BEWEF YV ITRLET S
{EJESERHE D F EFEICEE T 458

(Study on Identification Method of Low-pressure Vortex

with Swirling Motion around Automobile)
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B1E Fin
1.1 ’,’E‘f%

1.1.1 BB EZERVERE

HERIRBEZ(L 72 & OREEREDN D, CO, DHNBICKR T 2 MY flA8 7 a — A Thit T s, il 213
2050 FETIZZ m— 00D COy HEHEZ B 1232 &9 BEEDR, Iwizw%—%%(mmmmml
Energy Agency: IEA) (2L > THEIT HLTWA[]. HARSKEIZIBWTIE, COHEHED 2~3 FH3iasH
Mchv, ZONO SHENBTHEIZLZPHTHL ERESINTWAHR2]B]. £D7H, HENEOBIFE
Lk i, BEEEZTOVWDWYDLTA THA 7L TO CO, DHBITEELRMETHD. T4 7V A7
IVEIRTO COHEHEZFHNT 25 7 A 7914 7 L7 A Xk (LCA:Life Cycle Assessment) (220 4
VLT 2 &, T4 7 A 7R TD COPEHD 65% D HBHEDOEITH TH L LA ST
5[4]. WA, HEENETHICHET 5 CO, ~DOBHNIFEL B L < 72> TR, FITEINNTIE, 2030
HEF TIZ 2021 FEEE T CO HEHHEZ 55%HIET 5 2 & 2T TWA[5]. D=, IETIE, EfrHicHk
9% CoO, MEr THIBEBRABFICET ETHEENEEZ TS, L, ERATHIX, TV~
He EOWNBRBERIC IR T, WEOA 7 IR ELE+H TR\, ke EEREO BN B 22 i &
o TW5.

1.1.2 HEHEDOZEXEIERR O EEH
HENE A EITHICHEH T2 CO, OEIEG L OVES H O ERBEOEIMN O 7=D(21%, HENEIZ )
DR AT 5 2 L EETH L. AEI#ICIE, FRIORT 4 SOEBME< .

® I AT DERCAEC LWL TH L. 20D, RIANRN—IIREELFTLHEMTHS. &
DAL, HHEEEOER LAY — b LA CEEOEERER I & D EMEERTTO BN 2 72 E  #IIE
EanT5Z L THREBEND.

® AFKHT - ABESBIRT DERICRET LI TH L. BEFOHEE &R EOIEKIZ T 5
® NV XA YOLER, BERICIDZ=XNVF—HERIZL>TELLIEHNTHD.
® ZESRHL: KA D OZRDOWIUT L - TRAET LML TH L. HWED 2 FITHFIL TRE 2D,

EHPUTH LT, AV VU o H EORNBRERTIE, 2¢KHPI 30%, BX A BE TIX, I & ARd
BN =RV —EETEL Z 00, ZREBIN 47%%2 5D 5 EREL LN TWB[6]. £Di=, %
SIEPTORRIL, BBEERFREBICB W TEERRETH L.



1.1.3 ZERIRGUEIR & B By DOIEIR D &AL

ZESHPUTIETIPT & BEEIRPUIZ /0 10 DL, ZERIBHOEERD 60%1E H B HOSNERRIC L 5K
FUCE2b0 L ENTWA[T]. TD2), HEHEOZEEIEIURBUCET DN A E - 72 4 001%, 22K
HHID /N & R DRI ORI IE ST 57O DI EL N EfR Th - 7-.

1910 225 1950 FARUTHT TUE, BEIT 2L @D Z ENREHINTH - 7Z[8]. ZDI=®H, W\
(CRENH B 2 MR DD DBEEThH o7, £ 2C, fZE/1FTORMEZIGH LT, BHiERORRB3 AR
EIR D X OB FER TH -7

1960 RN HITHBNENE LT 51251 TC, HEEICBET O2HIEOER L mE -7, JiAE TIXZHO
BB RORMBEREEE R0, vy v =78 (K1.1) 2E7 4V ARERE 2o 72[8]. Tk &
BTe D7 v A CREGIEI AR T 572012, RISk E 2 2, #EEZ 6L, FoBloimnisicin
DT HHIE IR LM T2 [9]. Bl ZIE, / — XD hRE R, 7y hET—E D OBESR
Hi=R, L—7OmEY, V7 7 XORKYIABSEFR &L O LT, IBIREEIZ L 24K
PLDO 5T HAT DAL TV S [7][10][11].

Fig. 1.1 Wedge shape car. Superior loading capacity compared to streamline car



1.14 T4 v & BREHEROMSLIZWIT 72 BEEIER Y 0ificEEd 5858

AT, BEOHBEIIH T 2 BN LZRE L TRY, TS OERLEETH L. AiED
AR D BBIE, BT YA VICHIZ 52T LEY. T2 T, TPA L OBEREZEN LN HZEX
BHAAR T D72 011E, iR & 7 522K P72 BB G & BR T D BN 5. E ORI 7Bl
B L LTICER LR e SN T& -

1.14.1 |iCEE T 5HHE
HIZEHT 52 20BBZ LI Ficikhs.

® FRFHLEDMAE - T, REFHZE L THET S #EZ A4 5(12]. HEEE Y OfnGE, 7
YALIEBL, HEEITHETDH L. €O XD NG Z G 5720120, ML 50D 5
W RSBETH L. T T, MOBRFHEICER TS Z T, MNGEHIET 52 L3 RE L 72
%.

o ZESHRPUCIESS WL, HEVEOHEEZ T 5 EEIPUCERE L TV D, ITiERNER L T\ b 7=
W, TOEKICITEIS =RV =B NETHS. ZOZRKLAF—(THEESIHEST A7-0I10H =3
X —D—HE L THEIND.

1.1.4.2 ZXEHROFKR L 2 5i@iCEE LEBRRZROHEMRE L 2 OfE

ZERSVER B L L OMICAER L, ZXERORRKRZERT 5 2 &3, L 22X E &/
MBI ARSI D Z LIRS . BRI, ZEXIEGURE Co & i FH OO E R Vi 2 VT,

Cp = f(uVie, Vi Vigr, ) (1.1)

ERTAA=TTHD. ZOXIRET AN TENUL, ZXERA~DTFLHEOREWBZ/NE LT 5%
REFFOME TR TELWREMERHD. T XY, TEROTHIEOTNYS TIiE2R <, RO ANEN
ZWICHAL, A TMEELI VI FLWRENG 27 FORBEXETE S, &6, TV UF
WICE W RETDIMEM LTI, FAREOEKIPLIZENRT 2720121F, EDifzd ENZTHIETIE L
VIR ML FREMEN D D . DFEY, THA & 2GR O W32 % F2 B9 2 22 ) BAFE D BRI 3L TIT
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1.1.4.3 ZEXHEGL L HBYEE ) O BE 4 2 SefThT S

Ze AR PT & HENEE Y ORISR D EFZEANE E - 72 400, TEHE T TR ESR Z i Thh .
Ahmed S, FEOWBETVERNT, VT ORAT Y MEZNRT A—2 L L, R ERITICE
SN D DN — 2 & FA L7=[13]. Hucho and Sovran %, %A1 ¥ &40 72 L0 HEYEIZITWE S TR
TEBRZITV, ZRIEGUBE R T HB8T, BIRIC 1 OREGRA TE 52 L2 61T L[] BRSIT,
B LA TOFEELEHNT, EXIEGUHEIMCEE T2 70y YT —, AT 4 A N, KT, %
ISR SN DB R EMOFELH LN LE[14][15]. £72, 2RO OMORE LT, Mo LTE
FMEPE L VKL, FERNE#ZA L TWARERETH 5 Z & bahoT

BUEEAR T X = L—3 3 » (Computational Fluid Dynamics; CFD) OFSEEIZFEVY, HEJHE D O LV 3¢
A7 DA TR TIod 72, Kounenis &%, BIECHE, HER EOBIRAST A =2 2R, %Ko %
— > L ELIBLOBIRZ 38T L72[16]. Regertand Lajos |%, f&i% HENHET L DHRA —NT AR ELE
fb&at, BRI E 7a sy M2 A YED OWMOELE R L WD [17][18]. Mk &M, 7 e MR
T T X AEMIL, ZAUSfE D ZZRIEHTOZL &R T i, %2 Cigam LTV A [19].

S DI T, ExHRORL T, HE#EECIMELE ZE L2 BEO KIS L ROBRIZOWTH
P SN TV D, BGEE) T, R MEROPERE T A= & L, ZE5IRPLE %R OBERIZONT
BAEAITHFZE STV 5[20][21]. AMELIZEBW T, Wieser B, —HEBE T TO /v F Ry 7 BHO%
EERIICHHIL, BT A EF—@EEHilo C BT —@iEmbsnTnsZEE2Hon L
[22].
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1.1.5 BEBYEDOZEAFFRICIR T DIRREFIEOEH

AEM 7 & 22 KR L OB 2 BRI HNZ T S 72DI2iE, HEEE D OFthg s il & FE T
HFENEETHD. I TR, Ak EE 2, BEEOZANRICET DMAEEFEOE 2R ~5.
£, MEETEICKRD DN LSWHENEGEIILL T O 2 5 TH 5.

® (MERERRDFEE : SeATHIFE L v, BENEOZSIEGUST 5T 2 OREIE, o T 0LAMEE Them]
HEET D Z NG00 TS [AE S, 20 &9 M E T T, S F VRERERTH
LT ENKRDBEND.

® U VABWALEN: %< OABHEZEOWERIIL, FTEZA N—7 ZAFHRADOH Y LA BHAZEL
PEZ FVNT, B [EE S AV AR R, D F Y Bl A EE Lt AR A 52 5 BRI A 5 L
THEHEEZA VWD, 20D, RESNZ@EIT Y LA BRI L TARETHLZ AR
5. ZOBEFFEE I S IVGE, FEICEm S EITT 28R T, BURSECRE S ciln/zn s
ENELDAREMED B 5.

WIZ, e 22RO EEN BB EZH LI T D720 DFEFILUTFTD 2 OTHS.

® WBMEARINSCE T D IMDERIIEE : it A EBIZ [ E TE UL, ZXEROHRMEL L LTRATE
5. b, BIMOBERRNFETE, FHLWGIEHT Ve —F2ZRTE LR 5.

o THEALDTHE : HFMN 2SI UCEL 52 2P EZTEEILTE D L, T — 2T FRIEEZHLED
5 ET, eI OBGRA (1.1) OBEIFTE 5.

Retlc, BBBENOEMREIHNT, LM LOBANSOBRHIUFD 2 >Th 5.
o Mt T AIE : B BEEZE ) ORAEA T, BB SRR A B B 101, JeA

BFE2RND Z RN THDS. D, MIFEFIED, HEHEKR T TRHTE S Z kDL
ns.

® WHIRHHANAIRE : HEEZ ) OBMEFH T, HT I oBEORTFEeMND. 2ok HhT—2&
W2 LT, FEHBREERH CRIET 2 72DI2iE, WHIRHRAARETH L Z kbbb,
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1.1.6 BEEDOZEAFRTHW DB IERDOBFIEFEDOBER

INETOHBEESOSEIZBT 2 EE A, EICHEEA & mhOoio 2 FEAAVHTE
7.

1 DHEIE, FEmICE Y BOERAFET 28 Th 5. HEmO A B 7 —& L LTE, BE, M,
NV UT g, HEART Y NAD 2 EFROARLER QRN EICHWVLNTE . K12 IZHEEBR OB & L
T, B UEEY ORFERAGIC R 2R E AR O F AL E O = 1,000 £ KT 3,000 O &
T K 120500580, fEEAY, SEEE R AN T —BOBEICIG U OERNRLRDH[24]. &5
2, 7y MEATED R EIZBNT, NSV EEmE I b, ARENAFET DN E L £oT
ELTERINTLED. 2072, AEHEOZEHFRIZE T HMEEFIEOEMD 1| D Th D “HEi
TSI DIMOMERIEE” Az L TWinWEF 2 5.

(a)

(b)

Fig. 1.2 Isosurface based on the second invariant Q of the velocity gradient tensor: a O = 1,000; b Q = 3,000
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2 0B, WO LEERCRET S\mTLETHS. WL THEs L IS AL DL, %<
DALY 7 M FEEE STV D Reduced velocity E[25]1 T 5. X 1.3 12& & 2 HJE D OREHE LI
A2 LT Reduced velocity 52 3@ FH L7-fE R AR 3. g & AT, /NS WZER R 7 — )L DD [F]
EILTE L0, M DHEI W TIIC /- TR Y, BEIEOZEFRICI T HIREE FEOEM D 1 ST
b5 “BEHRRNIGICB T 2MOMBIFEE” 272 L TR, &6, ZOFER, %3 L HEERER
WEFRELTWHD EERS20. AT, BEZ2ZOFEFERZRITHNTND 2D, TV LA ZBHITK L
THARETIEARN.

Fig. 1.3 Vortex core lines by Reduced velocity method

1.2 5D B HY

ATETE TR R L 91T, THA v & Z2KIRPURR 2 WS35 7201213, HEYEE D O & 225485
BFREZH LN T DLERH Y, TOZDITITIMFAEEINNEZ L 2D, LL, MEROMEEFIET
13, BENEZE KRB AT L TR BT, SROFEMRMO T2 XIS & i o & &R 72 R
ETLZENNETHS.

Z 2T, ARBHETIE, BEYELOZEAMIIEZIS T D IRIFE FHE O B & 1o IR E S Bl 2 BI%E L, WREE
THIEEANET D, SOIT, AFiEARA RABEZEAREICER L, AFERA D =X LHHICH
TR EOERMMEZ RIS D22 L2 AN ET 5.
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1.3 AHFFE DHERK

X 1.4 \ZAMFFE OB E T,

BT, AMFREOE R L EITIHE, BRXOHNERLE

B2 ETIE, fRA ARREE T & RO N—R L7 5 FIEORFUZOW TR S, fix ZeillFET
BT, BEIEZE DOV LN D MRAEE FIEZT 72 <, 2255 THO LS IEETEICS
WTOME & Z ORI AR RS, FEORIRTIE, BEIFEZEOSECRO LD MEETFIEOZEE L
Bz 2 RE FIEORBME RS LAbE, ARBFZEON—R L 72 5 E AW ek 2 B LBl
DUNTIRAR G,

93 BT, AEEJE D ICRAET DIRERERRE [FE T D 72 OFIEOHIEB X OGRS R 5 =7
FT, WEROENWENMERNED FFiEkEZ R L, BEFENOUBTAREIAEPLNICT D, KRIZ, HRTA
ERERT D FECONTIRARD, FERIC, AEEY O L Ok 2 V80 OREFPES R
HWHL, RFEEORIEETT .

BA4ETIE, RPEEFEARABEENMEICEA L, ZOEAMEZIEET L. 7, EHLinSEIC
BWTH, RFEXEBINICHE LOENALICEET 2 MGOMEN e ThDr L%, 7r b¥
A YAV OAGEEF & L CORT. RIS, RFE L EBROMEEFIELMAGDE S Z LT, Flm
DBLENAHETH H 2 L%, FUE N CEE LSRRI Z 5| X 2 95 A g s 0%k, B X
ONEESAF T ERRSA: NI 25 BB EET Lokt el L L TORT.

B 5 BT, WP OEoB A bA KR T A7 00 FEEZ RS, Lol i b A 5] & 29 E
D) A REHIRT DI, AT —ZIZa—/ 27 ¢ )L X O—F T 5 Implicit high-order filter & F >
TeEpl RS,

56 HIZBWT, AFRORmE RS,

B, BELMEBRICEHT .
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Chapter 1 : Introduction

* Importance of vortex identification methods
* Requirements for vortex identification methods in automotive aerodynamics
* Raising problems of previous vortex identification methods

\ 4

Chapter 2 : Selecting a base vortex identification method

* Survey of vortex identification methods

* Comparison of methods and requirements

\ 4

Chapter 3 : Developing of identification method of Low-pressure vortex

with swirling motion around automobile

+ Method
* Verification

Appliwement

Chapter 4 : Demonstration of
practicality

* Around front wheel

* In crosswind condition

Chapter 5 : Suppression of
fragmentation of the vortex core lines
* Implicit high-order filter

* In parallel running w

Chapter 6 : Conclusion

Fig. 1.4 Structure of this study
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H2E A4 RIBEIEFIE L FEDORR

BIUE, $Z < OMAEEFENREINTE Y, ZHRREIIGICH L THEHHA S TS, 26 OFEE
JERSE R WA AR [26], W T & DZEMIROT[27], B F T2 IXIEE T C oA rIEEME[28], FE R SIS
£ 2 AT E[29], MUIZE0MRTE e K S ALTSIRAVIS[30]70 E Rk & Bl B — A SRR ST &
STELEHLN TS, KETHE, T, WERETLIHIEE LT, WEEA &R oBlE 0 HEE
HOMFAEFECONTHERICEE TS, Z LT, TNDHOFELZFIE TR HEHEZE O MEE
FEICKLEREMELBL LAY D2 LT, RFREOR—RL72D FEORREITS.

2.1 fEIRAY

TEIA OIRF E TIEIX, A D T —OWHEEOSERIC LV iRoEKkEZRET 2 HETHD. BT LT
I, 3RICERO KRR @MERECTEDLZ L, FEERTICBTD AN T—BORENLE LT H
WRES I L THD[31]. £D7ed, BHEHEZENOSBET—HKIICHNONLFIETHS. Lnl, F
M OBIMEIC X > CGREIRAZE D> TLUE D Z &[24], SR LA U, ARMBBNAFAES DI £
CESOTRESNTLEIRALDD.

2.1.1 EF

JEANX, HHBMELT &R EIOFEEZ T 52 & T, MEEREZFRETHZENTES. JE
Nx, ABT—ETHLHD, EOFEEEHRIZH L THOARETHLABEHNTHD.

2L, HEEFMERHMEDOKEICL Y, ENOFERALT LS ENM NI LIFR S 202 &3
FRf STV B [32]133).

2.1.2 BE

WIEE, FRICBOWTORHINES Th D 2 &, £REREMICEGT 2 iAOERT R LF—0DK
HERT s, BBEZENOSTHITE N TAS HNHLTWS[34]35]. 3 konZEM O x [FET 5
BRDOAD T —& & LTIE, FRIRTHREMREZHWD Z LR —KNTHD.

1
p +5pu?
tp=

T (2.1)
2 0

Z T, pIRERIEITE NG OFELE, p lXBE, wllHE, UldiRFEHEETHD
ks, #JEix, X (21) omy, HEEZFOFFERNXIZHWN TS =D, HU LA EBIZKL TR
ETRORISEENLETH S,
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2.1.3 @
THE w1,

w=VXu (2.2)

TEZIN, MEOERF M, ERITMECHR > THLT A M7 0 IZX LT, &HEMELE
DA % AR LT 5. RET v Y VT E AR T > VO RKRTFRERS TH 0, TRARESE O A s
&V D W2 B ER & FF > TV 5 [32].

LorL, BAWICEWTHIMEIMEL RS0, ERIZHOMT 2 EAREER G E L CTRET 5[27].

214~V VT 4
ANUUT 4 hiE, UTOXDIZERSN, HDBEU EOSERZ /s 5.

h=u (2.3)

AU T 4 BEINT 5 2 21E, WA TAICEE S OEREZIERNRE D, Wi HIREEE N 2R D &
W) R R E R o TV D[36]. F T2, IRED KT 7=t AWl 2 Brsh L CIRIE T&E 5[26].
LML, HEEZZOFFEHRNRITHNTWD =D, B LA BHIZHT D REE TIERW[37].

2.1.5 Q-criterion
Hunt %, #EART > VY VO AL E Q2K D HIELZRE L[23]. HEAT VLW, OT %
WET VLS, METYLQE

ou;
Wi = G_x; (2.4)
U 2 Ox] axi )
U 2 Ox] axi )

LT 5L, WMEART Y LOE ZARER Q1% FERTEICBNT

1 1 1_,
Q=—5WyW; = E(Qijﬂji = 5Sji) = SV 2.7)

Enids. X 27) ©3FHOEXNS, bHBEMU EOSEEmRZ LT 5 Z &1L, OFTHHEET
VILED BIBET Y VN EBT A ER A RET D 2 SIS T D, £, HifiZE ARTRICB VLT,
ZOFEZ IV EIROMWMRFEETE 5 2 L AME I TV H[38].
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2.1.6 A-criterion

Chong H X, MW 0 &72 2 KPR SJE Y OMEIRA OME ZFI A LI AP RS PERRICHES &, Jima iglie
RE DR LT 2HEL LTAD T —R& AZRE L[39]. MEARLT > VIV MERE A Z R
EE, AR D, 2T, MEART VY ANERBEAMEEFFOSMERICER L, 4%,

2

1\ /1
1=(30) -(38) 2.8)
EEFELZ. 2T, RIZEEAR T Y LOITHITHD. 4 >00D L&, FARITIRIER E 72 5.

2.1.7 Jci-criterion

Zhou H1%, WEAET vV NVOBHEEH da + i Aci DREES Aci N3 K& WEI AR &+ 5 HiEZIRE
L72[40]. LU, RISz it LT L% 5 KRR S LTV 5 [26]. € Z T, Chakraborty 513,
X (29) TRTEDIE, FHELEHOLZIY, BIEC X0/ NSWEEZFET 52 LT, @il
ORI 2 P 3 5 ik A RS L2 [41].

2.1.8 A2-criterion

TARRL T8 < 2R W T, JEAAR BT 5356 T, JEAAE S ERNEB DOm0 %24 5 720,
JEFNEFB O L TIFEDNIMES 22D, L, FFEFMESRANED ER RN Y TIE, T 6 MEEHE
WO Z LT D RN H 5. £ Z T, Jeongand Hussian 1%, FEEHMESCRMED AL LY FRU N2 1k
EHERLI2[42]. FEMOT =R F—7 ZAFRAOIFEFHH AR A B L, mHLOARE RS &,

90 0 0
Tij = _a_xja_xip = a_xjaukui = Qi Qij + SisSk; (2.10)

EDTDH. ZIT plIROIESTHY, FEFHEEFMEHAER L TWH720, ARDOET) p LIXR;
HZ L HEBIFATHIEOICEA L. p O~ T TOD3ODEBAMWE L > 0> BIONT, L<0 &7
L, plEMEZFE. =0 O%ER Z Al LT IUE, IKOJEN DN & 72 D88 A il T X 503,
SAEI AN ZEMEZ LS BT LE Y. O, EHETIE, L0 DEIELLT O%E & Al b4 5 ik
NDHWLND.

ZOFIET, L OMEIERSHE TR VR RETH D, £, p e ARRKOE) p AT OTHN
12, OFHEET >V ARBIRIL S TR

0_29 Vs, =0 (2.11)
ot ox K VaxZ)V T '
WD E D Z2EH RN L >TLE I[32].
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2.2 LR (G P AR e o—HY)

DR O IEE A, ORI L ZRRCRIET 27 ETH 5. BTE LT, SEm cllbh T
LEI L) RNER\BERETED8THD. LinL, BHARTNGIZEW T, @rulibasm kL o7
W LRSI TWA43]. 2D OMDRENKNERG GRS 5. F, EEM L LAy
XL T2, FEENKL TRV ERHIT LN 53], RETIE, WP THIRED bR o—
ZRIH L2 HEIZOW TR RS,

2.2.1 Reduced velocity ¥

Suduji and Haimes |3 Reduced velocity (JIZHE) 12 #REE L72[25]. fEm oo, Ber P ok
WO D, WA D LFEREIICEERER S DA EZRFFOZ LIER LTV,

£, HEART Y NVOEAEAET D, MEART Y VOB 5 1 DOBAH L BEHRT, K
D 2 OOBEFENIERBOGE, BAME L ST DEA T ML e \ICHRE R FEH BT, ARRER
(272 H[39]. Z O ISR U7 13O ureg & PRI,

Ueg=U—(U-€) € (2.12)

ERDHZENTED (M2.158).
WIZ, WEHEEL, TRz Ra Lz E EOME x = (v, y, 2) CHIBMIR CE 2INET 5.

Uired =a; + bix + ¢y +d;z (2.13)

: :‘(\\, %i? i ﬁi 1 75)% 3 if%& D s Ured = (u] red, U2 red, U3 red)%fdj,%‘éﬁ. if:, a, b, C, d li{%%{?&)é.
OFLTIE, BRHEN 0 L7570,

O0=a;+bx+cy+dz (2.14)

EMT S, ZOR, i=1,21200WTC, BEERDDE, 2O0DOEENRD L. ZOXZENKEFORE L 2
RTRDLD X, Wi LTRET .

Fig. 2.1 Reduced velocity ueq
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Reduced velocity ¥5(%, #HOAIO FIETIZH T L T Y XANES TH Y, WHIGHEN AR/ SN D
2L ORIy 7 M2 ST .

—J5, 2 DOOVHEOLZREFHA L TNDEZ &G, @WEREAT 2P 0O REIXRECTH 7.
% ZC, RothandPeikert |%, IO 2B AT 2 @mIRMIELZREZ L, RO OH.Oio[FE
FEZ AIHEIC L72[44]. £72, Reducedvelocity #5(%, A (2.12) OV, EEZZTOF EER AT
L1280, TV VA BEEICK L TARAETRVWARICERRLETH 5.

2.2.2 Sawada &

Sawada 1%, RS AEERZ RITHICER L, N4 Wi SN CREZEEIL, WFOocxtd 2 ERO
& TR SR O 2o L 2 [FE 3 2 T1E A 1R 42 L 72 [45).

ZOFEERWT, TIVXIE46], T T T 7 L [47][48], 2 T WV AT KIE[49])78 E DIRIEIE Z 1T
ST HFHINHE SN TWVD.
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23 LA (R T —HBER)
RECIE, AH T —ROBRE By ME&FI LClo Ui RiET 5 B0 Tl <5,

2.3.1 Prediction-Correction 7%

Banks and Singer [%, Prediction-Correction (THIMEIE) {EZ 4R L72[50]. ZOHIEX, &5 H0 06 HFE
L, EDOMNRZRIR L7 hs DR 2 (Ll & R S8 572, B4 Growing skelton % & G IFINM T
W5, BARRZRFIEZLLTIORT (K22 3H).

0) HRERERDETRERET D, 22T, RLEHOEWVEETS.

[TVH]7 =—X]

() BESINTERZP E L, ZORPOIMERT ML o OFHICHREZIER LT,

() MR LIZR S 00D ROFLE Py & T 5.

[{&1E 7 = —X]

(3) M P DIERYT ML @'y DRD D,

(4) @i \ZHEEE T, 2 RITHRIE N E 72 5 08 % P 23R8, P ERRTHRES. Z OfRE T L
fih 3%,

(B Z MY KT,

(1) )

P i+l

€) (4)

zwi‘*'l

Vortex core line

Fig. 2.2 Schematic of Prediction-Correction method
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Prediction-Correction {51%, %< O R FIENGFIET 5. Jankun-Kelly & 1%, KJERERRZ FET D72
(CHEM T A —=Z 512/ GDE, SOICHEMERFICLIIETE DL Fikz ik L7[52].
Schafhitzel &%, #HLEIO T AN MEZED D202, ENTIERLS L 2HWD Z & E2RE LT[53)].
Schindler 5%, K7@D 1 ©T&H 2 Smoothed Particle Hydrodynamics (SPH) {ED T —Z 2% L TH
Prediction-Correction {£7%#H T& 5 X 9 B & 17> 72[54].

o, ZOFER, EREORRNTH DT ¥ 2VELR[S5]20 5, RRAY =y A MY — A[56]R08 ik
B57], NTNTF ¥ N —E43]7 EIGHAUCIAS B STV 5.

72720, mDEhE 1 AR IR E STV 72, WHIRHRE NS REE 72 SRR STV B [58].

2.3.2 JE I WrmEm s NEREE

Miura and Kida {3 77 Wi/ Mgl 2 #2248 L 7-[59][60]. = DJFiElE, FHAICBWT, [EAN 2K
TR IMBEZ FE D, D2 OUARD N a Y — 3G & 7R D RERI S AT s TR LR AR R D, b E
O XA DY TUREERE OB LA RIET D FIETHD. D7, Prediction-Correction £ & Fbx
T, WHRENES TH D, g2 B0 T, RE31ICTIRRS.

ZOFET, FEITEIROIEMRFI TH 2 —HREFER THOWLNTE Y, REFEENR O 722 R
Hem S AVTCW DL BIIE, HLOEOEIZIZ T E N AR ERIZER Y &< 2 DD & TH % Doubule spirals 1#
ENBIERINTZ[61]. S HICITETIH, ZZMICNY B2 T 0 v & T, KB TOMRMORENHE S
nTnsl62].

Z LT, ZOFEORRKOFEEIL, MOTERNRONITEIToEREATHRTHD. BlxIE, —HR%E
J5 ELRE H DA O P DRI AT [60] PR D IRFELHE IR, — R /LF —BORDRFID LA ) )V ZEURAFHE
[63)N i S TWA. E£77, MIRIC X 2O R SIXRR & & b ICHRBIEAICHNT 5 2 & 23
HEEINTWD[64].

7272l JERVINERNEE, —HRETEIEZ SR E LTNWDH), B TOALTHEHEETH S.
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2.4 FHEOZRER

AHEITIE, ZHETREINIEA 2REEFECH LT, BEHEENOEFE LR LADEDLZ &
T, RWFRDOR—R L7020 FIEOBEREITS.

FF, AL, SEmEAERET D 2 & T, HEOMB KL o TRESNLD. £D2), e ZER
BHOEENLBRZHONIT 27200 EE (1.1.552MH) O 1 >5Ths, EHERRNGIZEIT 51O
TEBIFIE 2 72 S 72N 2 E M BRIV T 5.

I, WP ODROEFIEIZOWT, BEFZEOEFF IS T a2 R 2.1 (R T. AREEBRRR O
E LT LA BHRAZEVEOYIRREFE R T 5 MER & D72, Prediction-Correction {273 7] ¥t i
INEEREICKR BivD . Fiz, FH EOEGENG, WHRHRIC L 2 MEUBENRETHLZ &, 2L T, i
& EKIPIOE RN LR Z A LT 72D DEGED 1 D TH LMD EER(LICHE L T\ D Z &b,
AWFSECTIIE D Wi MERNEZ X— A LR 5 FEE L TRIRT 5.

£ o T, ARWGRIE, JEAWrm AR NERNE 2 ISR - THOEM PERIC T S 2 &, P ORI RE FiEE
fix TR S LTV D H LB O Akl A2 B YIS, RE LD EA B NEENEDSR R A21TO 2 &
LT 5.

Table 2.1 Evaluation of suitability of vortex identification methods for automobile aerodynamic requirements

Requirements on the vortexidentification method in the field of vehicle aerodynamics
Low- .
o Achievements ) o
pressure ) Individual ) Applicable to | Compatibility
. Galilean ) ) . m .
vortex with ) ) identification ) ) unstructured | with parallel
o invariant ) quantification ) .
swirling of vortices ) grid computing
Method ) of vortices
motion
Reduced
. ® O
velocity
Tetrahedron
Sawada O
only
Prediction-
. O O O O
Correction
Sectional-
Pressure-
o O O O O O
Minimum-
and-Swirl
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HIE BENEA Y (TRET D IEEEENR O FEFED
B3

AITEE T, BR% 22 AE FiE 4 B2 ) OMEE FEICLEREZMF LS LEbE S 2 & T, A4%E
D= L5 FiEE UCEAWmS/NMEREZ BT Lz, RFETIE, F9EDErm N ERECo v
TR 5. I, AW NERlvEZ B B3 22 0IC@E 3 2 BROEB L O oxRzilk~%5. o
%, PIZEL-FEORMGEL LT, AEOD L~ Al X0t 2 Y OB LT L7k R &
BB ND.

3.1 S WA e |l v

JE 7T Wi/ NEIRl 1, —RRSE DT ELIR T OARERE R ot 2 [FE S 5 72018, =il - KEIZ L~ T
PYE SNIZFIETH H[59][60]. Z DOFiEE, MPLADOMELZRET D AT v 7, MfbRFEEZRE
LD 25 2 27 v TN 6 RS,

3.1.1 LR DAL E DR E
FT, BN 2 R RBIMEL 72 D MARD S ALEOAE x 2B 2ES p i, KA ROME X T
2RETTAT—RIATHZLICLVRDOOEND.

%p

axian

dp
axi

p(x) =pX) +—(x; — X;) + O — X)) (% — X;) (3.1)

ZIZT, FMURZATOHY R LIZOWTL, 1 53 FTHE LD, [JEIANTT UBRITHITH D &R
ETHE, TOMEAEM M, A, MITFER (2720, M>h>k) &R0, $HST2EAX7 Ml e, e, esld
EREREERERS. 2070, X (31) 1%, BELHRET 52 L TEERICERTX 5.

1
p(x) = ?l(x{ — C{)? + const. (3.2)

XOVTVEREAE S DOILIETRBLLTNLEAN Y MV, CIEENZ M ThD. L>00EE, ENE, K310
£ 912 er-ex il LD R O THR/MEAZRF O, HARZ MV e 2O mE L L, el AT TR CZ@HIE
FRET, MR X L OB REIZR D R ZmTOAONE C & T 5.
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Fig. 3.1 Finding the minimum pressure point C’ on the e;-e; plane given when A, > 0; the thin lines represent

contour lines of the pressure approximated by Eq. (3.2)

WIS, AP HICFET 2560235, Z OB, PR BT ROERE Y+
ha< L, B TATEBHEOKEEZRST-OTHD. ELIEO IV TIE, —RPIZE KT
DHWOID. ZD72D, WP LEOKFONIMHEIZRS THY, TiEEL 4 &3UE, T 3TDORL
i OWNWT,

1
|X; — Gl <EA (3.3)

Zf iz L CnhiuE ko,

WEIZ, er-ex i L ChERNEE)Z L CW AP LAROAEHET 5. ZO5MZRT B RIE, £
INE TR BDREITIE, T L BIERIERZ LTS EIRRL WD TH D, £ I T, ERGEFHOSME L
T, e1-ex VLl ETOWMENFEHTH D LW I RMZ2MT. 2L, er-e Pl ETOHEART Vv W
ZRAWT, DLFIRTHERBIER D A THAUT L.

1
D= Z(Wlll — W5)% + Wi,Wy; <0 (3.4)

3.1.2 WL ORELE
APECRO 7z OmE L2/ e LT, bz FES 5. BRI, REREECH 2T 0 H
Tafma T8 T, ML AEERT 5.
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3.2 HEYELZZF)~ D@ I M) T2 R A Wi s g Rl DB B

ATEICALl L7 BLit O FEHENFTE TRV B 2 =AWk i NERlE 2, BBHE Y OFhEICER 5
72D, HREER - ~OILE, WP OE O FEOIFINFRETH 5. AT, 25 OFEZ
R D122, LT oHEEZRWCT, JEARmENMEREDS R 21T > 7.

3.2.1 FERBERE T~ DYLHR

H B 22 ) DR R ClX, MR EIRIR A BB 272012, —RBNCI3IEE 2 Mns. 20
72, WL RO T OWNIVEIE Z ISR T TIT O RERH L. DFE D, BT ZIE LIoNIMEE
D (3.3) IZEDLLPWIIED FELEERT HMENRDH D, £ 2T, IFMERKF TOF RO T DOWN
SRHIE ZAT D 72018, BB OZERICE T 2 s OWNIVHIE S AT RE 72 BR i # 52 15:[65]% AW 5.

FP, nifilkaRERT 2 i EHOLAA LR | OREICHEE L, TORG/ELZHETS. K321,
m FAIEOHE % 5 1| ORI LizKERd. PIEZEEO j & B OTEM, P;idEkE Bl Ins
THA, QIFREOTLTHS. B biciRE Sy i BB OLMILOLTEM s (X, Bl L TOZMFED |
ZHOERDRTHA 0% RN,

m

Si=29]-—(m—2)7r (3.5)
=1

EMT . G1%, 2OO=FE QP Py QPP DBTAHIZHE L. WU, 2N 5O =MPORALLR
N7 MVE nu, np &3S,

; = arccosm;_; ' n; (3.6)

TRDDHZENTED.

WIZ, BRI EICERE SN2 TOLATFOERIBEORIAZ RO 5. FHEFEOBFIIERMICIE 0 £72
WX 4n 1272508, BEZEZRBLC, KX 37) oLz 2zl EThnit, SiFZmikomicdh s & e+
5.

n

s; > 21 3.7
2.

i=1
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Fig. 3.2 The projected surface onto a sphere with a radius of 1; P’ is the projected vertex of P
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3.2.2 L EEOWT b 2Bl 5 5k
DR O [EE TR, BHERTRNIBICR VT, P O L LTV, 20, IRORE
DRI 2560805, ZORKIE, FIZ229H2EF2 605, 1 -DHIE, Ol S ERRER L
DI LEOFEAEIZ L VBRI ND, OF ViRFOHIOREEN | FROATITOND72dTHhD. 2OH
I, BRI L Dol LR SRS LT LE Y, IEWHENRHREER L TCLE I O THD.
WD ORES T M AN ST 5720, K337 L2102, LA EERPEE (e-e: o) DRI
FD 2 i CHE T 5.

/ ‘\ 3> Front side /
Back side ? R \

Swirling plane (e,-e, plane)

-

Direction of vortex axis (e;)

Vortex center point

Front side
Vortex core line

Back side
Vortex core line

Fig. 3.3 Example of the vortex core line construction using two-dimensional unstructured grids

I, o ToifH L & O Z B <Tools, #ake S 7o mlE, USRS 2 DOMEREZ
i 7e IR & LCERT D, 341 T K9S, Kl oME A 0, fh7m & i o
MOAEZ &35, KL LT, AEZLICERTFEAE Onx & T ZiXET D, Onx TBEAT D LW
9%z, Banksand Singer D HIEIZFE SN TND[66]. fmax 2 EANT D BEE, EEEZEIC K DO H0
ROBEICL > TSR SNHMP OO IEME 2 <2 L ThDH. AEOEKETH D Ona
& nmax ZBERANCIRET 5 2 L IIWNEE R 720, HZmiEE Ch o AN S s v~ ila M
UWNT, BN 2 RENIC TIRET D.
B, LA EERERORTHR A AR L TW A EE0HZmP L eE 5. Zhicky,
it L D Sy A B <

Direction of vortex axis

€3

\

Vortex center point .
P Vortex core line

Fig. 3.4 Angular conditions to prevent the fragmentation of the vortex core lines due to the combination with the

wrong vortex center point
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33 AREDO I~ BT & D EBRRETE

AREITHE, EARWRENSGD 1 5 Thd, AEOI N~ ARz HGCT, ElRiEA1T 2. BERIICX
ATEI CIRE L2 AT A —Z OWRGE, (REREENROREF L OFHBERK T2 OV TREET 5.

331 7%y h—AREAY ORNBEOKEHE

Y )Ls3— L LT OpenFOAMV1606 +% HIVN T, FEEMIPERAVOBEHERIES R 2 b—a V&2 7o 7z, &
PRI Uy & AAEDIE BICEESL LA VIV REIT 175 Thot-. FHEER L ERFMEORE LK 3.5 (TR
. RHAEEEECH DR FEOME, B, mSE2TNE 248, 10B, 6B & L72[67]. FEASMITHE Uy D—
R, MHSRITAE T v 5, AttoRmT , —A ) v 75, K, BEEBIOREIZZ ) —A Y v
TRIEE LTz,

\a‘,

Square prism: No slip

Fig. 3.5 Computational domain and boundary conditions of the square prism
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ARFIEPGERTIE & F Uil O0fh 2 [FE TE T A DREET 57201, K 3.6 12T 2 DOFHEK 1%
Az, X 3.6a IR THEERK X, 1AOESA 0.1B OSLHIR, 143 FH{E TR ST\ 5. #EEk 1
ICTCHNIGERIE L, Son-wEE%Z, X 3.6b ISR TIEEER -~~~ v B 7 L. IEREER 71T,
1010 J7 il @ W i AR THERL S AL TV 5.

Fig. 3.6 Computational grid around the square cylinder: a structured grids; b unstructured grids
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3.32 RFEEFEORE

Wi ibd 2 2 &< L Z FETE 2082 »E 57202, WwfOioR S 059 B UL
OifF IO A A L7z, IR X ORI T 2RI ORDTE D ERET S &, L
HOR XL, @S 068005 001BE5\WfEl 25720 THS.

333 AENRT A —F DRE

AE T O A 6, s & OB O A E g xS D RKRKFFEASE Onax & Nmax FRTET D72
WIZ, WITA—BRAZT &7,

X 3.7 I\CHEREER A L COMRBEAR T > VL D% _ARER Q=175 x 105 DEEHEAZRT. ZOMEX
0, TOOHN~ ARPEAELTND Z ENRFND.

e 3.11Z, AR o> 7 ] O e RFFA A L Omax &, OO 7 18] & it Ol ] 0D Fe KT A L pmax DAL T2
BRI Lo THE SN DM OBOARLE 2R, AR 7 THHZ LI1E, £TOHL~ MREET
TTCWHZEEEWT D, — 5T, AN 6 THDHZ L%, oAk ibsn TRy, mfisofE
BICEDBMEIC L > TH N -T2 Z L ICxeT D, TR LY, Onax 1 20°LL L, #imax 13 40°LL L2324
BCTHDHIENNNoT.

Fig. 3.7 Von Karman vortices identified by the isosurface of Q = 7.5 x 107 on the unstructured grids

Table 3.1 Number of the vortex core lines identified by the combination of fmax and #max

Omax
20° 40° 60°
Hmax
20° 6 6 6
40° 7 7 7
60° 7 7 7
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3.3.4 {KJEHEE]R D R E DRRFE

ARTFIEDMEERERS % [FE TE TWDREET 572012, JEF & 0 53K G 2 i o O 23 38 i
LCTWD 0y, T Ll B OFEALER L TW D A 8 L.

¥ 3.8a |C, FHEMEIHKOPLE I CTOE X — Lz md. Db, EO28EMEEY b
RWGEIRZ W TN D Z 5. [X3.8b 1T, FHRFEROHLE SIZHIT 5, FIEE Uy THEIT %
JERESR I & BT EE 7 RV L OBl A R 3. ARAE, T OE & FHE IR O LS S 2B T S
EDREERLTND., ZEEOHERT SR, FRIZOHLTNDZ ERNSND. 2F 0, o
O FEPH ORIV, EEREB L TS EF2 5. & ZAT, 2RMREIRUINE 72 2 i D & fE[a] s
DOHFLBBLT LS —ELRWNWZ RN 5.

ULEOFRREY, AFEXMEERERAZRETE2LEF25.

Pressure

NN R s S
(b) N \d\'lj{j&f Vi = ==
|

\\&& \ ||I’i|| l‘

NN |
fﬁﬂuﬁixu/ \

}\ | ;‘ﬂ[‘ip}‘ l'm:il“\fl"% Q\:_:/ ///%}I
dlin i WS, ),
N

Fig. 3.8 Vortex core lines (black lines): a pressure contour at the center of the computational domain; b velocity
vectors (thin black lines) of the coordinate system moving with the mainstream velocity Uy at the center height of
the computational domain and the intersections (red points) of the vortex core lines and the plane of the center

height of the computational domain
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3.3.5 FERBIEHE T COMREE

ARFENEETE L F Ul Oz FE L TV D0 E RS 272010, SHEEBO T LE SI2HBT 5,
PER T L ARTHEO R 7 CRIE S 7= Ll o Bl & 3740 L 7=, GER T3S0 7 O Wikt
LT, AFEE, BERTORNEE~ Y L7 LR TIod LCEA L. i &EHoldhofo
BRRE 41X, DIFTO L5 ICE# LT,

a;,—a';
_lai—daif (3.8)

Z T, HREEIREER T ORTIE 4 THEEL TV D, @ b alE, ERTIEEARTIEIC L D EHE RO
HFLEETO i FHOWMFLEONMBE TH L. 1 DO FITIRK TS 1 DO LR Lo, i
i1 X0 E/NSWEAE, FUREREL TS EEZ LS.

4 3.9 (28 IMIZ I 1T DI DI O IEEE d 27~ B OIRE 51X 3.7 IR LI2CRIS L Tn g, 7
7750, WPLHEOBERE T 1 L0 Lo SN ERSND. 2L, MR- CRE LIz
B BB FIC~v vy B 7 LTS, IHFOHEOEEE 413 0 IZIZR RN SIZEETD. Ko
T, AFEFIERFELFACMZREL TWD EIRTE 5. ZORELY, KFETIEHIER TIZHLE
TETWVWDHEEZD.

0.025

0.02

0.015

0.01

0.005

Displacement nomarlized by mesh size

1 2 3 4 5 6 7
Vortex number

Fig. 3.9 Distance di between the vortex core lines identified by the existing method and proposed method,

normalized by the structured grid width
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3.4 BEYEE Y OFNE TORGE

34157 —Fky h—EXF VA ORNEOKEE
3.10 12, BAFHFEICH W= X RO IR 2~ 3. B1E L, B lE w, #85 H 1%, T 4.665,
1.775, 1.595m TH-7-.

H=1595m

Fig 3.10 Three orthogonal views of a sedan
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BAEFHR OEATITIE, IEER - O OA RIRFEEICEE-D < FrontFlow/red[68] % VM. FHREL A ¥
— A%, Nakashima & OF%E[69]% HVY, BLFIZEEMIZ 7~ 9. ELIEE 7 /L1, Large-Eddy-Simulation (LES)
EL, Y77V RRAF—/VOMYEICITEER~ T v 2AF—F 7 VA2 HWe. ZEE OB LA % —
DI 2 YA FEHL 725y 2 AV, BUEIRBN A2 M5 2 72, SHREICIE 5% D 1 IRIEER FEsE2 7L
R L7ZIREA X =2 o, RERFESICIE, | IRSEOA A T —RfHELZ W, JEHEEEDOT » 7
U > 721, simplified marker and cell (SMAC) 5% 7=,

X 3.11 (R, FHEAS T X OMEREEZ R, FHEK 7L, 4450 77 O I IRHE 7 Tk S
TS, iA—ERI®E U= 27.78m/s & L, RERSEZHER LICLIEEDO LA /L X503 8.55X10° T
oz, FBENT 5 Hul A B3 5 72 018, MiEi ORI Uy & LTc. Z A Y DOEREZ BT 5 72901,
H A ¥ DR GMOFEREME U CREEE L 52 72

REf] A7 > 7 At 1X 5.0X10°s & L, FERE] T 7s ORI EE 2157

Side Wall: U,
Automobile: Log-low e et Yo

Wheel: Rotating wall

5.36L

Fig. 3.11 Computational domain, grid, and boundary conditions
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3.42 MRIEFEORE

ARTFEICB T DRKFEAEIL, ZIEI Onax=20°, fmax=40°E L7, BEVHZEHOEKHFHE T,
EREAEIZ LY ) A XL 2 DDA RE SN D HEENH D, 20 X 9 72ifF bl a BRIV 5 729012,
W RS 8 ELL TR = 412 i ol 2 i HE L7z

343 R L OB b otE

ARHETHE, fERFEE B LT, RFEICL 0 WPOE OB L3 I TV D0 EREET 5. 72
B, MERFEITHER FAAHEE LTS 700, IEMIER T2 W BB EZE /) O (213 ¢ =
RN, FDD, (ERFIRICHEEER F~DIET L2 X4 321 BR) 2IEL, ECRFELATF
B O E T 7.

B4 3.12 1T, TERFE L ARFEC Lo TR LI Z FE L7eiE R A RmT. RFEIL, 1ERFIELHAT,
MHDE OB AL IR SN TV D Z NSNS, S5, KRFEORPLEOARIL, (EkTFEOETR
D 2% ThH o7, WHLEIORAE, OB A LA S TS 2 e 2 ERITRLTWD. U
FOREREY, RFEZ, ECRFIEL B L TR Lo B L3 H T E T D,

LU, 3120 (R TARFEDOHLHENE, #8178 & Tt LiioWr A b2k & L TAET Tn
5. ZORRE, BAERREC X DL R OBERHE IR O F/ NEH A 7 — Vs b EHRSEIR O R K A 7
—ILETOWMERZ TNDTDEEZLNZD.
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Fig. 3.12 Vortex core lines around the sedan, as obtained by: a existing method; b proposed method
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3.4.4 BEAN D& & O BB

[ 3.13 |2, HEART >V AOF 2 RIER O OSER & AT K 5 il Do AT RS R 2 R
BRI D 0 OSEEIE, ABBEDICRETIET—R, BT VA Rilh, KT, #RX@BEN-o
7= 4 SORHSI R IB[151% BB 5 2 L 4 S TN S, JBROEIE, RS 7 i8ISk B R Sl
FOPIAFIEL TN Z ERGnD. LEERoT, AFEITABEE Y OFMNREHRTE 5.

()

Body side vortex

(b)

Fig. 3.13 The isosurfaces of Q and the vortex core lines obtained using the proposed method: a three characteristic
vortex structures, which represent by the blue and green isosurfaces corresponding to 0=2,500 and 0=50,
respectively; b a characteristic vortex structure under the floor, which represents by the yellow isosurface

corresponding to 0=1,200
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3.4.5 RFEE —BROBRIERTFIE L O

31412, 7a VXA VEVICBT D, MEARLT >V VO 2 AE R Q O%ETH, Reduced velocity
BB L OARFIEIC L 2P OO RER 2777, X 3.14a O Q OZEEIX, Hl ORI £
XHICHEL, SOICEROEEmRDER L TWD Z ERNDNn5. 3.14b @ Reduced velocity 1%, it
FULEIAET AL L TV Z ERSND. SBIT, AT VA Rifdzx bhkedoiz. —J, K 3.14c D
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Fig. 3.14 Vortex structures around the front tire: a the isosurface method based on Q[70]; b the reduced velocity
method[25]; ¢ the proposed method
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4.1.3 FER
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TWo., R4l1lZ7vyr M AYED THRESNIZIMORE, 2FV 0. OFfF 7, (LE, FHRCBEEST 2
MAVEIE &7~ T

(a) (b)

(E)

Fig. 4.1 Schematic of the identified vortices (lines) and flow structures (arrows) around the front wheel from the
previous study [80]. Red lines represent w, > 0, and blue lines represent wx < 0: a outside view of the front

wheelhouse; b view of the underfloor
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Table 4.1 Characteristics of identified vortices around the front wheel from previous research[80]

Vortex  Vorticity wy Location Associated flow structure
Separation at the wheel shoulder and blowing out
(A) Positive Upper side of the wheel from of the front gap between the wheel and wheel
arch
(B) Negative Rear upper side of the wheel arch Separation at the upper edge of the wheel arch
o ) Blowing out from of the rear gap between the wheel
© Positive Rear upper side of the wheel
and wheel arch
) ) Separation at the wheel shoulder and blowing out
(D) Negative Lower side of the wheel )
between the rims
) Outer side of the wheel near the Separation at the outer wheel shoulder near the
(E) Negative
ground wheel contact patch
(F) Positive Behind the wheel Passing inside the wheelhouse
) Under at the rear end of the wheel ] .
(€)) Negative h Blowing out from the engine room
arc
o Under at the rear end of the wheel Shearing with slow flow from the engine room and
(H) Positive
arch fast flow from under the bumper
o Center of the floor near the exhaust ) ]
D Positive ] Blowing out from the engine room
pipe
o Inner side of the wheel near the Separation at the inner wheel shoulder near the
J) Positive
ground wheel contact patch
Q) - Front side of the wheel arch Separation at the lower end of the bumper
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&G TN S[79].
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ESNTZIBOAM BN ERNC L, MEOCHEN—H L. LoT, AFEICEVRESNZ7 o b
2 A YJE Y OWHFLENE, BEEMFE CRE SIS T E 52 5.

&I, BEEMFRIZRE S 72> T2y, 8, el, 2 BE O DBHRA — AT ZAONETRE I L.
BT, M IR =T —FHET, 0 TR T HICRE S

Body side vortex
et

Fig. 4.2 Vortex core lines around the front wheelhouse. Red lines represent w, > 0, and blue lines represent w, < 0.
The vortices labeled with capital letters correspond to those of the previous study (Fig. 4.1) and the vortices labeled

Greek letter are new vortices: a side view; b back view of the front wheel visualized only by vortex (F)
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HAYEY OMFOENE, BV CRE S zilicxih T o L E 1 5.

INLOERIY, KRPETHESRZ@PLEE, “ar & A YE 2B MmO 28
B4z enTErk.

Fig. 4.3 Vortex core lines of the underfloor. Red lines represent e, > 0, and blue lines represent wx < 0. The

vortices labeled with capital letters correspond to those of the previous study (Fig. 4.1)
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ERELHBEL T E2RLTCV0DEEZLND. 51T, VADMZERT A Al Ih, VAo
B HOREH LB EL & B2 IZBE# LT D alfetknid 5.

Fig. 4.4 Streamlines passing through: a vortex (B); b vortices (C1) and (C2); ¢ vortices (D1) and (D2);
d vortices (E1) and (E2)
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B 4512, iF & J O LA @i T 2R 2 ~3. i F OWRIEL, N /X—=TFTORA =T AN
ZEBLTHNDZ LB 5. ] OFEE, HEEFCH Y, RA— v a L —NHETE Tl L C
WD ENGIND. ZhUL, A —VEET T, AA — g LA —NRENSTEALEZE L, HIBEL 72
raRLTnbtEZLND.

(a) (b)

Fig. 4.5 Streamlines passing through: a vortex (F); b vortex (J)

X 4.6 12, ifhQ O L% iEia T 5t E ~T. i Q OFME, N X—TZ@EEL, K~ —1LT
—F ORI TEM LTSI ENGnD. ZhuE, N =T TOHEEEZEL TN 5.

INHOREREIY, RPETHRE SN0 2@l 2L, 7ey N2 AYEVICBITD
BEFN ORI BT DS 2 BT 5 Z L3 CTE .

Fig. 4.6 Streamlines passing through vortex (Q)
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>
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X p.

Fig. 4.7 Simplified notchback car model and coordinate system: a three orthogonal views of a simplified 20% scale
notchback car; b struts (used instead of wheels) in (left) experiment and (right) CFD
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Fig. 4.8 Definition of the coordinate system (f: yaw angle)
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Fig. 4.9 Overview of experiment in Gottingen-type wind tunnel: a top view; b side view
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Fig. 4.10 Position of the pressure holes in the model
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Fig. 4.11 Computational domain and boundary conditions
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Fig. 4.12 Input grids used for reconstructing the vertex-centered finite volumes: a surface grids; b prism layers on

the model surface
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Fig. 4.13 Aerodynamic drag coefficient versus the yaw angle
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Fig. 4.14 Distribution of the pressure coefficient C,, on the base for the zero-yaw state (f = 0°), low drag state (f =
9°), and high drag state (f# =15°). Region I was the lower surface pressure in the high drag state than the low drag
state and Region II was a local minimum: a experiment for = 0°; b CFD for f = 0°; ¢ experiment for 5= 9°; d

CFD for = 9°; e experiment for f = 15°; f CFD for f = 15°
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Fig. 4.15 Dimensionless time-averaged velocity profiles in the wake at (x, y) = (L, 0): a x component; b y

component; ¢ z component
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Fig. 4.16 Velocity distribution in the wake at x = L: a low drag state (f = 9°); b high drag state (§ = 15°). Contours
indicate dimensionless time-averaged velocity in the x-direction; arrows indicate the directions of the two-
dimensional velocity vectors (uy, u-). W, and Wy, are vortices. At points A, B, and C, z=0.024 L, 0.1 L, and 0.25 L,

respectively
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Fig. 4.17 Dimensionless time-averaged velocity distribution around the rear-end corner on the leeward side at the

center height of the base (z =0.15 L): a low drag state (5 = 9°); b high drag state (5 = 15°)
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Fig. 4.18 Dimensionless time-averaged y-velocity-component profile around rear-end corner on leeward side of

model at (y, z) = (-0.19 L, 0.15 L)
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Leeward

Fig. 4.19 Wake-vortex visualization (diagonal overhead view). The isosurfaces have dimensionless vorticity in the
x-direction (", = £15), and the lines are the vortex core lines. Red and blue represent ", > 0 and @, <0,
respectively: a f=0%b f=9°c f=15°
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Leeward Windward

Fig. 4.20 Wake-vortex visualization (back view). The isosurfaces have dimensionless vorticity in the x-direction
("¢ =*£15), and the lines are the vortex core lines. Red and blue represent @y > 0 and " < 0, respectively: a =
0°bp=9%cp=15°
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e —————
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Fig. 4.21 Wake-vortex visualization (top view). The isosurfaces have dimensionless vorticity in the x-direction (@
= +15), and the lines are the vortex core lines. Red and blue represent ", > 0 and ", < 0, respectively: a = 0° b
L=9%cp=15°
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Fig. 4.22 Streamlines passing through the vortex core lines of the vortices (blue lines) and vortex core lines (black

lines) in the high drag state: a Vortex Rr; b Vortex Wy; ¢ Vortex Wyw; d Vortex W,
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Fig. 4.23 Investigated vehicle models with simplified geometry: a automobile model; b truck model as the parallel

running vehicle
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Fig. 4.24 Relative position of the vehicles under the parallel running condition
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Fig. 4.25 Computational domain and boundary conditions: a parallel running condition; b uniform crosswind of 4°
yaw angle condition
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Fig. 4.26 Distribution of the pressure coefficient on the back: a excluding the pressure effect from the parallel

running condition; b uniform crosswind of 4° yaw angle
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Leeward Windward

Fig. 4.27 Visualization of wake vortices (back view) by the isosurface of the second invariant of the velocity

gradient tensor O = 3,000 and the vortex core lines; a parallel running condition; b uniform crosswind condition
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(a)

Opening

(b)

Windward

Leeward

Fig. 4.28 Visualization of wake vortices (diagonal view) by the isosurface of the second invariant of the velocity

gradient tensor O = 3,000 and the vortex core lines; a parallel running condition; b uniform crosswind condition
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Fig. 4.29 Streamlines (blue lines) passing through the vortex core lines of Vortex I and vortex core lines (black

lines) in top view; a parallel running condition; b uniform crosswind condition
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Fig. 4.30 Streamlines (blue lines) passing through the vortex core lines of Vortex II and vortex core lines (black

lines) in top view; a parallel running condition; b uniform crosswind condition
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()

Opening

Interference

(b)

Windward

Fig. 4.31 Streamlines (blue lines) passing through the vortex core lines of Vortex III and vortex core lines (black

lines) in under view; a parallel running condition; b uniform crosswind condition
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(b)

Leeward

¥

Fig. 4.32 Distribution of time-averaged velocity in the y-direction around the rear-end corner on the opening

(leeward) side: a parallel running condition; b uniform crosswind condition
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#5E Implicit high-order filter (Z X AR % AV 72
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Table 5.1 Causes of vortex core line fragmentation and measures in the process of vortex identification

o ] Cause of vortex core
Process of vortex identification ) ) Measures
line fragmentation

Low pass filter[113]
1. Input data Numerical noise Approximation by quadratic superspline[43]

Smoothing by topological features[114]

2. Finding vortex center points False positive points Convolution[115]

. ) ) ) Growing skelton[50]
3. Construction of vortex core lines | Construction algolism i ]
Connection vortex center points[59]

4. Visualizing vortex core lines False positive lines Threshold
5.1.2 FIRA

AWFFETIE, P OEhO B A ALIHE O 7212, Implicit high-order filter[116][117)ICE B L7z, ZD 7 «
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AT 4B AT, REEEIC S 2 DB LR DOOMEEER AR CTE 2 AN RHETHD.
5, SR IC @A &, WHIEHRE L aTRe/R 7, HENEE D ORI AT Ricx L TR T
bbHLEZLND.
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5.2 Implicit high-order filter
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. -1
sznZP(kAx/2)> G.1)

Gl = (1 + sin??P(k.Ax/2)
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Fig. 5.1 Filter functions of implicit high-order filters, for order 8 and 20th, compared to Gaussian filter.
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Fig. 5.2 Vortex core lines around the rear of the sedan type vehicle: a without fliter; b with filter
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Vortex core line

Vortex center point

Fig 5.3 Vortex core lines and vortex center points in Region I in Fig. 5.2: red: without filter; blue: with filter
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Fig 5.4 a Number of vortex core lines; b Average length of vortex core line
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