHET 720, BHEEZ L 2 KT — 2 OIBEIh D T — 2T EICE

-20-



KERY AROREL L 225, ZHUTK L, ARBFETIL, BAFE L7 W5k Fik %A~ 7L DMD (2R L |
ANV DMD DT L3 Y R LFATHIFEXTX L /NS BRATHIRED B TR TEH Z L2 oM LTz, Th
IZE D, TRT =X BERE 2D IO BHEH I EMERIA T FZO D) THE VLN T I hoT
N0 DMD A3, O DMD &R CEHR 2 A b E B AE Y CEIAEE L 725> T 5, Fig. 2.1,
WA A FE T & LR Y R =12 L A FAERALT — % (Rep = 150)12%f L C M5 L 72051/~ 7 /L DMD
FRHT Y NN —"TCl DA BRI & RER) 2 RT, WHEEIL TEE] 2RV TTV., W50 1
2481632 64 & L7, BFPNZHEMTHDID, WHUL LZRWRERD /N 7L DMD & RO A5 R
BoENTVWD (ETOWFKETT oy hRER-S>TND), B, 22 TIIRERWS, DMD £— K [dH
ROFERDE DI TS, F72, Fig. 2.1, W3 25 a2 2 &R, T 205150k}
JE L CEFE = A RS S, IRIFHEARA 2SI L R NG DT,

%1073

e
o
@
@
-
[«]
S

Growth rate
N
(€3]

CPU time [s]

101

5052 03 04 05 06 07 08 009 100 10t

St Number of processes
(a) Frequency and growth rate (b) Scaling of computational cost
Fig.2.1 Frequency and growth rate of DMD modes and scaling of computational cost of parallel Hankel DMD for
cylinder flow at Rep = 150. Number of processes in Hankel DMD is 1246 8 16 32 64. In (a) white circle
conventional Hankel DMD; red circle 1 process; green hexagon 2 processes; blue square 4 processes; cyan
triangle 8 processes; magenta inverted triangle 16 processes; yellow plus 32 processes; black cross 64 processes.

In (b) red solid present scaling; black dotted ideal scaling.
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Fig.2.2 Frequency and growth rate of DMD modes for three-dimensional transonic buffet around NASA-CRM
configuration obtained by parallel Hankel DMD. Red circles conventional DMD without Hankel matrices; blue
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Fig.3.1 Schematic of variable distributions in computational cells for FR methods. Blue uncorrected distributions;

purple corrected distributions.
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Fig.3.2 Requirements of FR-KEEP scheme using Gauss-Lobatto solution points.
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Fig.3.3 Time histories of total entropy conservation error for inviscid Taylor-Green vortex. Cross symbols indicate

that computations are blown up. Red FR-KEEP; blue FR-KEP.
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Fig.3.4 Time histories of total entropy conservation error for inviscid Taylor-Green vortex. Cross symbols indicate
that computations are blown up. White circle stencil-based 2nd-order KEEP; blue proposed FR-KEEP; red FR-
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cells(nc)%dadx(i j k n) = 0.0d0
cells(nc)%dady(i j k n) = 0.0d0
cells(nc)%dadz(i j k n) = 0.0d0
do I=1 number_of baseFunction
cells(nc)%dadx(i j k n) = cells(nc)%dadx(i j k n) + cells(nc)%a(l j k n)*dphi(i 1)
cells(nc)%dady(i j k n) = cells(nc)%dady(i j k n) + cells(nc)%a(i 1 k n)*dphi(j 1)
cells(nc)%dadz(i j k n) = cells(nc)%dadz(i j k n) + cells(nc)%a(i j 1 n)*dphi(k 1)
enddo
enddo
enddo
enddo
enddo
enddo
Fig. 3.5 Kernel algorithm of FR method.
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Fig. 3.6 Elapsed time in terms of the number of SP for kernel algorithms of FR method.
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