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A Study of the Separation Flow iIn

Three-Dimensional Sudden Expansion Ducts

Student : Hong-Wen Wang Advisor : Dr. Yeng-Yung Tsui

Institute of Mechanical Engineering
National Chiao Tung University

ABSTRACT

In this thesis,we study the bifurcation phenomenon of the steady, laminar, and
incompressible flow in three- dimensional, sudden expansion ducts by numerical
simulation, and the SIMPLE algorithm 1s applied;in literature, a symmetric flow in sudden
expansion duct become asymmetric as the Reynolds number 18 increased beyond a critical
value and such a symmetry breaking flow phenomenon is influenced by the expansion
ratio, and the aspect ratio of the duct.

Our study 1s mainly in discussing the mfluence of the Reynolds number of the flow of
ducts with different aspect ratio andusing flow topology to describe the flow structure.
And compute the critical Reynolds numbers including the two-dimensional sudden
expansion duct and compare with slightly asymmetric ducts by using bifurcation diagram.
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+ 10, (w, @, + (=W, )L max (00, +mingh, 0)a,] )

Ep[r> wo BRI (weighting factor)
PIERpERUR PRI L R ES3peE 85T (diagonally dominate) > [fij## ™|
deffered correction £ » FZVII] FRCGER I BT SO (R

FlT o pJ}HHIJ\T JYEEE B Sk VAR H VBT ffjfﬁfﬂ\‘]’ﬁlﬁf[l o
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3.1-2 ¥E§-Fi(Diffusion term) : —-v-(vo)
IR SRRy iy e o R B

1 ~i d

o jA jv [v(voyv ~ ReZFf (3.6)
= FO = (VD), - S, Hil B e () G.7)
48 =d«(S,-d) (3.8)

-

d £85I FEP AR C IR

S d PV BT £ i ] over-relaxed approach :

5, myull_5
P 69

(@ —D,)+ 1vq> (5, —d) (3.10)

S Y- SRR D TS SRR RE D -
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3.1-3 YRCEI(Source term) :

EW?W?@WW@’Fﬁﬁwﬁiﬁ@%$EW%%ﬂﬁi
1 1 _ 1 3

vp:mvadv:stjpdszmzpfsf (3.11)

oP 1 <
Hip ey ok S -=VP-§ =WZ P (S:-8) a1

. _ou ov _ 1 < i
kel aXi ¥ aXi HJ%”FIJDDE = VP o WZ Pf ( oo )Jﬂ ™
FURBINGS

(Y S SRS

AD =2 AP +Q (313
C

1A, =D A (3.14)
C
1= 2
Ab—Re‘Sf‘ +max(m;,0) (3.15)
- 5S, i ‘

Q=" {-r[m (W, ®, +(L-w,)D;)—max(i, ,0)®, +min(r, ,0)P, |}

1 _
+Z %vq>f(sf—d)+quv

T C P AR g (.16)
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MR IR - P RV R
By GBI BRI A A AR e I ﬁfj’E'Jﬂf’f?ﬁ
FI[N="a (under-relaxation factor) » Hlfe | 359 i (p AR E 1%,9 ;
AUSEPIPST TS 0 1 LB 28 e 1

A Q
;pqap :;Acd)c +; (3.17)

3.1-4 FEE RS

VRS AL B At T R S A g R Ul R B R B
vkt P,-P,=VP.§ (3.18)
HH b RS S S & st P b b g B -

SEpI) Y i S

1 - 1 - _
VP:Wf PfoZN(PbSb‘*‘ZPfo} (3.19)

P F=t = U L VR ET b = 1 ~ (3.20)
g
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3.1-5 hEEEEE Y FiPE T (shear stress):
| ; P [_k%‘ﬁréj&ﬁftplﬂ )F(glﬁ S EJ;FR% ji/\Efr - [/PWH E , I'J/ia:l
AV, BEEIIAIR T e

~ g - (S,i +S,])
g M= — = = ~ 3.21)

\7pl:(\7p.ﬁ)ﬁ 1 [(U S2+VprSy) (UpSXSy +V, S )]] (3.22)

BT R S 5 B
"=\ - [(u S2 vaXSyi+(—upSXSy+vaX2)ﬂ (3.23)

T

IS My
on

DN LSRN UV R (3.24)

on : PRIE Bl = PHES

3.1-6 FF BT FETENA SR
B LA A SRR T B SRR R R e e T
K] Rhie & Chow /A8 SR FFET -

B3 [V B T WRTE R - 2 G3)Z Ry g o=

o - AV
— :V = H - [ A J vV P p (325)
p

p
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HY H=C°___ ; Q' A Z R4z RIE (3.26)

@B 2D)F2ZEF TN o RI R 2R ENT E

~ — AV
Vf:Hf_(A J VP (3-27)
p f
— = AV —
H Hf:vf+(A J VP (3.28)
P f

; = [AV 5% AV

Vi, =(V, + VP () - VP, (3.29)
A, A, )

HET = AT R e R EEP 2 Y - 26 fApas

CHELP 60 @ > 4oF Si7
VP =w, VP, +(1_Wp)vpp (3.30)

v, =Wp\70+(1—Wp)7p (3.3D)

{ﬂj 1 [ﬂ) [ﬂ} -
A )2l ) A ) (3.32)
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3.2. SIMPLE ¥ f[|
3.2-1. Ex]IET
T8 Patankar 5Ef1Y SIMPLE H: ] » S| % 8 fRAOEs]s P 7o (0
PRI R i AP VY PR Y
W] P LA A T ST TR
MBSV TR P arfSE Patankar Y 5 - iU TR Y

j
e S BT A 1 R

7! AV ,
Vp:_(—] v Es (3.34)
p

Py =P, —P, (3.35)

p

7! e T AV ’
e _Vf:_[A—) VP (3.36)
f

F1(3.36)78 (8 7 (3.36)7N ' tH STV BT &l ik
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e d FLI'] over-relaxed ¥ : d= 5 -§f o (3.38)

3BT BINAH:

5 m o (Ver] s e
_pf(g)f = § (P _Pp)_pf Kvp f'(Sf_d) (3.39)

AV ypr| 1AV L
[A_pVPJfZHApVP)p+LApVP )C] (3.40)
TSI He St s LT RS Z mi =0 (341)

HIF fH EVE ST

ApF’ID':ZACF’C'+Spl+Sp2 (3.42)
) — 2

Hill Ac = pf(AAVJ ;fsl (3.43)
b ) f

S, = Z;, m (3.44)

Spp = ZP{%VP'] (S; —d) (3.45)
f

QA B V fET-RE P B ST I il e VRN R
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BV e my

3.2-2 TREH R

LA s Uy sy P

2RI E LR L SRR Y, o R F RV

3. VRS ETZ I P

LEER ST Y T WV T

SERWIR 2~ - [ AP s ai

- A A IfkwﬁfVFf‘ 1 RIS L 50 ¥ | Bl 5 E ALY banded

matrix » [} ?E%??*%’l‘ikﬁfﬁﬁ;‘/ ERCHRIP o5 (=T P — ﬁ'J
1.V line solvers ™ Stone” “s, S ¥R » point solvers A" =
unbanded matrix > {EI-H G ELIwHE 18 > 75 PR P preconditioned
conjugate gradient methods °

BRSPS A E R S BT ) R
ICCG(Incomplete Cholesky Conjugate Gradients)iF » [ijEEl A HE {7

BT 2 7R T > PNIPER BICG(Biconjugate Gradients)i
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SR BRI

4.1 T PITRPVRHET

B0l *‘ffgﬁ%ﬁ:f 73 EﬁJ/fmfﬁ SEER: %R/ AN L [P
SE LSRR S S IO SR T 'T’iﬁjﬁéﬁﬁ;%ﬁﬁﬁﬁfj%@
2 AL o SR Y 5 2 O R S
entrance length °

PRIF= 53 IR I 5 he1 > S K 60h o iy E00 IR a=1,3,9,24
VAR o Bl e i A a—ﬂ UEAGRTSIHE: SUR:- qRl
VB EIRE v et B PRI PR S P HES SR R =
[ﬂ }%QEFPIT ‘I/“ﬁfﬂbﬂ » 15T *‘“F{Jszg!\rfp,}ffk[ g ﬁa, ; Y IT It Iﬁbiﬁ&ﬁu
YR 4.1 B s ERPH IR TR R G Y IV =05
R SR RS a0+

oY PUEF R SR g A T 1% Y X |
PEEE(EEY entrance length 5 FF RV H SN EL

1.a=24 > Re=225 .V entrance length £% * 21.54 #0885 15 [ 1
o q%‘y' 4.2

2.a=9 > Re=225 I entrance length £ © 39.95 & yft"% £% 1.58 i
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TS o i 43
3.a=3 > Re=225 I/ entrance length £ : 45.92 & ~“qi/% &% 1.82 Ffﬁ

L - 44
4.a=1 » Re=225 . entrance length £ © 53.31 % £% 2.02 ISFF' s

AL o B 4.5

Pt S [T POEEOALY A = SR R gl S e
A By BB [T (Spiga and Morini[24]) = BT 3= R

S 53 R A 8

sin(n;zl)sin(mﬂi)
W

V)= )

5 2 2
" niss. meiss. . hM(An® +mq)

4.1)

PP BT B Sk BRIl ) STt -
PO 4.6 T > BRI A Sl AR BRI A 3T
FIE DR F R ERD TTEf SR > Bl DRy eprife 1 BTE sk
TR AP WU B sk i o IR BT O -

ISl [ PRI i

EI' AL S (a=24) » BNRE AT 1S |§ LR A

l@??‘fﬁ&/ﬁ P JE*E*]F’?@ TR R P 5

a=1 FCIRRBEILI ) s 15 2,02 (67 [ Srg A1y
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RSB TEE R 2 SR T S e
BV 2 TR B T -

b. FEEH f PPt gl I S ’:’l’?ﬁ’ﬂf entrance length [
= .

C. [P S P BT S O SR PR es1 3
?ﬁﬁﬁﬁﬁ%@ﬁﬁéﬁ%aezwozm»@ﬁﬂy*wgﬁﬁé:fﬁsmjw
H AR I P WSRSRR [ R E 30 0 7 1

R RV 9 S+ ST SRR K 2 AR

42 FhETHVHE

R B W AR PR P A
= M P T RE sl 0TI T SRS - B4 SRR
W LY AT IS PO P E A S I PIEET
Pl PIPASRIPY Y PRR PG 2 D [afgRIE > F] T P
1 537 Xy IR RRE e HARE ISR 4.7 AR R

. o
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42-1 FERPEIAIR L R,

G RBRAT L R VG SR F O R PR T
W > [N I RIYBIH LR 6 KL 30h » 40h > S0h » 60h » Re=225
A=B I PHIRAD LR B S A ] POy -

[ FEE R A g 2 FE R ETIEE Y E R E
25.6 > = HHRIHIIVIELR R T S0 [ - OR] TR TS I
Y RS R E‘,“lﬁ SE el jfggwgfxz[ TRER A S0h 5 SHAER RV £ R

SR > ST R )

4.2-2 RERED W

N 2510 917 RRRERRET EFET xy ™ [ R < >
ULz [F[Jfrﬁ%ﬁgj'rﬁ} HIIES 6,8,10,12,14 [F » A=8 > Re=90 Vi3 5 |1
wlFIAEHN B 2 AR AT 12 1 RERRHI R o B
T EE R IR ) -

PP < P BTV e R > R P LUBE 2 Y IR R
120 xy BIpIAFREE NS Pyl e
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4.2-3 ‘E‘ﬁ'ﬁ@@%ﬂiﬁ"@f&%

F/\”bef‘gﬁ”#* YR s FRH AR ST A ”Lnn?ﬂﬁ
D 2 =05 TR S AV 6= 10 > 4445 Fean 4
(O Eoesh B (B=3,A=8) » P pLpl 1 B Sl 53 folsse Al
AUVEN R BBy P o B i G RO (4.8) e s B RAE N
Re=39(Re=26,Fearn[6]) ° Re:90(Re:60,Fearn[6])Eﬁ FIET Raend N H
JIPIE i &t Ed N 7 Re=210(Re=140,Fearn[6 )Eﬂ'*ﬁ‘\ﬁ"ﬁfl et
FUfe RPN RS - BRI T BRI - [P N i

[
=4

nm
s

3 R R
4.3-1 A=1/3 E’:&E
FIA=13 Ve 9t #CN T | VESEE s -4 7) > gHE ALY
E IPHQF o EURR ETAE T pl - B EIPYS o] (reattachment length)
TR U OTAI4.9) - BEEGRECY ST i B R P o 2
N rﬁ@%ij ST o [ 10)FR SR - B S S
AU 4D EL R - B B SRS o
pI9t > PIE@4.12) > A=1/3 > Re=100 Fy3pl 1 [AIE L whas s > oy
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SELFI T Al Y R T BE e s o R T e RN ]
SIVHPELY = LTS 5 R ] [l s e R
ARV e o S PR TRV aslimiting streamlines)
[R1TF SR S oy B g

(MBS 257 b ER21] > PRSI I o+ B
[E1 0 f T ELRYRE AR [F[Jii_ﬁ[ILFD“P'#E'IﬁIEJ[)“ITﬁHJLEﬁ » Hi £ line of
reattachment [21] » = iastH [RLE (4 ﬂJﬁIJ “PTENAE > FEE line of
separation [21] 5 [fiifAslit 2 - FIJ&FF ' 55 B jéll}\()l.;ﬁ_‘ﬁj”;”
= il gﬁﬂ ¥1LL P r"'5{'*‘%’(r10dal point) [21] » F FAsH i
rfjljﬁigjl#ﬁ‘ Sk ’EU*’E’J’E“‘H%Ksaddle point) [21] &' Iﬁ@f’gﬁ/ L
- iL:’*F? By R il Y S iCspiral-focal point) [21]  i* 73
FL[PEs - as =g e %%’ﬁ;’r * o FEEY attracting spiral-focal point
T A e B %!‘i; Ll FE RS repelling spiral-focal point @ [PRIF=7
P“’%J%%Eiﬁf—'l&i Fi F{E% % line of reattachment » =" 7 fy3pL vy (HIH T

AN

BE f@% & =W S attracting spiral-focal point > 7 FE3EL_F

TR F?l rﬁjﬁﬂ “ nodal point of attachment ©
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432 A=1 52
) A=1 V2 ) CIRSIRENp 8 5 - 47) - FHET T LY
I%E(T > 0 5 S BB TR 1 B Y] (reattachment length) ©
U (RN IFHEIFJ Wil 7Y 1 (Re, =103) - g -
NP P AR B B R .FHQ(F‘TQE‘*E' RULC ]
.?ﬁ@?‘“’f’\ Re, =108[F} » BilgAd il ~— [ 1 P SPEGER 5 = “EZI?E
BV Igrop ] Ao — i s R FHE‘?’”E*J[WJ Ca
A4 SR = B Vg8 sl o [ (4.15) By g - &
VTSRS TR
PIIt > FHEI4.16) - Re=TS  ERELp Ipl @ astpl > £l s g
FY S AT A=1/3 WPt ATAl s T PR e e = g gl
S Pl AR I =TI 5 S PRI R e
E A 1% 2 line of reattachment » t T RHF LTRFEIL - 7 2 B0
{1 attracting spiral-focal point » 7 iPfL T HOTEFFIE > % 2
nodal point of attachment °
FHIRIA.1T) > Re=180 » fyipt T IRl& =1 sl > ELET - kg i
Be=1 AR b B .r.p[ ¢ PR A A L P AP A

s PP Y fﬁj}%’ JTEET R f‘, ff@% 4 line of reattachment » {F! PR3~
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PP IRl N TR LY Tine of reattachment WD (i
SEU R T BFEELY line of reattachment » FI[JFT 1 =7 SRR LT T S
[FIF > PSR TR D AL IR TR G 2 Ry
I+ nodal point of attachment » fsf saddle point » [fiy vt FEL s ] T HE

[EER A BN R attracting spiral-focal point ¢ P TEEF G

% % — {l&f saddle point » I') »— [ repelling spiral-focal point <

4.3-3 A=4 ‘Eﬁﬁ
I} A=4 V@9t ﬁﬁ?k&%ﬁ@ﬂﬂ?“WJﬁﬁuﬁ
BT SR LT R e (BRI B (reattachment length) 5 =1 1)
U FEH o B S RRL ] g (45 <
A IR (4.18) > H SR e T AR P 7 Re,, = 66 1 > A2 1
A FST P 5 2 AR Hr Re>60 [ - GBS o Bl 2 R 75
I ] PR R MR R R SRR AT Re, =68.25
ST i U s [ SR e LU LR LR
A= B SR PR ER R SR ST
Re,, =142, 55 » P[] - B e 2 20 (RO (RS B e

ﬁ*iwl&ﬁﬂwfwﬁ%* EUERT i Pl o~ Efif s [

28



(41985 7 [ %%Evﬁij P R B LY U BRASRET RI(4.20) 50
TR & B S 1 R
PIIHIIRI4.21) > £ Re=45 » g T FIE LY Aty o Fplr
E:Fp@ﬁrﬂ 2 2 JF 2 I%Exf’ r+[“”rd§35£@|?‘l§zi akd 1% % line of
reattachment » =" 7 KR35 5 g g (R LT BT e rﬁi%é el
V attracting spiral-focal point * nodal point of attachment * saddle point °
iy Fp e BT R PP EER S & 5P nodal point of
attachment »— {l# saddle point °
FITRA.22) » £5 Re=00 » JsP Tl s v as » 3111+ g st
B =i i 7 .FHE]\T’ L R S J;‘[F[@ET@_FT TR A
o FOEL ] S B R T ] a s pe BT
B B;[%?'ﬁ@% 4 line of reattachment ° [ Eﬂj =45 y=-4.5 ¥ y=0
& 7 nodal point of attachment 5 i 71 55 7 BFE 1 PIRy(EF & 4
V[ R Ry B?‘J'ﬁﬁcéf line of reattachment > [Fil[R} & y=0 > £
LT R EEE R ik - AR % nodal point of attachment » &' 53 B[]k [y i
nodal point of attachment [#]#% % saddle point 5 7+ E’F"l T TR 2 B 1
A 2 V[ SRRy EE > =% 2 attracting spiral-focal point > * [ 55

HER G4 % & [l saddle point » ') &~ {l# repelling spiral-focal point
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FIHI(4.23) > £ Re=150 » F3g T FIE LY fhasim » Epln s phope e
AR BT ST F b B L SR R N SR L
TR SR T R R REEE R S A S
Y= (BN, 5 PIFe T FRF i > = BAEfFi line of
reattachment > [fil E\JJ: Tt y=2 B y=-2 %% % nodal point of attachment ® i+
y=0 %% % saddle point 5 1| v FF 3T ™ EF > MO [ G PURYET -
= f 17 % line of reattachment » 7 7 {37 64 fei] & % line of separation

> [l E\ij % & 7 [ nodal point of attachment ¥ = {[# saddle point - |fi| 7 line
of separation _FI[[E& F = {[i nodal point of separation » ([t saddle point

o TR (P LB e VAT [l B sy o [
attracting spiral-focal point » “HAGTEER SN T Wi saddle point » I') &

— {fi# repelling spiral-focal point °

4.3-4. A=8 ﬁ?fﬂ
M A=8 V{9t - SHEN T IR Jf%;*@r’ BREE A i AR SARES =
PP REE U B AL (BN Y (reattachment length) 5 5T
w FFDEH BV RS o BRG] i 5 -
T TR DTG C4.24), By S B )RR Y ) Re, = 6155 5 19
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ol = A [5'[ Re>61.5 [Ff - Sl - ] fﬁfk? Etgpy e > o
T AP E IF;[EH‘QJ%E#E" R El’,’%?—’%,;‘ﬂﬁ? Re, =67.5[5 -
5] H@’E A U RPN S ﬁkﬁ??’/% /IR B LN S U
- i [y IR W T RS SRR Re, =120
R > PRI - B ,E;% T BT eyl o e FFIE‘V’J@@J}D =2 SN
T Fp@?’“@ TIpi A > GRS [l [~ F*l,%%%ﬁ@?
I 210 R =l E  PEREROIETS > R e e IFHE\T’ Nie= =
SRR ES? PRI = [f4.25) 8% T I - g - &P it
S SR+ [BH(4.26) RS LB ST DA | S0 7 <

Piot > FHIE(4.27-1) - @.27-2) > BB Re=405 F3p T [l &l ilas il «
Epr: (N .FHEJT[JI | S ,’FH%\T’ e P S
line of reattachment » =" 7 EB37E 5 v AR HIFF T BF 1 - "F{[iif F
NEPHG D attracting spiral-focal point » nodal point of attachment » saddle
point* || ik *E‘f?‘l N ERTEE g PPN O T EER gk 2 S5V nodal point
of attachment »— {[i# saddle point -

FIE(4.28-1) > (4.28-2) > £ Re=120 > A3 BV s

Bl AT %QW«#&&E#E IPHEW’ (ISR S R

PP S AP ST AR T A R (2 ) A
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PP R T FER I ) R ﬁ@? line of reattachment [ﬁJEﬂj T y=6
y=-6 L% % nodal point of attachment » ¥ y=0 %% % saddle point; [t
B B PR R S g R p Ry R Tf,l & % line of
reattachment » [fil Eﬁ o y=0 0 FF LR R [ ERE E: F nodal point
of attachment » =' 73 {J|J7% 7 [ nodal point of attachment fH]& * saddle
point + T FEL R I AT RE N 2 VR gy o R
attracting spiral-focal point » “/[X 57 EER G470 % F @i saddle point » I') »
— {li repelling spiral-focal point °
FHEE(4.20-1) > (4.29-2) > SRE=1800, 3 T [FI BV 1 s - o

FIT IR e IPHEJWW”FM E&aﬁ'ﬁ%@mﬁr FERRLF 1Y A Bl e
TEPEEE T B SRR TR Ry RIS R
3T 5L Y Fhfg‘HlE‘L (2l Wt 5 PR P 2T B rf’jlﬁ: % line of
reattachment » [fil E\ij Tt y=6 ¥ y=-6 %% % nodal point of attachment * i+
y=0 %L & % saddle point; [Tk 50T ™ BF 0> PRETS (BN B IURYEE
= f 1% 2 line of reattachment » 7 [0y {[i #37 B [H]#: 2+ line of separation

> [Fill % 2 7 -{f nodal point of attachment - {i saddle point> [ line
of separation _FHI[[E& F = {[i# nodal point of separation * ([t saddle point ;

PR T TR IR Y R R bR
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attracting spiral-focal point » “/[X 5T EEF G470 % F Wi saddle point » I') »
— {[& repelling spiral-focal point °
E[ [jj‘/"EPt]JE'rq F&ﬁu’ﬁﬁ‘y L }JIEI J’Fj\[—lﬂ I—, J ct 1} “%H I}E‘J{,JEU?@X [,L‘AIF'A'P—T%-Z:{LT

¥ ;ﬁg\j,aéﬁj [FIJEIUEI'S&%@ DAY PR RS ﬁ[lﬁa‘ﬂ(él.ll) v (4.15) »

AN

(4.26) > I+T [ﬂ I%%yﬂij ) ﬁiﬁf[llbﬁgbf_-[yﬁ&—pj} f’ﬁj‘['?jﬁ/ : 4 'I?IZ%E‘\T
S T B 2 PR £ R L B I
ST S S N Rt SRR I

SEPESEPE VR > T AR R TR [ o SR B
VBRI SEEE V ESES R R ] S B
T BN TSP SR e R R > B T
S — EEY N R S Dl SBRER P REE 1 L > BT

S B T B
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44 FORR RSO

B B R R o ST i A R
Re=00 1 Re=150 -1 Jf £ 441 917 it PHHAD 2 )
B o

7 Re=90 1 » FHETRERE(30) » [f4.31)

[—

M A S0.08 B - FURH R f S

[\

- Hia <1250 PSS B T B R AR

ST 25 S0 A = SIS

(U8}

. 1255 A < 375 [ I o ) N B R
AL — N ol AL PP R S NN R R
[ P ST e S R el PO e |
4. FJ" A>3.75 [F  FEIRHA 1o BTN B SR B A ]
SRR A 5 SRR TR 10.15 0 )
AR BT 3.67 -
FIHI(4.32)-(4.34) > ST IIEE Re=90 » T [fl il prt=tif > =
JFII,E'J@E?E'IJ/ limiting streamlines * ['1_F" BF[E1V limiting streamlines
A Egﬁ[jl;“—ﬁfjiﬁ"{l Ty h [F[Jﬁﬂﬂfﬁfk? JTEERIGe E'l

A=1.67 Eﬂj ' ] F"[E%éf nodal point of attachment » saddle point, @
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BFFre A4 [ R BT 3 2 [ T (R
limiting streamlines ° E', A=1.67 R > BT Z T [p|ik 2 55 5L B
prd el e PO o ST S R (RIEFE B 2 nodal point
of attachment > E'[ A=4[5 > nodal point of attachment [ 45 [ %
g g O
E'[ Re=150 Eﬁ ’ %Eﬁﬁ%\'ﬁ'%\'@.%) ' (4.36)

H

A SO0.08F » FIAH T 3 ik -

DO

. HrA SUBRCIT | IFEEELD iy et - PO

B B S R TS IR B PR T A STl

o iy = s

3 Hi 1S A S TF O REITI O B R
i~ A ] SRR B ﬁ*&@in%@{%ﬁq

POESSET R o T AR R fiigf e

4o HPIS A S 2R BEARAII-CBE BT B R
. a\l__['@ °

5. ;g.r;zﬁ AS 3 SBIRHI e B B B R 1

= b BRI R [ PO R R S
4 Y P =T A
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,5[3<A<6Eﬁ PR e BT = BRI % 2T RGRR -
SR PG BT T BT ERR R H IR L
*’Jpﬁlj,%fy 0
7. ’él, A>6 [ > st [ ARG PRI — B T ERR e~
% Pl POt = Serph gt o
LR (4.37)-(4.39) » 53 I K% Re=150 > T il et =i - b 007 UBF
21V limiting streamlines * [T FEF10 limiting streamlines [’ ! - fé'[ A=1
R = [Fljﬁfwﬁ@%éf 77 BEL 49 > % % nodal point of attachment
# saddle point » [ ™ B olimiting Stream lines - A= 1.25 [ > RyfiY]
BRI A 2 g S E‘}’A24Eﬂj o o R [ s 3 Y
SEHNY 53 TR 5 0 R R dimiting streamlines © i A=1 [,
T Z U 2 OSEERG B L N P S 2 P
i Py RIEEFRAE E & nodal point of attachment » E'[ A=125 [ > nodal

point of attachment [| 5% 55sY [ {HTEE[2 1 1 i ] 3yt
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45 T Iy PR R SRR
T AT RS A=] 0 A=4 0 A=8 > 2-D VIR HE&&E#E.FHEJT
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