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Three-dimensional structure of tip vortex in a half-ducted propeller fan
Kazuya KUSANO™, Masato FURUKAWA and Kazutoyo YAMADA

“! Department of Mechanical Engineering, Kyushu University
744 Motooka, Nishi-ku, Fukuoka, 819-0395 Japan

Abstract

The tip vortex has an important role on the aerodynamic performance and noise of half-ducted propeller fans. The present
paper provides better understanding on the three-dimensional structure of the tip vortex in a half-ducted propeller fan, aiming
at the effective control of it. A numerical analysis was carried out using a detached eddy simulation (DES). DES results were
validated by the comparison with LDV measurement data. Vortex centers around the propeller fan were identified by the
critical point theory. The numerical results show that the tip vortex in the opened region upstream of the shroud leading edge
is advected nearly along main stream, whereas the tip vortex in the ducted region covered by the shroud is turned toward the
tangential direction by the interaction of the tip vortex with the shroud wall. The behavior of the tip vortex in its inception
region does not depend on the flow rate, because the relative inflow angle at the leading edge near the blade tip is
independent of the flow rate. On the other hand, the behavior of the tip vortex in the ducted region is sensitive to the flow
rate. As the flow rate is decreased, the tip vortex interacts more strongly with the shroud wall, and as a result, its trajectory is
inclined more largely in the tangential direction in the ducted region. In the opened region, the core radius and circulation of
the tip vortex increase rapidly at constant growth rate in the streamwise direction. In the ducted region, on the other hand, the
tip vortex decays gradually in the downstream direction. The maximum circulation of the tip vortex amounts to 60~75% of
the circulation of the bound vortices released from the near tip region of the blade. It is found that the jet-like axial velocity
distribution is formed around the tip vortex center by the favorable pressure gradient along the tip vortex center resulting from
its rapid growth in the opened region.
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A—HTHDHIEEERICEV/RL TS (BB, 1990a,1990b). F7=, UTiHE 5= Akaike & D FEBRAGHFZEN
2T ROBIRNZET) - BEERMEICRE 28 % KT T 2 L BT 5 (i, 1991, Akaike and Klkuyama
1993). —J7, Jang 51 LDV &l & LES Z# W CHRIKIE 7 v~ 7 7 7 - OFE el OHE72 = RotiiiuigiE
RO THLMNZ L7 (Jang, et al., 2001a, 2001b). 1% 5 OAFZEIZ LV, FBIEIEOPIUREE D Ot EE
TEHEMN SIROER & L TR E N DRI IN TWAD Z ERALMNIEND & EBIZ, BIREHD AL T
N OIRARECER T 2 IEEF FC L0 Bim LIS ENEIHNS S EZ ShGD Z EN RS Tn5
Jang © OBFZELAREIXE IS B LI R BZ <1t d K o127 o7z. B2, HEOIIFERICL D Eﬁ
WMNFEFOEW LS & ORBMRICOWTHEBRICE VIR L, EEEFESIZSE mRE 2T 7 REOTHNE
IR E 2D Z L aR LTS (FFEf, 2010). Iwase S IZEMELOHIRIC X 0 BifmR & R LY 27
7 K& OFEEEZIE UEERSKIZAEZ LT\ 5 (lwase, et al., 2012) . FERIFETIZ T A—F A2 T (120

RN R O E b Z#am L 72 b O %<, EinfOREmI e fil#ic L 0 ERIE 7 7 7 7 o oOMgEE W 1
ERTAFFEFNT RS 7= 570,

HIH 2 TR I 2 2 &N TEIUE, KIEZMERED M BRI S D, BIHOFIE A2 S RAN TS 72
DI, ZOWMNOVEE OGN 2BENLEARRR TH D, Lo LRND, FEEO =Rtz > T
IR & 2 b+ e BRI STy, £ 2T, AMFFECIE DES (Detached Eddy Simulation) fi##T
BERTDH I LICE T, BEHOBUY, FEiE DY OFELE SO, EOER R & ORI
EZAOMNCT D 2 HNET 5.

2. $iE TR oY

RN ST LR =7 a VEAMER OG0T 7 7 o Th b, F LICHKREHMIREZRT. BRI
3MTHY, BILIEHED FAE 1y 1L 235mm, A% 683rpm TdhDH. N7 Hvid 0.3404, BYRSEHEE =TT R
MIOBEIE 7.76mm (BRICHE 18D 3.3%) TH 5. ﬂ%%@:~P§i%mmf%D,A%ﬁ®aﬁmionf
HD. BEOWHPRIIER R EZ LD, KLICALND L H I, BHEIMI TIIAeIm - CRE RN E
T TVE, BLWVEIRERZ AT 5. > =2 7 U RO AE S 3B emO 5 2 — NEO 30%RETH Y,
v a Ty REEENEEEEROE T E & —B 5 LIV T THh 5. T7eb bEh RO 70%I%
FIRIZBB SN TWAD. v 2T U ROFHESIZ~L~ U AR TH 5. it A O &R 5 o 3 L OFE EFARE Y
ILENZ1 0201 BLTN0.130 THD. 728, MEMRE ¢ L OEHE AR YITRATER SN S.

Q
¢ = (1)
7[(1 v )tlp tip
AP
il S (2)
l/) IOUtip2 /2

Table 1 Design specifications of test propeller fan

Number of blade Z, 3
Tip radius 1, 235mm
Rotor rotation frequency N 683rmp
Hub-tip ratio v 0.3404
Tip clearance 7.76mm
Chord length at tip 353mm
Solidity at tip 0.72
Flow coefficient ¢ 0.291
Fig. 1 Test propeller fan Static pressure rise coefficient 0.130
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Fig. 2 Computational grid in meridional plane

T 2IT, QUIMAHENTE, Uy XEVESCIRO SR, APIXPURERTH OFIERETH L. BELSEHEAI L O®Fk
R I HE S LA 2L REE 2.6%10° Th D, Jang BBV Z T 0T T 7 AT AR 0.27 ICB W THIE
FRERE022 THY, AR T 0T T 7 ATHIRE LR NS W TH L Z LD, REHIRRIET
B 50 lwase 5282 B DIZITV.

3. WiEMITF

3:1 EBHEAXFX—AL

ZWRTTIEMEME Navier-Stokes HEEA A AL HFER & L, NEADOFE /L% HU 7= Cell-Centered 1512 & 2 A TRIK
FEIEIZ AW TZE T TN BB U 72 FERE MR SR T A B 2 s A % — 2 SLAU (Shima and Kitamura, 2009)
W2 X DEHME L, MUSCL % (Anderson, etal., 1986) (28 % MLl S Av7z. FEREM: « REME TS K OMKRRE)
VA CHEEE T AN 2B L S 2, BRI I R E % IRES 2 AWz, I L TE L2y —Ik
FFEAUE Gauss-Seidel 2 D sfEFIIEIZ L 0 fighvi Tz, 7eds, KIFH AT v 7 C10RIO =2 — N KIEEFAT LT,
HLAEET MZIT k-0 “HREATET /IZE-S< DES (Detached Eddy Simulation) (Strelets, 2001) %3 A L7z=.

BB O F L OVERIZ L 0 MR ST/ b S AU IR ZI A X 0.005 123 E Lz, ZAUSENER 1 FHRICEET 5
REfE o> 1/25000 (ZHHYS T 5.

3:2 HEBRFELUEAEH

JAF IR G A 2 @5 2 Lok, BEM L Ey FOLOFEETo7. X2 12l LG
TERY. FERRERE AR L CIRE Ll KOV FRANCTFT v oo N—%51T D & &b, 21T LB,
AT I O R 25 E Lic. E72, PRE BN IBRE T — 2 OFEEZEBE LTz, BEEHOo'LvE
13492800 A THY, =— KJH), AU, By FHEICENZEI 400 £V, 160 /L, 440 BAGREL
7o, Fi, EREERORE VEITH 4600 TRV TH D, BRI CTERTE LTz, BER I TRE T O/ Mg
FHEIE AYpin = 4.0 X 10758 L7z, Z OF/IMEIRIZBEEIE CIX Ay, < 127729, £/, #a— Rpffhir
(231 % EERR ORI NI IZZ OEZ TS 20 B VR OFH RV A FlE L7z,

3.3 EEBERORI

FHRBAAG D DI PR AR 2R 72 R OBENIE 10 [R5 O T — Z Tk L TIPSR 2 M L 72, [ 3 (2 28k & S fmfig
W bE LN MER T 7 o OB FE A EO ik 2Rk, ERICBT 2FEORIE ST, K2 1rTXEo1E, A
AR L OO T ¥ > = RKHABEEIZIBW Tl T ¥ > S —R OFREERE 2> B Z 24 70mm B /- (riE CTh 5. il
FRNTIZEB N TS T ONEOFITEZ W THE EFMRECE B Uiz, BEfATRE R 3 A T3 0 OFERE X BT
W5, REEAT, BAEMHTRE R ERAER LV b RE G SN DBMICH Y, ¢ =0.222 (2350 TEBRAER
L DFEFIT I5%FEE CTH H 03, MR —H L TEY, #ita (¢ =0291) TIHEEMIZH BW—EMRHE 64T
W5, ARHFEFEEME Ly TFOLOHETH Y, — AN EANE E PR EE o Ot O FEdsR 3K
L RDHDOT, ZOZ ENMEREROFTREEDIK T EZHNTWDLREEMERH D, £z, X2 O FRIZBWT
H O v S =D HANE TN R T2, X5 OF IR A B D X918, IRGEEAI T
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Fig. 3 Static pressure rise characteristics Fig. 4 LDV measurement sections
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Fig. 5 Circumferentially-averaged velocity vectors and streamlines on meridional plane

TROFAUT B IR E ML 72D, PUREL BT 2K & F v o/ S—NOFRIEFHA & OIRE DN
BT CREIND Z L2200, ERENTIZHAOTF v o N —HNOIRSHEIIE Nl SV T\ D ATREMER H 5.
L L2 s, RREMNZIBWTY, PERERFE RO MIIA DES fiffT CH o Bl TE T\ 5.

WIZFEF S (9 =0.291) OPRE EiTE L O FROEELHC OV T LDV FHAKE R & Oz~ X 415%
FEBY, LDV EHAlmIEENE iMoo A, Bh3E T EE%ZD OIS RO 5% FIALE) O B i L
BN LDV 2T RCELIL TR WEIKO CHTHS.

X 51%, JEG RSO FFEEE R M UIIOWT, EBRB L OGRS RE2 R +"*%*5'E (e ]
MR B ADETHERL TS, X5 (@)D LDV fHAFERIZH W T, ARICERTS &, /\7ﬁﬁﬁ ESEL DAL
WA LTV DA, BEJEANZ M2y THRZ IERAR E VTV S, CHEIZEBW T 4: RN T
TALTEY, BN OMANRED HILDH. X5 (b)D DES fiffTit RlzBWVTEH, A ﬁioJ:U CHEizZBWTE
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Fig. 6 Time-averaged velocity distributions downstream of rotor (¢p = 0.291)

=3 f-iy )

FE SR & AR OB D R TE 5. 5@BLUDO)NGDLND LY, BE FHRO B Tk 80%A /S AALERf
WZE—27 OH 55540 FHIE L OGEKROmE CROLNS. FEERTIE, Y27 v RO E 7 Tt
DIEL BERBOOKRE CFHliSNZ L5 ThHS.

6 [CENE NI B 31T HEIEIAFE & [EE L 72 RER G ol 7R, 07 E K OVE 7 A Ak
Sy D53AT % LDV FHAKE R & DES TS RICOWCENEIURT. 7o, Wb PR E Rl o BizXTh
Ll LBz, PHREOEFERS IR TH Y, BEOMMIEZE TERL TS, KHERIICBWTHE)
BN OE Y FhRABETR LN L HEDORZE (MPOHA) (TRIBOMFEEITHISE L TWD. B OZAZENT
BEASHIET LT, MR ICIT IR &SRS R CIRIER UALEICH D28, BT ICIEEHER RO 508 #E
TAEEANALE LTS, FEERINC OV T LDV FHAFES: & DES fgfris R4 bl 32 &, ili#F 3 E &M
BW—HEZRLTNWAZ ENDN5.

U bobisn, $E LS8 i X OO RN ESIC OV T, BB E FHERR L 2l L7
FER, AR TIIEE Ly FOREZHNRE LIostHE2EE L T D0, AREEFRIC L BimiRe 583 £
DY OWNGPEMICHE TE TNDZ Envbnd.

3.4 =RTBORESZE

B OB 2 SR D728, DES AT C&E LR D REIGRO TP LA RIET 5. @ OLOREICI
FRESEERRICHE-O < Sawada O 575 (Sawada, 1995) % V2. RRESEGRIZ L D LEE AR T Y LR 1 ODE
BEAMEE 2 DOEREAMEFFOERICIHTORFEEL, EFEAT MVHmAEG R E —ET 5. Sawada
OIFETIT 4 R L ZANTEANOEERY NS ERAERNICERTH Z 228D, &2 TOFRD
B — T RTEN RO 5 2 L3 TE, JiodAMBERE ORISR 2 i < A I RATH 2R O [EE LD . ORER,
% 4 IR L ORI OOEARE U CRIVG2IEROMIEEZ b3 5 Z LA TE 5. ARUHE Tl
WEEFRT HECIE, Furukawa B O LOTFEROE (L (Furukawa, etal., 1999, )11, 2003) (ZHEVY, S
FRIZE D A L LT,
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Fig. 7 Relative flow angle distributions at rotor inlet

PRE 7 0T 7 7 o OREGRO L 52 R ITTHEOROHERSE DS, EDE D) OEES DN RR
T HBIBIE OEY FIZ Lo TN RS, MOEEAHET 28R 01%, 9 FThel, iihcE
B2 A B D DO ANEY) T 5. % ZC, Sawada 71k TlRIE S L7 BRI O A LHR_E OB IS T 2 i
AR K U CIREZRBIE NI IRITCORE 2 J 7 ER L, 3R EoWEE L Z o REE e koo
BT LICHIRI L=, 77, ket LOMEBR OB & il - FEE 2R i i T T O .

4 BERFERELIUER

4-1 BEAQGN

X 5 FOFFHEFTHUCONT, (EBISIHCE S B b2 e 5 &, (RIREVEBAUE & Jehis VT 0w i ek 28 K
= S BEEHAD D OFEAED DI EBRbD. ZHUIRET A XK 91, EiROMER MG EfEE AIE &
277 FE FICBWT LY EH~GAT57-0Th 5. £, KREERSITE, PHRENI L OREE S
IZBW TR O BRI MA~OBE N RE L, FAETROMEIC L DN E L. L Laen b, R
TR > THD L, FOBEELCTFHR7 M ORE SOFRICEDZ TS, K71, FFEESES X
O J7 P S22 T, B3 AR L OVEERITIR o To AR O Ai &9, BIXE TG
> RN A TH Y, SRR w, 721 Tl < R TEERS w, b BB L TR TERSND.

p=tan"(w, /w,) (3)

Wi (ZFFEHE (W, = VW2 + w,2) THD. welZEHEFXHHE TH Y, B L5 Tl PhER 23
2NOT, BEAHR CIXEEEEE T KT D, K7 @QOHIHFRICIH 2 T2 AR KB O Tl T ) B o 72
AT MR GEA N RTERIUE) 237, BRMATIHMERE AT SHERAA /NS V. BARNG
FEHHZ Ao THREIC L DEWA/NE L 72D, 7T0%A /S0 X0 Bl CIRIE & A SEVA R LN, X7 (h)D
RN TR O O MEERECTH V, BESIROET M2 — FRETER TSN TS, 77205, [AH#EHE
@ 0.0 BEAGKIZ, 1.0 BEEZITHYT 5. FXPORESMOLHITIY 2T U RORHRALEE R L T\ D, B
Al Rl 20%07E X 0 B Tl eIl K D HERHRALA BOZELA RO T/INS WS, £ O Tt TIEIRE 2%
EBARLNS.

UbDEBY, EREFERIEERRO T 1 v 7 — VRO T2 DITEELGN D ORA RN DI &, AT
HOSHHAE L O 2 7 7 R TRV TR WE IO BT3B W TN A OB &I £ 2 2BV S0
LD, BEORITEBBORAN HAICHE LG TVD LB LN, KTREROMIE Y ZD A
H=ALERALNTTHOREELL, SHORELET 5.
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(c) ¢ =0.291 (d) ¢ =0.324
Fig. 8 Time-averaged vortex structures and limiting streamlines on blade suction surface

4-2 RIGEOEES

BA L ORI OBRFIR & 2 O OG22 X 8 1Z/R7. KHIZHWT, HhEo SRRITBR R
DXL BB KO ERE FL—A LTV 5. & IR TT~Y) 7  H, CEMITENTWD. ERT~Y &
T4 DEFRENX 4 ITRT. BRI 7 I TRERY ML L HERY MAVWORTAEOREE S LTE
FEII, TOMKMEDS 1 & 72 DHEEI TR T ANCHERDN TR B E LR > TnWDH 2 2R T. &5, ZO/FEIX
PRAVIT T3 DD ElE T A A 2R .

H, =¢-wi(g]-|w) (4)

X 8 () DRXFHREMICE BT 5 &, BIALIORTERA T S BRI EE B30, BTN TBIRL T\ 5.
— 7, BuHmOEE A VALE X 0/ U TRIOALE D DRI < BERASHHRICI > TASY TR TN 5.
R E A TIE, AR < BEITSER A D 40% A S NFE EOFERTA LTV A, JifgiE < BEEoSeima o, 8
W~V T ITADMHE (F) Z2RLTWD I END, ZOMEHOITLITIN > TRAVTEICH) S BARANC
M) W TH D 2 ERNba D, —J, B B 28 h il ClE, BRITE~Y 7 ¢ OEITIE (R)
ZRLTEY, OO > CERANRE ORI > TND Z E3bns. fitxiE < BERIS A&
U 7= oA EE O RFERRITI e 2> TR Y, #4580, REAIEHSTABI IR TG
St LISHMICE SIATN D, BISRET CIXIAEE ORAFRIT 2 — RHACLREN TN D Z E b
%.

AR A LA OERA (K8 (@), (b), (d) (CHBETDE, Ak < BERILCFT R ER AT &R ~LA
TWDHD, ENLSMIRE RE TR S, ik eimil Ci, 7 CTRLIEL DT, WRANRRESREIZ &
DAL L7, BIROYIAR L ORI Bie EOEBE L IREIC L 2 BTN E N2 ER3bnb.
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Fig. 10 Ilustration of interaction mechanism between tip vortex and shroud wall

4 -3 RImRD OB

O, BWOEHENC L D 7 7 U RIOFHRE RS, R EIER AT EREROJE T mA~OBER KX
ZEEHEL WD (B, 2010). F72, 2T U REROENDEBOFIFER LY, KREFEBSIZE Y =
TUREDOTEWNERMTEZSZ L2 RL TS, HRELIZL 2T T RORWBIKIEDO 7077 7 A% L
T LDV FHlIZATVY, BER OB OV TE F I ~OBENE1T T RN~ OBEIN b 5 Z L 2 8iE L T
W5 (s, 2004). Lﬂbﬁ#%,_ﬂ%wﬁ%@fﬁ A LEHA BT ST,

X 9 \z3iim (0-z f) BIOTHFE (rz ) (S LR imaHLOREZ R~d. X9 ()T E M o3
IEE ﬂ¢u®%ﬂ%¢%m_&:£ﬁfﬁTLTmé —J7, FMOFMUR Uiz i3y ﬁ*ukﬂb
4: {L% BT BT EEEARRGN AN SRR TH S, HRROBITFEREXIEL TWAD. X9 (h)IZkBn
RSB D O A EBIL S 2 L ICERTER LTS, SHICFEICIE, BimTLE s =257 NE e DR

%M@@ﬁ@mhﬁﬁWM%ﬁﬁfﬁ?bfﬁw EIIEREXE LTS, 3 ﬁ¢u@ﬂ%kﬂﬁﬁ¥ﬁm
REFRALIT A & i35 & /;7ﬁh1%bhfw@w%MEﬁ(l9@)¢®%mMLEiDLﬁ%W)
VNI j(%fcﬁ EWTA O, BT ERIIZER > TR L TWAZ ENbh5. ﬂjiﬁq:ﬁj(ﬂuﬂ
AERICFEEITITN > TE L TETORENFIEL, %m_ﬁmbfﬁ%ﬂmmMi@b CAEREHEEL T
.l9®m%ﬁmbékkb,%ﬁﬁﬁmmrﬁ%ﬁﬁﬂ%# RHRTE CIEREAEIA~BE LTV D, 2O
T, X514 %QMéiau,A%%ﬂ%@mA E 0 PR RN & IR E SRR, Bumms Y-
BNMZIZBEIL TV D LS 2 5. BIGERICE T 53RO EBRNI DN T, (EEIGICE D 2 k% g LT A
ék,mﬁﬁuﬁg EOER LT, 2P ﬁﬁu% 30% =2 — RALERLD DT OFEWABLIIAED TV DD
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HTHD. ZOL D ICBIEGERIC BT 2 REROPBNI K E BN B N2 0nolk, K7 TRLEX DI, 3 A
TR T D ANIREEDN IR EIC L W EBL LW 2o TH 5.

—Ji, a7 U RTEDLN-HER T, RIGRMOFECKEIR2EVNIND. 7 a7 7 7 VOB Fiilck
WL, 2T U REERIAFE L2 BT, WRAUIIERRREE R A2 S 6, ZORERIFOMTIIEDIRT & & HITH
M2 Enn, K5 ThndEBY, KHEERS TR E 2R AE Dm0 ORI X 813 FHio
WAUTEERAm EICRESMELS. ZOfRE, KO Ry, BEHNMI, T72hbbyaT v KTEDNI
TR T, MEOIR T & & IR OOBBIN BRI X &0, o Ty REEmICE-3<. £72, X9 (a)
MHLMDLERY, vaT 7 N CEDIVZEE CORERMOE TN EIZK X 22 2b23 8, 3ROSR E
i (BEERE O T ) ~FH LR LTS, IR/ E > 2T U REER & OTHOMRETH L. Thbb,
EVERZRBATIES 203, K10 O X 912, BIHEN Y = 7 v FEEEITEHICNLE LTV DS, To8BIc LR
S B TR O N FHE S AL DFER, RSO E Fm~Em 5 2 L/ b. 2Dy 2T U REER & O
TR L7 3mim~OFF S X, Biot-Savart DERIN G, BiIROMEERF L O E > = 7 7 NEER O
FREEIARIET D0, %k 95 & 5 ICBIBOBRITAEICE S TIRT ETHHDOT, BN =7 7 NEEH
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(a) Overall view (b) Around blade tip
Fig. 11 Trajectory of tip vortex core and absolute vorticity distributions on cross-sections perpendicular to tip vortex
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Fig. 12 Distributions of streamwise vorticiry around tip vortex
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Fig. 13 Distributions of tangential velocity around tip vortex
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Fig. 14 Distributions of static pressure coefficient along tip vortex
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(a) Overall view (b) Around blade tip
Fig. 19 Distributions of velocity component along tip vortex axis direction on cross-sections perpendicular to tip vortex
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Fig. 20 Distributions of velocity component along tip vortex axis direction
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