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1.1 WF9e8 =t

AT, ERABBSELO0EEBORIITHY . <2 b AR OATEERERIZ W T,
BEGIROMER B E LA FIHENTE o, ABRERLLOOEE L LT, =7 =
V. A MEFEEE, BEAT 2T R ER—EICHNGATWS R, ZOHTH AN EHE L
WO MBEIZF L Lok mBE & LT, MR H 5,

AW TIE, EREBEI S 2EEORKE [EEE L, TR LRI 77y %
HAWTARRZ BN BRI Lo b 0% TR L EERT D,

TaRT 7y CPVERT D EUE, EEES S RONTCEEICET T HERm A D D . EE
BN ORO RIS 2 B mEEIC LTS W0, B EEICZ Ly, —J, 7
T 77 BT D ZNETONZETIE, JBOPREME] =T —2h8R[2] | BEE R3] &
WO TN D NS OREFEDRFI SN TE, L ZAD, ERESNDROREICKE 72
BETR O, HAFICE > TUX TRPTZ2REY TATHZRE] & LTHaRISATNEND
WEHAEALTND, ZNADDOMEIZONT, I HICFELERRD,

E7. TR 12O\ Tk, —BIRBREO 7' 1 X7 7 7 2803 200 - 400 mm[4] T, %
DN THY BV I — A THASNDZIE 300 mm OB DNLN[5], Ak S 2 RO
XZ D7 7 o OEROHPAFEE OB O TH 0 [6]. AFDED BN T 2 gk}
LTS, HIRY ERE L CEREHAAZ AT 2 b O BFEET L, HIRV 2 L72E LTHIK
JEAM BT D000 TIE W [T, Bl ME s he— L, XV JRFEHREAZ AR L, AR K
DIRE/FHND KD IREEREN RO I D,

wIZ, TANLH) IZ2WT, — 727 a7 7 7 %, Lo 8IS 7 AT BLE S
72 3 -6 KL DPIAR THERL 41, 250-1000rpm (4.16-16.67 [Bl/s) FEEE ClElfizd 5[8], 7 7 > DIZ
HEELEEAN 200 - 400 mm FEEE T, O oEEIZBB LZ 1-10 m/s OFFHICH D, JEE
DORFRIPAEENL Z <A SV, BN 217 5 & PUROFH & B RAE L7 E D A
BT R E— 27 BN D [9], BIAIE T ECPIROFRBEH 7 7 ~Z 7 7 L [10]%% 250 pm T
FET D54, Table 1 \RT X DT, K 29HZ ICHHE R E— 7 L ZOEFHEABHI S LD,
E LT BGkE 2, @l 7 — U =48 (FFT) Z AW RS IRiE 2 B LR R % Fig. 112
T,

FEBIIADIE TS 720, Al S5 BOEIZAROBNEE WS BURTEET
BB, PIZE ERSNARRIMEICEBE 52, BETHEAMHICHEL 55, il



FHNZ PR 2RO —FlIE, BEEOPL X EFFOARRTH D, BN MEHAZET D &,
EEEE 2 HIETHNER S 5,

TCIC N @B E] ZFRFORAEERT D & O REF SN BEEBED RS LTV D123, 24
HlE, BEESEE A2 S5 2 & TRERIZRKIOZE (L EZ/EY L, 22— — Dtttz & o
HTEHRHME LTS, L2AN, 2DLLITT 7 o OEEREE ORI L 2 B REOHLL
B2 FBIZEE > T D, b LPROKEDERIZUE- S, AR S5 5Kt X PRI IT—
HIZ72 %, FEBEOPBOBENIFRTH 5720, HEBA7 NI —2 3805, Bl
W 2 RFREICHIET 2 2 L CIND DY — 7 BT 5 2 L ILATREIE N, 0 X S ik
ToTh, E—7 M4 U D EARBREEE ST 2 JE LT O JE R E L 5y & & T K 2 AR AR
THZEIETER,

2O XD, BOPEMECET HME - R BITONTWDHR, 7T 77 2V DIR
0. RSN D ROFECE L TRE R ITHEN RV, BOBSREOOIZIE, EREND
JEOD JERR AR 2 95 2 & BT H D,

L7z o T, RG] & TROE ] L) Z 008l R b, B LWEEREIZI-S < 3RE
BROHND, ZOBEND, AR TIIME RO EBREORE L 13825 [EmodhE | (25
AR IR ERE 2 BT 2,

Table 1. Peak frequency based on the rotational speed of a 7-blade propeller fan

Rotational speed [rpm] 250
Rotational speed [rps] 4.17
Frequency of 7-blade fan [Hz] 29.17
Double the blade frequency [Hz] 58.33
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Fig. 1. Frequency characteristics of a 7-blade propeller fan at 50 mm from the fan.



1.2 W9 E R

AWFFEO HAE, BEOPNI-SEHNCEH L, £ OEBVRAE 2B U 72 28 B O 3% G BE
ERRTHZETHD, PR Lkt FEIC RSO CERL L2 P08 7 S AU 2 Vv, B8R
JEUZ TV JE BRI O FRELME & | 2272 JEUH 3 AT DBVEAL & v D o DOPERED WL A REME A
FREET 2,

PHET &K B O = R FVE IR R JREE & 1T R 5720, ARSI DRI HIEVWRH D
EERAOND, FHIERDTZD DPURDERENE B E N T n T 7 7 o DENERE SRR DI
D, $o Y EESPRNSAEC DAL, HREZTV T b &) 2R OM % Ak T 5 ke
PEDR & Do PURD LB S 2 W UNCHIE 92 Z L2k 0 . REWE L Y & IR —
MR EFEHTE L M END,

U boEZERICESE, A7 270 Y (Btoalba, BamOwl) O/~ E# 2B E(C+5HZ &
T, RO T a7 77 o TIEHETERY THRIEWRG) OFEBREZ B Lz, P
EE) & R A DOV THEURET RIS K D RET 21T o 722, £ ORRE D MT T S EEOHE
DFHRMET2 E DGO 2 ERE 2RI L T 2 iR LT,

HARENZIZLLF O 3 D OWFFERINT 43 1 THRET 2T o 72,

1. AIHIRAAEIS & 2 PN e & R RS O HARPE o i
A7 7wy Ol X EEZSEIC, PUET SRR RO WIEER 2 5% ET - BYEL .
AR S DRI B A d K OVER R E 2 R T 5, Zhic k. BRI T
HE| ZFORO AR RE L, PEMEIC BT 2 BRERHE BT 9,

2. BAEREHTIZ & 2 G0 dGE

RIS (Computational Fluid Dynamics, CFD) % VT, JNE 7z ZEEOFERFH T £

— 4% (EE Yy TFHA) DRIRFIEIC S 2 208 aiET 5, ARkEmEE (EFA) 3 X OYR

HWOY—FE (CV) ZEHRL. TNOHEEREE LT, JAHHN OB —RkE 4 FEBT 5729

ORISR 2,

3. RARIE L B AREVRRE O B BLMERRGE

BAERRHT OFERZ B E 2 T BERIEHEZRUEL ., BUESN - BAD T — 27 Lz il

T 5, MERTFREMESS 1/ @ b EHIEEEN 2 A 2 R abE & o2 U T, PIE7z Rk

JEBE D AR B JEA H ARSIV D & TR A T D00 E B, WREET D,



1.3 ARFa X DAL

R EA 6 TR SN D, B 1 HEIFmTHY ., RIFEOE R, MERIFROME, &
L UM R Z R~ 5,

F2ETIE, A7 7 u Mo EEICER L, £OZERREL BT 5, AR
BT DMI - E20mALE TS T 5700 & LT, P XEE), ZHoLE
R OB D, KRB EHC B O TRk _RE EHEEZA LM T D,

3 E T, PN AR RO WIIRIEIC BT 2 3RE & ERIIHE 21TV, AR S
JROFMEABIE L, THRIZEWSIE] OFBLATREIEIZ DOV TRETT 2,

94 BT, BUEMT 2 IO TR A O E D, PURD I 5 @ ORGEH&
PEEZEH L, EEMERIZE 2 2B AT T 5, IRHEFHD D% — 728 2 BB 5 72 D
AR5,

S ETIE, BEAEHREZ HVZERICEL Y . ARROERERME OB A RGeS 5,
PEATU 3 JB & D bl 2238 U, T SR EBE I 1 o TR S 2 & o Al ik 247
VY, EEWEREOSGERR, PN S BE RO AR BN E BT 5,

B 6 ETIL, AMROMBREMRIE L, SH%OEEIZONTHERD,



F2E T uuOPNITE Rk & TR AT Rt

2.1 BHEOINE - X Eh o

BHEIL, Fig.2.0 L9 1c, Bo7 7 o vids) (EFiES) & vy FEs) GAAE(L) 2MAas
DETRAT L Z ERWEINTVBH[12],
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Fig. 2 Wing shape of a barn owl at some time steps of a single flight [12].

BITH 2 DA T2 < PR (B2 WITPE) OFHEOFIRMEIC L > TZBEICER
S HLITHHNC K D EEEIM R A LN 5 Z & T, %ﬁ@ﬁﬂ%&ﬁ%mmmbf%ﬁ%gz %
FRIAFFOE O JEWIEEY I\ T &W/xbm~7ﬁ TEOEANED L, Ty T Ao —

7 CILEABRINT 5, Z D@ OEE)Z kwf\ﬁwiﬁﬁ@ﬁﬁmﬁ%@$%ﬁﬁéﬁ’
ﬁﬁ#é_kﬂﬁ%énfwénﬂo_®i5ﬁi%&%%eﬁﬁt BT 2R O
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22 A7 707 ZOWT

FREREEBEORRFHI BN T, HLI D AOPRENEDTZDICEHEThH DS, ZELTLEHL
L <. HE XTI EENEEN27 7 BICBTABERSODBRNWEZ X, 7707 OFETR
ITORENZX, BEOPTHLRHIEN TN ZERMLNTNDN, ZORNIETXTor/m
ANEIST #ébifi&< HERITZLEE LWL HD[14], BERMITE TS5 770y
DOHTH Fig.3(a) IR T A 770 U[15]id, Zhakidge LTI 2 2 2527284,
FRECTOMERICE L= A XA TH D, AV 77 auOROHET 450 x 170 mm  (Fig. 3(b)) T
bo, PN E AL, ROAEALEZEEC EFNICEKHFALZIE L, A7 27 nvofaid
120 °CTH %, FNET- AR FIIBB L ZH K T4 Hz THDH[16-20], UL EOFEZREE 2, A
R TIE, A7 7 ay O & TEB) 24 U 7o kB 0% Er. Sl A1T 5.

ww Ll

WFud| Ye-104

N

<
<

Wing span
450 mm

(a) Flying barn owl [15]. (b) Planform of barn owl wing.
Fig. 3. Barn owl.

A 770y OENPINITERITHICED XD IZEET 2 0NE, Ck[12]%2 3512 LT, Fig4
1215 D5 HTH D,

Fig. 4(a) 1B OIRAE EHAERICBIT 57T VBB 2R LT\ 5, BB, e 33
& b ICxPT DA &E z DI (2/b) 2FRT, n TEOA NV FROMEZR L, ERN 0, E
W1 Thd, 7T700M 013, B ENCEKEOAEZRL, Biind Rz & IR
RN D DOAETERSND, Fig.5@) IR T LI, KELEE 0° L L, BframE o0 &
LCHET,

Fig. 4(b) 13 &> FiEEIZ /R LT\ 5, Fig.5(b) (2R T L O, By TFMAa X, BORiEND
BRI T (Ba— W) OEEEAELRT, BHEPIKENOERELIZAERE Y TM o
ThY, EOMITARBI%HELY b EB>TWDIRETH D,

THA R e—27 o, Oy FAIIED L, THRA =20 THL EFA Rr—20
BRARIZ DT CTlRIMEICIET 5, Z0%E y FAIXSHICHINT 5, By FAOMEIL -20°<a
<40° OHFIFATENT D,
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(b) Pitch motion.

Fig. 4. Motions of a barn owl wing in flapping flight [12].

(a) Plunge angle.
Fig. 5. Definition of angles.

(b) Pitch angle.




2.3 LEHUSHOESE

A7 7 a ORI ZEENC A O DAY 3 L OVERIRER, SEEBEORREHIIB W T
2L ORMBE 525, L0, LFOZSICBW T LENSHABEIRF SN S,

I, BHEEDOESRTH D, 77 v UTiRZERLPNLT & ORI TRWEEE THRITT 2
ZERMBNTERY, ZOREPIROCPNIT EEIEE. B OME R 2 108 BB O PHRFREHIS
THIET, BREDRBMNAIREE 70D L& X DILD, AL TILFEM: O E&AFHEIF T > T
WIRWAS, A% ORREHEE & L THRERRRE 52550 TH D, Ziud, FEHREMEICE
WCHREME A AL T 2 BERERDO DO Th D,

B, BRERHEOBBN ST oD, PRI Lo TELLIEEFMIT. BREDE
DN POEE U LI NT =27 MK Z R TR H D, ZOX I 706 E 4
Bl 52 LT, 1ERBERECIIGONRoT7c, L0 THRIZEWRI ZERTEHLEH
X HiD,

FoIC, RESMORETH L, 77 VALY Yy FAZEUNHIET S 2 & T, JBESAm
Ze [NEAPH DY IS D 2 LS FTRE & 72 0 | EE ORR R 2 W AA T K D AR A& AT
X HAREMEN B 5, #AE T HUL, RPTIREORY ZFET 5D EBTE DN & 5,
T ORREIRMIE, CFD it 28 U CRMICER TEX 5 B2 b5,

24 REOFE L

ARETIE, BEOPI-SEBOBE L | KA 7 7 10 0 OPTT & E#HB) O AR 221 L
PR (T o VE) L vy FIEE) ([COWTEM L, IRELRETIE, 20 OREERE 2.
FT. VIR ER L M- SBEIC L > TER SN D KITDOEARRE 2R T 5, &K
(2, BUEMATIC K5 U AT OUEEFIEZ AT L. &&IC, WRAEEEZ W2 EZRIZ LD %
JEMERE & B AR 2 MEET D,



3 B T T = AR R O g1 E & 81AR
3.1 FIHIRRIED BB & 3R

a7 Ty CPVERT DL, EEEDE < BRSPS & T S f A A3
D, ZOZLIZXY | FEREAES A OERO R AT o EmfEIc e LTha <, Bl
ORI ET HZ LW, fAEICE > T TATHRR] & LTaRESAeT eV IR
FNH D, BT, 77 v OEBRIC X > TAE U S RO ERE ST, [FHEEs X ORI
O HEDRERICE— 27 286, AREO L) R 6E2HELT L2 ENRRNETH S,
AETIE, BREWZEWSIR 2 AR T 22 L2 BE LT, BEOMIT& (ZERE
Bl OUFEE T o7, Ay 77 ny OROVEIR, BifEE, PIE7e & FEE,
BEORETHMOMIT-EAZHE L, PN ERFTAE U PR OZ BN R IR 2 it 5
ZLIZEY BREUIEWD b TRHEE AT HIRE oK A AR T 5 L L Lz,
PRI CIE, ETFICEET 2 2 KOPRICE » TR Z AR T aE 2 BRA L, 2
I K 2 JRGEA F6 K OVERECRE A IE L. TR R & D beilk 2238 U CHERE A 54T L
77

3.2 FIIRATERR ORBEE & i

PHE Tz S BE BRI O 2B OREE % Fig. 6 137, JHRIX, JIHRAF (Wing cloth) & IR
B (Wing frame) @ 2 DO EEH A5 L THRAIILD,

1B (RPR) OPIROY A ZXI3ihE 360 mm, fx KEGLKE 220mm TH Y, ZHD—xtz KD
LW D, 22T, PURORTREEBICH = 25y 2B L FESZ & & L, BEiBiEfHiT
R BAMANZ A2 > TEAPIRAZICHELS 25 L 912 LTe, ZOBEER O ERE % & Bkt S
%, (RELZBET D720, ZHLRE, 727 0o PR 13, PNT7c & REREEOPIHRIT P
R EXBILTERETS,)

A7 r7vayOEE, AR, PEXIL o TH N EHEEN Z AL TR, AR TON
X7 SRR EWRIIAREAN 2 HAY & LW E ) DI AT E R < PNTT7 ZEEIZ K 5500
DAERRZ B ET S, MTT X ZEEMETITO 2 & T, FRICHEREBEZ AL, %
Fi~ORGAEERT HZ L x BIE LT,

PNE 7= F AL EREIL, Fig. 7(a) [T T, Fig. 7(b) O X 5 1hiiz EFICfEE X2 2
LIZED, ZAUTHBE LT PR A ZEIRICETZ L, BAZRFICEHT 250 TH D, BEENIR



X, BT 7V L AE—H—ThHY, UA—LXT LR — AT E2NLTHEEL, V7Y
HAE 20 U CIRIEEEh 2 it 3 & OSIR o BT 1a OIRENESC AT 5 A TH 5,

Fig. 8 IZHIHIRRIFHE D 2R G 23, PR TEER TIE, EmKICET 226 % x
i, MEHAE 2@ PUROAIE AN E yile LTERL, FIRO%BKEE y=0 L L7, y
IO IEDH L, [RIOTI D FHm & —HEHT,

PET & O EES L OVERE DN 5 & PR OEMERLEZ TN R EL D72, %
ERRICIRBIDFER SN D, ZD7d, DEIOZ[16-20] CHRE SN TWAHA A 77 ud
FEROPNXTo EEED BB LR WEF T, P S EBEHET 5T A —F EZRE L
7o TITTWOPNIT &AL LT, PUROAKTALE 2 BUEIC BT ICE < EfH 2R L, ARE
BE TR 90 IR E Lz, PR EJEPEHUE 1.1 Hz ISR E L 7=,

o 2.Wing frame

ww 07T

<+ 1.Wingcloth

360 mm

Fig. 6. Structure of the flapping wing.

Rotation axis

‘Worm gear

Motor
a) Deceleration mechanism. b) Up-and-down oscillation mechanism using a linkage.

Fig. 7. Drive source.
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1210 mm

925 mm

240 mm

a) Main dimensions and coordinates of the flapping fan. b) Photograph.
Fig. 8. Prototype.

3.3 PNITC S EB OMEHT

PR OMIM:X, PIRAT (Wing cloth) & PIHREH (Wing frame) DOfAEDHEIZ L > TRESND,
PEDZAL D EA RS KX ONEGEIC 52 DB Z P~ D720 2 FEOWIWEZ AT 2 PR 28 UYE L | RS %
Rk & Lz, PROFHMEEIE - EICmHoD, PR & L TERT 2402 L8E 452 & TP
ROMINEZ I Uz, Al PRAT & LT L7z 2 FEEOA 1T, 2250k 2 @mr 3z E< | iz
W5 EUTIE & A S, AR OEREIR, ERE ORI BT 5 2 5 RN H D, —, Ak
ETOPNITZZ BT 2RIMO LR ER IR LR FEER TH 5 L Z 2 b DT, MK DOFE
PRI, KEWERIBEROREAEIIZE A LB LRNVWEE X HNRD,

PIRAT & UCTHEH L7 i OFEM %4 Table2 (2R L7, 2406 2 FE O 2 W TER L 72 PR &2 22
AU TWing 1] [Wing2] EFEFRT 5 Z & &5,

Fig. 9(a) (27”3 L 91, PRmE LI~ —HT—%F&E L7, Fig. 9a) BLWY (b) I[Tr-T Lo, v~
—[ALOMOEEDIREE L, 77U fi% 0 LT8R Lz, n ITPURO AR FaONLE 277 L, BT
250, AMARESZS 1 T D, Fig. 9(c) BL (d) 1T XL 9 ICPIHREEFEEE L xEhAS PR D 2 J51h)
T, YHSPIRO 32— RJGm, 2 PR EICRE R S Th D, L TP EFD 4=05 [2BITD
TG - tkix D 2l LA E 23R, Fig. 9(c) (R TIRIETIX, L IFADEEZL D,

Fig. 10 {ZRF L DT, PHROMITZEE L. PREHEOT R (HFo A R E72i3sMlbEE (Ko
B ) 2, 2’ HICWEEZNZ, BEELZAE L7z, Fig 11IRTRERNS, Wing 1 1% Wing 2 OFJ 2 {%
DEBZRLTEY, IO RELEHEEROMmE AT 2 2 LRI N,

WNIHOREIZSL S, ER U PROEEHEB AR T2 L2 BENE LT, PiXs®BiEr s

1



A AT TRER L., WHEBALEIC X > TR OER 2 ikt Lz,

vy T o 1E, BB L TR EF LTS EXICIEDEE L 2720, L 2 ZfEm
WCENT DL, EvTFfha lTELRD,

L7=RoT, EvTFA al IZLLTFTOXTERIND,

a=sint (£) 2 (1)

(U, L=-Lo DHFAIZ a=90°, L=0 OHFAIZ a=0° LD LERLTVD,

HERE L ORI LA RIEL, By T o ZRFHOELE L TR LR EFig 12 1277,

TT UM, EREIGEVWEBZ R L TEY, EyFAIXTHEA her—27 Pk, FHRA ha—
IB EHA Mo —7 ~OBITRICR KIEICET 5, Wing2 IZBIT 5y FAOIRMEIL, Wingl O
5CH D,

Fig. 12 IR PR/ S BERERED 7 F 2 ff & vy FADONAZEIL, Fig 4 IR LIZEREDOA 77
o v OPIET EIEB) & OHEICEB W TREIZ—H L TV DD TRV, RKER L OR/MED % 1
IUTICBWTHB L7z R LT d,

Fig. 4(b) \ZREND LT, A 77 a O EHFIZE T 5y FAOLEFMHIL, -20°<a
<40° ThD, —H. Wingl IZBNTIE, 40°<a<20°ThH Y, EEDORA T 7 0y O EH) &
TR D@ AR LT,

Table 2. Detailed structure of the wing

Wing ) .
Wing cloth Wing frame
Number
! Product name: Cotton Twill Dump Air Tumbler Material: PP
Model Number: SW11498 Minimum thickness: 0.52 mm
5 Product name: Bylin 701 Material: PP
Model Number: SN701 (0.8) Minimum thickness: 0.52 mm

\\

b) Plunge angle. c) Lx. d) Pitch angle.
Fig. 9. Definition of dimensions.
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Fixed point]___=

170 mm

340 mm

Lord point

Fig. 10. Point to measure the amount of deformation.

100 l 100
= 80 s n = 80
= 60 / = s 60
< o/ w ) 2 - )
§ 10 / . L o Wing 1 E 10 ‘;" eWing 1
é. n m Wing 2 g. / =Wing 2
820 4 5 A 20 [/ 7
0 0
0 0.2 04 0.6 08 1 0 02 0.4 0.6 08 1
Lord [N] Lord [N]
a) Point A. b) Point B.
Fig. 11. Displacement in the z-direction.
60 60
40 40
= 20 e 20 —e—Plunge
e ——Plunge f‘\ e
=20 = 0 4
= .
g 0.5 —+-Pitch & —*Pitch
-20
-20
40 40
-60
-60 -
Period [T] Period [T]
a) Wing 1. b) Wing 2.

Fig. 12. Plunge and pitch angles.

3.4 FEGESARORIE & ZER

PNET PR DEIPEDZAL DAL S 1 % RGO FFEIC KIE T A

(NG ORI AT -7z, LLFICEHIFE O 274,

13

THET D72, Fig. 13 1T X9



JEGE A 1L, EE PO (0mm<x<750 mm. -800 mm<z<700mm) D& CTHIET S & & Lz,
JEGHAE L 2 sy OB & L CRidk L7z, MIEITiE, Bui=Ua0dEE (KANOMAX 7 /L 1011 CTA ===
v ) ROz, PIREZEZ y=0 & L, y O EF ML, K[IROTLD HE —HIEe, ZOFRHED
T, ERHEEREOREZIT T,

B RTE BRIV X RO D 22 W RBR BRI Z DU TR 72 3CER[21] 22810 L TES Lz, SCHRR21IC X
AUE, ZIR 25 °C T 0.6 - 1.7 mys AR, T72D B ROV VEE Eivd, TR TORETIE

(959 5] LW O NlBBINDS, £ T, AHIC XL 5 FHEGEHIZHOW TS 0.6 m/s LA E & 72 2 FREE
Rk EEZ DL LT,

y B 100 mm IR CERAIZAT o 72fE R, PIR2YD 700 mm £ TOHPH THEIEIED 0.6 m/s LA
LEMRT A ZEnbooTe, LIed-> T, y=700 mm (L& % 5 KR ERRRE S Lz,

PNE Tz Z BN K - THARR S V72 B4 & Fig. 14 (2R,

Wing 1 83 XU Wing2 OWTHOPIHRDGETH, y=50mm OALE TiE, HSKREGED x=0 7 HEf
TALE CRHl &7z, y =700 mm OALE TiX, Wing | TIEEKREEN x =0 ([ZITWLE TR N0,
Wing 2 TIEE HIZ x=0 N HEENAE CRrREEZ R LT,

Wing 1 TORIEIE, HFHRICEE S22 DO IIMRD R AE LI A DS, PR DI NDHIZ LN - T
IR CEWT DL 7o TWD, —J, Wing2i, 2B DOPUEMN HFAE LI AR AT T, ZnEhil
LTI E LCIRET D,

z FIAIOBGESAAICE B T2 &0 Wingl, 2 & 512 y=50mm 75 y=700 mm (Z7/>F THE O {EAESL A
zAHMCBEHLTEY, BiXz RO THEORMEAT DI ENHRTE D, P S REERIC
BWT, PR ETFEENCEEHAT2Z2 LT, THRZOMADERINLTEDEEZHND, Wing
2 DX ITPROBIELETEI/NS WG, KRB ER LT HEBLIZ Wew, Tl & O R
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Fig. 13. Measurement scene.
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Fig. 14. Distribution of average wind velocity.
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a) Temporal fluctuation of wind velocity. b) Power spectrum of wind velocity fluctuations

Fig. 15. Characteristics of natural wind [22].

KM AT 9 722, T uRT T 7 AR DPERE R, 1/ @ b IR 2 A 5 maEs, PIE
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PETRIEZIT -T2, y=50mm (X7 2T 7 7 N bt L72A0E, 700 mm (X A3 — %A 72 (i IRE
W ADEESZ T HDALEICFRYS L, 500 mm (X205 OHFRENETH 5,

Wing 1 B8E T Wing2 (Z-2OWTIX, Fig. 14 (R L7z JBGE 70 & flesd L= th. SEXSROREGE SR A L 7=
SAZHT 2 BURORFEZAE) 2 HE LTz, (ERRE R L0 1f @ b IS 2 A9 2 5EE T,
TaRT 7y L EBH KT (2 =0) 1285 FERKESAICER L CIEEITo 72, HIES
DVEFE (x,z) 1L Table3 IR LTV 5,

JEA B ELFRAT DOFER ZFig. 16 (R T, MBS K O @ 5 EHEERE %2 A3 2 5 AW T, Table
4\ RTIEY . KIRBAEE DO y=50mm OALEIZBWT, Wingl BLO2 k0 b n=1 ITTVWEEZR
L7c, — T, ADRIREKE L 2 EBEIND THO y=500mm 3L y=700mm OZ{&E TiX, Wing
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RSNz, IREYIT, Wing 2 Tix, KO EBEEREDOIIE 25 1 1TV MEZ B D 22 W IE mMFLE L
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B 27200%, PUROHIMEORBENHETH L Z LB LN E -T2,
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Fig. 15(a) IR &5 BAREUL, BEICHE B Z b2 iR L7222y 6 B OMWEE) 2 (> T
Do ZIHDOMMNNET & RIRNZREEN, n OEICEEL G2, BARRRFHEOBIIZHFET 55X
LD,
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Table 3. Coordinates of the measurement points (x, z) [mm]

y =50 mm y =500 mm y =700 mm
Ordinary fan (100, 0) (90, 0) (80, 0)
Fan with 1/ffluctuation control (100, 0) (90, 0) (80, 0)
Wing 1 (350, 0) (250, -400) (100, -400)
Wing 2 (400, 0) (350, -200) (500, -550)

Table 4. Value of # calculated from 1/f”, which is the slope of the graph

y =50 mm y =500 mm y =700 mm
Ordinary fan 0.753 0.746 0.767
Fan with 1/f fluctuation control 1.243 0.780 0.821
Wing 1 0.266 0.881 1.104
Wing 2 0.340 1.067 1.167

Table 5. Measurement points and values of » around the maximum wind velocity for Wing 1 and 2

(x, z) [mm] (0, -400) (0, -500)
Wing 1
n 1.115 1.023
(x, z) [mm] (400, -550) (400, -650)
Wing 2
n 1.233 1.303
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Fig. 16. Power spectrum of wind velocity (The dashed line in the figure indicates the 1/f fluctuation).
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Fig. 17. Time variation of wind velocity at y = 700 mm.
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551 kR (2022 42 8 H) TIE, 20-50 fROMAB L 17T LB UTe, SHERE L, PUIT & AR
B, PERARRRE, KRR LD 3 E&ED S B, 2 - 3 FEOLMEICOWCIHMliZ T o7, EFAEEE L
T, ME, DAEE), REESISEIAEEL. 5 OWEIZIZ, OMRON HEM-6164 (Ifil/f), Huawei
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HEZ 2 Fa/VILLFOEY Th b,
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anitEE 59) - WE 67) -
RO (597) — WE 557)

PUE T &R EREI IHERT R RN & B 2R A G L TR0 . ZOIMBLAME A Otk 2 M
WAEE 5 2 ZAREMEN S D72 RO 2 THMBIEIGZ DWW T4 SD (Semantic Differential) 7512
£ D FBEHE 21T o 72, SD ikiX, WO 2 AN CHROHIREZFET 2 FiETH 5, 7 BB
FHEAZ W27 o — FREIC L o T BOBE (R, BL., F200nE BLI, LAY, BRS,
U7y vaf BIOWMIHIZ (BbLAS, MHRE, BRRA A=V, L, HBE~DRLCHAST
) IZHOWTHHIIAZTT o772, pfE (p-value) 13, IREEGEAE LW EGE LI2GEIT, BURl S 7omE R
LU EDZEMMBIRCA C DR A RTHIE CTH Y . AIFETIX p<0.05 ZHFHOICHE &l L7,

ZORER, Fig 18 1Z/RT X 212, PNE/- S AEEMIL S LWEY TEARZE DEshs |y 72
RN 72 EOHEE TERHEZ R Uiz, TERTURERECREZ LOSRMEL i LT, AR ZEK L5
B TEARZRE) VW HIEE T, ARlCE < FHli Sz, AMBEHEE M Evy) OB TrREMEZ 15 TR
D, PELEZICLDERENVIFHTLVEIE D =—7 INEET HAEEDN R I N, —FH., RIS
2 UEe) OHEHE T, AERETIERVA, PNE- &AL ERIE < FHMl S iz,

FEARINE 97 A R T~ 5 VAS TiE, 1EE#R B LOREZOMEIZE VT, W oBERSEAMIC b #E
A B RZTRD bR o7, MEORIERMEIZBN TS, HHTHEZEITR ORI -7, Fig. 19
WRTE Y . DHAEENC ISV TR, PNE T & B EEEE R I B A AR B OB A R b, U Ty
7 AREEERTHRIE & LT, PNE/- SRR A & A2 LOSMHMICHERZEZ2HR Lz, Zhud, P
F7e XL D ARBUSEND B XN Y T v 7 ARSE et U7z rTeEMEZ 7R3, Fig. 20 (R T80 | &
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Fig.18. Subjective evaluation.

¥ Method: Subjective evaluation after 1-minute exposure to airflow at 1 m/s, measured 0.5 m from each fan.
Participants: Flapping fan (N =9), Ordinary fan (N = 9), Bladeless fan (N = 6). Rated using 7-point Semantic Differential scale (0-6)
Wilcoxon rank sum test; ¥p <0.1, *p < 0.05, p < 0.01. Comparison between Flapping fan and ordinary fan only.

-4 <

Change in Stress Level [-]

Flapping fan Ordinary fan No wind

Fig. 19. Change in heart rate variability (HRV) after airflow exposure.

% Kruskal-Wallis test, followed by Steel-Dwass multiple comparisons when significant differences were observed. Significance levels were set as
follows:t p < 0.1, p <0.05%* p <0.01
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Fig. 20. Change in electrodermal activity (EDA) after airflow exposure.

% Kruskal-Wallis test, followed by Steel-Dwass multiple comparisons when significant differences were observed. Significance levels were set as
follows:t p < 0.1, p <0.05** p <0.01
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Fig. 21. Evaluation of work efficiency and stress.

Method: Subjective evaluation after 25-minute airflow exposure at 1 m/s. Rated using 7-point Semantic Differential scale (0-6). Participants: 9
(evaluation), 18 (internal trial, May 10-23).
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Fig. 22. Evaluation of skin moisture reduction after airflow exposure.

Method: Skin moisture was measured on the face and forearm (3 times each) after 25 minutes of exposure to airflow (flapping fan, ordinary fan, or no
wind; wind speed: 1 m/s). Room temperature: 28°C; distance: 0.7 m. Internal trial conducted from May 10 to May 23 with 18 participants.
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ARFE T, PNET- AR O RS OSEE HIE LT, HEFRAE T (Computational Fluid
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IXTEARDOEERSEEIE ), w[Pass] IXREVERRER, g; [m/s2 IR, B [1/K] DMERIEIERTH D, Tiemp [K] 1

m%®%ﬁ¥ﬁm§f\%wwm]@ﬁ%@%@ﬁﬁ?%éo@@%%ﬁﬁ@%ﬂﬁm%téﬁﬁ
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(pgiB(T —Ty)) &, SEIOEMEANT TITRELAEA RN, ZOEITEFE SR,

F1g IR T LIS, PTTZ T Lo TEL D ED,  EFH O s 2 PR O w0 bk 2 %
EELEL, PUROT T UL EyFAMITNLTN 0 & a LEFRT D, PNTT S RLEEBED PR IT
AR RN GE BRI 2 D TRIR B A L, T ORISPIRAT 2 8542 2 & TIERT %,
IO TT BTG Lo W PRO Ey F AR, BB TIEIRE < (ap) | BT TIZNS <7225 (aa),

Flow direction

\'-. Leading edge

Trailing edge

Fig. 23. Deformation of wing.

PR OB & & ZEBETY &2 T RICHER T 21213, A& E AT (Fluid-Structure Interaction : FSI)
MLETod DN, FSIENTILFH R DM CRHERF M O KA < 72 BREHRFT OB I 138 S 70
LEZ. AEIOFEET NV TIIPIMROEE L FE T2 2 i L,

BARBNZIE, PURORETRRM O THRPIR) & %ixflo EPMR) I2hFI L, 206 OMIcER &% T
AR & P PR DB R 2 [Elisfih & U CRRET 2 Z & CL /iR & PR AV B A FTRER T /L
R L, P T & TR EBE O PR D A ) 2 DRI BT 5 2 L & Lic, PHROEIL. BiPIR
DOEHA LB E & BPPAR & BIMR OGS & mliAdh & L CHEEST 2B IPMBIC L > TERILT D, ZOHE
ETNE FOEHRET V] LIESRZ LIZT 5,

OV BHET NV E T EBAEMST CTlZ, PIROEEB Z BT 5720 — "~k vy P Ay alk
BRI Ui, A==ty Ay a2 ZPUROEAIZAR L, T b ZARNICBEISES Z LT, A
vy a HRZERESEL 2 L MTEEHEZHETE 5,

CORIITPMROEMEETEZ, TV BEHLET A TRET LD, 2OV Iab—a URERIT ER
BN —E LW, —F, BEZmRIICRBLICE D NI A—F & E L, TUIHT 2FENRETH D,
ZDRERDZGRER 2R T O THIVUL, PIRER L AR SN D FEDOEREZHIETE 5 LE2 6N 5,

FRATREIRIE, Fig. 24 (T3 & 910, PNI7c S RUREERIRIA P OBRIC B 2 e it 2 BB L., x=
0 ZXfPrmE & Lz, IRIEE z=-900 DAKFHEH TH D,

Fig. 25 \ZR"3 LB, T VM 013, K O0p Wl &3 KK D y #hE Y Ol & L TE
FLiz, EoFMald, PROFTHGESKEE COREEMEZET, Fig 3OITRLEZL 212, o 1TE#
PRFICH LT ERA L TWDIGE, ELER L, AIPIREBPRII, TNENE YT A aa & ag Tx
fhE 0 I BEE T 5,
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FHE A v v 2% Fig. 26 12, SHERO A v ¥ afiffi% Table 6 1ZR" T, BHRDA v oA XL, T
RWERE L (=0187m) #RER LT DL OEE TR LIz, SEIOETIVOFHEA v ¥ 2 TIEEFHI 290
TEFTHR LTz, BEREA v 2348 THKL, R/hEALY A Ty <5 &R LD ITRE LT

MRS LT PN S HEEIE 1IHZ ISRRE L. 1 A T V% 440 2T v 7 IThEILT, ok
&, AT v 7" AT 13 0.00207 B CTh 5, ZORHAT v AT 7 —F B8 1 K & 72 D -2 7=
L. FEEHIITIZ 00T DRAE 2 EME 2 fels Lo, BiEy I = b —37a 43 PISO 7V U XAzl L
Too 728, PUROFHFEZE (0.187m) & FHREGEE (1.52m/s) T, HERICL LIZRFE A T v 7'(Ar*)
1300168 ThH D, K I o b—ra @A L7ZEERSEMFE Table 7 IZE L DD, ZILHLDOREIZLY
FHEHE IR O HIFI N CHRENT 2 F2HE L 7=,

TEERRIRIEL, 20°0COIEEMEMEZER (BB 1.206 kg/m?, EREPESR 1.52x105m?/s) & L7z, 2o &, P
ROV FL R L UFRImEEIZ IS < LA /L ZHIT Re = 1.87 x 10T H 5,

RO REBIEREIL, TSN LE L7tk O BRI ISV TR L 72, Fig. 27 (R T X912, ¥
ACIEZ T R 23 22 3 2 PIEB) O 16 —20 JEHNZ BV TITV, IR AE N 0D 3x3 DRIk
IZHLE L7 9 A bR LT,

Oblique view Side View . Front View
E - Perary region3 N
: Primary region2
mary rejgionl
z= 0_ ________________________
outlet $

f=0 x=0

Fig. 24. Numerical model of the flapping fan.

Rear wing

(a) Plunge angle 6. (b) Pitch angle a.
Fig. 25. Definition of angles.
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= 2 =2

o0 x’vﬁ“'} Primary region3

R s e
s 2 | Primary region2
e : T
A Fe Secondary
20 : % Secondary region A
ez

ear wing
| ekl

Fig. 26. Numerical model of the wing.

Table 6. Mesh sizes / L and number of elements

Region name Mesh Size / L | Total number

Secondary region A and B (Edge of the wing) 0.0267 165,000
(0.0133)

Primary region 1 0.0267 1,800,000

Primary region 2 0.107 700,000

Primary region 3 0.214 210,000

Table 7. Boundary conditions

Surface name Boundary condition
Wall and ceiling surfaces Free slip

Floor surface Non-slip
Symmetrical panel Symmetry

Inlet Total pressure = 0
Outlet Pressure =0
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Period [7] —
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(4559)

Fig. 27. Temporal displacement of the average wind velocity.

PHEEREREREIC L DXL E . 7T uxT 7 7 o W TR R IC X 2 Kt 2 el 5 729,
TaRT 7y VNERT DRI E . JAFOWRECE LT CFD it 2 Efi L7z, 7T 7 7 o Offht
VIR, NE T X BUR R & [FARIZ, RANS (Reynolds Averaged Navier-Stokes) €7 /L& 7z, SLIKET
/L5 [E U< SST (Shear-Stress Transport) k- T&H D,

RMTET VB LR v o i, BERSM% Table 8 8L OV Fig. 28 IRt REES L IZ7 T 7
7 VERED 300mm & LT, Ay atS AL L OFFRTERR LI, SEOTT/VTHEAFHT 160 5 2#HE
LT, KRG ATI130.005s TZ =T P BBRB L 1IZRDEDICRE L, Thid, 7Frx7
7y EER (1A 2o KoFNLRHTH L, FREA v 21X 7TETHARL, fhAyia
YA RT Y <2 TFERDEDITHELT, TEL, ITREOT 0T 7 7 A3 7 KPR T, [BlEE
250 rpm TIEENT 5,

FHAEEI IR A I N —TF 5 [EEREIK Z# Static region & 9%, Static region N C, 7 7 VJEIIZAT A
T AT Ay a ki Lg% Moving region & L, 7'uXT 7 7 UHULENE DY IZ[E#RT 2 iEE)
T Z o, BERIT 40 B, 7 L— NEICIE 35 EENAD K 512 Moving region D A v ¥ 2 ZPGE L
Too MRETIZ. EFEFEMRZOMS E U CORERFE 21TV, FHRRM 28 Lz, B XZ 160 &
E TN LE LizT=h, 181 -200 JEH 0D 20 J& 1153 2 FrMb U 2 Bl Uz, MRS R
7 7 &SNS 700 mm OALE T, Sy i 2 2 L7z,
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Table 8. Mesh Size and Boundary condition

Region name Mesh size / L Total number
Surface Name Boundary condition
Edge of fan 0.00283
Wall Free slip
Surface of fan 0.00567 1,100,000
] ] Inlet Total pressure =0
Moving region 0.0113
] ] Outlet Pressure =0
Static regionl 0.0227 370,000
Static region2 0.0906 150.000
Oblique View Size of fan
Thickness: 32mm
Wall

surface

mlet 0-30m

outlet

wl

Rotation Direction

) . Front view
Side view

_ Moving region

outlet

N\ . .
Static regionl

Static region2

X =

Fig. 28. Numerical model of ordinary fan.

4.3 PN 7 2 AR D B L R RS

AEHTIE, FI3ETRLEZ Wing 1 [Z20W T, PIROEE L B AZRE L, ZOfREICHESE, PiEx
IEEMSIC K- CAER SN R E . BEET LV EFWTEHMECE 2708 9 MAEMGEE LT,

0k
==
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97, Wing 1 OPIROEE) & B ORIEE1T > 7=, Fig. 29T L 12,3 BDH AT (Logitech MX
BRIO 700) Za%iE L, ~— 0 — &0 L2 PHR O 3 oS & 21 OBliiRy 217> 72, PR Lo~
— A —OMERET, BUF LBl & 2 YRoo/3 RonEEf#ENT Y 7 v =7 (DIPP-Motion V/3D, DITECT 4t
) VTR L, (LEE R L,

Fig. 290" L D12, 9=0° D xfilif5m & —8T 2 PR FOREZHE L, DEIA o THEVWZ4EHR
TLRPPR EBPURD D & EFRT D, Bl 2L, Fig. 29(c)D P50 35 L N P51 DJEFE)N ST kL (PS1-
P50) ZHH L, PURIHER & D29 M5, P50 & P51 OFPHTOE v FMAE KDz, PURONM, +
D, AMIDOE > FHDOEACR IR K E 72D REREATET A U, BT RIFIZEBT 205 YS T 5,

FEEROPUR OEE) & BT A 10 BT T /WVITHAAATe T2 PR OEE) & B2 R 8 S1T 537 A —
S ToHHTT VMO0 ARPIROE Y T4 aal°]. BPMBOE Y F 44 ap[°]Z2EH L. Fig. 30(a)iZR<7,
722l K o 1T aa & ap DV EERT, Fig. 30(b)i%., Wingl OFEhZELI L H DT, AL PED
L IREBOBITZENEIRIIIR EZPIR O, x oo R PR EoWimE <3, Znkv, El T=
0.125 Tl BPPAR & PR D By FMICRMR AN E T, PRBrE 2K & <frivih23 5 2 & 3o
STz, EBIT, HEIMA e=10° FHECHRNERT 5 2 & 2 HEs LT,

JEGER AT DN T, FIEERIC K - TRAET 2 M4 PR O%ZE) S Tt 700 mm OALE T, i#
BUZHIE LTz, ZOFHANCIE, KANOMAX 25 v o /L EU#GEE (Model 1580) ([ ZHR Y f1F 7= R J51A]
JEUEEF (Model 0972-00) Z AV, FHAME Z 2 3R U, ROl 2 JIE L7z, Fig 31Ul EBAE R 277,
FEBAERN S | JBEO @S OGEBIIAREF R I MIICET L TWD Z Enbnd, 2O LiE, PHRO
HEE EEROBERMLETHLZ L E2TBTHHDOTH D,

B SNIERIIDEIH ¢ =10 © & —BL=h, BUEOEIEE 7 /L TIZFIR PR O 2 782K
BTETWRWEEBZONDT=0, WEIA o DX LRDREEDMLETHDL B 27, £ Z T, Fig. 3012
ARIPURDETE R T A — 2 % I THIR OBAEfFATE T A2 L. %M ¢ 2 0, 10, 20 ° ([Z&S
HCEHAEEZIT o7z, 2N HIC LY 6T A RE S % Fig. 31(b). (o). (d) TR

OYENE o (Do B PG I 20%DRRZE B S, EERO Wing | 2 EBMICHET S Z &
X T&ERepole, —JH, BPBBSMUNCHT TH Y EFN D Z & TREHO FHEIEKA AN 5 &9 EER
RB%R, Thbb, SEIA OB D JRE S A OZEALOBERNITEMERNIC BRI 2 5T 5 &I
T&ET,

RO A Y VA KV ERRT D72, A v Va2 AP LIZFHA S E L7z, Fig 31(e)l3HEE %
10 LEYIab—ra URERZ R L TW5, Fig 31ICRTHED 4 @Rk & it L <, i
FIER L TH oz, EHIT, BHEEE 14FICLTU I ab—ra & f7->7, Fig 31(c)iEH 290 52 FH
DGEDORER AR L, Fig. 31(DITA 406 TEHEDLE ORER A~ LT\ %, Fig.31(c) &tk LT, &Sy
TR E BT A OGN T,

Table 9 IZF & 7= K DT, #efJEIRITA 20% DFEFZELA R LTcTo ), ERIICITERN R b7z, AF
FEORMNT, BiEY I 2 b—va U EHWT, PREREZ KB 2/37 A —F2 OB RO ZEH) & fH
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MIZEDL S REBEEX D0 ERETHI L THY, FHEMSREFHIFEROE RN BB MHETIT
W, PIREEZ KRBT 537 A =2 DEIZ L DKIMOZAb IR Z D Z LT TH D, Lo T, i
e lokt 42 &y FAZMOBEAITRERE TH S S HW L, T— a3 X v 7T v OFHHFE RICHES
. EIAIT 9=10° ZERMT 5, ZOHEIMAIL PROETALE THRE T HIE, Bin TEZLE D 39.4%.
BART 63.6%D A CTHRITIL DB & x MO 2T AITHYE T 5, FREIT 48, A v ¥ =2 BREITKI 290 7
) Z8H Lz,

Wing reference plane]
Plunge Axis[/
Vector PS1- P50 h\} T

- 4 \Xms

§ o
Oy
a) Marked wing. Plunge Axis @1 ' @) Bending Wing reference
P51 !P—SZ\ position plane
7 x-axis P53
- P54 /@
[P55|®
¢) Method for locating the bending position.
v
Split line

b) Definition of Split angle ¢.

Fig. 29. Wing 1 for motion capture.

80 80

60 60

40 40 BN .
_ T8 _ \ /
OE 0 oA % 0 . 8
CE o3 g 25 05 or
é -200 4 a” .i _20 \ /

-40 40 /

-60 -60 \

-80 -80

Period [T] Period [T]
a) Plunge and pitch angle of the prototype. b) Time variation of the deformation in the numerical model.

Fig. 30. Motion and deformation of Wing 1.
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a) Experimental.
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Fig. 31. Wind velocity distribution of Wing 1.
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Table 9. Comparison of experimental and numerical results

Wing 1 Maximum wind velocity (x, z) [mm] | Maximum wind velocity [m/s]
Experimental (50, -400) 0.68
@ =0 ° (Numerical) (0, -442) 0.82
@ =10 ° (Numerical) (0, -459) 0.81
@ =20 ° (Numerical) (0, -475) 0.78
10 Boundary layers (Numerical) (0, -442) 0.82
1.4 x mesh elements (Numerical) (0, -457) 0.81
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44 32— arDOEREELEIRNTA—ZDEH

AR O X 912, AFRTEA LT S EB O RY — i, A7 7 v yOPE EFfRITICE SN
TGN L7, STRR[I201C1E, AT DA 7 7 v o OEOWHRIZOVWTHREHE SN TEY . i
? Fig.32 ICZ DM %ERT, ZORBERICESE, AR TERT D MR & PR (TS5

¥4y 2 BT L THEE L72RER, MEOE y FADEITHI20° THDHZ ENbhol,

L7z23> T, n=09 (Fig. 3(b)) ([CBIFTDE Yy FAZVEE o™ & LTERAL, ZOVEHfE L L T,
ACPAR OIEEYIZ 10 © b, HPUROMEE L 10 © BINEETo, Zeds, ADPHR & PR 20 °© O LT
&R, A7 7 n U OEBEOIIT XEELZ IEMICHERT 5 O TR, AT 12] O E M
EBEIZLT, T DHDOAEDORKRMECR/ME, FHE, Prnruo2nd A I 70, vy FESOER
B EH) 7 1 7 7 A L OFE LT o T2,

Fig.33 12, T HZEHEEELT LR (Casel —Caseld) BTy TFABLNT T VA DRFEIZ
fbZ7R9, 2D 955 Fig.33(a) 23, BRPIHR & %PIRAY 20° O EETIEET 57— A (Casel) Z/RLT
BY, ZOXMEREEL LT, EyFAZEKOKETEF L,

AWFFETIL, 2K T 46 r— A& fRat L7z, 2 2 T REZ 14 77— A % [{{FE - — X (Representative
Cases) | &9 %, Casel-141%, BRPREZPROY v FHDOMAEDOEEZZLIETEMET, v T A
DL Y | PN S BN LD AR SN DRI~ DB T 5 72 DI E LT,

300 ' : o : L : T ! : '
200 B~

100

[mm]

)

oo | 'r | | : i | |
0 200 400 600 800 1000 1200 1400 1600
x [mm]

Fig. 32. Wing profiles [12].
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4.5 FFAfELR
AR A VT, PR SRR EMIC K > TER SN BOF &7 > 72, AT, LUFO =

ODOEFEEER LT,

4.5.1 A2 EmifE Effective Flow Area (EFA)
Fig. 34 IR T B0, PIRZNRED D 700 mm ONLEIZZ—5 > MEMARE Lz, ZOMEEIX, HEo
TV A BN DR OGS BREBEO FTNOEETOREIZ N N—TELHHEETH 5,
H—77y NEIROE S EhEIE, SCERRSI29NCFE DWW TERIE LTz, HARANDOFEYEIEIL 432.8 mm [28]
ThHH00H, WAL 215mm<x<215mm & L, &I FMIERIILY ., 230mm<z<200mm & L
Teo 27y NEENT, AMDE L TV D SR TE 2 EEE 0.6 - 1.5 m/s[21] & 72 A% EFA & &
#7 %, EFA I3 TcRIN D,

A
EFA = comfort (2)
Atarget

ZZ T Acomors (EEEDS 0.6 - 15m/s DEH, Aue 122 —5 v MAKORERTBH 5.

CFD f#HT Cl, AA MLBZ X 0 JEE#HA 0.6-1.5m/s OFFRAICH DA M L, TOmiEs & —
5y MEBERECER LT EFA 25 Lz, EBRCIE, #—4 > MEZ 50 mm [ TH-IRI25E
L. ZaHlROEGEDY 0.6 - 1.5 m/s OFEIPHIZ & 2 i Elmfiz 3 C TR LT,

430 mm # Assumed height: 1600 mm
Target regior@ 700 mm
g :: 200 mm
£ H
B :
é\r E - E
= 11230 mm £
[] o
‘ t - ~

240 mm

Fig. 34. Target region.
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4.5.2 ¥J—EFEIE Uniformity: Coefficient of Variation (CV)

SEATHFFE[30] Tl R EWEIC L 2 BUTEEHD R —MEA K E <, ZOFRER, HEHAFEDRANREEZAET D Z
EBHESNTVWD, £Z T, AWETIZEED R LT | ZERET 2R E LTCV 28 AL
Tzo fRFT. FEERIIZ, y=700 mm OALET, #—77 v MEEC (IEJ7E 215 mm <x <215 mm, & S 517
-230 mm <z<200 mm) PNIZ 50 mm EFEORRFIRIZHET D 9x8 D 72 Maii). T D RO EIHD
TEME (um/s]) SEEHERZE (o[m/s]) 205, RER)O L D ICHEHT S, CVMRWIEY, H— MR ERT
W5 Z & a3,

cV = 3)

=T I19

4.6 13 r— A (Representative Cases) DHFEHTHE

Table 10 (X, RFEr —ATH D Casel-14 DPUROEI, HENZEHT 54837 A —F 2 BLSETHE
DFFNTERAE L . 2 DOFHMIERIEORR A L L Db D TH 5,

Fig. 35 1%, EFA R HALE TONVRRHEGAF &2~ 7, Fig. 35 TiE, FHERE R A PN & B8 B (£
ORRZBET 2 G 2 8 A CREE L7 b O B, -0.65mm<x<0.65m DOHPHATHR L TWD, %
K OA THOA 2ty ME, *I5REE S Sz BFA 42 R LT D, Zhick v, EE
P& (0.6 - 1.5 m/s) (I E 2 ik 2 70 L CRA L,

ED Case IZBWTH, FREA Fa—7 O], PIROFTR Rz L D BIRVLEIZS D, Al ik £
D HIRVMLEICH 256 % TR T, A #%EL Y bEWVIEICH D256 % TH BT SFERZ &I
T2,

SCHR[12]D Fig. 27 \ RSNy FAZEHEE U THRA L, AR OER 2 10° . %PRO#E
)& 10° HENEH7= Case 1 OJEGE/IA % Fig. 35 U7, BEENA/NZ W2, EFAIZ0%E 72 o7,

JFUE AN ST L7201, BT, EvTFADREZRKESTHI LI, By TFADRELZ KE <
T5HZE T, PHROEENEE L AR ESHML, TOMERERM EFHLEZ BN, Case2 &£ 3T
X, By FAOREIEA 10° F o Lz, RIENEEINT 51200 CTREGEIZA E L. EFA i Ul U
THEM U7z, Case3 TI&, EFA 13 28%IT= L7223, W85 1A O @ BURFHIN A L7272, CV EIX 041 &
mL ol

77 a vy ORI ERAT & ARG SCTRRETT 2337 S RE R O T/ WL, By FEE) O FEFRE
Wb, 77avi3RITODICE N ERESELIMNERH LD, By TFMITESHTHY . P
EB I, TAT T OREED T R OREL Y bRVIFRMER SN D, E6I1C, By TFAORE
X TR R OBRIC LY KR&EL Aed, —07, P SREEREIC I, BREDTZD O FiEB) DI
IR ETH D, LR > T, By FEEDIHFTHIUL, PNIT2 PR D A IZEFRAY 2K
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AT L ETREND 2D, XM AR L FXIFROY Y FHEB 7 1 7 7 A V&R L,

By FAOEr s axZ A4 I (PRPBKECR D2 A7) 13, Case 1 IZFBWT T=0.55 TH
A, Case 4 BEL W Case 5 T, 2OFPurIuaREZ AL I3 T=055 THEEFL, VY FADODSH %
ZTREN10° BEO15° THIZV7 FE&HE, By FEBORIEOT LEZE 0 |TEST 27 m 7 740

IR LT,
VT, Case6, 7. 8 Tl ¥y TFMoPursarZ A I 75 EE L, [§iFF & TFikETF) o
MR 2 L, Pu s uR ¥ A4 I 7% T=04I128E L7~ Case8 TlE. K (z=-900) &I

WALAE U7z, Case 7 C. EFAS5 %, CV0.11 2Rk L7-,

Case 8 2°5 10 1%, PR TRITT) 206 TaiET) (CEBET HEEOREHE HEBRHE (duration) | %4
L7, BurruAX A I 7 FCasel ERIUE L, BERICET RO E Z{L ST, fERE LT,
EBRHARNGE . B E T HMIZER 720 | BIRO R E WIS OAMENBE L72Y LT, EFA 73
XT3 2 m 23 feRd S vz,

Case 11 775 Case 14 TliL, TRI N OBOE vy FAZFRPR & BPIRTIESIT, BRE2/NEL<T5Z
& TCRUED K EWLEZ EHICBEIT 2B 21T 5 7203, Case7 OMREZE ERIDFERIIHE LR -T2,

PR OEEEINC L > CTEL DL, BATTD A ha—7 TAERIN M EHEIERT 5 fetEn
B H[32][33][34], = HIT, PROE y FANPIE L ADOH TE D b LB, AR B 5HEL . LA
RSNSOI O EFIBEAERNT 5, ZOMAEENCE Y KR E UTEL DR & RS RE S
nodEEZLND,

MIEERIECER L7 Wing 1 ©, ERICEVEONT —F 2K, finBEHRET LV CERIEHEZ1T-
7ofE % [Wing 1-CFD| & E$%9 5, Wing 1-CFD & Case 7 Dt B ol 247 - 7=, Fig. 36, 37 1%,
Wing 1-CFD 33 X (N Case 7 D, 1 A 7 V% 8555 Li= b 00 b il & JEH OB R 72 b 0 %
BIL7- T=0.125. 0375, 0.75 BEN 1.0 2T D, x HIAD b LI PHR O H0L B C O PR o0 )|
e, 3 XL OVEGE OB S 2T,

Wing 1-CFD TiZ, T=0.125 2B\ T EGICHBEL . WA RAET 5, TORE, LA E TR
DR EIAIZR LT, KT EIC FREICHiind, Case7 Tik, FRERFIC EFRMNAEA L, EHERCT
BEi AR A L, R EICHRAE L TR FIZHD D MABNER SN D, CVIEIX, — kiR 7ae X777 bk
WL TH/hEW,
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Table 10. Conditions for numerical analysis with variations in each parameter

Case | aa oB a” a” T

No. Min / Max [°] Min / Max [°] Min / Max [°] range [°] | (a=0) EFA[V%] v
1 -10/35 -30/55 -20/45 65 0.55 0 0.14
2 -15/740 -35/760 -25750 75 0.55 25 0.30
3 -20/45 -40/ 65 -30/55 85 0.55 28 0.41
4 -25/730 -45/50 -35740 75 0.55 42 0.16
5 -30/25 -50/45 -40/ 35 75 0.55 33 0.24
6 -25/730 -45750 -35740 75 0.50 40 0.11
7 -25/30 -45 /50 -35/40 75 0.45 55 0.11
8 -25/30 -45/50 -35/40 75 0.40 43 0.12
9 -25/30 -45 /50 -35/40 75 0.45 42 0.20
10 -25/30 -45/50 -35/740 75 0.45 0 0.08
11 -35/730 -45/50 -40/40 75 0.45 45 0.21
12 -35/30 -45 /50 -40/40 75 0.45 0 0.13
13 -35/730 -45/50 -40/40 75 0.45 9 0.26
14 -35/30 -45 /50 -40/40 75 0.45 55 0.13

Ordinary fan 43 0.72
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a) Case 1. b) Case 2. ¢) Case 3.

d) Case 4. e) Case 5. f) Case 6.

A

g) Case 7. h) Case 8. i) Case 9.

j) Case 10. k) Case11. 1) Case 12.

0) Ordinary fan.

m) Case 13. n) Case 14.

Fig. 35. Wind velocity distributions from numerical results under varying pitch angles.
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2 i a) Schematic diagram of Wing 1-CFD deformation.
i
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@
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‘.9
z
| x-component of vorticity [1/s]
y [T T T

-5 -2 0 2 8
b) x-component of vorticity of Wing 1-CFD (7'=0.125, 0.375, 0.75, 1).

y-component of velocity [m/s]
I T T T T T e T T T T T T LT T T T T
-12 0 1.2

y ¢) y-component of velocity of Wing 1-CFD(T = 0.125, 0.375, 0.75, 1).

Fig. 36. x-direction view of mid-span wing motion, vorticity, and velocity: Wing 1-CFD.
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y a) Schematic diagram of Case 7 deformation.

L)

z
| x-component of vorticity [1/s]
y
-5 =2 0 2 5

b) x-component of vorticity of Case 7 (I'=0.125, 0.375, 0.75, 1).

45 o 1.2
y ¢) y-component of velocity of Case 7 (T'=0.125, 0.375, 0.75, 1).

Fig. 37. x-direction view of mid-span wing motion, vorticity, and velocity: Case 7.
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a) Wing 1-CFD. b) Case 7.

Fig. 38. Wind velocity distribution and wind exposure on a human.
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Fig. 39. Pitch, plunge angle and wind velocity distribution of Case 1-1.
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Fig. 40. Pitch, plunge angle and wind velocity distribution of Case 2-6.
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Fig. 41. Pitch, plunge angle and wind velocity distribution of Case 3-5.
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Fig. 42. Pitch, plunge angle and wind velocity distribution of Case 4-2 and 4-6.
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Fig. 43. Wind velocity distribution at split angles of 5 © and 30 °.
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Fig. 44. Wind velocity distribution of the symmetric profile (Case 6-1).
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Fig. 45. Schematic diagram of Wing 3.
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Fig. 46. Plunge and pitch angles of Wing 3 and Case 7.
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a) Measurement results. b) CFD analysis results.
Fig. 47. Wing velocity distribution at y = 700 mm for Wing 3.
Table 11. Comparison between numerical and experimental results

aa as o a” T EFA cv

Min / Max [°] Min / Max [°] Min / Max [°] range [°] | (a=0) | [%]
Case 7

i -25/30 -45/50 -35/740 75 0.45 55 0.11

(Numerical)
Wing 1 -33/25 -714 737 -53.5/31 84.5 0.30 0 0.19
Wing 3 -34/27 -45/49 -39.5/38 77.5 0.45 78 0.12
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Fig. 48. Power spectrum of wind velocity of Wing 3 (The dashed line in the figure indicates the 1/f fluctuation).
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Table 12. Coordinates of the measurement points and Value of n calculated from 1//"

Wing 3 y=50mm | y=500mm y =700 mm y =900 mm
Measurement points (X, z) [mm] (250, 0) (200, -300) (100, -300) (50, -500)
n calculated from 1/f 0.171 0.640 0.941 1.091
Nave
L . 0.386 0.752 0.888 0.989
(Average of 9 Points in the target region)
Table 13. n Values at various distances from the fan
y=50mm | y=500mm | y=700 mm | y=900 mm
Ordinary fan 0.753 0.746 0.767
Fan with 1/ffluctuation control 1.243 0.780 0.821
Wing 1 0.266 0.881 1.067
Wing 2 0.482 1.067 1.167
Wing 3 0.171 0.640 0.941 1.091
14
flapping fan
- E\
A
ad T Ordinary £
I 1/f / ;;( rdinary fan
% -~ Fan with 1/f
08 —1] fluctuation
& —
B 0.6 ordinary fan o Wngl
-4 Wing 2
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0
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1000

Fig. 49. Relationship between the distance from fans and the value of n
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c) Instantaneous y-direction velocity [m/s]

Fig. 50. Comparison of vortex structures between ordinary fan and flapping-type fan.
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T T T T BEIABIREDRT A — S RN ER L 46 S — A ExtG L Lz,
HT—ADSMIL Table 14 1R L, By FAOHPE, TOEr /v A% A7 BFA, CV
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Table 14. Conditions for numerical analysis with variations in each parameter

Case |oy o3 o~ a” T

No. |Min/Max [°] |Min/Max[°] [Min/Max [°] |range[°] |(a=0) EFA D] eV
1-1 -45 /45 90 0.5 0 0.26
1-2 -45 /45 90 0.5 0 0.42
1-3 -45 /45 90 0.5 1 0.37
1-4 -30/30 60 0.5 0 0.16
1-5 -30/30 60 0.5 61 0.15
2-1 -20/45 65 0.55 37 0.25
2-2 -40/ 45 85 0.55 42 0.22
2-3 -30/45 75 0.55 39 0.26
2-4 -10/45 55 0.55 0 0.20
2-5 -20/ 65 85 0.55 0 1.00
2-6 -20/55 75 0.55 23 0.45
2-7 -20/35 55 0.55 0 0.15
3-1 -10/35 -30/55 -20/45 65 0.55 0 0.14
3-2 -10/45 -30/45 -20/45 65 0.55 20 0.14
3-3 -20/35 -40/ 35 -30/35 65 0.55 1 0.18
3-4 -10 /45 -30/45 -20/45 65 0.55 15 0.13
3-5 -20/45 -40/ 45 -30/45 75 0.55 51 0.19
3-6 -20/55 -40/55 -30/55 85 0.55 34 0.28
4-1 -55720 -55740 -55730 85 0.55 3 0.34
4-2 -20/55 -40/ 55 -30/55 85 0.55 28 0.24
4-3 -20/55 -40/55 -30/55 85 0.55 0 0.35
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4-4 -20/55 -40/ 55 -30/55 85 0.55 5 0.43
4-5 -20/55 -40/ 55 -30/55 85 0.55 15 0.53
4-6 -20/55 -40/55 -30/55 85 0.55 24 0.39
5-1 -20/45 -40/ 45 -30/45 75 0.55 50 0.2
5-2 -20/45 -40/ 45 -30/45 75 0.55 51 0.17
5-3 -20/45 -40/ 45 -30/45 75 0.55 51 0.16
5-4 -20/45 -40/ 45 -30/45 75 0.55 50 0.17
5-5 -20/45 -40/ 45 -30/45 75 0.55 48 0.15
6-1 -20/20 -70/170 -45/45 90 0.5 0 0.28
6-2 -40 /40 -50/50 -45/45 90 0.5 7 0.75
6-3 -10/10 -35/35 -22.5/22.5 50 0.5 0 0.35
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Fig. 51. Pitch, plunge angle and wind velocity distribution of Cases 1-1 to 1-5.
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Fig. 52. Pitch, plunge angle and wind velocity distribution of Cases 2-1 to 2-7.
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Fig. 53. Pitch, plunge angle and wind velocity distribution of Cases 3-1 to 3-6.
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Fig. 54. Pitch, plunge angle and wind velocity distribution of Cases 4-1 to 4-6.
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Fig. 56. Pitch, plunge angle and wind velocity distribution of Cases 6-1 to 6-3.
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Fig. 58. Time series of vorticity (z-component), Wing 1-CFD, z =300 mm.
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Fig. 59. Time series of vorticity (z-component), Wing 1-CFD, z = 150 mm.
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Fig. 60. Time series of vorticity (z-component), Wing 1-CFD, z =0 mm.
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Fig. 61. Time series of vorticity (z-component), Wing 1-CFD, z = -150 mm.
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Fig. 62. Time series of vorticity (z-component), Wing 1-CFD, z = -300 mm.
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Fig. 63. Time series of vorticity (x-component), Wing 1-CFD, x = 0 mm.
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Fig. 64. Time series of vorticity (x-component), Wing 1-CFD, x = 270 mm.
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Fig. 65. Time series of vorticity (x-component), Wing 1-CFD, x = 440 mm.
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Fig. 66. Time series of velocity (y-component), Wing 1-CFD, x = 0 mm.
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Fig. 67. Time series of velocity (y-component), Wing 1-CFD, x = 270 mm.
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Fig. 68. Time series of velocity (y-component), Wing 1-CFD, x = 440 mm.
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Fig. 69. Time series of vorticity (z-component), Case 7, z =300 mm.
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Fig. 70. Time series of vorticity (z-component), Case 7, z= 150 mm.
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Fig. 71. Time series of vorticity (z-component), Case 7, z= 0 mm.
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Fig. 72. Time series of vorticity (z-component), Case 7, z=-150 mm.

[ ZS B ®r ,30\4 O
QNd A

= : i : ' )

T=0 7=0.125 T7=0.25 T=0.375
" ~ -t 1 f |
Lol o) o
, | o A " -

7=0.5 T7=0.625 T7=0.75 T7=0.875

y z-component of vorticity

| UEENNNRNNNRRNNRRANERRNARAAARRRRRE
-5 -2 0 2 5

X

Fig. 73. Time series of vorticity (z-component), Case 7, z=-300 mm.
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Fig. 74. Time series of vorticity (x-component), Case 7, x = 0 mm.
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Fig. 75. Time series of vorticity (x-component), Case 7, x =270 mm.
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Fig. 76. Time series of vorticity (x-component), Case 7, x = 440 mm.
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Fig. 77. Time series of velocity (y-component), Case 7, x = 0 mm.
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Table 1. Peak frequency based on the rotational speed of a 7-blade propeller fan
Table 2. Detailed structure of the wing

Table 3. Coordinates of the measurement points (x, z) [mm]

Table 4. Value of n calculated from 1/, which is the slope of the graph

Table 5. Measurement points and values of n around the maximum wind velocity for Wing 1 and 2
Table 6. Mesh sizes / L and number of elements

Table 7. Boundary conditions

Table 8. Mesh Size and Boundary condition

Table 9. Comparison of experimental and numerical results

Table 10. Conditions for numerical analysis with variations in each parameter

Table 11. Comparison between numerical and experimental results

Table 12. Coordinates of the measurement points and Value of n calculated from 1/
Table 13. n values at various distances from the fan

Table 14. Conditions for numerical analysis with variations in each parameter
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Fig. 1. Frequency characteristics of a 7-blade propeller fan at 50 mm from the fan.
Fig. 2. Wing shape of a barn owl at some time steps of a single flight [12].
Fig. 3. Barn owl.
Fig. 4. Motions of a barn owl wing in flapping flight [12].
Fig. 6. Structure of the flapping wing.
Fig. 7. Drive source.

Fig.

2
3
4
Fig. 5. Definition of angles.
6
7
8. Prototype.
9

Fig. 9. Definition of dimensions.

Fig. 10. Point to measure the amount of deformation.

Fig. 11. Displacement in the z-direction.

Fig. 12. Plunge and pitch angles.

Fig. 13. Measurement scene.

Fig. 14. Distribution of average wind velocity.

Fig. 15. Characteristics of natural wind [22].

Fig. 16. Power spectrum of wind velocity (The dashed line in the figure indicates the 1/f fluctuation.)
Fig. 17. Time variation of wind velocity at y = 700 mm.

Fig. 18. Subjective evaluation.

Fig. 19. Change in heart rate variability (HRV) after airflow exposure.
Fig. 20. Change in electrodermal activity (EDA) after airflow exposure.
Fig. 21. Evaluation of work efficiency and stress.

Fig. 22. Evaluation of skin moisture reduction after airflow exposure.
Fig. 23. Deformation of wing.

Fig. 24. Numerical model of the flapping fan.

Fig. 25. Definition of angles.

Fig. 26. Numerical model of the wing.

Fig. 27. Temporal displacement of the average wind velocity.

Fig. 28. Numerical model of ordinary fan.

Fig. 29. Wing 1 for motion capture.

Fig. 30. Motion and deformation of Wing 1.

Fig. 31. Wind velocity distribution of Wing 1.

91



Fig. 32. Wing profiles [12].

Fig. 33. Pitch and plunge angles of Representative Cases.

Fig. 34. Target region.

Fig. 35. Wind velocity distributions from numerical results under varying pitch angles.
Fig. 36. x-direction view of mid-span wing motion, vorticity, and velocity: Wing 1-CFD.
Fig. 37. x-direction view of mid-span wing motion, vorticity, and velocity: Case 7.
Fig. 38. Wind velocity distribution and wind exposure on a human.

Fig. 39. Pitch, plunge angle and wind velocity distribution of Case 1-1.

Fig. 40. Pitch, plunge angle and wind velocity distribution of Case 2-6.

Fig. 41. Pitch, plunge angle and wind velocity distribution of Case 3-5.

Fig. 42. Pitch, plunge angle and wind velocity distribution of Case 4-7 and 4-9.

Fig. 43. Wind velocity distribution at split angles of 5 and 30 °.

Fig. 44. Wind velocity distribution of the symmetric profile (Case 6-1).

Fig. 45. Schematic diagram of Wing 3.

Fig. 46. Plunge and pitch angles of Wing 3 and Case 7.

Fig. 47. Wing velocity distribution at y = 700 mm for Wing 3.

Fig. 48. Power spectrum of wind velocity of Wing 3.

Fig. 49. Relationship between the distance from fans and the value of .

Fig. 50. Comparison of vortex structures between ordinary fan and flapping-type fan.
Fig. 51. Pitch, plunge angle and wind velocity distribution of Cases 1-1 to 1-5.

Fig. 52. Pitch, plunge angle and wind velocity distribution of Cases 2-1 to 2-7.

Fig. 53. Pitch, plunge angle and wind velocity distribution of Cases 3-1 to 3-8.

Fig. 54. Pitch, plunge angle and wind velocity distribution of Cases 4-1 to 4-6.

Fig. 55. Pitch, plunge angle and wind velocity distribution of Cases 5-1 to 5-5 and 3-7.
Fig. 56. Pitch, plunge angle and wind velocity distribution of Cases 6-1 to 6-3.

Fig. 57. Wing positions and reference planes.

Fig. 58. Time series of vorticity (z-component), Wing 1-CFD, z =300 mm.

Fig. 59. Time series of vorticity (z-component), Wing 1-CFD, z = 150 mm.

Fig. 60. Time series of vorticity (z-component), Wing 1-CFD, z= 0 mm.

Fig. 61. Time series of vorticity (z-component), Wing 1-CFD, z=-150 mm.

Fig. 62. Time series of vorticity (z-component), Wing 1-CFD, z = -300 mm.

Fig. 63. Time series of vorticity (x-component), Wing 1-CFD, x = 0 mm.

Fig. 64. Time series of vorticity (x-component), Wing 1-CFD, x = 270 mm.
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