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Modification of the Immersed Boundary Method
for Improving Drag Prediction Accuracy of NASA-CRM

SUGAYA Keisuke, IMAMURA Taro (The University of Tokyo)

ABSTRACT

Cartesian grid method and Immersed Boundary method is suitable for aerodynamic design of aircraft because of its fast,
automatic and robust grid generation. In this study, we propose a modification of the Immersed Boundary method for improving
the accuracy of pressure drag prediction. The key idea of the modified method is to choose the reference points which are used
for enforcing boundary conditions according to the primitive variables. The Image Point is used to determine the velocity
boundary conditions, and the cell which is closest to the wall is used for calculating the pressure boundary condition. The
capability of the modified method is evaluated through the two- and three-dimensional transonic flow simulations. The RANS
simulation around NASA Common Research Model shows that the drag coefficient calculated by the modified method is closer
to that of the body fitted grid than the original method. Therefore, the accuracy of drag prediction by using the modified method

is better than the original method.

1. Frim

BAZHE T2 F W T SRR )% (CFD) 12, e
ZWTIRICR LR - g XA MK T AR ATHE T
HDHEVHIRNENSHDH. DR DRI LR
W80 33, MiZEge DB IREEHI AR e FETH .
BT 2 O T2 fRAT I X R O BE TR DSBS ER IR I C R B
ENDIF/RNRDH DN, BEEHLFEORNDOET VLT 2
HHIAABE S (Immersed Boundary %, IB %) 19 %0,
B ECIN LREEICIR S el T2 AT A 0 > ML
h oD R EEAAREDED LT, TORENM L
T5. ZHNETIIBEEZAWT, BFEMREKEIRT
& HNASA Common Research Model (NASA CRM) ¥ &
KRR BEDFRNT 2N 72 S TRV, 2= ) PR ZRITx
L E/ Mg T-IEAY 1/1000 FRE O T2 H\WLH Z & T
WK AR DOFEATIZ R L 20 drag count FREE DFEE
TIPUREZ TR TE 5 2 ERHRE S TNS,

IB V2K % RANS EHTCIX, BEMEITLHZIEIR Ok
FEEE LW OENEOHENRETH 7203,
A 1B VEICH U7 RERSE DR FE 2N 20 Sy, BRI
DEFEE 2 TRINAEEIZ R0 Do b 53, —F, fHikE
BEE U @SN CIX, EEPTRNCERED 7%
%. 1B {E% FW T IR IR RNT <X, B B Fmicg
U 2 HE B OALE DS, BEHE CTORIRIKITT 529
F 72 RANS fEHT TIE, WEE G T OMATICR LT
FTHEPUAE RIZEHME & 549, IB &% AW TIPSR
LD EHIZTRIT 2720120, EEITHlo%E
PDUETHD.

AWFED HEIL, IBIEOREMFMHEZWEL, EK
FERAWIZCFD COIRM PRI E X1 Ls¥5 2 & T

b5, A ETITEARIO FREE M LS8 57
DI, FRCEEmM COENBEREMCER T 5. K%
® 1B KIZ L AT, BERE A - — A DE
HErERIE Y LR TH D UTCart* ZHHT5. XL
12, PERD 1B k& ARWFIETRET HEETIEIZ DN
TiR~%. &IT, NACA 0012 3B IERETRARNT &
RAE 2822 39 o> RANS fi#ghr &, #tkFiELELE
FHETHRT S, R&%I1Z, NASACRM @ RANS f#T

S =

179,

2. BEAENT Rk

2.1. ERFED 1B 3

ARMFSE T, Discrete Forcing > 1B ¥ D & W
5. EEAECIEREHE I LR LA IR L &
Vs, X 1 I3ARFRTHWS B JEOMKKKTH 5.
X CDITHE T D'V %, FEESEIRIZAFET 5 &L (Fluid
Cell) , BEM L RZFET AL (WallCell) , #{ED P
IZH% 4 521 (Body Cell) 1Z/7%E3 5. KIZ, Fluid
Cell &WallCell ®&/LERHF.L (Face Center, FC) 12,
BRRSGMERT. 1R TETIE, FC &l A BEmIC 33
% ¥EAR EIZ Tmage Point (IP) ZHCE L, IP COREALE
& BETOERMENS, FC TORAERAZRETS.
IP DNRIRTEBICIEET D72 O20%, P & BEE o IHRE
Thd IP SN, “RITTIHHRIEFIED V2 5L
F, AT VB U ETHLZENEUTHD.
B %12, WallCell (2B % Fluid Cell (X 1 @ Cell
i) & FC TOEAREHEZFIM L, FEMEIREFHET
5. LLTFOFATIE, 1P, FC, Cell i TOEEZZNEN
TWAT IP,FC,i THT.

This document is provided by JAXA.



150 FHIMUZEATTE PR FEREAE R B TAXA-SP-20-008

FHREPEGTARAT Tl HEMEIZIE D BERIFZRRL,

Ut rc = Utip €Y)
c

Unp,rc = Unip _dF 2
1P

ETDH. ZIT, upuy IFENENEER ISR D BT
MHEE & YRR T, d (3BEE & O CHD. F
T2, PR EE R R D 355 D BEH T DL T 10 D i
HRADNDGF O DRI L, BEH TOMREEEN S,
BEM Tl

dp/on =0 3)

dp/on =0 4)
BERGMHETH L. 22T, IPLBEFOM TES &%
ER—ETHHIEEIEL,

Prc = Pip 5)

Prc = Prp (6)
ET5.

RANS it I, 1P & B O T BERSE A Vv T
Era 77 A NVERET D, A TIE, Tamaki and
Imamura 2MER L72TEY V5. FC TOEERS
A, RTEET 5.

Ut rc = Ugip — {% (YIJ;’)} Vb — Yic)ue )
ZZT foau & BERECTH 5. AW TITELIRE T IV
\Z Spalart-Allmaras €7 /L2 2 H\\5 DT, BEREHIC
I% Spalart-Allmaras DOHEERES ZFIHS 5. WA M
WX () TEHETD. £/2 FC TOEREIIRAT
H5.

daT
Tec =Tip — av Or — Yrc) )]
Ylip -
dT/dy X Crocco-Busemann D BIfRA NS EE

T5. EHOBERSFML, ENRBERBRNT—TE LW
IREIZFESE, IP & FC DENEFRLCIZTH. oF
D, pre 1IX (5) THET S, BEIRIRETELND
HET 5.

Prc = Prc/RTrc €))
ZZT R IIHAEHTHD. FC TORMEREDHE
WX, BERAE O OEE SN D AWNS 1 E VS,

NI
\/// /‘ .................. ~Cell i
Re . /‘v-
. =7 " FImage Point
e “Face Center

Body Surface
‘I:lFluid Cell [[] wall Cell [ Body Cell

X 1.1B yEDOHEMEX.

22. BEIEEFED IB B

e IB {ETOIEYEBESMIT, IP LEEEmOM CF
NEBENR—ETHDLILEEFEL TS, LL IP
CEER ORERET, TRt CIdE/ME I OV2EE, SRk
JCTIIVBEL EBEN TV 5 728D, 1P & BEE OB TIE S
CBEN—TETH D EWVIRETIE, BERIILE TORF

FRENMET I LEEXDND. £ 2 TELEFETIT,
IP L9 FC IZUTV Celli 1235 B L, Celli &BERERID
MCENEBEN—ETHDL EEREL, FC OE
N EHEEERKXTHETS.
Prc = Pi (10)
Prc = Pi (11)

FC TOMEL, fEkTE LRI 1),02) TitE
T 5. DEVEETEE, JESEEEIL Celli DA
ML, #EL P OS5, EAREEIE U CHRH
WCHWD A2V XD FIETHD.

RANS f#fT i, BREBNTEAR—E LWV I KE
WCES X, EIEFETIE FC OFEH%E Celli LR UfE
2T 5. 2F0, pre IR Q0O)THET S, Tofo
FC TOFREARZHIL, 1ERFIELRUFIETHETS.

3. NACA0012 FEREVEFTAEAT
3.1, HEORE

NACAO0012 DIEREMEFRMENT %, J1 > ML &
LMIREGHKTFORFE LTS, KTFOREIT IB
BeEhy hEMETHIBTHY, BEE ¢ (o6 LEEME
TOEMNWETNE Axpin DY Axpin/c = 0.005 (Coarse),
0.0025 (Medium), 0.00125 (Fine) O#&1% vy, &L
¥ N ZZEnF 6900,12000, 19000 CH 5. IP £ ST
dip = 20X, 30X, T 5. X 2 IZEEM T E R T
FHRSIFIE, —RRIE~ v N E030.8 , A3 1.25 [deg]
ThD. PR ARFEAMIZIE SLAUY %, 22Uk
FEARIZ IR %, ARCEHFIZIE WLSQ(G) ' % H
W5,

32, fHEMBR

B 3 (X Medium #&1-C O HESFRESAG O Ll
Thd. WERFET, B ETmOEREOMEN,
Ty MeMEXL Y b RIEIICTH D, —F, BETERT
IP ESIKLT, Ty hEAMEORERELE —FLTW5.
HR T [ O 1ET B A B T O F i E RS A A X 4
WRT. By MEAVEICREL, TERTIEIIE B Off
BB/ TIRITARAE L, B/ ME IR /NS WIE E
B S EWRANALE TS, — HFEEFEIL, B Tm
O BN [ O Foe/ I TR~ OARTF I T/ S 0.

5 IXEIMRE DB IR TH D, Iy herike
Feige UE SR FIEITIRPUR I A 20+ drag count 8 KFF
fliLTHY, EEPURED B/ IME TR E TP R &I
IKTEL TS, —HIEIETFEL, by bEIVER
s LHSPUR B2 5L drag count FRJE DRSE CTHITX,
PR O/ IMETIRE TP B S ~OEFEN/ SN
iR Eax, FoFEL I v MBI L, 3% L
NOZETIHTETVD. T— A MEEIE, kT
EIIE WG Ay ME/WEL Y /NS fET
HAHEMN, EEFEFEBRAIKS TR Y v bk d
—FHLTW5.

DXy, BEFRIMERTIELY &, ERENE
E PRI D Fe/ NS TR A~ DRI /NS V. E T
EFEE, RO 1P B S~OEREEI /NS .

This document is provided by JAXA.



TR e es /M FE Bl 2L — S a Hiflis v RO A 2020 4o T4 i e 151

(a) IBIE (&KX

) T -
11
[

]

(b) IBYE (JEKK)

() B hEAE (BIRX)

TR
[ T[]

T
D2

vvvvvvv

2. BHEE S DL (NACA0012).

-1.5F
-1} -
05| Aﬂ
i / / T~
O OF l
0.5F ——— Mod. dIP=2dx
i - Mod. dIP=3dx
1F Org. dIP=2dx
i — Org. dIP=3dx
15— CutCell —
0 0.2 04 0.6 0.8 1
x/c

3. FmEIRES A O (NACA0012).

-0.8 -0.8
-0.7 -0.7
-0.6 \ -0.6 \
-0.5 0.
el ey
© 04 \\&‘ © 04
O3 Coarse 030 Coarse
02H——— Medium|—| 02— Medium|—
Fine —— Fine
U5 03 o35 04 oas oz 03 035 04 o045
x/c x/c
(a) 'ﬂ%IEq;‘¥£,d1p = 2Ax (b) 'ﬂ%E%Yf,d,p = 3Ax
0.8 -0.8
07 X —
0.6 = — 0.6 - \
I I
Cl ol
Tos Wl | . L
Ty
03p Coarse 03 Coarse
02— Medium|—| 02— Medium|—|
Fine —— Fine
0.1 . T . 0.1 . T .
025 03 035 04 045 025 03 035 04 045
(C) ?&lé%$¥£,d1p = 2Ax (d) ﬁé%qziﬁ,dlp = 3Ax
08
0.7

-0.6 \
O;O,S x‘

0.4
-0.3H
Coarse
02— Medium|—|
Fine
0.1 I I

0.25 03 0.35 0.4 0.45
x/c

() > hENEE
4. BT ORE B L E O HLES.

This document is provided by JAXA.



152 FHIMUZEATTE PR FEREAE R B TAXA-SP-20-008

0.027 0.36
0026 . 0.357
- 0.354
0.025 / A 0351
0.348 e
50,024 %/ 50345 T=xw
0.023 8§‘3‘§ \Vh
0.022 o—e—0 0.336
0.333
0.021 - TS 0.33 T T
A'xmin/C Axmin/c
(a) PRI (b) IR E
-0.03 ———as—— Mod. dIP=2dx
- Mod. dIP=3dx

—=—— Org. dIP=2dx
———— Org. dIP=3dx
———6—— Cut Cell

-0.033 g
-0.036
H

O \\
-0.039 \

-0.042 v

-0.045

10° 10°
Ax,. /c
(c) E—AY MR
5. 22 IR DRI (NACA 0012).

4. RAE2822 RANS &4

4.1. HERERHEORE

RAE2822 @ RANS f##T%, JAXA TR Lz
TRV VN TH D FaSTAR 17 L g4 5. FHESME
1%, —kER~ v By 075, BEREEEDOL A /LR
% Re=1.0x10° THD. AL, BIRED
C,=05+0.001 (2725 X 9KET H. IB IEOFHEIC
1% Axpun/c = 0.0025 (Coarse), 0.00125 (Medium),
0.000625 (Fine) DF& 7% VS, B/ N 13121 11000,
20000, 36000 TdH 5. TP £ &1ddp = 20%min, 30%min
H%. Medium 7T IP £ED djp = 20x;,, OHE,
x/c~0.5 IZBIFTD IP TO y* 1T 120 BRETHD.
FaSTAR TOFHEIZIX, XXk 9 TARIhTW5
RAE 2822 ORISR F%2 R, KR & FHEER A2
B LI AR AT 5. FHETIEE, IR
WEMNIX SLAU, ZEfmRFEE kIL MUSCL, Ktk
HEHNE R E L ES Th 5. E AR FHEIZE,
IB #£1Z WLSQ(G) %, FaSTAR (% GLSQ'Q #F|H9
% . ELAT T VL, Spalart-Allmaras £/ (SA-noft2 '¥)
ThD.

4.2. HEFEFE

6 ITEmMENIRESAATHY, EOHFEHELY
KRBT LR LT\ 5. PN REYLES LS
FINRZRT. (ERFIET IP REA2LEFE LZFRICE
HT5E,IP BED dp = 30%,, DOBAITHEIUREIT
FaSTAR (Z¥5-3< 23, [E DB URER & BEERIKH TR DO E
BARREHRTHD. T— A MEEIId,p = 20, P
FaSTAR 23V, RIZFE L IP £ & TOREEFRE LELE
TFEE T 2 &, (EETIEDIT O AEIRBUREN T/
L, BEERFUIRE T — A 2 MREUIH E VL L
W FRCEIEFETd)p = 20, DOBEI, EEUR
& BEBRIRPUR R O FI & 0% FaSTAR & —3 L, K
PUREA LV FaSTAR (12iF-3<.

-1.5¢
-1 i <
[ / \
-0.5F ’r//- \
S| \:
05k / Mod. dIP=2dx
Tr Mod. dIP=3dx
r Org. dIP=2dx
1t Org. dIP=3dx
[ ———— FaSTAR
S S S S

0 02 04 06 08 1

x/c

6. FmENRE AT DLl (RAE2822).

0.018

0.6

0.017 /A 055
05 A
0.01 ) /
L).s X \Q.O'A A/—E' -
0.015 A/ o =
o 04 "
&
0.014 035
0'0]%0'4 10° 107 0'%0 10° 10
Ax,./c Ax,,./c
(a) IEPULRER (b) FESEGUREK
0.009 0.011
0.008 A//A 0.01
0.007 = W 0.009 =
5 o 3 g
0.006 =] 7 © 0.008 B=
1
0.005 0.007
0‘003‘0'4 10° 10? 0'00?0" 10° 10?
Ax,./c Ax,,./c
(o) BEEERIHUIRIL (d) HEHURET T D E
HEGUREDOEIE
-0.07 ——=8—— Mod. dIP=2dx
Mod. dIP=3dx
-0.08 ——A—— Org. dIP=2dx
0.085 g\ Igrg;l"(g§=3 o
008~ ] leeem==- al
O V\ﬂQ‘E
-0.09 "—\
-0.095 Ny
O 10° 10°
Axmii/c

(e) T— A MEH

7. ZEIRE O TR (RAE2822).

This document is provided by JAXA.



TR e es /M FE Bl 2L — S a Hiflis v RO A 2020 4o T4 i e 153

5. NASA CRM RANS fi##7
5.1. 5FEDORE

NASACRM @ RANS fi##7%, FaSTAR & [t#gd 5.

JE WK 5 — Z 12 &, Third Aerodynamics Prediction
Challenge (APC-1IT) " CABH 7z, HIAD 2.94 [deg]
O FR-IAK-AKEREOEIR (K 8) #FIHT 5.
FHRSME, BRI~ > 80030847, ZEEHERGE
c HHED LA /L ZBIT226 X108 THDH. -4
I, ¢,=05+001 IZR2XoFETD. BTIL,
AXpim/c = 0.00354 (coarse), 0.00177  (medium),
0.00118 (fine) TH YV, BAEITZENFH 1200 Ht
Jb, 4900 e, 11 EEATHD. IP E&IT
dip = 20X, 30X, T 5D . FaSTAR O FFHEIZI
APC-II @ R+ A2FIH L, EA5IT 3000 TEL
Thsn. HEFET 4 BOHEFEICNL, VX
| Hishida 20 #F|fH 3 5. ELHEE T /L 1%, Spalart-
Allmaras &5 /L (SA-noft2-R-QCR2000 (Cr=1) '¥) T
H5b.

8. NACA CRM ZEE-fF{K-/KEREFEHE.

52. HERBE

Bl 9 [ XZEIRBMOMETINHK TH S . RAE 2822 D
RANS ff#T & FERIC, EIEFEIERTFELIY EH
BEURB OB BB L, BN RD. FFIEET
BT dp = 20xpin DHAIS, WEUREKLEE—X b
BREABER L THITE TRY, Fine K+ TOEIUR
X FaSTAR (2%} L 12 drag count KX\,

X 10 1% 50.2 % A/NALE T ORMEE RIS AR
DB TH 5. IB 5L FaSTAR AL+ 5 &, Hifk
TEMEIMRES A DOSLH B0 R3¢, Zik, 1B
EXERATR TR T EBERN R0zl & 25
5. £ 1B B, BEERERIH% CREE R H
LTS,

X 11 I% FaSTAR & Medium &1 % M7= IB &
DFRMEEIHMEE AT DFESFTH Y, FaSTAR 1Zxt LE
E SR @/ N CTH B HAITER 0 L k&
<, BRI THLEAIE 0 Lu/h&EWw, 7228 IB &
OFHBEFERIL, BAARICRIR LIEBIRT — 2 I8
LEE 5. ® 11 L v, IB METFERL IP BEEICK
5, REEMRENAER - BEEROFIR & R
Ai#% T FaSTAR & H®7:2 5. ZOKKIL, RiE TCORKT
GFENR T TH D Z & L, ERATH% CEH DL
ERHNZ ENERTHS. K 11() L0, WEkFE
IEEE LENCA U D EERIE O _ LN TTREE RS

Fizim/ G LT F2K 11((b) L0, #ERTE
T dip = 30Xy DOHREITIRE CRE T R
NI &, BESECEE FITDE— A v R RV,
T— A2 MR FaSTAR LV b/ h&WnWEEZ 5N
5. =7, EEFET dp = 20, DBEEE, #ERF
15 & AR E RS AT A FaSTAR (1THTV.
L& W ARBFFEDSRMETIE, BEFETIP £8%
dip =20 & T 5 &, WERFIET dpp = 20x;, D
BAITH LR DIEFURE O TR E R L L, #EkF
BT dp = 30xp DA EHANT— XAV MEEE K
D IEHEICEIECE 5. F 7222 PR LRI L/
K@ 235 1/1000 FRE O 7% AV, EEFIET
dip = 20xp, & LCEHET 2 &, MK G 7 OFH
W2k LBL 483 % 10 drag count B2 DK E TR T
5. £ IBEOHNCIX, IPESIOMA T, B
REMOFHFEIZHN D8ORS, HRERICHE
EHEZDHZENRbND.

0.037 0.022

A A
0.036 0.021
0.035 /f 0.02 // E
0.034 /! /F 0.019 f //
00.033 e 930.018
0.032 0.017
0.031 = 0.016
0.03 P 0.015 w/
0.029 5 ~ 0.014 ~ -
IOAxm,.,/c 10 10Axmm/c 10
(a) IR (b) JESEBURK
0.02 0.7
0.019 0.65
0.018
0.017 s 06
20.016 S 0.55 A
So. < 0. =
0.015 gﬁ o 0.5 WA
0.014
0.013 045
0.012 - - 04 ~ =
(o) FEERIKHUIREKL (d) EPifREkIzx3 2
JESHESUR B OEE
0 —H&—— Mod. dIP=2dx

——&—— Mod. dIP=3dx
——A—— Org. dIP=2dx

——— Org. dIP=3dx

------- FaSTAR

-0.02 %&
S -0.04 Q\s\\;
-0.06

b

10° 107
Axmii/ c

(e) F— AV MR
B 9. ZZIUFE DR FUUH (NASA CRM).

This document is provided by JAXA.



154 T I TR BB JAXA-SP-20-008

r 6. fE3a
-1 A2 T, BEAHKE T2 5 CFD OIRFL 0k
; \\ ) BT, 1B EOUGREA R LT, STk
05} \_ HEHEREMCEE L FIETHY, BREAMNE Y
: E— 2B ARG U TRV SE 0 B2 5 F
N & B ol e NG N BT o 7=, NACAO0L2 DIFKEPEIARNT T 1L, B
Ay J (OB IMETIRE TP S ~ORFI/NEL Y,
: K— Mod. dIP=2dx WK A s O 3B RE B12E S\ . RAE 2822 0
0.5 —————'gwﬁgjﬁ» RANS M7 Tld, EEFIET IP £ & 2/ METIE0
: Org. dIP-3dx 2 fRICROET B &, JENIRHUR S L BB AR DI
- FaSTAR B ETMICIHE L, EHURE L 0 Wik Ak T O
0z 0a o s WHTIES< 2 E M35 572, NASACRM @ RANS fif
x/c T, BEFET IP ES2R/IMETIRD 2 fFIci

local

ELTGE DS, Rl SMRBG AR S IR B #61- Dfig
PR WRE RGN, ik TE LT, K
Pifpt v — A MEEZRBER S FHIATRECTH - /2.
AL DEETIET e/ M&E 7328 )1 LY LRk}
LK) 171000 D&+ % vy KATIREED NASA CRM
Mod. dIP=2dx DFENTZAT S &, WK A8 OISk LI ifR%
% 10dragcount F2E CREfir[RE T 7. AIFFELD,
BEm & IP O SESICINA T, BEmEBEREFOFHFIC
FAWDHORVHR, FEMBRICEEEEZHZ N

10.50.2 % A/NUACE CTORETE IR ES A DL
#: (NASA CRM).

Org. dIP=2dx

Y OYINEoW
B3

AWFIEITIE, JAXA 3B U7 JEREEHS 7 o mnl
TRARRRMT Y WX Tdh D FaSTAR ZFIH L=, = 21T
OB ERT.
BE IR

(1) Mittal, R. and Iaccarino, G., “Immersed Boundary
Methods,” Annual Review of Fluid Mechanics, Vol. 37,
No. 1, 2005, pp. 239-261.

() PuR HEFE, oA R KW, TG RO,
Building Cube Method % F\>723 & Y © Euler fi#

#r,” JAXA-SP-11-015, 2012.
Mod. dIP=3dx (3) Capizzano, F., “Turbulent Wall Model for Immersed
Boundary Methods,” AIAA4 Journal, Vol. 49, No. 11,
2011.

(4) Tamaki, Y., and Imamura, T., “Turbulent Flow

(@) dip = 20x,,;, TORERTIE L EETIED LR

Org. dIP=3dx

Simulations of the Common Research Model Using
Immersed Boundary Method,” AIAA4 Journal, Vol. 56,
No. 6, 2018, pp. 2271-2282.

(5) JA X, KiE Fih, S8 KEF, “Adaptive Mesh
Refinement % FH\» 72 [ JE BB 246 71 X 28
HREHEIZRESE 0 i D 3 RITE & GLIAT,”
55 32 MIFHE) 22 (CMD2019) Fita s,

2019.
; (6) Lahur, P. R., and Nakamura, Y., “A Cartesian Grid
(b) dpp = 30x,y, CTOREKTFELAEEFIED LB Generation Method Considering a Complicated Cell
11. FaSTAR & IB {ED KM TSI B3 AR DFEESy . Geometry at the Body Surface,” Transactions of the

Japan Society for Aeronautical and Space Sciences,
Vol. 43, No. 139, 2000, pp. 8-15.
(7) Berger, M., Aftosmis, M. J., and Allmaras, S. R.,

This document is provided by JAXA.



®)

)

(10)

)

(12)

(13)

TR e es /M FE Bl 2L — S a Hiflis v RO A 2020 4o T4 i e 155

“Progress Towards a Cartesian Cut-Cell Method for
Viscous Compressible Flow,” AIAA Paper 2012-1301,
2012.

Vassberg, J. C., DeHaan, M. A., Rivers, S. M., and
Wahls, R. A., “Development of a Common Research
Model for Applied CFD Validation Studies,” AIAA
Paper 2008-6919, 2008.

B B, EE #B, SN KEE, ESHE T
Sh v renFEERAGE 3 RICEMEIRE DY
DIEFAERKIEDWIFE,” JAXA-SP-18-005, 2019.
NPARC Validation
https://www.grc.nasa.gov/WWW/wind/valid/ractaf/ra
etaf.html [Retrieved on December 20th, 2020].
Balakrishnan, N., Fernandez, G., “Wall boundary

flows on

Alliance Archive,

conditions for inviscid compressible
unstructured meshes,” International Journal for
Numerical Methods in Fluids, Vol. 28, 1998, pp.1481—
1501.

Spalart, P. R., and Allmaras, S. R., “A One-Equation
Turbulence Model for Aerodynamic Flows,” AIAA
Paper 92-0439, 1992.

Allmaras, S. R., Johnson, F. T., and Spalart, P. R,
“Modifications  and  Clarifications  for  the

Implementation of the Spalart-Allmaras Turbulence

Model,” 7th  International ~ Conference  on
Computational Fluid Dynamics, ICCFD7-1902, 2012.
(14) White, F. M., “Viscous Fluid Flow,” McGraw-Hill,
New York, 1974, pp. 627-629.
(15) Shima, E., and Kitamura, K., “Parameter-Free Simple
Low-Dissipation AUSM-Family Scheme for All
Speeds,” AIAA Journal, Vol. 49, No. 8, 2011, pp.

1693-1709.
(16) Shima, E., Kitamura, K. and Haga, K., “Green-
Gauss/Weighted-Least-Squares ~ Hybrid  Gradient

Reconstruction for Arbitrary Polyhedra Unstructured
Grids,” AIAA Journal, Vol. 51, 2013, pp. 2740-2747.

(17) Hashimoto, A., Murakami, K., Aoyama, T., Ishiko, K.,
Hishida, M., Sakashita, M., and Lahur, P. R., “Toward
the Fastest Unstructured CFD Code ‘FaSTAR’,” AIAA
Paper 2012-1075, 2012.

(18) Turbulence Modeling
https://turbmodels.larc.nasa.gov/
December 13th, 2019].

(19) “Third Aerodynamics Prediction Challenge (APC-III),”
JAXA-SP-17-001, 2017.

(20) ZEH %, A 2% N E H—,
JERE®E CFD Y )L ~YFaSTAR I
FRBI%L, JAXA-SP-10-012, 2010.

Resource,

[Retrieved on

I EsL: R
B % BT &) BC

This document is provided by JAXA.





