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Bifurcation to Chaotic Thermal Convection
in a Horizontal Annulus
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Abstract

Thermal convection in a horizontal annulus is considered, and the bifurcation phenomena of flows
from time-periodic to chaotic convection are numerically investigated. The unsteady two-dimensional
streamfunction-vorticity equation is solved with finite difference method. As Rayleigh number is
increased, the steady flow bifurcates to a time-periodic flow with a fundamental frequency, and
afterwards a period-tripling bifurcation occurs with further increase of the Rayleigh number. Chaotic
convection is established after a period-doubling bifurcation. A periodic convection with period 4
appears after the first chaotic convection. At still higher Rayleigh numbers, chaotic flows reappear,

J|EMH
C(z) : comelation function r DUk gkl FHiE
D; otz Ao el e rre o FAEE B OF ddvig wgs
f - AEo g v
I B EE R S f P AT
g . 2y Jlan dts . dlolE & sampling time step
L . B3 E R, - R LT, . 9% Ayte vz ddvie 2%
Nu : Nusselt u s Hb ibgke] £ AR
PO - autospectral density function w(d (v, w2y Mg HE wEke] &
Pr : Prandtt &=, u/x v c 9l wreko] Aw AR
Ry R, @ % A8 w2% AArie w7y
Ra : Rayleigh %, ag(T;— T,)L*/xv a2l AgX
a 4 Q3 A
v 54, FEUSE, 7 AFFRE 7 29 w3 Yge) HE
E-mail : jsyoo@andong.ac kr 0 AN @ &5
TEL : (054)850-5671  FAX : (054)853-1766 x a4 A AT
w39, #RINAATY, IHABAATH v f’ﬂ"é A
£0 CEE



1. M &

=AY a9 54 449 oA dete &
o UiF 4L, 2028 §59 e dd4
A AR ANz, A7) AolEe W7 T W
L8 Bobz Qs B HAL wol sivh o] A
2gd glolAel % Huel tE dwHe B
2o Powe T3} Rao 5% of o3 Agzoz
FEEde. 25L Ev9 F% H¥HE Grashof
o F APY Alele AU AL A=
e T2 e 4 7pAle JRHA {5 FH
g2 ERANG () A4 4 T A §F
(2) 2294 AFEE dF, 3) 3393820 AF
3= fE @) 2349 55 4 #F.

oA F& PL W Prandtl 5o FAE
Rayleigh Fold 23 9 £33 frEe dHE
Bek®®  Mack and Bishop®2 Custer and
Shaughnessy’i= D/L=2¢ &¥ uel =
Pr=0.02 2] FAe A4 AHd A dF{HE 2
AT %S Raol B3 dE AAF2H
T e Ag-ic’l(eddy)i TAHE A4 e
B4 A & (multicellular flow)& L_‘}dEJr ay
o Fant 599 Yoo 59& Prandl 57} 0 l\:
0.0201 7o) W H& BHAM VB
F A9 f%& 24

olg} Zo] #¥ 88 el Ad tFel @
& ¢ L+7} A E QAR AFAAY AFFE
o gry AN Ao §5& d7Egd. 53
Prandtl $7} #% ol uX s Ao g |
e we A HZ YooV oy A4
Prandtl o) W& tfF @4 27 @4& AA
Howm A FPolM  dolue €3
(thermal) 2 83  EA A (hydrodynamic
instability)- Prandtl sFol wha} wi¢ b3k HE
o §%3 Aol YL Yot AL RJYT
Yoo DJL=12 ¢ && $¥¢ e
g olwje] A= gHe ohHA-L Prandtl Fo] &
F2A e 2L F A dger FEHEY
AL 2ad. () Pr<0.2 : £y BobA
o] dojytow <3 FEFL TE WFow 3
Astes F A ol¥e HAER FHEY ()
Pr=0.3, &89 Zd7] EZM dESA

FhelMe] EE AiFES £7 1211

‘-1’”1 Zz719e AHZY B9 el 2
FAHE A dHe fE5E 2Avh ¥
o) oyt Follf Prandtl Fol wEkA
°J‘_ | B2 o4 9% (multicellular flow)zt £7) &
A% o Z(oscillatory convection)?} g
93]:]_(78)

1'411"‘“ 7NEY AFEL L% §5F9 TUA
BAd #A4e Fud #E gio ATH 54
& o el AR @stch ey AEde
WHe f59 AE A mE de 714
¢] £ % subharmonic frequencys Ze FVHQY
$%, 27 £& 3709 incommensurable frequency
2 2= 23759 % Fo8 e 7 ALY

=R

o

rﬂ{m -

=]

R

FJPO?-—ElﬂfEnB

FzHoz= BHRAY FE 5oz ddd
.,

olg} 7+ A 7FHel EE(temporal chaos) 3 °]
Ho] A=y okF By g BHLEA fA

& 2yl olUd ofi] Ropo] HAH AR @.
A BdeA ol StrkSchuster™).

Gollub and Benson'”& Rayleigh- Benard W&
oA 4 7HAe M2 ve HA2E d¥yes &
754521, McLaughlin and Orszag’"& "x] A
L Fatd F7)H 5, 2FVHY &%, £
% $%¢ 23tk 283 Yoo and mm“” & ¥
7t 7R em BEE 2= £ FH4S W
A AN F71 o8zt 271 @A(period-
doubling bifurcation)o]t} F7-713 ¢l AejE AN
Fo £E g£%0] dojyithE RE BTk A
Guzman and Amon'”& F7]H<ql awje] W
& ZE Ad We fFolME, 3 ¥ Hopf
bifurcation® A2 Fof chaosol| =2Fdde AL
Bt

Fig. 1 Problem configuration and a plot of stream-
lines and isotherms at small Rayleigh
number



1212 e e TR A <

AF3e difFel 9lejA Chaoszg] Fo| @4
2 ZAE) YA e DAL e ok
A Aakg sPsjol k. £ dAFME H
A Ade AN G of Adeick w2 4%
a4 F £ s FAHY HPE AE3HA
chaos= ¢ o) ARE FAMSTL nHs= §3F
& DJL=29 HBF =& ztx FIFoiH
Pr=0.190 23} Prandtl & &#Hd Ui A%
Wil B2 @de 2AGT.

2. 3 A

ke ANade] TE HEAE Fig 13
2ok, dAHg BH 2=E A% dE F A
o] 73 20 % MG Atoldl FA7E At
obZ ddre 2EE Tweln vg®E d4dd 9
ex= Tolel T, T,oltk. Boussinesq XA}
golA FE dE Addstuns FAMY dE
Wahe BAE, 299 e BAAEE Y
9A4eTa ARen. BAE H437 A5
Fig. 13 2Z& A3W HEA (r,H)F A&ETH
Az, LEFY quAd i BE PHNE
BA o), A7, £E, 4¥€3 22E 77 L,

Fig. 2 Instantaneous streamlines and isotherms at
Ra=3%x10* during one period(P) of
oscillation: (a) at t=t; at which (9 takes
its minimum value ; (b) at t=t,+P/4; (c) at
t=t,+2P/4; (d) at t=t+3P/4

L%, x/L, op*lL% (T~ T)E @slq Fxt4l
A7t a8 Pr=y/x, Ra=ag(T;— T)L  xv
S 7}2} Prandil -9} Rayleigh -2 o] @k,

84 35 (streamfunction) ¥} o} E(verticity) @
o et Fabsl Auj B FA 2AL o E
| el g
% = (¥ w) + Prview
— ; Wl _00

PrRal sin(¢) 3y + cos(g) raqS] 0}

w = -V 2)
% = AU 6 + v 3)

o7 de( @)@ SR P L Jacobiand
the s ol Ao

=0 (0 - 0T _or
0= gy (W "5 (W w=T5g

= L(0fdg _ Of3
.Kf;g) - 7’(67’ aqs a¢ 79%) (4)

aEm WA e AA 2R o33 2

LA _o'w
w == ar - 0 N - arz 1
=1 a r=vr &)
L _ o2
w — ¥ O » w a?’z )
=0 a r=v, (6)

Zte Wgoss e #e oF =dE A
&3t

2
%¢?=g—¢=0 at ¢=0,7 )
A (D9 B YooY A AHEE A
Ze HAEYE ALFd Foh 4 () )2
AR[AI)E d glojA= Az B & g
o] sl Dufort-Frankel®] leap-frog ¥%¢ 2
£5} 3 Jacobian ol hefAi= £ W EL ALE
gty 4 4o thek Poisson ¥ A e oAl 4
FAL olgdo FEF WAA A7 wEd 29
2 o] &8 Poisson WAL Buzbee 99|
829 #E AA WEE Ade w8 A
S &4 @1 utE £rh o] W g wWEi
Agsith. FHF7IHA A dFAAR Yoo
and Kim'?& o]sh 2 wpde AHg3H chaose




+9 39 FUAAe EE dUREY £7) 1218

o Mo| ARE T FHE vyt Atk F AFL
2L 79 AAE ojgstn 4 PFoze o
Aol e gre AAZE e AW e
ze ¥ #4g o8
r=r+ 301+ -tﬂhémgh-%”c)llﬁ]

with C=1.5, 0<p=1 ®

B0,

—B0.
&0

4 (b)

(a)
~50
0
Yz (e)
4]
(f)
% T 3 3 2

Fig. 3 Time evolution of 2(f) for several
Rayleigh numbers: (8) Ra=3x10% (b)
Ra=3.4x10% () Ra=5.8x10% (@
Ra=T7x10% (& Ra=T7.6x10%
Ra=28x%10"

B dgoa  AEE  (rx¢) FAAAS
(35 x65)0 ™ time step2 At=2x10"*o]T}.
AEse ES #E3y) Ao AL 71T
Sote) Thgdh ol gryel FAAMY WA W
o] 458 71E8Th
w(t)=ulr. x/2,D
QAN r.=(rit r)/2 ©

JAL-

5/9

l

= -
o O o Nne Do

)

-

ook D O o ®

FV N

Al (e)

-

LogP{f)

e a @ ON O NME PO

(d)

(v}

(e)

-

N ok ®n OB o »

®

o

10 20 30

J

Fig. 4 Power spectra of w(f) in Fig3: (a)
Ra=3x10* (1) ; ® Ra=3.4x10*
®3) ; () Ra=5.8x10" (®6) ; (@
Ra=7x10* (©) ; (&) Ra=7.6x10*
(P4) ; (O Ra=8x10* (C)



1214 8 =

gz (el Power spectrumS FAdted O
Fo ATEA A% E43 £7] @ AH(bifurcation

phenomena)2 FA}EHTE Powpectrum®: t}&3} T
SEEELL
T
(A= "Lim [ exp(2nfx(fat (10)
PH=1xN1* (11)
Power spectrum £  Fal=dl glojA =

Cooly-Tukey 2| FFT algorithm'”& o] &30, djo]
B §#838 Azt 7vA T= (Number of data)
X Atgol A dojubs side lobes A A3 9]

Hamning window & #-£ 1} olwjo] Fut A

(frequency resolution):= 1/7°] Hi=u} aliasing
errors fol7] 98 FFTE &}7] dol AFg o
q gYel(low pass filte)E 7PN Fuabg

(frequency)?] W 9& A F3cl. anti-aliasing filter

1

c(t) o
(a)

-1

1

c(t) 0
(b)

-1

1

c(r) 0
()

-1

1
(d)

-1

Fig. 5 Correlation function of () in the
period-3, period-6, and chaotic regime: (a)
Ra=5.4x10* (®3); (b) Ra=6.2x10"
(®6) ; (c)Ra=6.4x10* (C) (@

Ra=T7x10* (C)

4

T B

cut off frequency £ Nyquist frequency

In=1/24ts9) 70%= @3ttt shrte] Rayleigh

o disf 8x10* time stepg 7|Atatg T wlo]
B 9| sampling time steps Jts=10"°02 3o
Hole& &A% th& FAE dolHg Fytid
o= 28 7 e 22 jjo d&d do|rzy
Power spectrum< 31T

a3 ke e Autocorrelation  function
g 2itetr = dah”

1 & :
()= Th=T) le x(Dx(t+Ddt (12)
0=

Bl A e fA F5S 2AEE 8
el f8H FEeA ogdt F718 A
o dslAe=, Aoe 571 et "Ja, 14
ula} chaotic A& ol thelME C(o)7 zero= 3
=3 7o)

3. 81 & =9

2L Rayleigh 79 Ra<1500¢4e 3hte] 4
(cell)& zh= AN Al dif7t FAE (Fig 1.
28 Re=2000004 7 AEshe Wit dojyid
A% U5 #7120 000<Ra<3Ix 10" A= F
712el $£%& Bo|idl Fig2dl Ra=3x10%l
Aol g F:7) Foke NESE diY FEFL
AgE e AEshs 71zba el e 3
o) sl E 4dol FAHY, #83e ¢
Ho = olgl yhif wiaFow FHAsE sty 3
& o] #HAMgrl Fig 2004 FEYE AL Y
o 31 RE P Mo] AF8= 7]2}“‘5-?}
W AbebA ] o A& EAgce Feldd
Hi A diie F A9 HAHA °1°1
e A2 &8Eo(eddy)d] F21HA A4
~9E wodFa vk o8 #E F o4 79 F
3 AT Fgom Qste] @y 4 o}-j
BEo we W EHF ATE HAg
Rayleigh #7} 7t&45 4 209 A}z (42
e o #elAn ARz vlF71He] E= o
#(chaotic convection)7} 2lojdtl. Pr=0.3% 74
Sl A Aeje) o)t WARYAD
Pr=0.190 A% u34 ded Asshes
577 dojre o H(hysteresis) A Hojut|
ies

HH G
T



T4 29 gAY EE AR B 1215

Fig. 33} Fig. 40 E& OFEY Ho| AznB
EAFE w(Hol A 7]E3F Power spectrumS
=AY B3 4L g g

(1) 2000<£Ra<3x10? : shte 7|2 gz
(fundamental frequency) £2 2t& ga F71H
&%o|th. Power spectrum (Fig. 4(a)) olA] 7}#
2 peakt fiol lon UhE FHRREL BRE 4
o A (f=mf) 2 EAHED

) 3.2x10*<Ra<5.4x10* : F7) 38 #7)
@ Hperiod-tripling bifurcation)e] Re~3.1x10* &
oA dojitn o] ARG ME 3/ FAE
ZE #7) 39 A% Hst dolddl. Power
spectrume]l /| L}ERUE peakE el Fral BR
/1/39] super harmonicsel] %] Th(Fig. 4(b)). Fig. 5
= R 7k Rayleigh ¢ ¥ correlation
funciong  EASFi=d o] oo g
Ra=5.4x10%) 9% Fig. 5@¥ F7] 39 e
g weFa 9o

@) 5.6x10'<Ra<6.2x10* : 7] w7} £7)
# “Hperiod-doubling bifurcation)o] Ra~5.5x 10! 22

30
,’*
,’f/ .
rx
’ ‘:":ﬁ
(a) RawadoaD
~10 30
B0
SR e
LN 3
A
/“'.\V '-.\1 7
E v
(&) Re="ro000
—10D 30

Fig. 6 Poincarc section of #(f) in the chaotic

regime with a delay time of 74=0.01: (a)
Ra=6.4x10* ; (b) Ra=7x10*

oA doidez sl o JgAdME 6//4 F
NE e F7] 69 JAFE dH7 dojun
Power spectrumel] A vhelidi= peakE 9] Fulgi=
BT £1/69 super harmonicsel) 1th.(Fig. 4(c)) -1
B Ra=6.2x10"9 3t Fig. 5(b)2] correlation
function® peakEe] 6 Wruir}l Hgo] uwEgls
B3 gl

@ 6.4x10°<Ra<7.2x10* : w(de 8%&
o}-§ 28 (Fig. 3(d)) Power spectrumoe] 3o
& (broadband noise)& M o) =(Fig. 4(d)) H]F7)
A9l chaotic convectione] Uoj Tl  chaotic
convection®] %7] WAl Ra=6.4x10%] tjg
Fig. 5(c)9] correlation function® B3 H¢l mor
€ g RaFa dAE @ 28} Fig
6(a) 9 Poincare map< ojz] 7j¢] HSe] FolA
M dEeEbdo R s BIE a7 #A T chaotic
FHE BHFn gt 28z v] & Rayleigh 5
2 Ra=T7x10* ti Fig. 6(b)2} Poincare map
£ F83% %9d chaotic HefE I ndZm ¢
o},

(%) 7.4x10°<Rax7.8x10* : 4/£,9 F7)8
Ze F7] 49 F713HQ %0 oAl dojuc
°f 99 Wl Y& Ra=7.6x10%1 dg w(p)
€ Fig. 3(e)] =Astdc E7FH A chaotic
convectione] dojw Fof B} Fig 3(e)Q
w(H9 S-5(fluctuation)e wj$ Bslch. zajuh
Fig. 4(e)®| Power spectrum F 7] 49] 7]x¢)
L5 B9A BeFa gt Figde)dlA 7}
F 2 H39 FHRfE fioln ZE HATL
fi/4% 29 harmonico. g FA HATH

6) Ra=8x10'14% BF718Q  chotic
convectiono] thA] Yojttlh »(HY 45 L o
B339 (Fig. 3(f)) Power spectrum® broads}ch
(Fig. 4(f)).

(M © & Rayleigh 9 Ra=9x10% 105,
2x10%  3x10° AANe $EE A wF)F
o5 Power spectrum & Fuid FEE @}

o] Akof A] B 27184 (bifurcation
phenomena)§ &L.9F3td thga o) steady —
period one (1/f))~— period 3 (3/f)) — period 6
(6//1) — chaos — period 4 (4/f,) — chaos.

£ A7NA F58 A Y4 Aol g



1216 %

Hopf bifurcation®]
2 dato] 7h WA o
ojuti= Aotk we F7AQ] &% Fol 4t
o @ol #AH & AL F7 Wt
(period-doubling) 7] @olrt EF7]A ¢ (quasi-
periodic) ¥ o298 ®riojth AF7tAl Aot
o] 2Fel A4kE T3 BE& &7 el Y
HAAE ¥t AE Fate] BT AFAHQ
Hol B g4 g AadodMe F7] 34
B7) @ao) wEgEA gk @H FEFE AR
EE AL i AR dAAAdE F7] 3
o E2 faol RAEHE HAvH dE E9
Goswami''= F71Hozm ¢& we
Toda oscillatorel] A =7} 3w B> @48 B3}
Qe F7) 3] 27 Hae sHEE B
dEotGo] FAlo EA3tE 7 FLolA do
e 553 @dolth
B d7de 240 59 w(HEA HA
A e sle 544 sttt §8° Kimura
5% Yoo and Kim'P8 Aj&@e} shtel A

ol okel WF Nusselt 4=, Nu(h), & =A3d
27 @S 2ASEY. B ATME  Nu() 9l
=4e mAEIYEY BE w(Heh F9d AF

-

i or

3
(a) Ra=62000
2
2 3
3.2
(b) Ra=76000
2

3.2

Fig. 7 Phase-space trajectories of Nu(#)  versus

Nu(t+ ) with
period-6 and  period-4  solutions:  (a)

Ra=6.2x10* (b) Ra=17.6x10*

T4=0.01 showing the

w4

#AEA

hFe EAE RAFRATh Fig 7= F7] 63
#7] 498 999 9= Nu(He pbase spaces
©AHQY. Fig 7(a)9 Fig. 1b)= 72 6749 4
el 23 Ak(closed orbit)s Ko FOEMN P
7] 63 F7] 49] A= FYEA 2P Yk
B dTal vehts = st 0] g E
A& Rayleigh =71 &71ge] o JAFstes o
Fol HAAe) AAFHor ALdte FUHA &
I Bze vE7ided &5 Fd 7150 &%
o] thA] yebdtls Fleld, 7oA #EHd &
E UF Aboldl &Aste FU] 49 A (period-4
window)& Mukutmoni and Yang® o] &R &

Zt 9] Rayleigh Benard il #AE A
F ALk,
oz TFig 8 FE  GYel Q=

Ra=8x10%1xel 28 =42 #%4& =
AgtgTy. AE7E B9t $HEe 9 FE(4=0)
ol p=rx/2 VA AgEolsl Byl £7 B
2ool BAEE 2850l 1 ¥4 A7) W
et gk AR @i AL FAIC 2LX
TE JAoj = 53] olg F AEE0] Aol
A %Al Alzbel wal i BslA wskd
A Aes HoejEth

Fig. 8 Instantaneous streamlines and isotherms of
Ra=8x10* in the chaotic regime: (a) at

a arbitrary time of f=4#; (b) at
t=41+0.02 ©¢t=4(+0.04 (d at
tIt1+0.06



TH 8% 3UAAM EE ddFEe 27 1217

4. € &

4 228 FAs U= F A $£9 F4
AT Aol B (D/L=2)04 Lot
Pr=01%1 A9 AFde aAd df 4L
FAHoR FASFYT F8 AELUL o] 43ld
034 F48s-9x 4348 FJo. Rayleigh
7t Zrhgel wel HEA AujAE g4 g
HRERE F715o8 Ugstz F2 Hopf
bifurcationo] dojdt}. AF3T HFY Z7)d&
shte] V& FaRE e ge Fr)EHe 2E
o] doji}=d Rayleigh 7} vl2 W Zusiw
742 wA F2] 3w #7)  (period-tripling
bifurcation) @bo] dojdeh 1ely YFdE F
7] ¥i7} £2] (period-doubling bifurcation) & Ako]
dojuim At v Fr)FHe  EEOQF
(chaotic convection)o] =2stch, A HA TE
F FAe 7] 49 F01FH %) tha] de
ok 2 2 o] F9] | & Rayleigh 5ol A+
FraHe EE di{7F 94 g™

ngs

(I) Powe, RE., Carley, C.T. and Bishop, E.H.,
1969, “Free Convective Flow Patierns in
Cylindrical Annuli,” J Hear Transfer, Vol. 91,
pp. 310~314.

(2) Rao, Y.F., Miki, Y., Fukuda, K., Takata, Y.
and Hasegawa, S., 1985, “Flow Patterns of
Natural Convection in Horizontal Cylindrical
Annuli,” Int. J Heat and Mass Transfer, Vol.
28, pp. 705~714.

(3) Mack, L.R. and Bishop, EH., 1968, “Natural

Between  Horizontal
Cylinders for Low Rayleigh Numbers,” Quarterly
J. Mech. and Appl. Math., Vol. 21, pp. 223~
241,

(4) Custer, JR.  and Shaughnessy, E.J., 1977,
“Thermoconvective Motion of Low Prandtl
Number Fluids Within a Horizontal Cylindrical
Anmulus,” J. Heat Transfer, Vol. 99, pp. 596~
602,

(5) Fant, DB., Prusa, J. and Rothmayer, AP,
1990, “Unsteady Multicellular Natural Convection

Convection Concentric

in a Narrow Horizontal Cylindrical Annulus,” J
Heat Transfer, Vol. 112, pp. 379~387.

(6) Yoo, 1.-S., Choi, J.Y. and Kim, M.-U., 1994,
“Multicellular Natural Convection of a Low
Prandtl Number Fluid Between Horizontal
Concentric Cylinders,” Numerical Heat Transfer,
Part 4, Vol. 25, pp. 103~115,

(7) Yoo, J-8., 1998, “Natural Convection in a
Narrow Horizontal Cylindrical Annulus,” Int J.
Heat and Mass Transfer, Vol. 41, pp. 3055~
3073.

(8) Yoo, J1.-8.,1999, “Transition and Multiplicity of
Flows in Natural Convection in a Narrow
Horizontal Cylindrical Annulus : Pr=04," Int
J. Heat and Mass Transfer, Vol. 42, pp. 709~
722.

(9) Schuster, H.G., 1984, “Deterministic Chaos,”
Physik-Verlag, pp. 1-~136.

(10) Gollub, J.P., Benson, 8.V., 1980. “Many
Routes to Turbulent Convection,” J, Fluid Mech.
Vol. 100, pp. 449~470.

(11) McLaughlin, J.B., Orszag, S.A., 1982,
“Transition from Periodic to Chaotic Thermal
Convection,” J. Fluid Mech. Vol 122, pp. 123
~142.

(12) Yoo, J-8., Kim, M.U, 1991. “Two-
Dimensional Convection in a Horizontal Fluid
Layer with  Spatially  Periodic = Boundary
Temperatures,” Fluid Dynamics Research, Vol. 7,
pp. 181~200.

(13) Guzman, AM., Amon, CH, 1994,
“Transition to Chaos in Converging -Diverging
Channel Flows: Ruelle -Takens -Newhouse
Scenario,” Phys. Fluids A, Vol. 6, pp. 1994~
2002.

(14) Yoo, 1.-S., 1999, “Prandt! Number Effect on
Bifurcation and Dual Solutions in Natural
Convection in a Horizontal Annulus,” JInr J
Heat and Mass Transfer, Vol. 42, pp. 3275~
3286.

(15) Roache, P.J., 1972, "Computational Fluid
Dynamics”, Hermosa, pp. 53-~64.

(16) Buzbee, B.L., Golub, G.H. and Nielson, C.W.,
1970, “On Direct Methods for Solving Poisson's
Equations,” SIAM J. Numerical Analysis, Vol. 7,
pp. 627—656.

(17) Bendat, J.S. and Piersol, A.G.. 1986,



1218 & oA

“Random data Analysis and Measurement
Procedures,” John Wiley and Sons, New York,
pp. 325~424.

(18) Guzman, AM, CH, 1996,
“Dynamical Flow Characterization of Transitional
and Chaotic Regimes in Converging-Diverging
Channels,” J. Fluid Mech. Vol. 321, pp. 25~57.

(19) Goswami, B., 1997, “The Role of Period
Tripling in the Development of a Self Similar

Amon,

Bifurcation Structure,” Int. J  Bifurcation and
Chaos, Vol. 7, pp. 2691 ~2706.

(20) Kimura, K., Schubert, G., Straus, J.M., 1986,
“Route  to Porous-Medium  Thermal
Convection,” J. Fluid Mech. Vol. 166, pp. 305~324,

(21) Mukutmoni, D. and Yang, K.T., 1993,
“Rayleigh-Benard Convection in a Small Aspect
Ratio Enclosure: Part 1I- Bifurcation to Chaos,”
J. Heat Transfer, Vol. 115, pp. 367~376.

Chaos in



