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Development of Compressible Flow Solver using Hierarchical Cartesian Grid Method
for Aerodynamic and Aeroacoustic Simulations
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To contribute to the further improvement of safety, fuel consumption and
environmental compatibility of an aircraft, as a baseline technology, a hierarchical Cartesian grid
method applicable to the analysis of high Reynolds number compressible flow which is important in
the aerospace field is developed. It was possible to carry out analysis of the flow field around an
aircraft until now, but there were various problems in the analysis using the hierarchical Cartesian

grid method which is capable of fully automatic grid generation. In this study, we have tackled
those issues and have shown the effectiveness of the new proposed method through various analysis
cases. It is shown that the newly constructed fluid analysis method can be applied to aerodynamics
and aeroacoustic analysis, fluid structure interaction problem and optimization calculation around
wings and aircraft.



# X C—19, F-19—1, Z—19, CK—19 (@)

1. BFZERRAGY WO 5

B L BAFE S5 RIFIIZERE I, ettt - IR - BBESE OO T2 51 BRSO 5T
5. REMEZED DO, Kol o REREHE SRR 0K =505 5o 2 8L HE S FEh
T A MERSH Y, R - REE AL SET 57 OIIHEIRPT - (KBRS 2B IR 2 Al
T2 MERH L. 26 OFEBUTITEMENEA /) (Computational Fluid Dynamics, PLT
CFD) MNARA[RIZFMTZ, Sk E LT CFD 28 & LAaWiFges « 5t 2 i EIc R A <
XDV —)VTiew. FEFRT AT 4 TIZEES S WUEIERE - 22017 A A« 28 J1BR 5
TNA ZA%AIHT 5121%, T L CFD ZHM L LARWIZEFEH T OIS - HiiE R,
TAT 4T & BN RIS E B IR 2 54T LRGE R E/e 7' 1 77 D OREERVLETH
5. LEOERIZKY, MZETHIE CHERE L T T T

A VRS« FEREIERT AL O FREAT T RE 2 P T
LA BN IS  WRAKFEITIE DBAFE A3 3R 8D B 41T
W5,

2. WO BW S
KRR CIE, MiZeténzzatt - e - B ot -
DERLI FICHGTHEEZBIEL, 705

LLT, MZEFEHSTB CEERS LA /LA - E
S T AL 0D SR L 8 ) T R 7 PR TR L A 1T
S TRIFRRTE BT 2. FFZEIRETRIC BV T . DR ;
1T, BL 7R D ESHTIEICEIT DB — 2 0k -

B B RS O BRI Y $ide. F o ko, BEpgsx K1 Hybrid Wing Body JA U 124
R WITELTEEE B R A B E R ELTEE T R L 7= 4% - D 45

EH LW REISER S5 HIEICOWTHEZIT). ZhUbOFEOEBIEES LA /LR
$e o FERGMEFRN ORI LB AR RN CTH 5. BB LB 0TI, MiREcokEs4E
2L, B U< BAFE L8R4t & Mt By LES/RANS Hybrid 4 o 36 7E & LT 7 /L OHFSE
BATS . ROMIZEHEE O DZE )y - 22 S BT A M L, RO A28 U T Rar - RE -
BE#EATEOSWMZEHAIE O 7O O IO ELE K 5. 72, BENLRARE L TR
A T EM R I Y KT

3. WFEED Ik

AWFFEClE, 22/ - 42 /)BT & L C DRSS E AT F1E % N D R M A AT s
T 5. 1 ERETIE, BPE B) TRR LI TAERT 1 7 T A L EREME IR AEATIE
BIREL L, WEAS—2OMIRBERBERSE 2T 5. 2 BT, EFELRTT L (BE
B — Wk T ELE R R A ) [COWTHFZE A2 Eli1 5. § 3 B TlE, FERti
FRHTIE O @ EEARIZER D fTe. BARBYIZIX, FEEH LES/RANS Hybrid BELWEE T S0, fifiEE &
FEEREANT D, FH4BRETIE, M2~ ARICEA L, 24t - RE - BEEA D
BT ZERE DRI D722 D3 B IR 2 S92 L i, T2 @ L CA LA THA O RIEA
., BUERAMENTR 7 0 7 AOUGEIZ 7 4 — Ry 735,

4. BFEERE

AWFFE A8 U TH%E L7 7 1 2 5% UTCart (the University of Tokyo Cartesian-grid-
based automatic flow solver) & 4 L7=. LLFICHIZE/ NERBICEDORELZ L0 5.
(1) [EREAEAKRAIEICE LG REE A X — LORE

AR TIE, A Z O TAER S LD IEREER B E A 2B W T, AREREIEICHES
ERFEEA X — DA LTz, REFEITIEER R E A 712 % <AFET D MRtk
NOZEMBEZ O DH—FH T, BT A X0 EDLEZAICBNTYH, LHmITHR< 2k
WEARD., £70, EMEOHMA~DEELRZIZT 5720, BEe L OAREBRT 5 ENX
fb& Lz, 11T, 1 W FICB WD TEERIM A F— L OEA1T o 7. IREFIETITAR
HEZ 2 AT v IR EIL, —ERTFLEAREZFOSRT 52 LT, BEELOLORMR
L72ER(LTAT VB RERICIER LT, SIREEZIT) 2N TED. I 61T, WENO
DI EAZOWEZ A LT, B AT — L 28 EH, @Bk L THEE L.
WIZ, ZWITMBEIZ BTV E CORRERE T OFRFEIZOW TG L7z, 1Eko k]
MUSCL FUZE$eiR OEFSFTUI 0 BAZEIHA B S M2 L, 2 OFEZEIE Z i oA EAT i i o0 & L i
EHWTHIIEET S Z LT, MREEDZ A REEICESD D FEEHBE L. £, K
S O @ RS BEAL DN B S B M D UCEIZ SN Db Z L AR LT-. &S5, BEFEZRE
B TR, Burgers R, Euler HFRRERIZHEA L72ER, 4 RKEBEEORKRFIINENELLED
NHZEERLE. BETFEZHTHEOMBGERME (X2 28) (2@ L, EkFEickx, &
B, e EOMBENRKE LM ET S L E2MENSDT-. £7-, hanging—node & & Tek& 11T H
WTHAF—ANIELLEET D Z & 2Dz, BEEREICB VT, EREELOmEH
W2 X > THRWEBRE ORMBE S ZE L CEHE T, BRI & IMIKROIEEF RO 70 @i g
WA ONDZ ENRENT. 51T, ZHEHMEB KOV R ImAL 5 M5 O IR ELIC L 55



Fa X FOBEINTIEERD 20 [ RETHY, BEFEIIFTHO B TH 5 B O &2TE
MU R 2B REE A X — A TH D Z L BEND BT,

1

0.8
0.6
—~N

0.4
0.2
0

0 0.5 1 1.5

X

p

! 20.6207

18.5517
16.4828
14.4138
12.3448
10.2759
8.2069
6.1379
4.0690
2.0000

2

2.5
Mach Shock

2 Double Mach reflection |Z31F % B E 54

(2)  PERERE AR E2 VIl 5 Cut-cell RO

AR TIX, ERETFZHMHALEEE
MO & 5522 B BT TIEOH
KHEHELT BERETIZBTH5ER
S LT oM IA BT R L (IBM) &
Cut—Cell ¥EZ L L7=. Cut—Cell ¥EIT
DN TIE, 6D Cut-Cell {ENFFOR
MaEfRik+ 5720, @KL =
Cut-Cell & BRL7=. IBM & flilgik L
7= Cut—Cell ¥E% FVNTIEREMEVE - 7t -
IR OEAT 24TV, BRERMCm IR A
K&~ DFRENTRE T & Dz K- Tl F
EOZXE 2 RFE L7-. RAE2822 #AlE b
D OB FEFICE L TH, Cut-Cell ¥
WX DT E ) - BT A IS
EREE DL W—FE R Lz (I35 .

(3)  MUZEHE 0 @ LAV IR DAY
E AT B W CELIARIT 21T 5 72 D FIE L LT, BERISE W2 iiAZ

ARWFFETIEL,

0 0.5 1
x/c

[X] 3 RAE2822 BIE W D~ v Ny A

BEFUEAIRR LT, Z2RH 2 RS EE DWAK Y L /X — 2 3N TRE TS 0 3 B 45 A0 % B0 i | i
TEXBH L), BEHIFECIHRVEEZ G2 DFIETHDH. 5T, BAWIL IO & & HEFE
T 572912, Spalart-Allmaras GLITEET VORERB A LT 35 2 L 12 XV BEMEITEE TOTREKS
MDD ZAETET 5. R EOSERBOHEIZBWTIL, EESHIZHEOIAREERIE TERE
DOXMBEEEN BB IND Z 2R L. £ TOERENEBEOREE R IR 2 Kot
bump 33 X OV NACA0012 BAUE © OFFIZB W TIL, BIESNIZHDIARBEREIL, BELETO
MBI IREN 2 PN 2, &V ERE/eBE BB O TRINAIRE CTH o 72, £72, 2 TOMHT T,
EEINZHDAABEFIFITEEEZ M2 200 L L, L0 BWEFINEM 2R3 2 &2

MR ST, HITEA TV LN UTCart IZ
BT, BHERTRIE O OFASE OfFEHTIZ 1A
F-FEORB AT, BHRE Y Off
Brisl & LT, JAXA m5 /7 25 A R (JSM)
D @ RANS T 21T >7- (K4 208). JM
Y N OFHEM R T, EKA/[ICBIT 5
B, B v F o lE— A MRED R EER
B AHEMEETVEEZ R LT, £/, 3k
[ _EDENDAHIZHONT Y, EBRFER L B
—E &R Lz, —FT, @lAIcBnTiTA
Z v b HEPEEE SR OFIBES BT S
B N S AR H -T2, B,
B RG IR O TSR A & DX, K 10%THh
Sfa. EBIZ, mEAIZEBT NSO TR
FEEE A _ECmT CiE, TR o R A
REEHEAREOR R DK ENMLETHD
T EMER L.

0 Nacelle off
-0.002 AoA=14.54

B4  JAXA =4 )R E R ERTRL (JSM) AL D @
TEAVIGHRAT O]



(4) IRl G HERERIEAMS I8 T 57 ¥ aA v MEC K AR

AW TIE, EWIRE S EBERERKE BT 57 YV aA v MEERWEEREEETIEE
BELE. EWERESHEEREZKE FICBWTE LA IV ZBOELRERE OB E it %
T 50, BRET MEESN SA TF /L, BEREMFICHDIAARSEREEZ W, 2ok
D IRPRFHEICHR L CT YV a A v MEEZEH L a2 RERE O E 21T 72, b O
IR BT ORRZTEN L, HRE{bORE Z LT+ 2 BEERT 2 2 & THMIZRK
HLERERKEAE L L. BEFEORIEDO O, T A U I #HiZEF 1 5% (American
Institute of Aeronautics and Astronautics/ AIAA) Aerodynamic Design Optimization
Discussion Group (ADODG) THEMtINTWAREMND, “WRcEMOHiR/ MU (Case 1 :
FEREME, Case 2 : KitE) AWz (M55, EHLLOMBEIZENTS, MoSTEROFH SR
g L, R TH LN RO YD MER Sz,

(a) Baseline (NACA 0012) (b) Modified PARSEC (¢) Hicks-Henne
M5 HIHIEAR (a) & 2 FEHOTIREBL (b, o) (ZHD < HedfbatHsE A (Cp 317)

(5)  PiiAR-HEEE R~
AL TIE, 2 T V3 RITD > T Iv
TR ZE PRI KT LT, PR Ak
FJEMEIER A Y v — (UTCart) % W20k
RIS AT TIE 2L L, TR L2 M
AE L 72, ASEERAENT 7 1 7T DO RS R
REDT= 8, FATHISE CRNT A THOIL TV D E
B JE T ZE R A K A ARE L T T & b (X
628) L, OB ZIT-o2. TmbH LW
PR O FIZBNT, ZERERNEONT.
FRIZHR D BB L CIEFEF IS VWE 2R
LTEY, BB & FERIEMAT OEV DX
EAENT ERERTTE, T e 7
T L OFFNTAE RO LR STz, AR
TRAFE L 7 W iR & s pl i i 7' e 777 A C
1%, UlCart D& FAERRDES S 21EHL,
AL aBBrEEZLDL LN HERKRTS:E X6 @7 AT bR OB OF)
RV ETZ & T, i L OB & i)

BHATH) Z LN TE . SBOIEREE LT, 70 r T 0% X0 EREOKE ZMEIZwE A
T DIV TGS I IR 2 BB T D Z E R RAIRTH D, £, HEEORIRICH LR
MM FRECTH D VD UTCart OAFAMEZIENTT2DIC G, BEHEIRI I AT6E 2ok
ATV X— L DIERARD HILD.

(6)  [ELACKSG -1 CFD b O i A RS HE & F O 72 M8 5 A AR VT B3 55 T I I e SR i ot
AWFZETIE, BEEREAR T-_—2Z2® CFD Y L _A—Th % UlCart |12, WHEEEZIEEL L~
Adaptive Mesh Refinement (AMR) DF$REZ FZIE L, B EFMESFA T DAL IBIT D ET
LaRE Lz (K720, ARIEZBEH LR, EOREZRHIE L, B LVOBENFRICE
(b 28+ GEEKRT) NEEICIER TE . BAEKTIE, BIARTE o E T IRTER 2 R/
AL LT (AR F) IR TRV E 6 BFRREICIEI TX 72, AMR K13 — A6k L [
HEREOETNEA~DORBELZG L, EAEEZMH L oo bIRBIR 252 N TE. —
F7C, ARSI E ST S B F BT ST D DITH L, AMR 11X ELER 5 E )
ARG L, fMGEICH DT EERT AN A o, #EERIZONTE, —HKT&
HEHF L BIZ3BEROE) AP ON, PLIE S VT 4L H FaSTAR & 1 dB AN D ZEIZINE - 72
2 IHRENZ DV TIX, FaSTAR & UTCart M CIE DGR By F o 7 E— A v MREIZK X
7eFEm L BTz, UTCart [ CIE, 272 R O 22X 22 IR B % X S 72 2 & B
HINZ o T,



(a) AMR %3 L 7=k Rt E#E 1K (b) HEFFIHEMEE » OJE SR H A
7 RN S e EA A Y OWRNSGREITIZN 5 AMR O #451

(7) FEEEGTEENT~DIH

ARG TrE, HDIALEE AR L OBER S & AV
T, MEAEAK IV CHLZEH & i E
30P30N J& V) @ DDES ikt 217> 7. BLILTRE DA
M DOREESE O AR 2N SHIZB LT, Wik
B % T2 SRk OB ERE J & [RlER O Rl 5 %
WLz, 72720, BT /DAL RIETIIWK
AR T & Lhl U CHLF 728 O JE30 T O 1-fRfg E
DRELNHETHY, BTORPTMGLEZ W
LT DN D Z ERRENTZ. HEART
VLD CAEEOFEE Z X 8 IR T. 22T,
A F > h®cusp b H D AWHEN Tl 3R ITTHY
WCHEET 2 L L b2, AT v MMERPOLHILARIZ
L S b VI A RV MG

8 MIZEMMATRA T v bE Y OIFE

5. TR i AEREAT OBl

CdERERm =0 (BH1 0 1)

1. Yoshiharu Tamaki and Taro Imamura. "Turbulent Flow Simulations of the Common
Research Model Using Immersed Boundary Method", ATAA Journal, Vol. 56, No. 6
(2018), pp. 2271-2282. https://doi.org/10.2514/1.J056654 [#7if]

2. KA, AFKRS, ESHEFNEOMPAIE “RTEEER OBUEATRI R ~DEH, H
AR T 226 L Vol. 66 No. 1 p. 7-14 (2018) https:/doi.org/10.2322/jjsass.66.7

[&Fef]

3. EEFA, JHHER, AFAKRS, EAATIKY 13 UTCart & il 72 NASA-CRM O
FEREE F & O RANS AT M ZE T H W (A4 T A4 v ), 2017,
http://doi.org/10.2322/astj.JSASS-D-17-00024 [# 4]

4. Yoshiharu Tamaki, Motoshi Harada, and Taro Imamura. "Near-Wall Modification of
Spalart—Allmaras Turbulence Model for Immersed Boundary Method", AIAA Journal,
Vol. 55, No. 9 (2017), pp. 3027-3039. https://doi.org/10.2514/1.J055824 [#&#HiH ]

5. Motoshi Harada, Yoshiharu Tamaki, Yuichi Takahashi, and Taro Imamura. "Simple
and Robust Cut-Cell Method for High-Reynolds-Number-Flow Simulation on
Cartesian Grids", AIAA Journal, Vol. 55, No. 8 (2017), pp. 2833-2841.
https:/doi.org/10.2514/1.J055343 [# A ]

6. Yoshiharu Tamaki, and Taro Imamura. "Efficient dimension-by-dimension higher
order finite-volume methods for a Cartesian grid with cell-based refinement."
Computers & Fluids 144 (2017): 74-85. DOI: 10.1016/j.compfluid.2016.12.002 [##7i4]

7. BHIEE, SAKRS, “ERHETIECR T HOIALERE L Cut-Cell 5D L - BEH T



HETOIET] « F AW )56 ORREE”, B ARHLZEF 1 Fikim CHE Vol. 64, No.3,
pp.200-207, 2016, DOI: 10.2322/jjsass.64.200 [#Hif ]

(=iR] (Gh4 14F)
1. Keisuke Sugaya and Taro Imamura, Grid Metrics Modification Approach for Flow

Simulation around 3D Geometries on Cartesian CFD method, AIAA-paper 2019-2362,
ATAA Scitech 2019 Forum, 2019

2.  Gaku Okubo, Taro Imamura, Characteristics of Adjoint-Based Shape Optimization on
Hierarchical Cartesian Mesh with Immersed Boundary Method, SCITECH2018, ATAA
2018-0552

3. Tamaki, Yoshiharu, and Taro Imamura. "Turbulent Flow Simulations of the NASA
Common Research Model using the Immersed Boundary Method with a Wall
Function." 35th ATAA Applied Aerodynamics Conference. 2017. ATAA paper 2017-4235

4. Taro Imamura, Yoshiharu Tamaki, Motoshi Harada, Parallelization of a Compressible
Flow Solver (UTCart) on Cell-based Refinement Cartesian Grid with Immersed
Boundary Method, Parallel CFD'2017, 29th International Conference on Parallel
Computational Fluid Dynamics, May 15-17, 2017 Glasgow, Scotland, UK

5.  Yoshiharu Tamaki, Motoshi Harada, and Taro Imamura, Near-wall modification of
Spalart-Allmaras Turbulence Model for Immersed Boundary Method, AIAA paper
2016-3797 46th ATAA Fluid Dynamics Conference Washington, D.C. 2016

6. Motoshi Harada, Yoshiharu Tamaki, Yuichi Takahashi, and Taro Imamura, A Novel
Simple Cut-Cell Method for Robust Flow Simulation on Cartesian Grids,
SCITECH2016 ATAA paper 2016-0601, San Diego

7. Yoshiharu Tamaki, and Taro Imamura, Locally-Defined High-Resolution Scheme for
Shock-Capturing Problems on Unstructured Cartesian Grids, AIAA paper 2015-3194,
22nd ATAA Computational Fluid Dynamics Conference, Dallas, TX, June 2015

(XF) GO )

(PESERA PEHE)
OiERdL G0 1)
OBAFIRIL (B0 )

(£ Dfh)
==
http://park. itc. u—tokyo. ac. jp/rinoielab/research/index. html

6. BFFERLRK
(1) WFFEs5 4
7L

(2) WFget S
L

SRV IC X DHFZRIE, BFZEE O AR EBEEICBWTHET 2D TT. 20, HEOE
T-SCHFFERR D ARFFIZ OV TIE, FOEGHFIZEI bOTIH RS, TOMEMRICET S
RRRPE, MHREEAICRESNET.



