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Research of electric power regeneration
using automotive cooling fan
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E1E A

1.1 HES=

HEVE ORI IZEBWT, SR LIREEREDO—>Th 5. AR BEORE
M EDO—BE bV AT AR E IR L CHED TS Z LoD, TTREHI OB &
WEHMT & VI N HIRRD Z 2T 5. 2B 2 THRET 2 HMEICOVWTIE, EL
REEOE NHARABETES (JAMA) QODONABER L W L T\ 5.

BIED B ARDBREHIHIX, 2005 258 S - iR EE D CO I BRI K-S X,
Ny 7T o= (BEMEMEEN TV D HEIED 5 5, KHLRENMENL TV D HE)
HAENR—R LT ) THREINTWD. BIRAIZIE, BEhHIL 2004 44 0 54 13.6 km/L
(JCO8 &— NRE) 75 2015 4E1Z 16.8km/L ~& 23.5% DEE Y, & 512 2020 4F
(213 20.3km/L (2004 4EbE 49.3%(6] 1) ~DkERE LIFAMETH D, ZiE 2015 £ F
TO 1 EMOBENR %2 S HICASH 5 FMTHEA LT WO HHITHY, Wi T
HEORmNEETHD.

BRI, HBRIEBRAG RIS U TR WK & @S W B A & 1, 1997 40> COP3 (1
ERIBREALRG IR 38) ORI S CO B BIEZRD 2B E N -7z,
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Fig. 1.1 Regulation of automotive fuel economy
[REERTFLX—HEXEAFRE R&RD £ LD 20110,
AR B B T ABHE R 2008@).

BT TR B B TS (ACEA) CO B EMMHI 28 AL, BAHBH TS
(JAMA) & Z0HFEHHNICEE L TWAD. COHEHHHIEIL 2012 4 130 g/km (17.8
km/L AHY), 2021 4 95 g/km (24.5 km/L #824) LD TEE LW H DT> TV 5D,



KE T, 1973 FEEE O MG 2 IS CAFE Ml (SRR ERIH]) 238 A
EN7-. Z OIHIE 1990 HLLRE 27.5 mpg( mile per gallon, 11.7 km/L #H%) (288 2 &I
TV, Holf OHIERIRBZ(LE) 1D #) & o 1T 2020 4F1Z 35 mpg( 14.9 km/L FH2%4)  ~
& 30% T DIER DAL LT,

IO EK LI R L BRERGIIS R ETETRLI 2D BB OHN,
BRFEE LRI LW IR A8 AT 2 0BT E BTN D.

DXL, ZOHBIEBAICK L, 4 F TICEMLINTRE S ETIFO— Bl 2R3 5.
ERT 2 SR EINC A D &, O= v P U ARRIRR, OB, @BREHE AL
W, OETEIUREICERN S s, BENRERE LTERbOEERLLIRLE. 2
MO DOHEMABAHNCEASN TR, FRIEEDRO R E OEAMIE, RN 0O B
K (PEROBIKAT VY v DU AR— MIREHEMEZE L TR, YU U —N
(CEEERE L, MEERRREHEE 2B <) 1K Do P YA DU FRH AR
BFANNATYy RTHY, TilGETELWEMEAETWD., N7V v NIFEE, H
RETOFEANBIHE L TV, BINETH A5 B O LWREBHIZ)HE LT 72
IZIENA 7V ROBIMA PRI TEY, BEXATEL G OERIC L 5 EEEhH Y
IZEEINL T Z & iFEEW W E bt s.

Table 1.1 Examples of automotive fuel economy improvement
[AABREHETESNRER 2010 ©].

Item Improvement technology

1. Reduction Gasoline : Direct injection, Variable valve, Low friction
of Engine Diesel : Common-rail injection system
loss Idling stop

Hybrid vehicle, Plug-in hybrid vehicle

Electric vehicle, Fuel cell vehicle

2. Auxiliary Electric power steering , Charge and discharge control

3. Drive train | CVT

4. Running Low friction tire, Weight saving, Improvement of body shape
resistance

AEDFAZI, ™A 7V v RREXHBHEOMBE A & IR SN 5 HANIC OV TR~ S,
NAT Y RiE, Ny T U A~OFRBEOREN D, HEBIOKE @AM ETRICE
WCEE—ZMBEI LD b= P UBBIOBEN R 2D WO MER S D, £I-EXH
BEOGEIZIX, Ny T URROGKIN OHFEEMENENZ ERMETHY, EHE5 1
[ A FE ) DM/ N EERE N v 7 U ~OHIFRAE W E W D, 0, BRIEEZHED
FTEWVWIHIBLEND, ZEKIERGTOBEAMN & I CHA N TN D.



AWFIEIE, BHEVEEEEZ, RS E VD BRI T <, BRI 2 KRR
WCHIEHT 222> THEY, LFTIE, ZoENEA L ZZKEETURHEEAT IOV T
WERDHITE « BIFENE ZAEITT 5.

1.2 BHEEICEAT 5REEDOHE

BAEVESNE LTEMEESNTWS 7 L—x[E41, BREHE— & 20 3 E
B L TGERHT2LOTHD. TOMICEIEDIREEDOH D H D E LT, PEREASKES
W ELBEZLNDN, EEEALITITE > T,

R LD E RO L LT, BEAGRI)DIZLS FT v 7 DXy kI
JEVER 2 P LIBOERRFIZ B I [BIAE 24T - T2 BRI 0, HEVL & (2004)0O1C L % 5 H B) 5
VZJE )8 FEM A ¥EE LR ) (R AR [B1 S 2 ket L 72 3285l 23 % . & 72 Huang © (2006) D>
BERFOH TIZHBHEO T D b — ARNIZEELZHSEH L, HHIREAZT-oTW5
JEVEEL DA LA & 2T & O SEHIE Tk 10 WRRE TH S D% L, Huang b 135l
FHHET500 W LHEE L CWD. 7272 L Huang &3 > v v b— AN £ 500 mm O
AEZBHEH L BV, BN AT ATOHERRETHS. LirL, Huang  DOHF
JEDVEHR T & R, BEHEMEARICEELZ #$E L725E, BEEBRIC VT #Hh
N EBINSERNE W) JRTHDH. BHEETRFICEWTHRELZFE T 5 L0 )
RIL, REEED L RERERE -7 LIF, ZhH0HEFEFNTS.

1.2 1 ERBEHERNFEE S X T LOERIRE

FEAR S (200X T v 7 DT 7 L7 XN (Fx B v EORRT) ([CEEAREL,
ARG IR O B HLLZ X D = )L —[al & FEH A2 VD TRRET L7z,

VAT LEK 12 12T ORI O EUEN LT D HEREICB W TRKRIH NG S
NDEIVAT LEMERL TS, 27 L5 MPPT (Maximum Power Point Tracking)
T RAMMBIEEE TH Y, AMHEEHIA IGBT (Insulated Gate Bipolor Transistor :  #{#%
= NUNRAKR—=F N TP AK, MOSFET & NRA R —F b7 U P AX DR &EEN
L7em_ U8R T N, X)) DAA v T U TN Lo TEIESE, FBEEDORKT IS
HILDH E 912 L Twb. EDLC (Electric Double Layer Capacitor)iX, JEHIZ L - THRAT
LEEZE ANy T VICHKEIRREEICHET DEELZR > TW\D. A e — 2 [ XERE
600mMm DY ¥ A 1IN THY, FKEMITT X v VSR EMKZ .

X113 DH A Ki—4 v AD L 5 I EE 19 m/s(F58 70 kmih) 2y B 0 mis s % i
DHBEZEE S, ERTIIZDZA L —r 2 A% 15 %4 7 L#D K L 100 43D
Al Z 77z, ZAICK D AENORKEE LTIOW 25 13W 25T 5.
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(a) Experimental system. (b) Experimental circuit.
Fig. 1.2 Proposed system (Fujimoto et al. 2009 ©).
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Fig. 1.3 Time sequence of experiment (Fujimoto et al. 2009 ®).

1.2.2 REICIDMHEBMEBERS X T LDRE

Huang ©(2006)() |3\ B Bl vy AR G HS (S HEH L, B () < 225K Pt & - T
BINTW e XX —2BAESED 2 Ealole. lmAROESENEZHET S
fENTET N2 X 1A RS AR O A A COEBHELEMEFTT 5 LICLY,
MARZBERST HEROH D A (L) XY, FUMREC, 2 (1.2) LV RdDTWVD.

Wind turbine p
Oncoming flow  Radiator ’

Fig. 1.4 Calculation model (Huang 2006 ©).



D. = pv A,(vy — vecosa) — (P, — Py)A.cosa, (1.1)
Cac = De/0.5pv% A, (1.2)

22T, BB O SIIUTOWmY €87 5.
A T VT—HEME
A HUEETT B A
A, o BT A R
Coc : mEIFRIEEBTIRE
De : WEIRIEESTS)
Po : HMHTSES
Pe  © BLMUEHERES
Ve 7 VT—XiEimEE
Ve DOEL 2 B O H
Vo o HLFHIT

o D R A E
BB, M14 TEEINAMEAERNa=90° OBAIC, TieEII0.3) 5.

o

Cd,c =2 AC/AU ' vc/vo (13)

LIedo T, IV —Z@imdE v 2R3 2 2 L2k 0, mEROBERG)ZK
W HZENTES., —F, ZVT—FBiEdEE v IXFERMEEY vivo = 0.33~0.45
72, K(1.3)E D Coeld 0.02~0.06 £ 725,

ZZTROIEGHEFR BRI 5B KLE ) O— & R E#IZ LD EEED AT
ELTHAL, F8ETRECRERE Yy FAGIEZITORRH N EZRE L. 20
FEREFE 1.2 1077

Table 1.2  Estimate of wind turbine power (Huang 2006 ©).

Oncoming velocity Vo 15m/s (54 km/h)
Power coefficient of wind turbine C, 0.4

Radius of wind turbine R 0.5m

Output of wind turbine L 500 W

AL DOFEFmIZF T, Huang (3 [HEIR~ORELFHIZ LY, REMYE R~
FILFX—| ;ﬁiﬁ‘é ZEWRTED] LFHHA LTS, Thbb, MEEZMAERICHEHET
LRI, i@ A2 MEE 50O TiE/e<, BRCE RS OmEIC L D e L

TWHHEKREN N A EBINCEMT 5720, BEEOREFFICRE ST, EFETRETHE



REEHTEL2 L5,

3 AHBRETENERICEAT 2EXDOHE
Jﬁt% IXEM 2SR R E REN D 5720, ZE5HH 2R S T B4 b RN
T TW5D . Bl OZEHRTUE 90% 23T, 10% B EEETH Y, EHEHLO
FHERX, RT—, KF, A4 VAL, GHRBRTHS. ZOPTHEREBERIZE S
\HUL, BEEGLD 5% 5 10%75:5&55 EEDNTEY (RAED 2004)® , [¥ 1512
AT XD RATEN S v XIT XD, IR R A B R AR IR IS HE 9D 2 & SIS S d
HE oIS 2004)‘9).

Grill shutter

Fig. 1.5 Shutters to control the air flow rate through the radiator.

F7o, WERZEE L iAVTEERSTC e D LIRS, XA YNy AR TR L,
Bl 2EOMN~bEEE 520120, MARORNE CFD(ComputatlonaI Fluid
Dynamics)° FEBRIZ & 0 fiftr L 72 sEs b b T g

Gregor ©(2010) X HEmHAEIR A @R T 5 Z LI X VAT 0004, FAEERG
WL, 4 D% 5% CFDICXVEH LZ. 22T, Hax RmHEAROWENTIEIC
B 2P E RD TN D, mEIRZ R L7RREN S, WARERIC X VLTS
TAOEA AD 1%, KA XD ITHERZ TR L 725E O] D coolingair &, 1B
Z W U720 7] Do cooling air & DZEIZ L - TRO BN A, K 1.6 ([ZITMATIMHEH L7-H
i DIV &R SR & o3, I ENEGE R OGS IXSNT i & R A
AT X G & 72 0, IENEOEJE D 72 S OITIFINT R 1 O AN R G L 72 D K

IR R 2R d. ANHEE 7 a Y N7V LVOEMALE L, H O 2 Hl T



MIBAOER S LTV 5.

AD = Dw cooling air — Dwo cooling air » (1.4)
a0 = = [[ e WdSinier = [[ V- WdSoute

- ff Apnx dSinlet - ff Apnx dSoutlet

- ff (Txx ny + TxyNy + sznz)dSinlet/outlet

+ ff((_Ap + ATxx)nx + ATxyny + Asznz)dSexternall (1.5)

external surfaces

external surfaces

closed inlevoutiet surfaces

e " e gaine N >
internal surfaces
D= S

oy, NN \

(a) Surfaces to calculate the drag (b) Surfaces to calculate the drag
with cooling air. without cooling air.

Fig. 1.6  Surfaces affiliated with cooling drag (Gregor 2010 (9),

Inlet surface

Outlet surface

Fig. 1.7 Control volume for determination of cooling drag (Gregor 2010 (9),

F7, P AD IIKAB)DFHIRT 4 OORATERIIHFETE S, FHL1HE, H2H
X ERA DI, H O TOWMNS I X OEEBHEFRKOZTH Y, A OFGECRH M
WZEDbD0THD. B I3H, F4HITIAD RS X AH TOWIIT TR x ~DJETZ L
HENOENTHD. 5 HEFANESIOHAOHEOEAR IO x RS Th D0,



FAWINTEINZHA_ TS, BETE2HTHS. 6T T THY,
D\ i (external surfaces)iZfB< x FIDO DO E L TERIND. Tk, BHER~
D@ JEDS A DAL~ E KX L, T OWMNOENBFRET HH12EW LT
W5, T2 Z20E, BERM G Lziiuasshm ot & L, S EOE 10 Am 4%
ICHEEZ G TWOIGEIZELLHITEHS.

HRBDOFL DA A =T %K 1.8 (R, DIFXAANDH O ~OESHELE(IC LY 4
CAHNTHY, BAEAREHFNOK IR RETH LS. @QIIAAENZELZHITHY,
WHRAOZBL Z EIC LD REMIRESIOKRTFIL, HTOFHITOKTFE2BET S, *
7o, QUIHAEANCE2HNTHY, HRED x FHzmmunTuniE, HAmfEz ik
THZEIWCEY, PLAOZETFTEEDLZLENTE D, @)D THH NI 1.8 DA A=V
AT R OICWAIRI ) O CEBEE(L L T FERER & o TN D.

ACd
4 (1)Momentum flux difference
0.015
(4)Interference drag
0.01
0.005
(3)Pressure force difference at outlet(x)

(2)Pressure force difference at inlet(x)

Fig. 1.8 Schematic cooling drag contribution (Gregor 2010 (),

B4 1.9 1ZMAERIBEIC K 2P R A EEGEEZZE X T CFD THEALIZHM R TH D .
itﬂ]iomuﬁ%%@kﬂﬁﬁ%mbk.ﬁ%fi,f@%@%ﬁ%@@%%%@
JEEAZ % (moving reference frame)iZ & > TET /AL L TV 5.

WHEIRIEEIC X 2 P16%%K0F 0.006 205 0.026 & BN FRIC L D K&ERERHY, —
WH 7R BEE OFLIFREZE 0.3 &3 UL, WAEROBERDN 2% 0568 9% % D 2 LT
725, BERBITIE TN EREEIC L 2520 12~283 FEZ EHTEHEY,
ZOFERRENZ ENGND. ETMARBEIC L 25N Z2&DICT 52021, @
ﬂjﬂf‘@—fcﬁb%, VRHALTE, VR, WML RIS T AMER D D.
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| side behind wheelh. low L Bon
[ |Wheelh. In front of wheelh. high fw”" ] e 0D18
Wheelh. In corner high , 0020 |
7 |Wheelh. In corner high tilted . 7_ ----- 0018
|Wheelh. In front of wheelh. low ”””’”-””"M 0,017
L | Wheelh. In corner low - o ',013 J
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L [ Underbody beside gear box ‘ 4 - . e oozsmi'x

Interference drag

Pressure force at outlet(x)
Pressure force at inlet(x) A
Momentum flux difference(x) L. V2

Fig. 1.9 Cooling drag contributions of simulations with different outlet versions
(Gregor 2010 @9,

Hood centerd Hood on the sides Side behind wheelhouse .

Fig. 1.10 Examples of cooling air outlet geometries and exiting streamlines
(Gregor 2010 @0),



Lasse ©(2010) Wi 30% A 77— /LET )L TOWMHR ORI ORE & CFD fi##T
TR0, =Y b— AN OER L DR IR IE DB R A — VIR D8 2 A L T
WD 1A EEREEA R L TEBY, EREVAIC 30%ET VA L, BJREOHIE
LA S 1.2 mx g 1.8 mx Ak 3m TH Y, HIEET /LD REIFRGEEN TOMERERI
10%LL FCh D, M EmEmiF~n M@= n, ¥4 Yok vy. —J%4, CFD f#iT
DM, T7 VX DERMEDRK 2% TH Y, BiFICETVED 445, %5126
ORI L ofc. M EHEIIAENE L, BEigOREOFEORELIT L. Ay a
3K 4000 T THY, 4 HEBIRTH L. BITET LO—HEK 112 17T, &L
E7 V1T realizable k-¢Th ¥, ZZHIZEEIT 2 WA LS AR Lz, B H LA 1T
porous BT /L& VY, EERIZ X0 PRI EZRD -,

R, FATRER 21X 113 (IR T . N—=RAREO T DV TOFIMRE R L LT,
M ANE Z BT L 72 (Nocool) D2 LT A ComMEMIZ R LTERY, FERE(HX A YE
72 LI 0.012, f#HTIE 0.020(EI#R72 L)~0.025(E5d V) ThH 5. B DT 2 —H 3
— %Wz 4A (No EB under tray) 0T > ¥ V4L Z BN L 72 3 & (Engine
components)|(Z(FZHT NN L, fiFEIZ L7254 (Simple engine) < L7284 (No
engine) ([ZIFHLNMEIR L, =2 20— DIREEIC L » THHEIZR ORI %
ZIFT TS, &5 CFD OFERIT X A YOS E FIF 5200808 H 5 2 &%
FRLTWA., ZhiE, A4 YORBKICT P —AanbP SN AHENRAS Z
LIZE DA YIRIURBONR TH D LEFHITHI L TV 5.

Fig. 1.11 Wind tunnel setup with 30% model Fig. 1.12 A part of the mesh for the numerical
(Lasse 2010 D), study (Lasse 2010 D),
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Fig. 1.13 The increments in coefficient of drag for the various configurations over the baseline
configuration (Lasse 2010 (1),
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1.4 KIRDOBEMEHERL

141 XHEDE

ABFFEOAANNTE, H B E 8 A & mdUE TR IR E & L CBIEH L CENEE A
179 L &b, mEETROMAREIE R E 2 L ERIERORE L 52 L1280, B
WA 2 2L ThDH. £72, CFD ITXL Y m—F BRMERER L OVHE M HIRF C
DPEREHEE & m HR A~ DR K 5 L/ 2 #HEE TE 2 L 5 T FIE 295 2
ETHD. LITITAIIED B Z 7tk § 5.

AHTFED HHY

OEmFE L L TOMREZEYEICT 2 2 & 7<, BEE LToMEzm s n—214:
AT 5.

@ b 7 — Z OJRFALIT X 2 i AR i i R £ o il n] REREPH 2 PARELC 975 .

(@ FZBR OO HL [ | Z 2% VB - JELH 2 R L 7 RAB IS W T, VB R RN AR & i AR @ R A
9 HL R R EN /) ORI R 2 A 95

@FEHE, X OEEE L TORMEKMERZ v — 2 AR b HEE T % CFD fifth Fitx
ST 9 5.

OFEBEOHM I S NIRERICR T 5, FEEE, JREMERE, L OmAR@EEUIHE S
R ) A HEE TE D CFD T FIEA LT 5.

1.4.2 AERXITICE T HEMHREN

BIFTEE D DI ST > TH—ORHRGME, EEETRICIIT > ¥ B HIRZER I
L DEEBEE N D2 REL LTOIFEANTEDLZ L ThHD. £, H _ORiHREMt L
LT, a—XDOHEHE—FNT TV LRAE—ZTHIIENFETLNS. LLFICAE)
HH RO EEIEE L 75 2 L AE— X ICOWTHMBAT 5.

B Bl B 25 RV D A E B AR

B B E 2RI K D RS OEAEAICE B LBl & LT, md BT TR 32 R
OYEESEENRNZ ERHIT DD, RN = ¥ I EIRZER O FRIC L > TIESE)
L CW2BEE T, SO HI#E 5%ED#E Y (on-off, high-low, PWM(Pulse Width
Modulation)%) <2, FERME, =7 a7 V=X DRENIZE > TERR LD, —#KkIC
1% on-off #lHl 2 L T\ 58 HEYHIE, high-low Hl#<° PWM #lHl 2 L T2 i K
D HEEMEE T E . ETEEHOHBETHEH L TV A5EAIIEE DIC/EEEE N & < 72
%. 1.14 (2#t B #hH# (light car), /N H(compact car) DIEENEE DF|Z 7~ L7-.
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Fig. 1.14 Operation frequency of automotive cooling fan.
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Fig. 1.15 Motor driving circuit (%% 2005.9 (12),
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Chord length C

Rotor plane

- Relative flow during the

cooling fan operation

...... ] Blade pitch t

Radial position

Rotational direction

.4
Fig. 1.16 Schematic of base rotor.

Table 1.3 Blade configuration of base rotor.

1 2 3 4 5 6
Radial position r mm 60 86 114 128 156 170
Skew angle y ° 0 1.57 4.78 6.72 10.98 13.3
Chord length C mm 45.9 56.3 67.2 72.9 85.0 91.7
Pitch angle g ¢ 19.48 17.01 16.66 17.18 19.68 21.67
Camber h mm 4.75 3.92 3.92 4.14 4.77 5.15
Camber ratio h/C 0.103 0.070 0.058 0.057 0.056 0.056
Solidity C/t 0.61 0.52 0.47 0.45 0.43 0.43
Thickness mm 5.5 4.6 3.8 3.3 2.4 2
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2.3 EBRAE
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Camber
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direction Dp=0.12m | LEradius /@

/¢ Pitch angle g
\ D,=0.34m 'N 'T.E.radius

Chord length C
ord leng \\/

Fig. 2.1 Appearance of test rotor. Fig. 2.2 Double circular arc blade profile.
This kind of rotor is commonly used This profile is commonly used for
for vehicle cooling fan. vehicle cooling fan.

Table 2.1 Blade configurations of test rotor.

root middle tip
Chord length C 0.045m 0.067 m 0.085m
Camber ratio h/C 0.10 0.06 0.06
Pitch angle b 19.5° 16.6° 19.7°

2.3.2 EREE
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WAL, T aMmfEsy L TRz, m—F I 400mm OB E 7 R Zi#E L
TMAL, B—Z@imiEOMIUI RIS T 5. v—4% kit 3D DALEIZB T D §fE
p (F—UE) &, 7 MNVEERE v 2 LIARIEZRD . Z 2 THIEp 1%, B
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B oA 3 —4 (FLEKK FLENIC-mini) L#AGDETITo7c. v—#% ML TiX
Lo A—% (/NBFHIER SR 2 SS050, 688 TS2600) 2k Wk, m—&E /L=
TozFH Lz, ffile —& Lo Mo ZRie & OB 120 mm TH Y, 50
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230) I — X EOFEM L BAE R AR LT, v a T U ROBZER & v — 2 S E %1
TY—VEERLTEY, BEEMMEZz = 08 L, ¥EHMEr, HinhmaEol Lz,
w2z > 0 ThHA.

1500 400 Power L
100, 1200
800 \ T Torque converter

Motor

Pitot tube
Flowrate Q

Centrifugal fan
Air velocity induct v

Static pressure p

Suﬁporting stand

v [ |

550
(@) Overview of equipment.
2/D,
-0.09 0o 011 0219
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/_._ =
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Rotor| ! P
B NENEEEA
J r 1 >
(b) The coordinate system and the positions at which the velocity distributions are

measured.

Fig. 2.3 Wind tunnel test equipment. (a)The centrifugal fan blows the air through 400mm
rectangular duct toward the test rotor. The flow rate is calculated from the velocity
measured by pitot tube at the suction nozzle of the centrifugal fan. Static pressure is
measured at 3Dr upstream of the rotor.  (b)Velocity distributions are measured by hot
wire anemometry in front of the rotor and behind the rotor. The coordinate system is (r,
6, z) and the origin of the z coordinate is the step portion of the shroud.
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Flow coefficient ¢ =Q/(Au) (2.1)
Power coefficient Co=L/{0.50u?+v?) Au} (2.2)
Pressure coefficient
at fan condition Co=(-p+0.50v42)/{0.5p(u?+Vv?)} (2.3)
at wind turbine condition Co=-(p+0.50v42)/{0.50(?+Vv?)} (2.4)
Efficiency
at fan condition n={(-p+0.5pva?)Q}/L (2.5)
at wind turbine condition n=L/{(p+0.5pvs?Q} (2.6)

2.4 CFD 47
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LT T i 2 J7REAGR D SST (Shear Stress Transport) 7 /L2 L7=. 7235, 15
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TEICIRBWNTIE, ZhaREME, BhHrrE L BICEBRE CFD 5 & OERM B HER T
HZE X, JAHZMFHIZE LTk CFD O3 40 e T & /2.

Periodic

boundary condition

Outlet passage
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Fig. 2.4 The computational model. The flow around one blade is calculated by using periodic
boundary condition. The inlet passage is circular and its area is the same as the one for
the rectangular of the experimental equipment.
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Fig. 2.5 Efficiency of base rotor. The efficiency operating as a cooling fan is positive and the
efficiency operating as a wind turbine is negative.
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Fig. 2.6 Power coefficient of base rotor. The sign convention of the power coefficient is the
same as that of the efficiency.
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Fig. 2.7 Tangential component of absolute velocity at inlet section (z/D, =-0.09, ¢ =0.67).
The direction of velocity is rotational near the leading edge and counter rotational near
the trailing edge. The result of CFD calculation is qualitatively in good agreement with
that of hot- wire measurement.
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(b) Hot-wire measurement.

Fig. 2.8 Tangential component of absolute velocity at outlet section (z/D (= 0.11, ¢=0.67) . The
direction of velocity is counter rotational at the middle and root portion and rotational at
the tip portion. This indicates that the reaction force of the driving rotor works mainly at
the middle and root portion. The result of CFD calculation is qualitatively in good
agreement with that of hot-wire measurement.
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Fig. 2.9 Schematic of inlet flow relative to S-shaped blade section. Attack angle of inlet flow
is positive at the cooling fan operation and negative at the wind turbine operation. S-
Shaped blade profile increases lift coefficient at the wind turbine operation because S-

shaped blade profile has the inverse camber at the trailing edge.
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Fig. 2.10 Pressure distributions on the rotor blade operating as a cooling fan analyzed by xfoil
(@ = 6°). Pressure on the surface B of S-shaped profile is decreased rapidly near the
trailing edge. Therefore pressure difference of S-Shaped profile between pressure and

suction side is smaller than that of base profile near the trailing edge.
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Fig. 2.11 Pressure distributions on the rotor blade operating as a wind turbine analyzed by xfoil
(=-15°). Pressure difference of S-Shaped profile between surface A and B is larger
than base profile near the trailing edge. Therefore it is expected that S-Shaped profile
has higher performance than that of base profile at the wind turbine operation.
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(a) Drag/lift ratio operating as a cooling fan (« = 6°).

Base
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(b) Drag/lift ratio operating as a wind turbine (a = -15°).

Fig. 2.12 Drag/lift ratio shown as a function of inverse camber ratio n and maximum camber
position Crnax/C.  In the figures, drag/lift ratio ¢ is divided by the drag/lift ratio of base
rotor . (a)The red circle shows the drag/lift ratio of S-Shaped rotor specified in
section 2.5.1. The red dashed line shows the same drag/lift ratio as the red circle, which
means the same cooling performance. (b) The red dashed line in Fig. 2.12(a) is also
shown in Fig. 2.12(b). The minimum drag/lift ratio operating as a wind turbine on the
red dashed line is obtained at n=0.04 and Cy2/C = 0.3.
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Fig. 2.13 Lift and drag characteristics of the blade profiles analyzed by xfoil.  Lift coefficient
of S-Shaped profile at attack angle 8° is the same as that of the base profile at 6°. On
the other hand, drag coefficient of S-Shaped profile at attack angle 8° is lower than
that of the base profile at 6°. Therefore, it is expected that S-Shaped profile has equal
or higher performance by setting two degrees higher pitch angle than base profile.
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Fig. 2.14 Pressure distribution on surface A at the wind turbine operation (¢ = 0.67).
The pressure of S-Shaped rotor near the trailing edge is higher than that of base rotor.
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Fig. 2.15 Tangential component of absolute velocity at outlet section of S-Shaped profile
analyzed by CFD (z/D, = 0.11, ¢ = 0.67). Rotational velocity at the tip portion

decreases and counter rotational velocity increases compared to the base profile
shown in Fig.2.8(a).
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Fig. 2.16 Efficiency of base and S-Shaped profiles.
Efficiency of S-Shaped profile operating as a wind turbine is about twice
higher than that of base profile.
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Fig. 2.17 Power coefficient of base and S-Shaped profiles.
Power of S-Shaped profile operating as a wind turbine is about twice higher than
that of base profile.
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(a) Base_S rotor. (b) High Solidity rotor.

Fig. 3.1 Planforms of testing rotors. (a) Base_S rotor has five frontward skewed blades that are
commonly used for vehicle cooling fan.  (b) High Solidity rotor has nine straight
blades.

Rotor plane
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Max camber position Cpax
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Chord length C

Fig. 3.2 Blade profiles of the testing rotors. S-Shaped profile has an inverse camber at the tailing
edge. The inverse camber increases the wind turbine efficiency due to the relative inlet
flow with the negative attack angle.
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Table 3.1 Blade configurations of Base_S rotor and High Solidity rotor. Local solidity and camber
ratio of the Base_S rotor decrease from the root to the tip. The local solidity of High
Solidity rotor is kept & = 1.0 from the root to the tip. The camber ratio of the High
Solidity rotor is set lower than that of Base S rotor.

Base_S rotor High Solidity rotor
root middle tip root middle tip
Chord length C 0.045m | 0.067m | 0.085m 0.040 m 0.079m 0.107m
Local solidity 0.63 0.47 0.43 1.0 1.0 1.0
oc=Clt
Carf:;gﬂ ratio 0.10 0.06 0.06 0.07 0.04 0.04
Pitch angle g 215° 18.6° 21.7° 215° 18.6° 21.7°
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Skew angle y

Relative flow direction
at the wind turbine condition

Section A-A

Radial position r

Fig. 3.3 Main parameters that would contribute wind turbine efficiency. The selected
parameters are skew angle y, blade pitch t (number of blades), camber h and chord
length C. Pitch angle £ is not changed to keep the same cooling fan efficiency as
Base_S rotor. Inverse camber s set to two thirds of the camber h.

Table 3.2 Dimensions of rotors for calculating wind turbine efficiency. In Case 1, the skew angle
ydecreases to 7 and 0 degree.  In Case 2, the number of blades is changed to study the
influence of local solidity o with the same chord length C as Base_S rotor. In Case 3,
the camber ratio h/C is reduced to suppress the rotor torque at the cooling fan operation.
In Case 4, the chord length C is changed to study the influence of local solidity o with
the same blade pitch t as nine blades. Local solidity o is constant from the root to the
tip. When the solidity is increased, the camber ratio h/C is reduced to suppress the rotor
torgue at the cooling fan operation.

Number | Skew Chord length C Camber ratio h/C Local solidity o= Ct
of angle (m)
blades y (°) root tip root tip root tip
Base_S 5 14 0.045 0.085 0.10 0.06 0.63 0.43
Case 1 5 7, 0 0.045 0.085 0.10 0.06 0.63 0.43
Case 2 7 0.88 0.60
8 0 0.045 0.085 0.10 0.06 1.01 0.69
9 0.040 1.01 0.77
Case 3 8 0 0.045 0.085 0.08, 0.05, 1.01 0.69
0.07 0.04
0.020 0.054 0.10 0.06 0.5 0.5
Case 4 9 0 0.030 0.080 0.08 0.05 0.75 0.75
0.040 0.107 0.07 0.04 1.0 1.0
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Fig. 3.4 Influence of skew angle y on the wind turbine power and efficiency for Case 1 (¢ =
0.67).The skew angle does not give great influence on the wind turbine power and

efficiency.

Rotational

Counter rotational

direction
v0<0

direction

(a) Base_S rotor, skew angle y = 14° .

Fig. 3.5 Tangential component of absolute velocity vy at outlet section (z/D = 0.11, ¢ = 0.67)
for Case 1. The dashed line shows the location where the tangential component is zero.
(a) The tangential component of Base_S rotor is positive at the middle and tip portion.
The positive tangential component reduces the wind turbine efficiency. (b) Although the
area of the negative tangential component of the rotor with the skew angle y of 0 degree
is larger than that of Base_S rotor, the value of the positive tangential component near
the blade tip is larger than that of Base_S rotor. Therefore the rotor with y of O degree
has almost the same power and efficiency as those of Base_S rotor.
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Fig. 3.6 Influence of blade number on wind turbine power and efficiency for Case 2 (¢ = 0.67).
The power and efficiency increase as the number of the blades increases. In this figure,
mean solidity omis defined as the total area of the blades divided by the rotating area of
the rotor.

Rotational direction
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-1.25

(a) Seven blades (b) Eight blades () Nine blades

Fig. 3.7 Tangential component of absolute velocity veat outlet section (z/D r=0.11, ¢ = 0.67) for
Case 2. As the number of the blades increases, the negative tangential component vy
increases, and the area of the positive tangential component decreases, which causes the
increase of power and efficiency. However even the rotor of nine blades has positive
tangential component at the tip portion.
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Fig. 3.9 Tangential component of the
absolute velocity vy at outlet section
(z/D = 0.11, ¢= 0.67) for Case 3.
Both the positive and negative
tangential components decrease due to
the decrease of camber h and inverse
camber ¢&. It is presumed that the
decrease of negative component
would have greater influence on
efficiency than the decrease of positive
component.

Fig. 3.8 Influence of camber ratio on the wind
turbine power and efficiency for Case 3 (¢ =
0.67). The power and efficiency slightly
decrease due to the decrease of the camber
ratio.
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Fig. 3.10 Tangential component of absolute velocity v at outlet section (z/Dr = 0.11, ¢ = 0.67)
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-0.
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Power coefficient C,

Fig. 3.11

for Case 4. The higher the solidity is, the smaller the area of the positive tangential
component, at the tip portion becomes. (a) When solidity ¢ is 0.5, the rotor has the large
area in which the tangential component is positive. (b) When solidity ¢ is 0.75, the rotor
has the smaller area of the positive tangential component. (c) When solidity ¢ is 1.0, the
rotor does not have positive tangential component. At the whole region the rotor
operates as a wind turbine.

0 0
! N -0.05 Power
\|
2 e 0.1 —®= (change in number of blades)
3 Q. \h\ -0.15 i
4 N N 0.2 e --o- Power
AR c 2 (change in chord length)
5 > 025
6 \ e 0.3 E —ae— Efficiency
Base S N e (change in number of blades)
7 = ~ -0.35
8 T e 04 --0-= Efficiency
0O 02 04 06 08 1 12 (change in chord length)

Mean solidity o,

Influence of chord length on the wind turbine power and efficiency for Case 4 (¢ =
0.67). The dashed lines show the power and efficiency when the chord lengths are
changed. The chord lengths are designed so that the local solidities are constant in the
radial direction. The power and efficiency increase as the mean solidity increases.
The solid lines and the dashed lines have the same tendency along with the mean
solidity.
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(@) Influence of skew angle y on the
cooling fan efficiency for Case 1
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not give great influence on the
cooling fan efficiency.
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(b) Influence of camber ratio h/C on the
cooling fan efficiency for Case 3 (¢
= 0.19). The cooling fan efficiency
decreases due to the decrease of the
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(c) Influence of blade number on the cooling fan efficiency for Case 2 (¢ = 0.19) and

influence of chord length for Case 4 (¢ =0.19).

The efficiency with the rotor whose

chord length is changed is lower than the rotor whose blade number is changed, due
to the decrease of the camber ratio. However the efficiency of the rotor with mean

solidity om= 1.0 is equivalent to Base_S rotor.

Fig. 3.12 Influence of main parameters on the cooling fan efficiency.
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Fig. 3.13(a) Efficiency of Base_S and HS rotors. The efficiency at the cooling operation (¢ =
0.2) of High Solidity rotor is the same as that of Base_S rotor. At the wind turbine
condition (¢ > 0.4), High Solidity rotor has two times higher efficiency than Base_S
rotor. The result of CFD calculation agrees well with the experimental one at the
wind turbine condition.

Fig. 3.13 Performance characteristics of Base_S and High Solidity rotor with ¢ =1.0 obtained
by CFD calculation and experiment.
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Fig. 3.13(b) Pressure coefficient of Base_S and HS rotors. At the wind turbine condition (¢ >0.4),
pressure drop of High Solidity rotor drastically increases compared to Base_S rotor.
The calculation results for High Solidity rotor shows slightly lower pressure drop
than the experiment.
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Fig. 3.13(c) Power coefficient of Base S and HS rotors. At the wind turbine condition
(¢>0.4),power of High Solidity rotor drastically increases compared to Base_S
rotor. This increase of power comes from not only the increase of efficiency but also
the increase of the pressure drop. The calculation results of High Solidity rotor show
slightly lower power than the experiment.

Fig. 3.13 Continued.
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(a) CFD calculation.

Rotor ring

(b) Hot-wire measurement.

Fig. 3.14 Tangential component of absolute velocity at outlet section (z/D = 0.11, ¢ = 0.67) for
High solidity rotor. High Solidity rotor has the negative tangential component
throughout the section. It shows that the whole blade is effective in the wind turbine
operation. This feature qualitatively agrees between CFD and experiment. The negative
tangential velocity by CFD is smaller than that of experiment from the middle to the tip
and near the hub portion, which corresponds to the fact that the calculated power of
High Solidity rotor is lower than that of the measured power.
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Fig. 4.1 Wind tunnel test equipment. This test equipment simulates a traveling vehicle. Motor
current and revolution speed N are measured while the rotor is driven. The motor
current is converted to the rotor torque to calculate the power Ly out.

Wind tunnel exit cone

Condenser

Shroud

Fig. 4.2 Details of the cooling system. To equalize the air flow rate through the front grill
with the flow rate through the rotor, the gap between the body and the condenser and
the gap between the body and the radiator are sealed. Furthermore the shroud is
mounted between the radiator and the rotor to seal the flow channel.
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(a) A flow path through which air flows from the inlet section A
to the outlet section E.
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(b) A total pressure drop through the cooling system

Fig. 4.3 Schematic of the air flow through the cooling system and the pressure change. (a) A flow
path through the cooling system. (b) The total pressure drop through the cooling system
AP is divided into four components, that is, an inlet drop of the rotor Py;n, a drop through
the heat exchangers Py, a drop through the rotor Py ,and an outlet drop of the vehicle Pyt
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Fig. 4.4 Input and output power of wind turbine rotor as a function of air flow rate. At the air
flow rate of Q opt = 0.50 m3/s, maximum mput power L i is prowded At the air flow
rate of Qo= 0.91 m%/s, input power L in is not provided. The air flow ratio of Q gt/
Qo ( =V opt/Vro) is between 0.54 and 0.58 for usually used automotive cooling
system. The estimation of maximum output power is -44 W when the rotor efficiency
is0.4.
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Fig.4.5(a) Efficiency of Base_S and High Solidity rotors. At the wind turbine condition (¢ >
0.4), High Solidity rotor has two times higher efficiency than Base_S rotor.
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Fig. 4.5(b) Pressure coefficient of Base S and High Solidity rotors. At the wind turbine
condition (¢ > 0.4), pressure drop of High Solidity rotor drastically increases
compared to the Base_S rotor.

Fig. 4.5 Performance characteristics of Base_S rotor and High Solidity rotor obtained by
experiment.
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Fig. 4.5(c) Power coefficient of Base_S and High solidity rotors. At the wind turbine condition
(¢ > 0.4), the power of High Solidity rotor drastically increases compared to
Base_S rotor. This increase of power comes from not only the increase of efficiency
but also the increase of the pressure drop.

Fig. 4.5 Continued
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4.5.2 RERFFOREHN
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Fig. 4.6 Comparison of power output at the wind turbine operation between Base S and High
Solidity rotor installed on the vehicle.  The output of Base rotor is -16 W at the vehicle
speed of 100 km/h. On the other hand, the output of High Solidity rotor is -49 W that is
three times higher than that of Base rotor. The increasing rate of wind turbine power by
installing High Solidity rotor on vehicle is more than the increasing rate of efficiency.
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EEHAWD &, HEEHFOREH T L2 RDDLZENTE L. P ORTr Y MR
N, B, A COBNERE G & BEH ) TH Y, 100 km/h E1TRECOR K IIE
[El#5%% N = 1000 rpm, J&f Q = 0.56 m¥/s T 54, Liow=-43W THD. F7=, mAH
DEFOEEN, 8 4.4.2 TRDTZ Lin 3K & 72 5 AE Qopt=0.50 m3/s IZITWVNZ &0 D,
JREE A DOE CHRRESMICT, HSAMEEIL T\ D &z 5.
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P: (Q) : Rotor pressure curve for High Solidity rotor
Pyt (Q) : Rotor pressure calculated by the vehicle condition
Qest : Estimation of air flow rate at each vehicle condition

Fig. 4.7 Estimation of air flow rate through High Solidity rotor during the wind turbine
operation. Rotor pressure calculated by the vehicle condition Py, ¢ (Q) is shown by
black dotted line, dashed line and chain line. Air flow rate through rotor is shown by
the intersection point of Py, ¢ (Q) and the rotor pressure curve Ps (Q). When the
rotational speed is N=1200 rpm and the vehicle speed is 100 km/h, the air flow rate of
High Solidity rotor is Q = 0.59 m?s.
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Fig. 4.8 Estimation of power output L; o« using High Solidity rotor.
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Red symbols show the

calculated air flow rates and power outputs of the rotor at various revolution speeds and
vehicle speeds. The maximum power output of High Solidity rotor is -43 W when
revolution speed is N = 1000 rpm and the air flow rate is Q = 0.56 m%/s, which is close
to the maximum input air flow rate Q opt.
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Fig. 4.9 Estimation of power output L; ot using Base_S rotor.  The maximum power output of
Base_S rotor is -17 W when rotational speed is N = 1000rpm and the air flow rate is Q
= 0.71 m%s. The decrease of power using Base S rotor is caused both by the low
efficiency and the low pressure drop due to the large air flow rate.
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Fig. 4.10 Comparison of wind turbine power using High Solidity rotor between experimental
results and calculation results. The measured power is a little higher than the calculated
power. The measured revolution speed at the maximum power condition is slightly
lower than the calculated revolution speed, though the calculation results agree
qualitatively well with the experimental results.
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Comparison of wind turbine power using Base_S rotor between experimental results
and calculation results. The measured revolution speed at the maximum power
condition is much lower than the calculated revolution speed. However the calculated
power is roughly similar to the measured power.
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(a) Air flow through the cooling system  (b) Method to measure the resistance characteristics
in a vehicle under traveling. and the rotor characteristics.

Fig. 5.1 Schematic of the method to measure the air resistance through vehicle cooling system. (a) It is
difficult to measure air flow rate Q and total pressure drop 4P during vehicle running. (b) Torque
T and total pressure drop 4P can be measured by this method, and they are formulated by Egs.(5.1)
and (5.2). Using Eq.(5.1), air flow rate Q during vehicle running can be calculated from torque T
and revolution speed N which are measured during vehicle running. Furthermore total pressure
drop 4P during vehicle running can be calculated using Eq.(5.2).
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(a) Overview of wind tunnel test equipment A.
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(b) Detail of the cooling system. (c) Mounted positions of velocity sensors.

Fig. 5.2 Wind tunnel test equipment A.  (a) We measured the torque characteristics (Eq. (5.1)) and the
total pressure drop characteristics (Eq. (5.2)) by this test equipment. The centrifugal fan blows
the air through the chamber toward the vehicle. The chamber is used to smooth the velocity
distribution. The dimensions of the chamber is about four times larger than the vehicle condenser.
The air flow rate is measured by the pitot tube at the inlet of the centrifugal fan. The static
pressure is measured at the chamber. (b) Thermocouple type air velocity sensor is mounted in
front of the condenser to confirm the velocity distribution and the air flow rate through the
condenser. (c) Thirty six sensors are mounted in front of the condenser.
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(a) Overview of wind tunnel test equipment B.
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(b) The method to measure the ram pressure.

Fig. 5.3 Wind tunnel test equipment B. (a) This test equipment simulates a traveling vehicle. Rotor torque
T and revolution speed N are measured by the same method as that of the test equipment A.
Therefore the air flow rate Q and the total pressure drop 4P can be estimated by Egs.(5.1) and
(5.2). The air flow rate through cooling system is measured to confirm the estimation by the same
method as the test equipment A.  (b) To measure the ram pressure P4, the shield plate is mounted
instead of the rotor and the pressure is measured at the position 1. The exit pressure P, is measured
at the under-surface of the undercover.
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(@) A flow path that air flows from the inlet section A
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(b) A total pressure drop through the cooling system.

Fig. 5.4 Schematic of the air flow through the cooling system and the pressure change. (a) A flow path
through the cooling system. (b) The total pressure drop through the cooling system AP is
divided into four components, that is, an inlet drop of the rotor Pyi,, a drop through the heat
exchangers Py;, a drop through the rotor Pyt ,and an outlet drop of the vehicle Pyut.

HRAEIRORER T2 5.4 O X 5 ITESR Lz, il L A b B g Rk B C
DHEMBEABOREIR T &% Puin, BVHERCORERXTE (B~C) & Pyp, 2—# T
DEFK T E (C~D) % Pys, HERHEFHORFILTE (D~E) % Py, MHEREER (A
~E) ORFEKTFEL AP & LT-.

AETTe—2 2 RELE LR S, mARERIIE S BEE ) L 2(5G.4)IZ L
0, WPUREL Coc ZRGE)NT LV ROz, = Z THIHPUREK Coc 1T HIHEIR &2 @3 5
1) D Z T EE vo & AT A TEIOUb L7z b D TH L. BE AT
Liin 12— OEEKT Py &3t Q £ W X(5.6) TR, JAHH T Liowld hv7 T &[H]
AT oL D (B.7)TRDT-.

AP = Pyjin +Pynt Py +Pyout, (53)

L,=Dvo= 04P, (5.4)
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Cac=D/ (052 Av) =L/ (0.50v6% A) = Q4P (0.500° AY) (5.5)

Lf,in = vayf, (5.6)

Lf'out = TC() = nQPv'f (57)

5.3.3 i n—43x

ARBIZEHD LTI = BIPLORE AR D 2 O —F 2 L.
55@IFN—2Ae—%ThHV, HEHEHAEIWE L T RIMEHIN TS 5 HEDn
— X2 Th5h. S550)IFEMBMBLVEZEZOLT, YV T 474 LTte—4
Thbd. 2B, UFTIEEY VT 47 v —%% HS v—% (High Solidity rotor) & I

Rotational Rotational
D,=0.12m
direction direction
\ \_—
\ D,=0.34m /

(a) Base rotor. (b) High Solidity rotor.

Fig. 5.5 Planforms of testing rotors. (a) Base rotor has a configuration commonly used for vehicle cooling
fan. (b) High Solidity rotor has nine blades to suppress the axial thickness of the rotor even for
its high solidity.

Table 5.1 Blade configurations of Base rotor and High Solidity rotor. Blade profile of the base rotor is
double circular arc and the high solidity rotor is S-shaped. Local solidity of Base rotor decreases
from the root to the tip. The local solidity of the high solidity rotor is kept ¢ = 1.0 from the root

to the tip.
Base rotor High Solidity rotor
root middle tip root middle tip
Blade profile LT : Inverse camber o
L(E. radius L.E. radius
Chord length T.E.radius (base profile)
) ) Chord length C
Double circular arc profile
Chord length C 0.045m | 0.067 m 0.085m 0.040 m 0.079 m 0.107 m
Local solidity 0.63 0.47 0.43 1.0 1.0 1.0
c=Clt
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RS D URIEE SR b O TH Y, SERMEIUCKIETHELZRE L.
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(@) Front view. (b)Side view.

Fig. 5.6 A computational model. (a)The front dimensions of the computational model are 10 times
larger than the vehicle. (b) The inlet length is the same as the vehicle length and the outlet length
is three times longer than the vehicle length. The total mesh number is about 9x10°.
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BRI 1 A v 2z y=1 I T LR QEET V) 2l L. Ay
BIIKI 900 T Th 5. ELIRET MTIE 2 HHEASRD SST (Shear Stress Transport) z {85/ L
7. 1 AR O SA(Spalart-Allmaras) & DIRBURE DO ZE X /L B v 7e o 2. BER ST
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Condenser
+ radiator
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Fig. 5.7 Details of a computational model for the cooling system. Resistive elements are
substituted for the rotor, the condenser, and the radiator in the computational model.

r model 1
l)nodel 2
v
50 mm
l b
Guide plates y p Vouty
model 3 L8l
(a) Front view. (b) Side view.

Fig. 5.8 The schematic of a computational model and a control volume to estimate the power to ventilate
the cooling system L. The total pressure and velocity at the section a-a are Pgand vo . The total
pressure and velocity at the section b-b is P and vauy . Ly is calculated by Eq.(5.10). The bottom
face of model 2 is 50mm higher than that of model 1 to decrease the outflow resistance. The guide
plates of model 3 generate the circumferential velocity, which is similar to that behind the rotor.
The engine of model 4 is removed to evaluate the flow resistance through the engine.
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Pyp = Civ. 2, (5.8)

Py = Csv (5.9)

BHAHIZROEELE ) LIL, = VU — AR BB T AHRNAOSEET L k7.
Z O Z RO — R T 5.8(b)IC~d . MAKFED LW a-a IXHEM[TS T
AJE Py, W vo TH Y, RARFMRE CHE~DHAZR Lz, Pl b-b oY
—LADLTHTAWE TH Y, EFRAE e L, RHEOEE N & FmE y d,
Bl AE x fhE Lz, JFAE T v A= AR—iTh 5. MHETOREE P (X2), Yy
#il1 5 [ DB E & Voury (x,2) & T2 LHRKE A L it cEfgs L, XG1)TRD LN
%

L, = f f Vout,y dxdz - Py — f f Vout,y Pdxdz (5.10)
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(b) HS rotor.

Fig. 5.9 Rotor torque characteristics. The solid lines show the torque characteristics measured in test
equipment A at each rotating speed N. The solid circles show the torque measured in test equipment
B at each vehicle speed and each rotating speed N. From these results, we can estimate the air flow
rate through the cooling system at each vehicle speed and each rotating speed. HS rotor (b) operates
at the higher torque and the lower air flow rate than that of base rotor (a).
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Fig. 5.10 Confirmation of air flow rate in operation at 70 km/h. Open circles show the estimated flow rate

for Base and HS rotor shown in Fig. 5.9. Solid circles show the measurement results by the
velocity sensors. The estimated values are in good agreement with the measurement results.
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(a) Velocity distribution through condenser measured in test equipment A.  The air flow
rate Q is 0.65 m%/s that is equivalent to the air flow rate at vehicle speed of 70 km/h.
The revolution speed of HS rotor N is 800 rpm.
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(b) Velocity distribution through condenser measured in test equipment B, that simulates the
real running vehicle. Vehicle speed is 70 km/h and the revolution speed of HS rotor is 800
rpm.

Fig. 5.11 Comparison of the velocity distribution through condenser. (a) The velocity distribution
measured in test equipment A. At the middle region, the vehicle bumper decelerates the flow
through the condenser. At the right upper region, the rotor (dashed line) accelerates the flow.
(b)The velocity distribution measured in test equipment B shows good agreement with the
distribution in the test equipment B. Therefore test equipment A can simulate the inlet flow
of the running vehicle.
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Fig. 5.12 Total pressure drop through the cooling system. The solid lines show the pressure characteristics
measured in test equipment A at each rotating speed N. The circles show the total pressure drop
values AP at the air flow rate that were shown in Fig.5.9. From these results we can get the
total pressure drop 4P in the operation. At the same vehicle speed, the pressure drop of HS
rotor is the same as that of Base rotor. The dashed line shows the vehicle air resistance except the
rotor resistance. The rotor resistance Pys for HS rotor is larger than that for Base rotor. Therefore
input power for HS rotor is larger than that for Base rotor.
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Fig. 5.13 Input and output power of the wind turbine at the vehicle speed of 60 km/h.  The input power
of HS rotor is about three times larger than that of Base rotor at 500 rpm. However the output
power of HS rotor is about nine times larger than that of Base rotor due to the increase of the
input power and the improvement of wind turbine efficiency.
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Fig. 5.14 Drag coefficient through cooling system C4c.  When the total pressure drop 4 P is proportional
to Vo> and does not depend on Ve/vo, Cq, is proportional to Ve/vo (Eq.(5.11)). Cq. 0f base rotor
is about 0.019 at 70 km/h.  If overall vehicle drag coefficient Cyis 0.3, the drag through cooling
system is about 6% of it. Sumiya(2004) reports that the cooling drag ratio relative to the total
drag is from 4.5% to 9%. Therefore our measurement by the general-purpose facility gets the
similar results.
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(a) Static pressure distribution calculated by CFD at the shielded condition
(V=70km/h V. /vo=0).

250

200
150

100

P., P, [Pa]

-50

-100

Vehicle speed V [km/h]
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Fig. 5.15 Comparison of static pressure between the experimental values and CFD calculations. (a) As
representative pressure values, the static pressure in front of the shielded plate P; and the static
pressure beneath the undercover P, are adapted. (b) P; calculated by CFD well agrees with Py
measured by the experiment. Though measured and calculated values of P, do not agree, the
calculation error of the pressure difference P1-P; is about 5%.

85



Rotor position  V./V

c

=
=)

(&)
T 2.0
=
2
g 1.0
= 050 :
8
g
0.25 0.5
0 0.25 05 0.75 1.0 0

Horizontal position  X¢/W¢

Fig. 5.16 Calculated velocity distribution through the condenser (modell,V = 70 km/h, V¢ /vo=0.18). The
maximum velocity ratio v¢/V. at the right upper region is about 2.0, and the maximum velocity

ratio v¢/V. at the right lower region is about 1.5. The calculated maximum velocity ratios are
similar to the measured results.
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Fig. 5.17 Flow pattern generated by the guide plates in front of the engine (model3, V = 70 km/h, V¢ /vo =
0.18, z/l, = 0.4 ). The flow generated by the guide plates has the circumferential velocity
components at the outflow portion of the guide plates. However the flow direction is changed

from circumferential to radial outside of the guide plates and the flow spreads out into the whole
front side of the engine.

JECEEAEBNIRE D 1 — & % IR EHE 7 [W DR E Ry 2 > TR Y, Z O a3 5
model 3 D E T LA 517 (TR T . NS 5.16 &Rl —ThHY, m—F~=
vV O R IETE (2/1,=0.4) OFTHRER CTH 5. BRI ORI TOBE RS kv
O F NS S 7 Tdo> 2 03, FEHitk OB hLOJimik e — % flh b TR
SR E 720, = P URTEHRERICHENADNEN > TV D. L, e—FHibpnay
F UL L TRL L TWA T, =0 R TOBEDRE 1%, AR
RK&EL o TWD. BEMBIZEMRT D brr b, BRREARTOERN L bLo DLt

86



% B 5.18 IR HEBOR LIRERBICIER T2 b2 1L, RARTR LR
HARED M7 15t LT REL 2o TB Y, a—2 %N A T 5 L0 EOK[al#E S5 [h) 3
S Z DEEBIC L > THRALTWD EEZ LRD. EEMRD L7 & kO
FH I Ll L ORI A TREE LTRSS Th 5.

0.45
0.40 ® V=70km/h
0.35
= 0.30 ® V=60 km/h
£ 025
= e ® V=50 km/h
o 020 0. -
= / 1
S 015 S PO _
= 1 _;l/: L e e o0 e Maximum output
010 A8 power
2 e g
0.05 —@— Torque by
0.00 ventilation plate

0.3 0.4 0.5 0.6 0.7
Air flow rate Q [m®/s]

Fig. 5.18 Comparison of the measured rotor torque with the torque generated by guide plates (model 3).
The red dotted line shows the rotor torque at the maximum output power. The blue solid line
shows the torque generated by the guide plates. The torque generated by the guide plates is
larger than the rotor torque at the maximum power conditions.
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Fig. 5.19 Flow pattern through the cooling system (model 1, V=70 km/h, V./vo=0.18). There are two main
flows; a flow along the front side of the engine, and a flow behind the engine. Both flows go through
the engine room and cause interference with the flow under the vehicle.
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Fig. 5.20 Distribution of the local power loss at the exit section (70 km/h, V¢/vo= 0.18).
the velocity in the y direction vouy and the decrease of the total pressure Po-P is defined as the
local power loss. The local power loss is divided by Lo (= 0.5pvy34,). (a) The distribution of
model 1 shows the local power loss is large in front of the engine and behind the engine. (b)
model 2 shows the local power loss is uniformly distributed since the engine is moved upward.
(c) The distribution of model 3 shows the local power loss increases in the sides of x/1,=0 and 1.0
and the local power loss decreases at z/l; = 1.8. (d) The distribution of model 4 shows that the
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local power loss is large near the positions at x/ly=0, z/l,= 1.8 and x/Ix= 1.0, z/l,= 1.8.
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Fig.5.21 Drag coefficient through cooling system Cg ¢ obtained by CFD calculations and the experimental
results. CFD results calculated by several models show that Cq decreases as the velocity Ve/vg
decreases, and the difference between model 1, that has maximum resistance and model 4, that
has minimum resistance is about 5% of the total resistance. Experimental results show that Cq ¢
increases in proportion to V¢ /vo. However, calculated results show that the constant of
proportionality gradually decreases as V. /vo increases since the total pressure is affected by

Vc/Vo.
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A3 BIEARE

A 3.1 SREMEEREMRIERE

B —Z PER ST EHE A VDT, MERERRE A IE T 2 i E K ALITRT. ¥ ALQ)
T 5 ECORLIZABREE A THY, n—XEHZHN Z2EE LT, HEEQICxdT 5
MV Ty, BIERTEPEZIETS. 2B M7 TUTE— X EBRMEN»SHE L TRD
L. Hlinba—ZEZRSN L, a—XUANORTEIKTE R ZHIET 2 k%K Alb)
R, ZORERBEL YV EETOD =X 2L H8FELTE P - Po a2k, KAL),
(A2), (A3), (AT XV IRESREY, FEHEMIIREL Coy, FHTEIRE Cpy, FHZHE
n ZRD D, Teds, KEIZBTHWEIIEESEICREL, 7—ZILHS v—& %2
L7-.

Flow coefficient ¢#=Q/(Au) (A1)
Power coefficient Coyn=Tv @/ {0.5p (u?+v?) Au} (A.2)
Pressure coefficient Cov= (B, — Py) 1 {0.50 (u? + v?)} (A.3)
Efficiency nv=Tvaol {(P,—Py)Q} (A.4)

Torque 7

Pv=P1-P2 Revolution speed N

Q

Chamber

(@) Method to measure rotor torque Ty and total pressure drop P, .

(b) Method to measure vehicle resistance Pyo.

Fig. A.1 Schematic drawing of methods to measure rotor characteristics using real vehicle in
which the rotor is installed.
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A 3.2 EBA{KMEEEHMRIE A E

HRVERERAE 2 JE T 2 HiEE K A 1T, BT ¥ 3= i e — & Bk %
AL, BEEHN ZEE LT, SR QT H2RF|E TP, M7 TallEL, X
(A5), (A6) , (AT XV BARE TIMREL Coe, HURETIFREL Coe, BRI 23RO 5.
BT EAR g 1 LT, HRL LERIIFE-THD.

Power coefficient Coc=Tew!{0.50 U+ v?) Au} (A.5)
Pressure coefficient Cpc=Pc 1{0.5p (u? +v?)} (A.6)
Efficiency ne=Tcw!l{P:Q} (A7)

P2
Torque T

Pc=P1-P; Revolution speed N

Rotor

Q

Chamber

Fig. A.2 Schematic of method to measure rotor characteristics using isolated rotor.
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Coest #(A8), JESEHL Coew #RUA9), WFEn 2 (AL0)IZ LV sRD-

Power coefficient Coest= Test @/ {0.5p (U2 + v?) A u} (A.8)
Pressure coefficient Crest = (Post — Pesto) 1 {0.5p (U? + v2)} (A.9)
Efficiency Nest= Test @/ { (Post — Pesto) Q } (A.10)
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BRI DA, BEM 1Yy TF 07— W0 iABRSEIL 67 SE7es. [A—EMED
T — & % 16 ALY AR, SRR U CHEEE A 2 SR 7.

P2

P:
Pest=P1-P2

Torque Test
Rotor r

Radiator 'y _ Revolution speed N

0.12D;

0. 56DE i

< 0.38D¢ z/D

/ ?/ > -0.09 r 0.11 0'.19

0.05 |0 0.07 1015 |

Bumper > —+—] 0 >

036Dr | | ! '

Shroud 7T 1 b

oy

14 bl

Rotor™| ! Lo
! A

(a) Method to measure rotor torque Test and total pressure drop Pes:.

\ -
\ Radiator

(b) Method to measure resistance through bumper and radiator Pegy .
Fig. A.3 Schematic of methods to measure rotor characteristics when bumper and radiator are
installed in front of the rotor.

Bumper
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DD 2fEOHREET, 2508k s L

BEREMHIIANZ®EE &, HOEEN—EE L, ANREEEIZEY 2L, HAjiE
BEIZIB O S_MF & Lie, UV — X3Pk E LCTET VL L, FEBR XV RO IKPiIREK
R L. PRSI T = — X OB GHEEEBR L, £ 2 )7 W ORI SR 2
W, X, Yy FHORPUL 2 FR0 105 EE Le, Ay = 8ide — & EH256 600 77,
TEEEH AT 300 7T, AR THKI 900 I THDH. ELIRE T /MiF e — & HAROMENT & FERIC
SST (Shear Stress Transport) % ff L 7-.

Fo, B — X HRREBOMRNT 2 T P o—2, NURERWZET VIZTTRY, Bk
BRI DB DRER & 21T > 7.

—— W ~| Outlet flow
Inlet flow -
. Bumper
Inlet section _ Outlet section
Radiator

Rotor

Fig. A.4 Computational model to calculate influence of inlet flow distribution on rotor
performance.
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Fig. A.5 Main dimensions of computational model.
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~UEDRBEPSLEL 2D, L LEFRERTIE, BEREOZ R R o0,
(Z LT OB TIEERZ oI HET 5 2 LR TSRV, LitfE#y
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NSy
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HLT-.

Efficiency 7, 7, 7t

XV T D720, FVT—2Lbu—2 L ORMH | 22 2 PERERE %
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Flow coefficient ¢

e
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S ik b
|
@
s
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@ |solated rotor

@ Rotor mounted on vehicle

Rotor mounted on cooling
system

Fig. A.6 Influence of vehicle resistance and cooling system resistance on rotor efficiency.
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Fig. A.7 Influence of vehicle resistance and cooling system resistance on pressure coefficient.

105



g 14
O
> 1.2 C °
O oc @
. 1
S o @ Isolated rotor
0.8 L
C L
45 , oV [ )
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) 0,est ® .
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S 04 ~d
8 '. ® Rotor mounted on cooling
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Flow coefficient ¢

Fig. A.8 Influence of vehicle resistance and cooling system resistance on power coefficient.
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Flow coefficient ¢

Fig. A.9 Influence of clearance between rotor and radiator on rotor efficiency.
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Flow coefficient ¢

Fig. A.10 Influence of clearance between rotor and radiator on pressure coefficient.
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Fig. A.11 Influence of clearance between rotor and radiator on power coefficient.
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Fig. A.12 Comparison of experimental results of 7. and 7es with calculation results of
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Fig. A.13 Comparison of experimental results and calculated results with regards to
influence of clearance on efficiency (¢ = 0.6).
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Fig. A.14 Comparison of experimental results and calculated results with regards to
influence of clearance on pressure coefficient (¢ = 0.6).
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Fig. A.15 Comparison of experimental results and calculated results with regards to the
influence of the clearance on power coefficient (¢ = 0.6).
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(b) CFD calculation.

Fig. A.16 Tangential component of absolute velocity at outlet section (I = 20 mm, z/D,=0.11,
¢ =0.6).
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(b) CFD calculation.

Fig. A.17 Axial component of absolute velocity at outlet section (I = 20 mm, z/D,= 0.11,
¢=0.6).
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(b) Rotor mounted on cooling system.
Fig. A.18  Radial component of absolute velocity at inlet section ( z/D,=-0.09, ¢ = 0.6).
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(b) Rotor mounted on cooling system.
Fig. A.19 Axial component of absolute velocity at inlet section ( z/D,=-0.09, ¢ = 0.6).
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Static Pressure (Pa)

200

(b) Rotor mounted on cooling system.

Fig. A.20 Static pressure distribution on pressure surface of rotor (¢ = 0.6).
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ARHBFFENZ TR L 7= CFD fBHT DR B FIC W THI R T 5. CFD Tl Sh 5 3HE
BTIE, K& ISk (K B.L) LIEEERKR T (K B2) IChEand. kX
A RO NCHAWEZ RO+ Ch Y, K TORRABEIIK 25, Zhicx LIE
FEYERE 1RGO N HIRIME 2 B 7= 00 20, A O E B EE IS V. ¥ — R
WDFFHTIZ BN T, RINDFENT O K 9 7037 D OBER G DEHETIT AW 5 I GRS
TAERZITND. L UARBIE CIXEBAROMEYT 21T Tidle <, HmEEHRE O
Wr 2 TRRMTRI R & IR D MR B - 7728, FTF-AERL D B HE O i O FEREE R 1 ST
RIEIR TR F1ERR & AT o 1. LA FISARIGE TIERR L 72 it & 7 /L O FEEER O 3RS 112
DWW T 5.

Fig. B.1 Structured hexahedral mesh. Fig. B.2 Unstructured hexahedral mesh.
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B3iu— 4RO RERL, IBAIZr—FBLN =T 7 ik, K B5IX
N BT M OV AR A R, T e T WA RS2 W, o —2E 1Ko
Hr®T ML LT,

@Outer ring Boundary layer

(DBlade

Fig. B.3 Mesh structure of rotor blade.
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fating domain

Rotating domain

Static domain

/ @ Outer surface \
/ of rotating domain * ®Shroud

)
i

@0Outer ring

Fig. B.4 Mesh structures of rotor and shroud domains.
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®Inlet duct 2
@Inlet duct 1

©@Outlet duct 1 0 Outlet duct 2

Fig. B.5 Mesh structures of inlet and outlet domains.
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— X GEIR & B LR OF R AT A 2 /e D, X B4 0@r—XAEHE L@n
— X YA, ®r—X s o — & fEhk & § R & O R CHh 5. rotor/stator HE
DFFEIL frozen rotor HEE L7, Zhuidm — & fEiE & 1 SEI O R T OME R Sy &
=) OGN S LD 72D TH D, D )71k & LT mixing plane 7 XDkt
ERH D, ZhIEs R CEER G I A AT WE iR, EEiE, T RLX OB
BRI RET D O TH D . AL Tld o —Z BOFINLE BT 5 HALIREE A2 1
8L, BVRITERTC X 23 & OEREEZ 1T 5 MERH 0, HE OB MR S
% frozen rotor J7 A SR L 7=,

BN O A RERBLIZRT. HONEHY T L aT7 0 RCEMEINDET v
T VT T AITRIED BN KREL, ETEHRR~OFLE L REWVENL THDHD T,
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Table B.1 Target cell sizes of computational model.

Parts Cell size (mm)
(DBlade 1
@0Outer ring 0.5
(®Outer surface of rotating domain 0.5
@Inlet surface of rotating domain 2
(®Outlet surface of rotating domain 2
®Shroud 1
@DInlet duct 1 5
@Inlet duct 2 10
©@0Outlet duct 1 5
0Outlet duct 2 10

BRI LEL y =1 DELDOMEICERE L, 5§ 2@ LEE 1.2 {5 DEAL T,
8EAHRELZ. yIILLFOXBL~BI)LVEH L. 22 Cu l3BEEETHY,
T XREEEAWIR I TH D, v —XIZXHESME N & Ap =100 Pa, = — % 48 R =
0.17m, B—XFiEEIL=004m & T 5, y'=1L725FEAyiX0001mmE70,
INEHLEOERE LT,

y'=yu:lv, (B.1)
Ue=+/Tw/p, (B.2)
Ty = Ap - R/2L (B.3)

B.3 ElAHIREREIOMEHETIL

4 B.6 1ZERDIMTET N A~ d . MRITHEE OIS L O ST HEm O 10 f5& L, 3
FNLEMANE CORIIHEGES oA LV, HlLElH N EToOR IITHERE
ED3fEL Lz, KBTIXHEES, X B8 IXT Y b—A, X B.9 IXHEIR DT
ZoRT. AT CIIEMERREROREEZ B L L, =2 P b— ANEIE I
We Lz, £, 7vV=—%, v—23%EKE UTRPUREE AT LTz, fidEZ1 b
DREREALT 2T TR, vn—%, JVx—4%, = VUM, BEWlaiEY, Hif)
O THDH DT, T DM OIEF VA Xa/hE< Lz, R B2ICKTHIOK
FH A &R T BREFEITK 800 HTH D.
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Slip condition

T~ 'I 7 B W4 V% Va4 T 4% I//l.'/‘v A
AAA g 'I :_
’ 10H
H |
?
No slip condition | 10W
(a) Front view.
Inlet section Outlet section
< \\I\,\l\\ NN N RN N ~ \]‘\ ]
P e //l/ / 7 b P LT
L,Z//// e // //// 7 ///}/?T
L/,L/,// / A Y
Inlet flow ]
S @ Peripheral domain of
<V} vehicle body
L L | 3L R
(b) Side view.

Fig. B.6 Mesh structure of whole computational model for study of air resistance through
vehicle cooling system.

|1
@WVehicle body

(@Outlet from engine compartment
Fig. B.7 Mesh structure of whole vehicle.
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®Front grill

~ (®Radiator

S —

> — — —— — —— — —

Fig. B.9 Mesh structure of the outlet from engine compartment.

Table B.2 Target cell sizes of computational model

Parts Cell size (mm)
@ The peripheral domain 200
of the vehicle
@ Vehicle body 50
® Outlet from the engine 20
compartment
@ Engine compartment 10
® Engine 10
® Front grill 10
@ Rotor 2
Radiator 10
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[ B.10 HO@N N E@DT Vo —F Z IR EF U ERSR Tr — & RIRICEE L.

X Bl BILUOKBIRIZRLIEr—%, 2T 7 ROBERBEOH 1B I3EHERAET
NVERERIZ000Lmm &Lz, v—X V7t aTy RMOI VT 70 AN R HHE
EEANREL, T7L—F, a7 7 FEEELLORE R THY, b1
WA XS Lie, BR7e YA X% B3 ITRT. 15X a —2 034 600 77,
27U NEE L OWEASS, V23K 300 75T, #EHI 900 T Th D

@®Radiator

e A

e e e L e

@ Inlet domain

(@ Vehicle bumper @Outlet domain

Fig. B.10 Mesh structure of the whole computational model for the study of influence of inlet
flow distribution into the rotor.
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(®Rotor ring
Boundary layer

®Blade

Fig. B.11 Mesh structure of rotor with nine high solidity blades.

®Shroud
(DShroud ring

Fig. B12 Mesh structure of shroud that connect rotor to radiator.
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Table B.3 Target cell sizes of computational model

Parts

Cell size (mm)

DInlet domain

8

@O0utlet domain

(@Vehicle bumper

@®Radiator

(®Rotor ring

®Blade

(@Shroud ring

®Shroud

Nk, |P>| L[S~ ]|0]| 0
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fHek ¢ BT T v

C.1IxL®IC

LR & B fE T4 5 F5:121E, RANS(Reynolds Averaged Navier-Stokes Simulation),
LES(Large Eddy Simulation), DNS(Direct Numerical Simulation)Z5 723 & 5 2%, LS IA <
M SN THDDIZRANS THD. 4%, FHHRBEOLBERE M LIZHEY, LES O3 )3
N2 EBE2 0050, THEMICIET VTP ENRLE L R DGR 4L, H
IR CREE R 72 T2 ATRE 72 RANS 1345 % bR ED b b L b b.

AW TIE, JAE & U CTEH L2%GE TOMRE T Z1T 5 7%, RANS TOfENT 21T
ST FEMTIZ BTz > TR 28R E T MITITHEL RETADRES LTI SN TN D
R, F— AT O IR S 2 FRARO SSTETF V&M Lz, 22 TiE, 20
SSTET NVDOEML /e o7z k-eBET /L L SST ET MZHONWTOMEL F TR, Kk, D
WIHME DR E FIEIZ O THET 5.

C.2 iZ£ ksETI

FEYE k-e &7 L DI TR E X (C.D)~COTRT. R(CLIREREDOXEZ RS,
WhEO NS R(C2H D LA 2 VRS g & RCI)ICTEF AT 5. Zhid
Boussinesq DTN & KTk, LA VRSO GG BRMIEET L TH Y,
VTR T 5. T Ov R EARIT X 0 HLT R R —k & BRERel £ Y K(C4)
TRODHZENTED. ZZTC,=009NFERICL VRSN TN D.

Bt ¥ —k B L OB Ee Ok XA £ 7 Wk L7 nK(C5), (C.6)TH
%. k OEPEIEP, I Boussinesq Dkt EIAN L 0 R(C.T)E 72 D, kK OYEEKIED, 1T ABD
PEBOEEIC X W H(C8) TEF/MELTEY, 22 Ta=10 1XiHE 7T v MK TH 5.

eDWRIDE T FE(C.6) DA FETE, #OfkIEIE Davidov 512k D ELLT kL X —k 2B &0
LTI EN TS, T2 TChq= 144, Cp=192 TH 5. JLETED T k DILEIE L [F]
Bk, RSEE O CARIEBOEEL L Y T L LTV A.

OUi +w) _ 0 ©.1)
axi !

DU - _la_P i v%—w (C.2)
Dt pox; Ox;\ dx; ),

2 ou; aU;

Uju; = §k5ij — Vi E + a—xl , (C3)

k2
Ve = Cu? , (C.49)
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Dk (C.5)

D_t = Pk — &+ Dk ,
De ¢ (C.6)
D_t = E(Celpk — Ce28) + D; ,
. ___ou; _1 (3U; FlIAN (C.7)
ke = uiuj ax] B ZVt ax] axi ,
d (v, 0k (C.8)
Dy =—|—==—
0x;j \ oy 0%;
0 (v 0¢ (C.9)
¢ 0xj \ 0. 0x;

Z DR k-e BT VOREIT, LHEOH THRONALEHERTNS T, ORI
MR, HEIRNELLHZETHY, THELWENIEONTHE L WRB THIL T
5. BlzE, R(CINIERICIH L T O TG k-e BT X0, BETIE OMMTEE 2 M b
STz Wilcox @ k-0 ET V03820 (2 Z TEADEAHw = e/k L EF) .

C.3 SSTk-oETIL

DN — R COMHIER B 0, A2 T HEH L 72 Menter @ SST(Shear stress
transport) k-owE 7 /LIZHOWTiRAT 5. Menter D% x 13BE) B BN 7= BLIR IR TIE k&
TNEMH L, BETE T k-eTT L% ko T MCER L, WH O EENEH L
IHLDTHD. k-oTT NVOHEFHTEREK(C.10)5X(C.1B)ITRT. fliv= R/ ¥—
k DBk R(C.11), (C.12)iE, Wilcox D k-0EF /N EF—ThH 5. HLAED w D%
FEA(C.13), (C.14)TE, Dk R Ee =kolZ XV EBRLTZLOTHD.

k

v, =~ (C.10)
w

Dk p ko + d (vt N ) dk

pr = D= Bk ax;\\ay, * V)ox; ) (C.12)

oU,dU; 2 aU;

Py = vaa_xja_xj_§ka_xj5” (C.12)
Da)_P 2+6 (vt_l_ >6w +2 1 0k dw
Dt e ,BZ(U an 01 v ax]- Oy an an , (C13)
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po_ o (,0Ui0U; 2 0U;
© = V2 8x] ax] 30)636] Y (014)

2T, RPDOEFE T A—2T, RO(C.I5)DEY ZE L=,
By =0.09, B, =0.083, op = 1.0, 6, = 1.2, 0,, = 1.17, y, = 0.44 (C.15)
K-eET IV & k-oET IV EDHERIL, LLTOIREGEF TiTo T\, k- efﬁa‘ﬁﬁﬁ”é
EFTNVER CL & ko TOETNVER CITH L, BENG DNty LR, ), = y2w/vIZ

T, ETILVEBRCEZHREL TS,

F.=F vk R
¢ oy’ (C.17)

Fig. C.1

C.4 #HAEEREAE

WIZ k, e OFTIMEDFE AL DWW TEIT 5. RK(C.4)H SRR & kbR 5L
Dv/ve ZHAWT, BRI (CA8)D LY IR ENnD. £, HH HIKDOHA,
St 2 X —AYTR(CA9)E 2D, uiFADEETHD. K(C.18) LK (C.190 DK
HFewHEL, oxITRETIEL okE LTAOTO KD 0.1 22 b L RiATe & K(C.20)
LB, ZhEY, kKoWEIfEkIZR(C2DICL VRO BEND. T 2Ty vid, ¥ —
WD XD e R ALICxF LCiE, RFMEE LTy /v =50 5% E L, FMHiciuicst L
Tve/v =1 R ET S,

—7, e DA eol%, koZX(CLBITMAAL, R(C22)L VKDDL ENTED. =
Z7T, €,=009Th5.

Fvev (C.18)
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ox (C.19)
¢, LK, 02k
Fvp v L (C.20)
_0luve v
°" L ve, (C.21)
v ky?
f0= Cugr, (C.22)

# Cl A RO CHEA Lzn—2 ORFFIELERET VR EMERL, K
(C.21), (C.22) TR~ k, D W % 1~

Table C.1 Input value and initial value of turbulence model.

Input values Characteristic length L m 0.34
Characteristic velocity u m/s 7.8
Kinetic viscosity v m2/s 1.43x10°
Turbulence Dissipation constant  C,, 0.09
Eddy viscosity ratio wlv 50

Initial values Turbulence kinetic energy ko m?/s? 0.0182
Turbulence dissipation & m?/s® 0.0418
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D.1 MZTEHICERA SN S FTEE

AWFFETITEEAEERE 2 MERE L oo, AEMREZ M ES ¥ 5700, STERERMARA L
2. ZORBUIMZERA L L TIFESNTZHOTH Y, 2 2 TIEZORBORBHIZ O
TS 2395

ARRIE O F A i & 2 WIFKEIZESIT 5 &, —EDOERMLO FTCHtbAdEs LD
R R MimzR) A OND. ZORRZKE L CTEMANHIN L7228 R RO
EHEAN S RIS R EM (Wing In Surface Effect Ship: WISES) (39094, % . [¥ D.1 3£k
TT 5 (2008) W73 5N EREAM 21T > 72 WISES OAMBIX T 5. FENRBEOBG CHICE
BELRDLDITLEENETHD. Kb OEE B & & HICE T oE ) H.OERTF A~
9 5. ZOBZIIEOEE LIFERmALZERIE DD, %< D WISES 8EK7ZK
VRBEEZMLEL LTS, ZOKEREIIBERAHENSE 27, HI~DFER D7
<, BEHDRICEDBHHOMREZBEE L TLE> TS, ZHICKH L TEREEOE

Vertical fins

Cruise water line Step

TakB-OR water line
‘ ——

Fig. D.1 Sketch drawing of canard type WISES (£k 7t & 2006).(13)

(a)

Fig. D.2 Blade profile of canard type WISES. (K7t © 2006)3)
(a)S-Shaped profile.  (b)Base profile NACA34009.
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Fig. D.3 Schematic drawing of inlet flow relative to S-Shaped blade section.
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Fig. D.4 Pressure distribution of S-Shaped blade section at wind turbine condition.
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Fig. E.2 Components of inlet power to flow through the cooling system.
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