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Vortex breakdown in an axisymmetric circular cylinder with rotating cones
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Abstract

A numerical investigation has been made for flows in an axisymmetric circular cylinder
with an impulsively rotating cone located at the bottom of the container. The axisymmetric
container is completely filled with a viscous fluid. Major parameter for the present research
is only the vertex angle of the cone, otherwise Reynolds number and aspect ratio of the ves-
sel are fixed. Main interest concerns on the vortex breakdown of meridional circulation by
impulsive rotation of the cone with respect to the longitudinal axis of the eylinder. Numerical
method has been used to integrate momentum and continuity equations on a generalized
body-fitted grid system. The pattern of vortex breakdown is quite different from that in a
right circular cylinder with flat endwall disks. The flow visualization photograph of the
preceeding work by Escudier is compared with the present numerical results and the two
results are in good agreements. Also flow data are plotted to gain a deep understanding for
the present phenomena of the vortex breakdown. The conciusions of this work are clearly ex-
plained by the classical theory of the vortex flows in a finite geometry.

.M = 1 g71ule] % o)A opEe) Balo] dhejae
Tt 74335101 %U} l i% B2 At

o] B oo #3E A+ 1968 Vogel Vo] ATt o]
P2 Be dfatsd ofd ol 01?—_;]01& Py

- A& o, TF% 12l Hols

K
7e
Z g 4 9}% (axisymmetric vortex breakdown) 2y
%9
A= —r(Reynolds number) 2} &7]9] Z3H|(as

olt}. ¢}%-¢] Halo] W3 wo A Zda 4% pect ratio) 2] 3 olEo] B3 % g s}

HAs) o559 5 ] dEelth FAE ATz
* B sta 7] A A A o] ZEe AN FE, £3EA 5o BEE 158 T Uy
* AR 7AEA o 28ty 32217 WEe 5 olEsle didx



56 A4 -

oF By el i FEHH w7} i &
stelat daEnl 19849 Escudier = % o) 3
AEE 8719 WA otFe FI7 WAk
FE5e 949L ol o AN I H
A3t A AEE Y. Escudierd ¥38F o] ¢
gl Fo -4*’/‘}* 5 WA 8719 HHI
L (flat disk) & nu 3| Mo ojF A &
T W 9}%‘01 A 9 BRE Gy 11
Zo|A] Sphon §™e] AT e A FHel Fakn
2] 128k A7t Sphon & 259 A-folA|
A 2EE 2 2EE FasA Bevs 42 =
& o, A Aol fF VA3
27t o) 2 YA ES B v} o] BE
obEe] FHd 8 FF 242 B YA deld
A o] etge] Fao e Hoju vigat opF F¥
0” EH“ "a‘t‘é’f} k= 19959 Fujimura %Yol
‘4 #te] Durao 579 e 3
1A E &lge] 3ol ejs) A
213k

o)

_%Jof

tho o] dFE vE
3 Hgo] ofd ol EHE IS
A oof9 Ful2e Aot ¢k & 9}%—91

g FEAHY = (vorticity) B F7HH

2 N

12

i
ER I S I

Higoll oafAo]7] uj ol AT dhl 42 Zoj
E sz g ol e A 8-E opFe] T
3 el% (vorticity) 9] wWst <dde i
zd°”* 73 Bolglt}. &3] 252 #olA #

47| (Laser Doppler Velocimeter)& A}g- o}crl
9 39 (meridional plane) Aol Ale] £x & =4
a1 E:l.»luzk% o]_g.ﬁl ‘n“é"q 7}/\]§], 413]_@
= s f59 e
]*1 Wl Bajzto} 90" R 1AH
XI Holzx Fof £7]9 FTIvwiwry 3
obE el et AEH A4E AwSSc)
ol X Durao 5o o5 d4%& ®v} 3
of i3l 43 A FaEtnat g
29 Durao Fol =lla frApsl 3
2e 5 g 8o sl AAHL
| Rejx Fol7} Hel & W3 953 &
AxE o o8] 28 Uk E=I} F

75“4;7} 1/01 211 o307l Aa51= W 300 7 ol

1

._,_

)

o ool jd of
rok F}EL%O mlf':i'iiiﬁ'.

e
A o

B o

‘r\”
r{m _O,L

v4g Wl

T HE

o orln oo
g
r3.7:
oX
od&lﬁ—loﬁﬂ

N,

xorr T

2
Q:

A4

o #5322 548 dvee Hgelyzm =

Durao %9 Zzlel wsnE $3) 257002, 23
z;:

H]}; 3.00 2 ﬂzé‘} ;;r_
A 53 a}am

Yo A% mE
3] Al sk AlgE Que] s

Ni

= 60°, 90°, 120°, 180°]ui, 180° 2] #$ &
7]l E¢°l AW Fw PFo] "ok we
2 Age] B nAEH 49} golur ¢
ol chal J“‘i°l 7E7t obge] g oW Fue
viAE 7HE FAHer EAEe Adojch fEY
o 52 & °l mcw T Foll thste] 3t
7l 2= w Stz e fFoll ofall &) uiFel

Addct. o }"1 = | s4le] f5 2 g
Table 12 noFE 4= Ut}

&) Aol AMEE ]S Patankar'®e] SIM-
PLE 7ide] ¢aig]&eln Hxdles o4 ZAAA
& Aol Ayt AuAls WSt Alg3)
At 5o 2t A Mg B4
g ete] siAlEln 2 Ak g
3t E59k freel 7HAlE Axet & xRl
t}.

U/“O
-

2. X| s

ol

Fig.l& 5
ehdich. Fig.! 011*1 o 7 9l
e 87)e] r|alsha %*
38 Al A
I A f5 Aol ZheE
FTuspAlHEG

-E' l*Wl*M Holw=

= HE5H frjel v %’(R)" 715 2 Re=
R vz *C‘&WO‘% ATl A A Aol A
£ 257008 ayAlHch o}%ai 5g& FEAT
= A= %J%PJ 2 zbe 60°, 90°, 120°
180° (B3 s9g 7hd Aol QEav))2
HBPAI 7| A obgo] gaof] W3t g3ke daalgl
vh ARG ARRE BHE & )3 Navier-

l:l] 5]'_11_ R‘H }—]'3}-_71]0” I’H 8“ i}'“\t‘i’
wg Seel gudel §
Fal] o}5e) B9 FAE 7]

Feloln} )ae A @

I

P I | B W I S I |

)



ke 9489 4xd e & dY 988 8744 5ed B8 97 57

ST
g
0y
. z 7 @

2P

Fig.1 Schematic illustration of flow diagram
and coordinates system.

Tl ol 7Eem ofe] g FO- Doy
A E BIRA Bk K5 Feot 3 o
Polog #4 A4 G4 AA FELR) 08% 3

l
wuke AT ot WAsUrh

FHRAHEA ApgE WA iy vy
Navier-Stokes ®#4 2l olduty Aol (F o,
2)9] 915 A #HAA NN TAEH EF5 Pge
3} dsurgale 242 4 (1) (2)eld

ﬂ__la(ru)_va_(uw)

ot r or 0z

Lo, v -+ UV u-—) (la)
por T
v 1 o(ruv) _ 3(w)
r r or 0z
uv v
= 72y 1b
T+V('§ v 7_2), (1b)

a_W:_l_a(m_wl_ﬁﬁ‘l?erv?w. (1le)

1 a(ru)
r or az

=0. (2)

o) HeoM &5 AR (u, v, w)2 (1,6, z) ¥

gol £ 42e 747 vshich £8 duga

¥ ol pE FYL, ok A9 UE, Vi

A}x}—a- o]p) &t}

& B3 S AF 27127 4

298 gesl 4 3 WA LA
A zde] A% B =Re) #F A7 4

HoAolns 1A WAl Plug #x 24

(no-slip condition) & 28313t}

Laplace

u=v=w:=0, for t<0. (3)

u=w=0, v=rQ,
for t=0(1 %2 ZAMH) (4a)

u:w:v::o,

for 1=20, (A9 €719 & AAH) (4b)
u=0, ow,/dr=0, d(v/r)/ar=0,
for t>0, (£719 ZA3) (4¢)

TEF Held doge e AR mg
3] ollle 3 fl¥e] AAl FHoz 9l YE
3 8719 olnz Aol A LANE Auishe
HW 3 A (generalized body fitted coordinate

system) & 83l 3] AL o} sict. olF

A vAR F A HEA (& 707 EUHYL
o 2 ()9} (6)& vjAW = ha AHA(E
YA AR $EY BRAT A% gl
E}.
orJu F ou  ou
;+‘_4
i 6
+'ai['rVu-7*-( B%;+Y—“)]+S
N S ,
= ra—Ezq+7§;]-zé, (5a)
ordv I ov ov
el S 5]
}———[ranrF(~Bg—E+757—)]
= —ywv- I"ﬂ (5hH)



58

oy
2

}%LrVw e g’;’ﬂ%ﬂ
~~r3—i;rﬂ 73%5, (5¢)
@(aig- a(ar”m -, (6)

o}, E3F v A

of 71 A1, J:rézﬂmrz Z3t
Ale] w2374 (non-orthogonality) wf&-off A8 7]

E®ELE . e By T8 T ol A
o} E Tt
r J; 2 J; r J’ 2 J

a=r 42 f= Tt 22, r=r£2+z;
23
e
U=uz,—wr, o] 11 V——uz‘j wreol u}.
Be] ATPME B& WrzA] A 2
pasiel 4539 e o A

Issa®, Lee2} Chiu
da] dEjx|3 893 AMEE =
7 dis) e 3

M A AE

£54 Ush Ve tgw 2ol 4ojss w
3} (contravariant velocity term)ojt}. &,
o]

rE

o0l sla
wolth, &
A8 71

~ (i) o ol:g_%

g3t A=
718 WAL 2 M) 48] (80 80)

AGAE AHEslY &
3] ¥ BAY A% 97} 60° = v EAES
5ol thall A= 2zl o] R 12 (skewness) ©)
¢ ZA = of Agd s (100x
100y = 731}’\3 21 A]?&] o L}X«LSL 1_‘2‘_3}_0:1

Ukl woz Axle] giFo 2|3 &g
7&?%‘* = 7] AliME BlollA R o2 sl
Az} (wall-orthogonal grid net)& 14 &}
2] 74]’301] ol &3t tl'®, 1d A9 2447}
d: Baeta sxjE o] g Bu 2o uk

T(u)e] A =)o) A xfo]m B Ao

o O > ['l(‘ e _E,

re

- 434

AS 0.0028% ol g F3) njopsio g whgs] 2

Eh)

2p4=0] =)t B ZHajel o aeAg & ag},—
WS Al Ble] 21] AS FeEG L5
Wste) nlnlolAM wbd Az A st A 3
g WAERE o) R B w°r-z§"‘o‘9l R M R I s
R W etelis o] o dwpze whg f
gk o)y wiFoluh, AAR (100x100)e] ©
Aol Ak Al AHget 2399} (80 <8017

1o AHA (e s
ool pARlo g LAk
Al ) efe] ”]J'Z‘é‘ Fig.2¢] vlepigict. Fig.2i= .
AApA 9] wishol] W 34 W R-io
b A&w ¥ E vehd adoejrh Fig2d
(100x100)¢] W25 Lw ZzAE of
Alatel Aojolu], Fig.2e] (b)9} (¢)+=
AAA & 2143 Aol At (80><8())
¢ g2 (60x60)70%] H-+E 2t7) vehdith.
Fig.2el 2 VLo]])q o 4= glx% 2 AR
E ARRE 79 3 Aol o [x]7] ¢
22}l T7} (80x80) el 2 Ubepgt

28

]
]
2]
&

i

Pad
- -
s

ol it
0‘1

T

e
ool o

o
~

[as

[

~
‘

)

3|
o

>oa«»

Al

4 i
Ni

=
.E_

A~ l—'o]

o)

}
A

U

=
A
T
B

2]
o8
=
o

0.23 -

-0.03 ‘ '
0.0 0.5

/
r/R
(a) the present grid system (100 x 100),

(b) wall-orthogonal grid net(80 x 80),
(¢) same as (b)except for(60 x60).

Fig.2 Typical Profiles of velocities according to
grid points.



s 2

w2bA] (80 x80)7He] 3] & AxA o] sl
ALgE FREE AFsEA AA 271 HFol ¥
3 (100x100)709] A Gk A=A & A8l
2 A7 ANE st

T2 AL AAdEe] e 3] s £
of AIZE Fioll wE v Wshso] 7IEAE &
(1x1077) olstz zobd wrbA wh Aug &
daisinh. & A%el #% 2Ac] g A AN
£ Digital EquipmentA}?] Alpha station 250/
26602 oF 2A]7to] AQ 5t

2| Aty Hile F2 T ‘(r)reol: M (iso-
stream function lines) & 213 ¥- ]
Sol, 7 olfe fAlel REES e oo 29
ok, waE ohgyulel 91X @ 7)1 A8
& 5 Q] WEelth WAL 5o $IE HF
LA AN 5 filel PE 258
A f5 el SERH R 9% Nele AR
Aot & A7 224 FE5FNA ARRE f%
F U A U &% uwst F UE 5% wol

_law 1w

QL

1o g

e LEL T

ol

=

-z

1o
T
ol

off

ot 1o
2

.,

o
1o
| HE
%
flo

>
o9 do
2
A uY
i —‘..L ol
ge on R 2 e B
Ho
[ ol

= ¥ o

ol
r iin

2 o
r2
-+
:
pr)
i e
o 5
e
2
o o
ot
o
ol
=
50
o

~
o
P
Y
3
i

4 Mg 2
fuoloonf = M
_?_i“
rir
Al
Jo
At
Mo
1o
P
=2

=
o
owmd&““
gf
o

r&ﬂi‘.’-@

o
X,
o o}
oL
o

' I‘-Y‘-l‘
do
olr
-~

oXx
o 2
A

B

>

2
gat
+
&
o

Az 98 6=
AoE BEscudier”e] Hxje} v]us}
& 2L Folsr 47} 100201]*1
30617)}110101 F31]E 2.0004 3.574x]elt), o]
ZFollA 713 Fsigh AlRg Hol= Re=1954, 7
=200 ois] A ;A& JWstn 1 2
Escudier'” e} £ 7413} Abzlg& Hlswste] Fig.d
of el dict. Fig.3dlAs %4zt #ele] o557
He7h AR 3 A Ao A fgle] Heln

wo) e WME & UA YFY 8)dA e B B A7 59

(a) (b)

(a) The photograph by M. P. Escudier.
(b) The present numerical results.

Fig.3 Comparison of vortex breakdown for Re

=1854, y=2.0.

ATt 1Y 2] $ES Escudierd] /% A3} A
olal IRyl E%e B £ AAE Fi e
FEEe BT mFolrh. 2y HlmdlA &
%ol obge] ¥E YeE 7| (bubble)e]
Al 2 Fol 5 Z®efA w2 Ax e
& 4 orh. FiglolA ¥ ZAxle] vag Fa ¥
el A A we) wlm AR oy slE
A T3 }Jl sithar 2R84 dr

Aol Bl Hdm, d8 A4y A8 A
Algh =8¢ Durao 579 A3zt #8 fi-5
el glz] A Aakg . f1Ee] 2w

= case 24 W3 HE FAFgolna F dqte] 524
Aatetel A vt THgsit Figdol A

W A9 case 29| ZHE Yepd Zelr}. Table
1M % Urhdso] case 22 27 Durao %-9)
% 213 24§ Re=2570, y=2.0, @=90"<!
Ag-oltt. Durao o] ZEoA dHEWR °l 27
o] 7Hs]i: 7137 KFF Hell EAshs £% &

Nty

ol W ARALY. & AT FEES 5
Qo)) ul o] BlHZHe L% WRwe] THY

of glom wepd Figds 7hd 9% we #ai%



3
o
2

L

BT 92% We 879 AEY
o AeudlAel o3t f5e)

L
& W
W, fdshs Awel A4 ZE o8 #
73 2]
5

e
=)

zdg
&
s

~N
—

E
IS
el Uk W, o] 2 3

8 47 gl 2ol AW A7
£5g ARET by HeW £53)
Se USE WA YR HHE wol
AoAe] BAY SHEFIY B

% 29 gime] ofd) $3oIA HFel
o2 yepdth ol 59 ¥y 2
2o) 2o 59U 229 vl 4Y ITE 59
Durao 59 71413 @3t wh$- & dxsn 2

of

o
ol o

1

K 4
;O
RO

Jo 2

—

2/R=3.0

e,

Fig.4 Plots of iso-stream lines in the meridion

al plane for the case 2.

Table 1

- A8A

t}. Durao 9 HiAM+e &3] =23 4x
& Ao Sbg Fa ARl Qs A7} g
o} 1 ARRE AH B =R JdEE)le Az
o] do] F¥3] Myt F39, A 1E5L v
o] 4} o] ool AT APt UA| ol APAL
& AH 8958 5+ 2l g2iM Fig3a 2
&AM e SoEY T

Fig.5+= Z47te] f52ddM B34 9458 »
ol ffiel B¥ BFE Holu gl Figse
(a), (b) iz (c)& Y¥e HA Znr} Zzt
180%, 120°, 60°?1 A9 #xte HWJo] o]at &%
o} Rolt. $YZ K5 FoAM wAl FA ¢
2ol BAZREE WA A FEAdA L=
B8] e o) chzA Jepde. el
Zz)zZH(@)o] 180°, 120°, 90°(Figd HH&)o)A)

#A=0.0
#R=0.0

#R=1.0

(a) =180 (b)y =120 (c) @=60°
Fig.5 Plots of meridional circulations to show
vortex breakdown near the vertical axis

for Re=2570, y=3.0.

Flow parameters for present numerical works

Flow parameters| Reynolds number Aspect ratio Vertex angle of cone
Numerical runs (Re=0R*/v) (y==H/R) (8)
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CASE 4 180°
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