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ABSTRACT

Unsteady natural convection phenomena of air in a sphere heated suddenly from the cuter
surface were studied numerically for the axisymmetric cases. Boussinesq approximation was
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applied to the equations of motion which described the buoyant circulation of air in the

sphere, and the solution method was based on the stream function-vorticity approach. Nu-

merical simulation of the unsteady convection was accomplished and presented by using the

mixed finite difference schemes which proved efficient for the spherical coordinate systems

as well.

1. #%

B

iss BB BEE 5% PdlA BIEH
3 HECE =y EEES 2T aHd ERE
By EEASFERY @l AE Tie &
2 A¢ FRufggstet. #ekA o) & FRESLE
o BfEmroz AR WEL ARHAE
o] Richardson?¢] s]¥o] = F A o]t}
& Bz A3l Bl mRA BEREMESR
o] & BEMITEY Bi4eE Deardorff?el] ¢ 3|

g% o, 28 43489 LEE 374 o

AT

o

=

>,

ex 2 3AFA7] T Boussinesq ] 14 &
ZapA Qe Ee18te dLubg 4], ol x4 3t
VA BRESEEY AlAstd vl BEhEH A
stream function 3 vorticity & o]-&3}4 v},

Deardorff ¢] o+ Rayleigh #7} 6.75 X
105, Prandtl #i7F 0. 71 33 Aol gl &dl,
2% Fromm®92 A9 37325 2L &
Rayleigh #e]l = & BEEES F3bdA A=
S AznrAld A eE2 vorticity & A AT
w) el A3 Hy E¥ = EEES
A2 A st explicit £ 2E TEK] ¥E
% g0

BE 2 7RV 2 R, i R AH
YelE, BRY B o B8 BR ERY #E
# 9 BREBLd zAsgeH, £8E cell &%
@4%9o] Rayleigh # ¥k chleh 59 7=
U iR E s 9% gevs A
< skl vh

B AR e 532 BAE 32 At A
342 818+ thermosiphon EA|¥v o] =] 22
< 9% M WDz SAE BREAAY Jd
Froowee ety ¢k F= & Ray-

n°" r—{o dm

statzst H18A X 53 1980 10H

X

1
/

(r,8)
>e/
r
/

/

e

[{le]

-

Fig. 1. Coordinate system

leigh #'¥} 573 #EE 2+ ZHS QAL
2 s 977 AYHn g v £ QT
A BRGEHS 35 7ivtEa, B 99
7b Bk BRAEF R st AL L F
staa} ghet,

2.1 HFEy ==

4% R B AH SR A R4S
287 Yot Fig. 13 2L 393 7=
AT APt olelw Eld] @ R
WiE % BEAEKS 49, £
duAges EAT 4 gt olF 43 ¥4
Y AE 2P 4 g FRHE ol %
Ao Tol faA4E

b}



RAT W] g RE AT RERRHR 345

o 2 ulE4]7] &= stream function 3 vorticity
£ o] &3t Aol W wely £EFHHE
5l YFupEre] £ T AL 4, v 5 stream function
L2 EAEE

1 or 1 ol

= 7sing 90’ “7eng or D
o] 3, vorticity
oo 1 0 1 ou
N @
€ A9 st Boussinesq 9] 7}1H19L g &
TR EHES &£AsH  vorticity
transport X,
0 | )
| a(;) + W(”w) + —%—W(vw) =y
’w 1 d [ . 0w
(5% + gy (sin o5 )
— w g . o 0T
Tsx_n"ﬁ"] - To(fsmﬁ—a,
oT
+ cosf 60 ) (3)

o] FEH, A7A w=rl0]5, v BHE,
&E THNEE, T HECH.

1 A (D)3} (2)E 2 F3h stream function
s vorticity & A=

0¥ sind o0 / 1 ¥

or? r* 00 \ sind 06 )

+ wsinf = 0 (4)

2 Ha, dvA4 & Kekitol
tive form 0.2 XA 3}a'®

<& conserva-

oT 1 0 1 2
i T o D) + g e
0Ty —of L (0T
(vsing T) —a[ r2 or (r” or )
1 0 . oT
+ g 737(5‘“9 30 )J ()

o] H¥ul, A4 ot BBEFEE velith
xKW), B), @), BG)7F £ ATAY 7Eu
HAgol 5MY W u, v, 0, TR TE
A4ty $dkeq wg3k 2 @i B s
< A3 skgleh
=0, T=Tratr=R
U=w=Q0atr=0, =0, = (6)
F=w=0, T=T:att=0.

(M,1)

(1,1)

(1,N)

(M,N)

Fig. 2. Grid points

2.2 HEESR

o] Ao A F T AT BHEME T o
ste] Fig. 29 Zo] M X N9 AAAE AF
st el AXPA S A drst 40 dr =
R/I(M—-1)8 M=zn/(N—1Do]lx, i=1
#H NAY FEL 25 g3 S Jehie 2
Eolth, & A7 FAA TIHIA A o
HHolmg 4EHRaA ZA LT

WA A zke] Ak wE EEY WEHE A4
g7l #ste, X0 Azl HFE wWIES
Taylor 42 BHsH

oo o

ot g g 0T [, A8 3T
T =T+ dtg |+ S
+ HO.T. %)

o] H&ul AN THEF L j& A 7, 64
o] $2E Ve, kT 2 A39 A
YeiAl S FA N, dtE A7 B/l
s A4 (5)el A —REYeE BfH g

HWAHAK KONGHAK ¥Vol. 18, No. 5, October 1980



346 PR - RO - TR

s

T 1 2 19

o = 7 o %T) — —ne 0
(vsind T) (8)

o] i, ()Rg Azl &l Tl BiH A
a :

‘Tlno < (sing )]
+ -T2 (osind D)
4 1 ﬁa ( vsinf AF)

rsind o6 | 72 or

(72uT) + *i—%(vsinﬁ T)]

€))
o] "k, #Heka K(B), (DE HREILeA
(DAl AL BHEE FA8h EngEa
& ZAT AREA (2 + DAAY 2571 A4
HAoh 2 dTdAE R} (OXE ZL =5}
=& half-cell 5302 HExHbetg o,

2 AAAE A A e o
237l = vk, o] ohzte] HyiEnE LA F X
13 Tris S 1o B 9% 2%
& BT AZTA G+ DAAY GAT £
EAE ok 0] Fua

Tio = Tog + S5 (res(Tih,

— T = rhoa(T25 = T2 )
+ _ﬂfzﬁ;v[sinﬁjw-s(f‘mlﬂ
_ Th+l) — Slnﬂ] 0 5(7‘”*1

— Tt (10)

L3k 2ol BES A 42 explicity]oz 3

Fhed A A\ uk FREFS Akl T e g

z2 implicit ] o] REH S5t e 4F
4% A HE Aol Ao},

Vorticity ¢ AAE XA 25 vlalslx=

HnE ¥ o g —Rpes TE g

stst2el H18E H 53 19801 108

B BHEE 2EA7d HE0 FF4e
ohest 2w,
wr; =ary + vdt[ @, — 2ty

L ~net 1 :
+art) + —Eraag (Sinfiee
1) A6%:sind; {sinf;.o.s
~nal ~nsl
(@75 — af

— sinf;_,. 5(60"+l - 5):‘,:1 0}

~rnal
_ @iy ]_ gat [ risinf;
7i*sind; 2T, dr
(T35 — T + <00
(Toh = T2 ) (1)

o] el A% @iz Tooi g
o =bs] [ -E e eka fet,

Stream function & A A&
SOR #:'9-& = g5}

grlul —_ w-}z

iyJ iyJ

Agow LEkLS
At (@R

4
24+a+ b

+al} g+ Uk

1971

[wz*l,z + wz 1,7

— 2+ a+ 5T, + drising,
el (12)
of H&d 4714
_ sinf - r )2
T ri%sinG;,0.5 ( 46/’

— sinf; 7 dr \?
- r:’sinﬁ,--o.s \ 46 >

olm, LIFF bkt U%354E IA Fe
relaxation parameter o]}, Aj =& &) 71tlA] 4]

A stream function 8] & (12)R & o] 43514

[\

FRel WA VHYoR UIIL Aot
Hedl, o] W +HsEAonE

wtth - z,J

T* maxSS (13)

+ AEEgor L dTaAE 9 ke 107
L2 3ty

R OBEEN A Y vorticity & (A)RE& HRXS
bF no slipz73-& =48z, oA
stream function & Foz %o



HRAR KBS AR 2T MEERHE 347

mre Uy,
i = Ar?sinf; (14
o] e},

R AR =R HEH-S stream function ¢
A4 (D& BRES L3S
W?,;Ll - y?ﬂ-l

n+l 1 . Bl

Ui = r:2sinf; 248 (15)
el 1 il — T

Yi,i risng; 24r (16)

S} o] AT = 9o, el no slip
ZAd o3 Fo] At s FAZAAE
AN} $EYE wk T sinf = 0]
22 (15)Xeze FAFE + oo #==H4
stream function o] &4 (D)o -0 =Tt
& A%l

ula=o—u.,1—hm 1

EZF)

risinf of

—_ 1 o

= Pf?('r—%‘osa' 602)
2T, — T,

=2 an

sk 2ol ANY 4 glow, B Pgos
u|e=: = UiN

¢i; - _yi’
= Bl (18)

o] "},

3. BEXRER

E SR BZAAE L 2706 10°C 2 XA
o AR ZRE A 20°C2 FdsA st
a8 T 7 3 Sl o 3k 7/’101;4’ 2489 pa-
rameter 5& R=5cm, M=N=11, dr =0.5
cm, 46 =0.314rad o2 AFsgch. Fre &
A 2] F A3ty e = w Rayleigh #; 2@ Prandtl

e 4 1.5 X 105 g 0. 71°] JD}.

Fola 2712 1
ol =] Aoz He B P‘J‘nﬁiﬂ REE A
(i=2, 3, »+, M—1; 7=2,8 «, N—1)
A Ary TETE Add, j=14
J=NlAY &5 47 j=2%j=N-1
Ao exgkst Z2A T, olE AEgS 1y

g AAFAAANA, FASANA dFugo =g
dAECE g AAZRALE =53] i)
10 QgAY eEE PHdow FE 4
deoxme gAY LT FAH9
F ke o] &-3hgirt,

EE AR HEER 18T L5 T A
A, AEY 9 T SATH x4
(10)o.2 & A2 A7udA A9 &5 T
o] Al FASANAE A Ugo vl A
=k 2 dg g

Vorticity & S35t stg o w AAdd £
AT o =002 AAZAY FFo] &
o] 3+, stream function & ¥ s} -4 S 4
Folmz (I2)Ro= WH AxAAENJY Hut
A AEt = o},

BEREHRANA = & A2k S8 4t 9
A7 FAC Ak, o] E AR —.465 A
Neumann ¢8| St ZAWE A 435kal A
A2l A 583 vorticity transport 48] FhaLg)
o WAL adt(l/dr+1/ (P 26)I< R vt
(1/4r* + 1/(r*46%) — 1/(2r*sin?0)]) < é °lx,
ol Fekedl A AE dt(lul|/dr + |v]/rd6)<1
olef, =il R ATl qE a0.2cm?/s)7F v
(0.142cm?*/s) ¥} z g

adt 1
min(4r?, 7240%) <1 (19)
. luldt 1ol dt
% max[ 190, 100
=

WIFES A9 2AE 2AHRA 44

4. ot 8 s

Fig. 3& A7l wl& streamline - SR
o WHE BAF Ro2A ;:mﬂwnz 4
Bl A7 EASAT, RS LML 20°CH &
ERe hehIE, SR 7&7—%» 1°C o],
stream function 3} 1]z +2]= cm?/sec &
Bolel, Z¥dlA wlA FEHS WLE 22
2 el = W2l A i D Gige]
Aot FHe] WA deorme Hild 9

re rl

L
\_o,
o

HWAHAK KONGHAK Vol. 18, Ne. 5, October 198¢



WHIE - B0 - TR

348

TN
=

Fig. 3. Streamlines and isotherms

sterR et X183 & 53 19801 108



A Wl BAMMA AT BERRHRE 349

I B{EiEe] A AT Hind st R4
Az FEd S & 5 ATt
=R F5% vER & streamline & FHH
d & WEhel FAT B Wk 3y cell &
BEEZ o, o 22 F88 F45 =4
ol A ke ubgFe] 253k cello] A Ho] 773
stefl wel Atz glv}, o] [Be] streamline
2 38 F2A d% g3E9 A 5y
Eu 2 WEE ofF HFEAL, FLARE
iz\h} Yol & ZHRA Hedll, o] A4 &%
Egel =2 "eo]x 7k cold pocket o] £} 3}
=, o] cold pocket-& A|zte] Xyt =z} 7bd
Hol HA 4£3E & 43T 5 A+
3f YIT7x Feie] s B stream-
line & o] F¥e AA £EHd 4HE Avd
A chal (e whgke] wal cell %% dvlst 6
7t A w4 BBY streamline o] =ulA] A
AR}, e ol F BB streamline & 7 7
o] o} 2t o weld FF AL divhe] ghut
A AL, 9@ o] Foll = thAl wkd cell & ¥4
] =, f54 4ol A Fdozm e
2L 11 o] Fel s BT a3 A9 streamline &
o] &A1 = &ul o] BlA AL A 7e] Aol =}u}
oizke}, o]
Rk ehdzh
HEE, BT, R A S E 9

. st P

temperalure
Y
Il

mcan

time , sec

Fig. 4. Calculated Mean Temperature

2 4 [ 8 10 12

13

12 /'\1
s 0
E n / )
- 1 \ e
g of | VAR
2 j \ / \
c j — \.
g 9.\ ! \‘\".\
\/ ~.
8 2 a4 & 8 10 =
iime , sec

Fig. 5. Variation of mean Nusselt number

Fig. 4% o831 %
N ERY BRTEHEEE A2
Aoz A F 128 Fd 95%
AFHP & o 7 A

T,,,_—_— 27 — 22 Ti,; ri*sinf; drdf (21)
'—TRS i
3
T dAuEAlg A e
74z R (Th — Tw)

e Rell S A" R
wel A
A= el

i.u()

=

(- aT s
= {( 5| 2%R sm0>d(9 (22)
2 g FE5 23, mean Nusselt number =
., _ hR
Ny = 5

R coT
= ST =Ty )|, Sin0 4o
(23)

o} o] JAIF 4= vk, 9 %42 Simpson
AR A8 A o] AsE Fig. 59 =
A8k, Alzke]l A weha Fo1 9] peak
b AAE ARE Fig, 34 n:usl o)
ZEKY A4S £do] FuslA delvx gl
Az A4

HWAHAK KONGHAK Vol. 18, No. 5, October 1980



350 HAE - 208 - FHE

(D AR = EBE 2L g W3t
2 N TRER HEEY 4R 9 AY, &%
¥ streamline o] B ¥ 44, cold pocket ¢
FES S A4S os 333 4 g

(2) stream function 3} vorticity & x.¢ 3}4
BAZAE wks] BAT 5 93, F43
A Neumann A 27-¢ FHFE + Jd+ ¥4
<+ Al

(3) HH= #HE = FHES dAdoz
2T Y FRAEYe] TIATANAE &
¢ & F syt

4) e B Rayleigh el
2 EY W st Az S =
BHAE vhoFetd A4 4 4dE S w3ega,
Nusselt ] Rifilol] =& #{koll 4 T peak
7F Fel= gt

& PEE TEEA 2 BEERE Y
3 AR RA st 2R, o974 A4F
HHESES et kadte] =2 A4k=3
o] wlg-3he] FHAHE/F ¥ Aoz Jdi=d

Nomenclature

F SOR #:9] relaxation parameter
g 8714 %, cm/sec?

h g A A <=, cal/seccm?°C
WA AF W HTEY 4
Ny Nusselt number

R 48, cm

r FTAAA N A, cm

dr 7 weke] A= 24, om

T 25, °C
t Al 7}, sec
At A 7] =8, sec

u, v U3 2 AF Wk £E, cm/sec
o 3+ALAl ¢, cm?/sec
7 g4 2]

4 vorticity, sec™!

6 24 FeAY A%

40 Q4F A=A Az 27

v EhkLEE, cm?/sec

et el AHI18E M 5% 1980 108

' stream function

LHX}

no A A A

e

FERAL

0 71 &4

h high

) F 7] %]

m 53

References

1. L.F. Richardson, Trans. Royal Soc. Lon-
don, Ser. A., 210 (1910), 307.

2. J.W. Deardorff, J. Atmos. Sci., 21 (19
64), 419.

3. J.E. Fromm, Phys. Fluids, 8 (1965), 1757.

4. J.E. Fromm, IBM J. Res. Develop., 15
(1971), 186.

5. PRI - ZHER, 3T, 16 (1978), 201.

6. G. de V. Davis and R.W. Thomas, Phys.
Fluids, Suppl. II (1969), 198.

7. J.W. Elder, J. Fluid Mech., 23 (1965), 77.

8 A.Rubel and F. Landis, phys, Fluids,

10.

11.

12.

13.

14.

15.

16.

Suppl. 1 (1969), 208.

R. Greif, Y. Zvirin and A.Mertol, J.Heat
Transfer, 101 (1979), 684.

P.]. Burns, L.C. Chow and C.L. Tien, Int,
J. Heat Mass Transfer, 20 (1977), 919.

P.J. Burns and C.L. Tien, ibid., 22 (19
79), 929.

R.J. Ribando and K.E. Torrance, J. Heat
Transfer, 98 (1976), 42.

K. Kiiblbeck, G.P. Merker and J. Straub,
Int. J. Heat Mass Transfer, 23 (1980),
208.

C. Gutfinger, “Topics in Transport Phe-
nomena,” Hemisphere, Washington D.C.,
1975.

J.R. Welty, “Engineering Heat Transfer,”
Wiley, New York, 1974.

P.J. Roache, “Computational Fluid Dyna-
mics,” Hermosa, Albuquerque, 1972.



