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Abstract

A three dimensional lincar frequency-domain lifting surface panel method was used for the aerodynamic

analysis of axial flow type micro-fans. As proven by the duct modeling, the tip clearance of the micro-fans
tested is large enough to ignore the calculated effect of the duct system. As the numerical results and
experimental data agreed well in the operating point region, the method was applicable in the parametric
studies to determine the design parameters of axial flow fans. Experiments on micro-fans were carried out
based on KS B 6311, The newly designed micro-fan showed improvements in both static pressure rise and
volumetric flow rate compared to the existing fans at a given operating condition. No detection of surging and
the smooth characteristic curve proved the improvement in performance. To reduce the fan noise in the fan
design, it was necessary to make use of the frequency spectrum analysis data. Measurement of sound pressure
level for micro-fans was conducted based on KS B 6361 and K8 A 0705. The peak - which occurs at blade
passage frequency and its higher harmonics duc to the fan noise - was not detected. This justifies the design
methodology of the blade. '

D, B9 A7, (mm)
k-2 L J . MA¥] = U/ND,
LE ;A
4 c W) B KB ALY, () Ly c E 2], (mm)
BPF g7 58 FIg Lu . ulolz g E $MAtole] A
¢ . A g Aol (mm) M R
CMM ;%2 B9, (m'imin) N . HAS = 60Q/27 , (rpm)
Cr : obE A Nz = e
Cy . &8 A% = thrust/ pN*D} NP gl ¥R F dds
dCydr : %4 38 AT NRP s ®Hel w3y e
Dy c ol WA, (mm) NTD cgE HHe 94F ¥ #Hds
NXD  : HE B F 93 dgdy
NXP cgvl BEY A wE HEs
* 29, gkdigtn VAT AP © A AME, (mmdg)
E-mail : jscho@email hanyang.ac.kr APy . A QE Ak, (mmAdq)
TEL : (02)2290-0429  FAX :(02)2281-4016 0] o 3, (m'Imin)
= gorstm thaty Z1AT e €4 r W] FAHEE Y WA AL, (mm)
ok @AHA7] FHATE Rp : 9HE 94, (mm)
wxik @A N7] FHATLE Riub - 2E 31 ¥, (mm)

Ry c 2E g WA, (mm)



896

2% - WD
SPL ;& 4, (dB)
U AR BE &S, (m)s)
Uy cQ4F wg £ = Q, (mis)
V. C Ay &5 & U AR, (m)
xy,z B4 FRA
e A2A
Jij :glel X%, (deg)
By . 2E w7 34 Ao Mg dale A
7}, (deg)
€ : Aol
£ ;5B g o1
¢ L i
p D AE, (kg/m’)
Q c B2E 8 &% (radls)
v ;48 AF
.M B

molZ 2 MMicro-fan) & FE xEHF Fo
A 37l Y T A FACPUAA s
Ae= g WA 7)7] 98 ol gHE 4% ¢
A2 25 Y(axial flow fn)elTh Ple]ig P ¥
F wwe Fob My AR AYF AFde A4
(direct) P27 =EE] 137} $(cooling fan)O & B
o] AEHYT Y= VE JTE FAYY 7+
(indirect) WAle] Sk ¥ &F& PN & 3
= AR P& AA] AN /% R Ak &
£o Z7MA7)E whle] gitk B £% R A
Aee dle =), 84, £ JAF T oI
A A o8 ARIAT, T4 Ak, Ak
u] 8 AgwAd g EAE meidor ok ¥
AT ME 71Ee wlojag Bt §& 4¥ Ue
3 Aage] AT wlolaE W Ie = A
Astm, Mol A5EH AL SR

o w= mzdeel 2o Pold Y A%
gAML 1870 A0 Froude 9 Drzewiccki 7+ Al
olsh W7l 8.4 o} E(blade element theory)E A%
o= 1929 o] ol2# Goldstein o $HF °lE
(vortex theory)ell oE ML d@IPow,
Theodorsen © &5 AAE ArlaiA v 1A
At} o)F 1974 Aol & Hammond "7} %HW &
(lifting surface theory) s 3 Aele a3, 1985
Woj = Williams®el] o}3l $F& FA #X 72
o 7} (angle of attack)®} FF W4& 93 FHH
'@ ¥ (lifting surface panel method)©) M= Ao
wik Chang®e A% A 29 HARE <
# 9% AR (vortex lattice method)& &k
1991 ol Williams S@& ¥d% AERe HE
o srRPp 9 A& AL ¥ 2 3c,
Huang®€ 1996 3o} Fd5 F9 Hdge o &

& gaa4 2 A gE e e TH
o3 Ao A7 A34E BRI

2 dFe e 3 29 F4 AME #HE 4
oo &4 ol UiFt A% dAFeAct 74 €@l
o] Pabo] w2 He ¢4 £=9 Hud £F
g ot AMEL A7 98 &k, 37
SEd od] AsE 2go U 2¥E T
ol gake dAe EFARG

A2 A A#E EUZ A% (design point)l
g HHe @ kol thd A (prototype) s A
date AgHn 448402 UE Aol 7i(Nippon-
Keiki)it e M oh(Sepa) M9 & 52 Z¢] Model
[ AsT, Aee vlo|2g #HE 4A - AR
&hod Model I, 102+ 3% AH

nlolaz @We YwkA<l Pl vlFe FF K
ote Aro) mhg zy| fEe] v 8 53
Ae A A A% P F Je==E AR
# Hes = o Erbssich wEM A
23 A% 4L Y5 KS B 6311937 ¥
w239 A0 Fae vpolaR @ AEH A%
2aRxg A4 Azstel AP F, 2 AR2
A @ oE ATst 7)FY vle]ldE @
7 vlm k. £, KS B 636177 KS A 070559
zalo] &9} HES BAE ¥, 259 29& ®

Aata 712 utelam @) £& A8 vz
2. o7l kel A 2 HIE

Qutd ez #e AAsE dHel loiA, wel
(separation)ell 9 oA £A @A, AE A,
e st &7 Atele] &A1& Ha, I
o} Ab4(static pressure rise)®] Ho = oSS
3 4 Qs mHder ¥ AFEER A &5,
g7 7t @) 4, 2he) @4 Fel dth 53,
mlolzz Me L 3 HEH| (hub-to-tip ratio)d] <
& @7 F99 3 Y #F S49 Q¥ A=
2 g Al g 3 AdF 2@t Lo
w olg A AA FAHAAN 2& AR {4&E
s sfo g

gaye § 2gdE AA, 24 FHY LIk
A gxd g8 27 2H F49 ¢F BAT
o] Bl FA(trailing edge) T H{L2 A3}
o wAstE &%, B4, Gy "HelA of = 2
W Ate|g) g A Fe o &} 5 (tip
vortex)7} HE(duct)?h AE g 3le wAEE g
e AR, dze] & AL A& A% @7y 5
o MAA A fEd A% a&, A, vBY
el z71del Batg ¥ o &%
(discrete noise), ~18]3L, THAA, a4g AXE F
A= 27 HAsEA fAe AHE 713
oz Wl AAA HAsE F7 &0 U ©
23 Be 2B AL vXE HRAAY vl
gabo] g M3z FWF, @M @ D=cp
clearance), &70 4%, Al§1 Zol(chord length), 73

-
re



&7 cholaz He) AN R AT 897

(camber), Z& 2L, E712] 29 Z(sweep) %ol qlt},
o] WEe Ase g YA % Wi
W oz e, 7 g &g HAE 9%
of W B dF AR} ANH Ak @ &=
ao BHse] 6 & HA WeEthE dTAATL
BuEYow, Fukano®™' & § HEo) A2¥ A
Ao BlAE dFe A Bk ol &E A
A w$ Zesvdzn A¥HG 2dx, @ =
o] HAYSE ¢ Aol Frst AR
AgE Jhdoz olEFe AHL FIH I
23], o] T Y(airfoil) B Y A+ © W=
o ZoloaA Ay opial, W g HE
o 7@t A4g 4ot zEd, 9 350
Ara Zow ¢sld Aol ZasH, ¥ §
7} #39}4:(Blade Passage Frequency, BPF)ol & & 2
go] E=RFHAE BAle] dtn Huch &I
2 AR Fukano®'®9) el o3 EATE
= W 3 Ago] 34 F7tstE, A§ ol
175 ¥ Z713h8 0548 F7hsked Al Aol ¥
go] ua) @A 9 Frle dF k& =7
o w3, S 29Egess Ha FHFE
Az ggos o%dn Fu 4EE Y2
24 2 g8 #a AL 5 A4

|

B Ao Aed @l gl g 4A 7]

1 (blade design methodology)& TH&-% Zt.

(1) 218 NACA 4 AFYME ALyt 24 &9
Mo BA weF £5 yRo] thay] WE
o] e & dZh(local angle of attack)S
A8k7] 93 dPE FHe HEE
2] 7 (helical surface)doll &R 2
Zuta)el Ao WA E A 3 AY W
(twist)] A2 BEP & A&

@) 3 459 A2E HF FHA 100U &
9 wg Fegen, ¥ H3& A
U=

@) A 25 Adz s A4 HE B4
(gcometric limityHoll A FEHe] HAL H
o

(4 A9ATHE Bt e} WA T 84
2 ms A 2= @ A=EE 2H

A
(U
f=tan [—)

G) A FpE Y 9L meiste K
oA &AW (solidity)7t 1 ©] H¥E T8 &7l
Fof) M AN £FF AHEHTH

© 2749 FAR A7 5§ k&) (blockage) %
A A& #AAA7] A8 A FA=
AR 7Hsd 2 W 10% ojEE Rk

ool A7 71ES HEd F, AL HH9 49

2 PHanalytic and experimental parametric study)E ¥

3 HE AAT Modellld) P& Fig. | I 2

EE
=R
o o ¢lr e

i

HAE vto]2E WE Fig. 1 3 Z2 AR o
2 FA% thS, Pro/Engineering & AH&3td W
3 29¢ 33, QDM(Quick Delivery Molding).2 %
Aggol vlolaz #He 2% ARPrh

Fig. 2 £ 434202 A2 uto]a 2 82 30
W o Apdolty. A #g £ Fig 2)9
Model 1 & Ry, & 0.5mm F7HA7)3, #Be) W3
2 02mm EQozA FHH AHE FIHNA
7, | 3FE 2o nhFH 5 4FH Yo
A & =S Yrh HEEIE 0756 1, By, &
A AL 27t 26.57°9 7.6mm °|th. Fig. 2(b)4
Model T 971¢) 8430 NACA 4 AEE A&
Ao, FHHE= 0756 ©]x, M(leading edge)>
22E] A9 Hol9) 40%AFelA BH7F 5%°]H,
v Y e 622° otk B, E 268 °l3, B,
2092° o9, Ho FAE FHEeA WA 89mm
2 a3ttt ModellE AZAFY EAZ FAd
A AYicle)d ¥AE AR EPed, Ho
=77} Modellllel Hl# T} olz As Aol
QAsT, EEL T 4 Ao Ay $FE 7

Fig. 1 Mesh of ducted micro-fan(ModelIll) shown as Lp.
=0.56Ry;,, (NXP, NRP, NXD, NTD) = (150, 5, 0,10)

(a) (b) ()
Fig. 2 Thirty times magnified view of tested micro-fans :
{a)Model 1, (b) Model II, (¢) ModelIll



898

2% - ANF - %A

a}7) ojele Aes d3ETh Fig 2(c)E Model I
o} gt AlRlo|t}. ModellIE NACA 4 A€ &3
T, ModelITo Wil ¥t wo = A)§ dol& 13
Hog Z7ARoEAM P/ W& F7L Hd T
A9 2, B A=9 F717 288 50|t ¥
B 0756 oz, AWE 8%olw HEY 2 622°
ot} B, & 28.79° 011, B, = 22.57° o[, A F
A BN B7A 7.6mm E YA

3. Mk s

3.1 0|25 ui4

B Ageae Aasiae AY 4EA FH4E
o] Z(linear compressible lifting surface theory)!' 2ol <
A =34 49 )2 (frequency-domain panel
method)2 0.2 ##atgch. A¥ &4 "4 i
o 0|28 @Azl gk Ao WA 4 2
& W9 e dzte] il A gk whebs, AkE
= %o £57 dije] @ Sxo W FEI
= Hgo] TR EF, A¥4HE 7
2o el gl Y & e HEE T
Ag} £859 rollup & TR Fech A4
olglolx @Al EWe) e Mol FEHE 352
77 od FuFE 2HNES vk JHAE
goh wad AA Z@ge FAqs A A
= FEANA 2o ASFE 2FHA doh
oldl Be F7AQ u@ FAE H47] A
FerS Fourier JE L vhrol Ztzel] Uid 8%
o Axdatt 1 %, A ARE FHske At
= qlele] udd Y gL FEIT

e B4 X d3y AwEE 083k
ved % glou, Ha 2alA AL }FE
of A% XA &7) WE FAY FFE F
Aad, st3e A7E ARE: HE AMPE
aAE] Q& FE I, AW FE FHOE =
3 A5 & 5 Utk F AL 25 YA
A% Ao 3o IR e FHsE F50] 9
& oo aFe BN oty ¢FHE T
s Holt}. FEEE AL AYL dEH
a7 dstel A AvEAAY AARDE oX
= YA M AAzALE WHAT
AL a7l 94 oW A FH(gencrator curve)E
Nagoza ojZejzict wref AA @rfwel A
3 AN FolA A FF o}FH
79 4 (nonuniformity) & &A1 71 rom old
W &4 (disturbance  field)S> g A7 A geok ot
@A, B¢ TANTE AL o 44 FAel 9
& @ ARG AWAGe] 2ol (deviation)Z}IL o
2 oqeh, ME #7] AEhe ol&sd 49 Al
Aol #ASE Jre BAzAE F4A7] H
2o o] BANL FF B HE HE TAHA

oy

o] Eu, o] HE wWAAL &Y Ad eAE &
BB A9 dFEo] 4R o RELE o
3 & A A2 ZF FE(ane)dl FAEEN F
o}2 Ao} (control poin)®] A HETH o wj
RE e 93 Z ARl FEHE FHEE
Aol o7 £A&Es} Foe 20L& AYA
71 7 el e T8 4 A B

32 AEAe gajzd o/g®

(v.,z) AT BEANE Fig. 3 I 2o} 8¢
HAE FAo] (xR UY S22 AW
B, (-x) &9 ARXAA EAN AA BFeE Q
o #xz A9 (x,r,0) 4% FEANA 6
= HAWA Eo2RH 34 ARo¥, o
&3l pAAos HAIT

y=rsind, z=rcosd

Fig. 3 A4 (.2)e @Ad 249 A A
Az & ¥4 AL &3 LA 4R
o (.r0)E 27 249 WF FBA, 9
A4 e 2 BANE 28+ Ak

;=x+Ut, 0=0+Qt
y=rsind, z=rcos@

WA= 4 $EL g, g §3 #4944
o HTL Mz T A2E AXNA 8d. Mg
dalawez WastH, w2 g B9 4749
dEe Azk 4R ey N2 FE BRE
AxA Hx, @A fel AR F AFe LA
A2E w24 9o

— U_

x—-l-]—0=x———9
Q Q

)
w2

Fig. 3 Coordinate systems



Z5 olojaz @Y ANNA 2 AN 899

-2 (o+0)

Q_ —

o-(r)—ng~93
ol@A A4 @]ﬂ%‘ﬂ—f’: Aol e, A7
H)(advance ratio)st A4 FA¢) Ll o k=R R
o} e gaEd —"F'l‘u?lf Wele o g

= U - Uz =
L=V(x--6(0+0'))= i _?l_r-(lg +azr)

AnA, (ii)e kor ggeze wand

Blo|n, a:r%om.

Bl Rhub<r<R , @(r)<§<@(r) L2
Q9 o)A AW 9o Xz, FHA &
z @Age gne A4 Zel A(chord line)e HelZ
W 9o FaA7ezx dojzith U
(r,0) B2 Uehd A%, 59 Hoje tEH &

' AFBL1ID

AERxd dAde
ol &3 47 £x3he TAE
Hypurgaog ol

wero)= [ [ p( ).K@ 8..7.7. Jndb,dr,

NN gL
U

e
fiv)
e
=)
ml

10.73 , P:_SZ AP eiweu o]u%! W
plU*

ZAdgd, pE YA v H s 601:011::] K
Fol A @ Ad(kemehFPolt r & R,
of st reo Mz H HE hub oﬂf\i tip 743 3t

.‘lr r'.r

oA Mol FAHG. Ao $AFEE FoIA
= golh.
o] uder ABUAYE WAZ dF A

Ma gAZ BERH F 7 2dAY Y P
QAs e s Adsth o W FHEE
w7t mia aade @ A Bes
o, ol gl wWylow ERCRYS (AR Z} axdA e
2o t AgwAAe Wt YAE W
72 uwrske =z NRP 7, A9 Aol Wake @ NXP 7R
2 2aay @7l NP = NRP xNxP AAS AL

FASE BEE AR,
L+]
iy

Aqda o|Fojtt & sdelNg AAHE R &
R, 8] 37td R, A FE9 A3 WY exAf
gz 5= X2 #th g2 AL M)A HE e
2L 95 085 & Tk oled ¢)4lsE T
ARuAA g e go] FEY 4 3tk

Wi=2. GiF,

W =i AR A Gl $A%E, 6,.r)
R LEFERS

; ”‘X(e -, ”)dardr

7
442 9 el A A4
@ 59 73741 2% H43T & AFEIA o
aﬂ vEEJ @l 99 #A9 FASEE W
FAxEs} gopok Bk @AY ERS

A]q} UAUEE n, HA FEE v, @ EW
o 2% AL y, o)z s, ¢ |
ol A T3 C’]ﬂ g AA =4& o 2ok

—_ —. -

n-v=n-(ui+vj+wk)=V,,

o] A 2AL dgWos AU Y
W 9o RE HolM Thg E2PE WIeor k.

Al e FALE v, & ThEF Ak

v, =—Un, =Q(zn, - yn.)
AANA, n, ny, = 2 FEANA 7S 2 A
Holrt,

3.5 F7|4

Ny NS FYF @I A= FE 0;=21/N,
o Aoz wWAsYL, 23 ¥ L ¥HL 7t
Astd, ol 3 e FAgete FFL e
A4S AT RE O @ild SIEA A8
A 2ot wehA, A gl Folz FelHe
&z 2ngh gl olzist Siwe) Ha AP E
ggm o] 712 27l (reference blade)ell A 2] =2
£w9 gFEez FEY F Uth

(Vn)j =(V,) eim(./—‘)Aa

(B,), =(B), eim(j-"l)AE



900

ESIF L

3.6 &Y drjel MitslA Zaujetel Him

A7 A elA AbgE R >
ZE237F A2 W A @oid Agste TYe
al43t7] Sis) st wWiolw, Bgd T
of o3 #e Y 4ol &t Tzde A
dAMe 7] fY e Af 38 £59 ZTed
ol ¥ SE9 Fo] "rh U, T
7t FrEdE SR AH EF &= WE A,
FEH ey APHE M A2 WY o
74 Age HeHnm #@ Ao 4% 7% A
7t & A A 3719 FY S5(,)E
Hdyel Af & £x9 dn £ 4 vt
A 7% Aed 59 Ze] vud 5 s

V.=JND,
¢-.—_——---Q = VaA =i
Usd zND,A «

Zege A-2gs 48 e 9@ FHe
obels} o] UERd 4 itk whol2Z A9 B,
d - RN 4 e SAAT, 379 &
W $27} 27) dES] Zzde @ Sl
o R 45(AR)E A 3¢ 457 FUHTE
uE, @ A% FANNY 4 AFE Ben 2
o BEEY & AT

2
Di
Thrust =AP; »n{l—(—Ii) ]R,%p

__AR 3G
v 1/2pUg—7r3(1—5,2,)

EF, tRE g HEY glon, A kg
22 AEEHI JE 087 #E ¥ 5o A
33 Z7] WEe] AN o8 Y AFY
A5 HE o3t JFE nddor Ik 2B,
vlo| A2 #F Zo] § zhFol R, o HIFH o4
2 3% 9Ed 9% 9% gdn g, o
£ 2338 $39 od AE ANIL HE
249 Willams 590 @844 HE #9 §
g 9 FEY S Sl AR 3 U MY 5
gl FAw W SRk NS B
& @Ay 8 FE gp=21/N, & HA2E b
A=NA, G dEE @ 23} £52 @4
I 7HgEn, 9EEs Zol7t Ly, B0l Ry ! €
Y AU (circular cylinder)ZA, d7le} Fo| FA
e Fd 9EZ Mg dis gE9] 39
< Fig. 4 & #o| o]z} ot

Fig. 5 © A¥ 422 35 vle]az #el o
& ANz &g 4 guolMy dHdn
FYwe dAateltk. Fig. 5 o Ao 23td, H]

wgy)

R

EHE 8o Th dto] AT Modelll =
By dEez Ay FHolrt dAHEr] HEe
Model I ¢l Bl RolA 2L 31 Fe] gg3a gl
S8 gog o A oo whal, ModelllE &
A 4 FZe dis] 97 ez Alg Aol
F F7HAE W 52 A AEE &Yk

Fig. 6 ol A3z SR7 9 3] Z+58 04 w71A
S7MAZIHA 2 e F g 8 AgE A
AFEHF T SR7 2 vHEl g 0.69, 17007pm, HA Y|
3.06 & AR v FFI=E LAY 8 79
G2 FAE ZEdjelt), FHHHE 024 o,
Poya B 60.2° 01T, HellA 36.0° o] 2NZTE 7HH
o Ao HES] Zol: 1.0R, & HoH,
(NXP, NRP, NXD, NTD) = (7, 8, 11, 10)Z 3}}e] &
7} F I (blade passage) AEZE F 166 7] Hd=
olxtg} v} ¥ Fo] Fkg we} HE9] o
o] sty Cp 7t A2 2z, 3L g
HFF 0.02R)E FAHE W HEZ gle dol
H &8l 0.75R,; oA ©7AA 9ES &a37 YA+

YRk e BE YR Ay ¥ 7S
(0.003R,)°l wiF ZF7] W&o HES &% &7
& FAE g fler, ol i § 715E 0 22 H
et

Fig. 7 91 ¥ Modellllo] sk HE9] F&g e}
Wk Modelll®] HE Zo|& 0.56R, 1™, § A5
0.087R,, ©I Tk (NXP, NRP, NXD, NTD) = (10, 5, 11, 10)Z
Z 160 71 #Hd= o]1ta}l Fk TA mle]lazm
o} o] § =] M| Heolef| dlE A Z

+, HEC g% Fe glow, geMe 4o
Ats AL 4 5 ARk Fig 7 A AaEXe
o3 wleolaz #e AL A5 H$ YEY o
FE FAY & 9SS FAgon oA At A
e @& g Uk ©ld o dEF dSM=
HEe 9§ F3%g mestA] ¥

Fig. 8 & HE U 9 $Ao) wt 4% H3}
2 Yo} B7] 3t AL E Modelll E HES A

helix line

/ \

M

constant partial chord line

Fig. 4 Duct-fan paneling



&5 mlo]mz A MadM 2 ATHE 901

fraction of chord

(a)

i+ ’ Q
@) !
\
! {
% 05 Voo o os
o q 3 .
‘ Y oas ¢
o ¥
o 0%t
LY 4

fraction of chord

traction of chord

(c)

Fig. 5 Predicted chordwise pressurc difference
distributions betwcen suction side and pressure

side( AC,) 1 (a) Model I, (b) Model 11, (¢) Model
I

g Foe Fhe AR HE Hole
1.0R,;, ©| 9, (NXP, NRP, NXD, NID) = (10, 5, 13, 10)Z

25
—#-- unducted
—%— ducted(gap/R,, = 0.)
2.0 —+—ducted(gap/R,, = 0.02)
J=3
M=069
4.5 N, =8 (SR7)
5 By = B0.2°
ey
o
T 104
0.5
0.0

0.0 0‘1 0'2 0.’3 0?4‘0.‘5 D‘B 0.’7 OTB 0?9 19
r/R,,p
Fig. 6 Predicted stcady sectional thrust loading of SR7,"?
M=0.69,J=3.1, By, = 60.2°, (NXP, NRP, NXD,

NTDy=(7, 8, 11, 10)

1.00
4
0.95 4
0.90 —*— unducted
-1 —ducted(gap /R =0.)
0.85 = —+— ducted(gap / R, = 0.003)
0.80 4 —+—ducted(gap / R,, = 0.02) !
—e—ducted(gap / R,, = 0.08)

0.75 4 ! -+

070 J=15 /
5 M=0.01 /+“““"=+
‘xh 0.65 - Ng=6 L
8] o o
T 060 Ay = 29.0 \

0.55 -

0.50

0.45 o

0.40

0.35

T T T
0.8 07 08 08 1.0

r/Ry,
Fig. 7 Predicted steady sectional thrust loading of Model
M, M=001,/=15, ,6‘3/4 =29.0°, (NXP, NRP,N

XD, NTD) = (10, 5, 11, 10)

% 180 /49 HdE2 olatal Aok M § AF
o] 0.08R,, ¢l ProlAZ #E GE 7o HX

g w= YE 23 FFe] flenz AedErt
o7} glAl, | ztFo] g H A, ¥E HE
9 Q7o AAPE W AT FHEE & T Ut
duH o W HE Y7 3F Wes HAN
£ 79, gE N A dEZ oY &4
o] Frlslel Aee FaAIH, ZEH F99 ¥
3 AAZD @A Feivel A4E Agos 3o
2go| Frhetka gl ok’

Fig. 9 ¢} Fig. 10 & Model I, 1o tigt AP}
Aiai AnE vud Aot 2RE (NXP,
NRP) = 9, 7), % 63 7}9] Hd=2 °]its} FPYow,
Hed 9% JFe FAPG. THAM FFo)
A4S AN Aol 4Y AR L3E T
ARen, A 4% FHL HAFHA F7)



902

R HE
1.00
0.9%
0.80 - DuctL.E ~ Fan L.E. = 0.3528 R
0.85 —Q—gale,,F=0.
.A—gap /R, = 0.003
0807 —x Zalem—OOB
¢.75
N 0.70 4 DuetL.E.~FanLE. =0 R
Ny 0.85 - —o—gap/ R, =0
0*‘- 0.60 —&--gap /R, =0003
o 0_55_- —+—pap /R, = 0.0 \
0.50
0.45 o
0.40
0.35
0.30 r . r v :
0.6 0.7 0.8 0.9 1.0

r/R

tip
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Fig. 13 Test rig setup

Table 1 Specifications of micro-fans
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