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Abstract

Bifurcation of unstable symmetric flow patterns to stable asymmetric ones in laminar sudden-expansion
flow has been numerically investigated. Computations were carried out for an expansion ratio of 3 and over a
range of the flow Reynolds numbers by using numerical methods of second-order time accuracy and a
fractional-step method that guarantees divergence-free flowfields at all times. The critical Reynolds number
above which bifurcation of pitchfork type to asymmetric flow pattern takes place is lower in a flow with a
higher expansion ratio, in agreement with the previously reported results. The bifurcation diagrams show that
the bifurcation takes place at a Reynolds number, Re, = 86.3, higher than the value that has been reported.
The lower critical Reynolds number may be due to deficiencies in their computations which employed
SIMPLE-type relaxation methods rather than the initial-value approach of the present study. Characteristics of
the flow development during the transition to asymmetric stable flow have been investigated by using spectral
analysis of the velocity signals obtained by the simulations.
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Fig. 2. Effect of Reynolds number on flow pattern
(velocity vectors and streamlines) for expansion
ratio of 3: (a) Re = 80; (b) Re = 100. (Only half of
the streamwise extent is shown.)
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Fig. 3. Profile of dw/dy along the top (solid line) and
bottom (dotted line) boundaries for expansion
ratio of 3: (a) Re = 80; (b) Re = 100.

e ¢ F Ak
5. Disturbance 2| MZE 3 A

Reynolds number

o9} o] 19]9] expansion ratio £ & ZtE H
FHAFELS Reynolds number & S7HAA Z
wa} ojd EA 3 Reynolds number o] 4e] =W
3 $502 #HolE =l o] Reynolds number &
97 Reynolds number (critical Reynolds number) &} 31
B, GeME AFARC FFAREF AA
Wj9- B¢k Ee 5ol 94 Reynolds number ©
o] Hw HulojAel gt uqF EFHLE
o1&t 7] (bifurcation)dt= A4S HolA Hrh

A Reynolds number & T-3t= A2 vi¢ T8
3t thd AFAbEd 9Jste] 2 ol AR
v ok 53], wWi¢ ZE amplinde B ZE
disturbance 2| % normal mode 2 3}4d3te] <t
ARe Y= A EZF growth rate  polth
Growth rate ¢) 5% ol w2} disturbance 2] <34 &
ZAAEEY B = 0 3|2 Reynolds number 7}
critical Reynolds number ©] T}

2

-35-



vs(t)

0 5000 10000 15000 20000 25000 30000 35000 40000

(a) ¢

Re=90—-—>85
A=10"°

us(t)

108 1 il L it
0 4000 8000 12000 16000

(b) t

Fig. 4.

20000

24000 28000

History of v signal at (x,y) = (5,0)h in simulations
at Reynolds number near the critical Reynolds
number: (a) Re from 80 to 90; and (b) Re from 90
to 85. (A is the amplitude of disturbance.)

5.1 Disturbance @ M&4x{a{4A % bifurcation

Figure 4} (b)) (x)=(5,008 §1 YX)A 27]
Z7OE Re = 80 & 713 A9 £HE w7z
Abst o] At AAE ZV|RFASE FPHA
Reynolds number T 90 2.2 ¥R-S w9} Re=90 &
& Aol FEE A Adsa o] ALY Ax
& Z7]xz7102 31HA Reynolds number T 80 ©
2 EEAE W A o 373 LESE v 9
plot o]t} o] dl vy o slope & A4S growth
rate & 7% 4 Al A9 Reynolds number &
271&7102 olfAE ZE J&VE 9&
AATt. =, bifurcation ©] A7) Re=100¢ 7 $-
E Re=90<% 27|ZA08 o]&3lo Re = 100 &
2 F7HE o B 71e719 271FPE Re =
100 0.2 3t AZHEH ALs A9t growth rate
S d|w3le] By gv HE3 bifurcation ©] A7)
A @ Re = 80 9] HA%E Re = 100 2.2 $3 T
FE5S 272708 &1 Re = 80 &2 7AAY
w2} Re = 80 0.8 +HIF F-%ollA] disturbance &
AAZ & 742 o A7) 7)E71E AN A
# 2t Re=857F T+¢F 7 Reynolds number ©}
ol d Re=90 914 Re=852 FFAEL wox

500 1000 1500 2000 2500

(a) ¢

0.02

0.01 i~

~0.01 -

—0.02 ! i I i ]
70 80 90 100

(b) Re

Fig. 5. (a) Comparison of the v-signal at x/h = 0.5, 1,
2, 3 and 5 along the centerline; and (b) growth
rate P as a function of the Reynolds mumber: O,
v-signal slope; (J, energy balance; A, Shapira et
al®,

bifurcation flow & #*3t32 Y7 Reynolds number
o] &tebd bifurcation flow & X434 3 Ho=
o &8¢t

Figure 5(a)x centerline 91¢] o8] A4 x/h = 0.5,
1,2,3, 5049 y &3 &% vel BlEE YEdH
theFgk Ao A9 71&7)7t 2 e vEhdE
2 o3t gL At & growth rate &
A& F AUtk olu growth rate B linear growth
s FREAA o9 Azt el £E e} Ar
AZFY EE v+ANE o83t TFe How

T 4 Qo
B= Aitln[%] ©)
Figure 5(b)°l ®.0]:= ule} o] Re = 90 oA
growth rate & 2 Z UERUT Re = 85 AT
&0z VERLE R Re =859 Re=90Akolol 47
Reynolds number 7} EA3He A& & F dow
o] Tl Af¢] growth rate & interpolation 3}
bifurcation diagram 1A A& g3} AL ZL Re =
86.27 & 735t} o] Shapira er al @A Bnd
%k Re =826 ®rte wi-¢ & gholth

5.2 Energy balance

A domain ©] ™8] mean velocity & A%

-36-



-

z/h

70 80 90 100 110 120
(a) Re
0.1
E=3 T T T T
STABLE
0.05 - ~
&
It
- 0
5 UNSTABLE
s
—0.05 |-
-0.1 !
70 80 90 100 110 120
(b) Re
Fig. 6. Bifurcation diagram: (a) reattachment length along

the top (solid line) and the bottom (dotted line)
boundary; (b) v signal at x/h = 3.

disturbance field 2] kinetic energy 9| transport
equation (kinetic energy ¢} dissipation rate &
production rate)& ©]835}4 growth rate

31t}

KR

=

78 4

1 dbe P-¢
b= Y

@)
2k dt
ANAM, k, P 2 e2 U7 Kinetic energy of the

disturbance field, production rate, 1¥] 3l
ratio & UERITH

Figure 5(b)2 3

ASEEs 9 ARI)eVE

o]-83F -9} energy balance & ©]838} growth
rate & A4S 79 Z18]3 Shapira er al®9] A4t
ARE vust d4E "]’E}"”‘:} ayAA &
T 5 l%e] growth rate & TIHET UM 73

FHEE v 9
=
=

718718 ol&3 ¥ energy
balance ol &3t W2 FY% YA Reynolds
number Re, = 86.27 & Holx it} 13y, £d
A8 g5 5 sl Shapira et al.®9] AL} AT
82.6 Ax2 A Reynolds number & 7}Rt}. o]
g Aozt YEdE AL HAEHE HEW
divergence-free =30 A3t G TFuieS A
Abetr) fdle diREe dFelA T time-accurate
&}A] - SIMPLE method & ©o|&3 571 W&ol

@ Alggn}, o9t 7o) timestep ol W FEs}
A &8 solution & mean flow T 0.2 3] A4t

dissipation

& 83 A$ eigensolution o] FHEE K3}
A 8} time-accurate ¥ AlAHH el fractional-

step method | H]Sﬂ 32 oA Reynolds number 7}

vehd Aoz FEHYY. webA, ojg o] B
A FFo MIFHYANE  time-accurate T
fractional-step method &) A}-&& HEAgTH
5.3 Bifurcation diagram

Figure 6(a)E Reynolds number °f @& top %
bottom boundary ¢l 4] reattachment length (dw/dy = 0)
o] W3lE Jea ot o] g & 5
5o} reattachment length &= bifurcation ©] A7]& ¢
A Reynolds number 7} € w7}2] % top boundary ¢}
bottom boundary S} 4 FY3 #& kA7 Reol o
2} Z7}3ht YA Reynolds number ©]2Fo] HW
Reynolds number 7} % 7]-?3}01] w2} top boundary ©fl
e 2378 £°]EI bottom boundary A= &
Ave BEgE L}E}lﬂﬁi‘:} fo a”dA & F

91%o] top boundary 9} bottom boundary ©A]
reattachment length 7} @2}A:= Re, = 86.3 ©] YA
Reynolds number §& & 4~ FI=
FEU AT AHAA Y FALTESLE

Ztol Re o uwg}l WA3ElE O Z bifurcation
diagram & 1¥ 4 Ut} Figure 6(b)T (xy) =
Gop A9 v 7 FHIE @& o83t zt
Reynolds number o] tl3}d =213} 3] HFo24 ¢
A3k bifurcation diagram ©]tF.  Expansion ratio E = 3
ol ALAE »yh=3Y AH] yWF Ex v A
7] Wgs A AAE B2oly JH flow 9o &
Ae 2 Jehdtta Az o] fAE At
bifurcation diagram € 28 B4 I A
reattachment length ¢ top boundary ¢} bottom
boundary & ©o]-&3}o] ¥ Figure 6(2)9] bifurcation
diagram 3 72 Aol A bifurcation dh= B0l
ElY ¢4 Reynolds number 7} 863 €& &

ARy

4 gtk olst 22 vsignal & ©|88 diagram
& FERA{EFA 83 2 Reynolds number ol

39} pitchfork bifurcation & YERATH

5.4 Least stable mode (disturbance field)

Figure 7(a, b, ¢, d)& Re =100 % fr&olA 3

FEome Moyl AYAHoR A7lE FHFLY
3 A1 Q) dimensionless time ¢ = 1500 °ll4] mean
velocity & AAE disturbance filed ¢} least stable
mode ©] ™33l streamlines ¢+ $% ““51 2 iso-
vorticity contours 18] 3 isobaric contours & e
t}. o 9 Fig. 72l $=¥EHE g4A LolE 5
AES AA AAHFT x WFOR 4y dY &



(b) 0 , 5 m 10 v 15

Fig. 7. (a) Streamlines; (b) velocity vectors; (c) iso-
vorticity contours; and (d) isobaric contours
showing the flow field corresponding to the least
stable mode for expansion ratio of 3 at Re = 100.
(Only half of the streamwise extent is shown.)
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