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Abstract—A theoretical study for analyzing onset conditions of secondary flow in the form of vortex rolls
in the primary natural convection over an inclined isothermally heated plate is carried out by employing
the order-of-magnitude analysis under linear stability theory. For this purpose the propagation theory consid-
ering the variation of disturbances in the main flow direction is tested here. The present critical conditions
for the infinite Prandtl number are found to approach the experimental data of water more closely than

other theoretical results.
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Fig. 1. Schematic diagram of an inclined isothermal flat
plate.
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Fig. 2. Dimensionless basic velocity profile.
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Fig. 3. Dimensionless basic temperature profile.

Ao BE5e FAse 48 P4 olze qeaw
e Be AE WAl dejAck

v o

ax oy Tor 0 ©®
ow  Ow  Odw Oy 1dpm
% ax ' ox ‘9z ' oz p Ox
+vW2u,+Bgcosa Ty (10)
av; ov; 1 dp
Fw— = — +yV2
“x Ve T pax W an

CALLL L 0 L\ S X
™ Yox | oz Yoz p ox

+vV?wi+ B gsina T, (12)

oT, aT, aT, oT,
u,,-a—; +u % +w,,-£ +w; 32
A A5 AAAS FAY 2r1ALE 2E 8E 5
H7ol2 s AAPES nel BT FAL Y2 et
W) s A, F sgustoge ol L, #AMgo
E Lol Ae] A7 A2 Folol AU S RES 3] 95t
tes) Ze FAY ¥5ES =¥t

= sz T1 (13)

1 — .
% ¥, 2)=f(x, Ra, ™y, R, z)

L j—
(ﬁoy Wa) = o1z (Um RaLlM wo)

kRa,

HWAHAK KONGHAK Vol. 29, No. 3, June, 1991



384 HA 5 - A

(G, %1, W) =——(u;, Ra," v, R, wy)

KRaLl/Z

T, —
9,=—— Ra," tana

AT
2 — osa AT L?

a= " R PBeosaATL (14)
A KV

A7 A ae 2nE A9t oH59 A AR - sk (wave
number)o] i Ra, & F &5 Zo] L& 7|Fo2
g} Rayleighoald] A& BebAsA s F-Hol A
s QAxte}l kA3 Qi) Alele] #¥E e ol
MNW52, Ras}t Pr, o) F vl AA A
e F2§ 9L o} & dFlME & ATl
Aeh= ge] AT/(Ratana) & S5 T4
7= A% ARE Askeh A (14) & ol &3t 4] (6),
(NE Ed Fx4 71845 e of2y o] EAH
o}

4= (X)"F (15)

I M(BF nF) (16)

4 (1)) D FA DSE Akl 4 (9)-(13)

& BxYstste A9 7hekskg 9l A 7
—Z Azsty A sid, o3 2o
aul aVl an
R TS ST ! 17
ox dy oz an
1[ owm  Ow o dw o 2&]
Privox  Wax ez oz
on, 0%y 0,
= + —= 18
oy* 90z Ra"tana (18)
1 v, o ] opr 9% 0wy
—u— W, =TTl (19
Pr ["” ax oz oy | oy | oz (9
_1.[ g‘ﬂ .alvﬁ_}_wﬁ +w aw"]~
Privax  Max "o >
apl 32W1 62w|
LA + 20
9z oyt oz o (20)
00, 00, — a0, ae,
-— + y —— + 1/4 [ — 4 ]
U, F w, 3 Ra; ' tana| u; x Wi 3
2 2
AR (21)
oy* 0z?

slatEt H29A H3E 19914 63

-4 A15-& Rayleighs(Ra,) 3tol 423] & 250l
A5 2e{ste] dp/ox B F sk 23
‘J%% FA13te] fr=®l Zelck ofsh falgt A
#4 dllA whio] 4=, Pr gle] & Agol B
AgEr FA14 F dEE F5T U3t ole &
AFolM =glEl Fakds A g A7) A
e egAe o= Ax JFste Fe AR Fd
oy wakese bl AN yuges
F718q +2& 71AA ®& Sparrow2} Husar[2]7}
AgHez welyoerz R ARAZ Zol &
(ax)& AH4¢ M2 FAL HFES =8
o 2 A FHeR FAP

HE~32
o

“1
7]

u 8 ur(n)
Vi ér/a vt (T])
wil=[82 wr®) |exp(iay) (22)
P & pt(n)
6 ot (n)
A7)H A e 7 mRes WeR 0TS E
et 4] (22)& A (18)-(2D) o) Al v pte
275 opg 3t e TR AR wpA ] Se] def
k=9
*2 * BT —_—
(D*—a*) ut + == Bt =0 (23)

(D?*—a*®)2w* :< n D¢ —

1
1 2 D3— —Z-a"ZD"- +a*’D )u?

+avgt (24)
3 x | D% n &
- LFDOT +Ra tana [— L+ w‘f] D6, = D%t

—a*ot (25)

olg} 7 mAjo] Hafe] & dAleletw T 4 Ut
3 HEA Ra*s} a*e 4AAS FAE 7Fe2 @
Rayleigh<=¢} ko). AA R A E-E n=0°4 no-slip
2205 A% PAAL2HE FAA ool HE 2
2 e s FHyri14].

u*=wt=Dw?=01=0 at n=0 and n—>o (26)
4] (23)-(25) 9} AAZA (26)A& a*s} Ra* tanao)
A 2§43 A7) =Hed o] AEL AE coupling
Hol 9leng HMAes Fe AL wlg ot o
ghx] B ATl e TR A Yy g Pk



o2 tdde A H899E

40+ unstable

301

(Ra, cosa)” tana

201
stable

10

1 1 1

0 1. i 1
00 02 04 06 08 10 12 14
a,(Ra, cosa)*
Fig. 4. Neutral stability curve for infinite Prandtl number.

3. xlsi 2y

2] (23)-(26)% E7] #1519 Chens} Chen{15]]
e A 2 e}FAo) 9 &%l “outward shooting” ¥H &
Abgstgoh kA e sy 7htd] dEhd o
3 ) @A E7) SsAEe Az Ee]
27 zAL2 uigo} SER, FoI7 a* Flol| K3l
34 Ra*tanas} A7) 27127 Du*, Dw*, DB*
7HA %k AjuipAAle A z7e] #U(homoge-
neous)3t22 Dw*E J92 AF 4 dom 94
FAE AE AA R FA7F 2712 FAE HELHo
7} ¥ Ra* tana, Du*, D3w*, DO*9] Zto 2 RE] 43}9]
Runge-Kuttat] & 2 2] (23)-(25)& n=0°14 noo %
22 AHEslo] gtk HEAT noo Aol A AAZ
Ao} w557 ¢od Ra*tanast n=004¢] Du*, D*
w*, D0*2] 312 Newton-RaphsonH & & A 3}te] t}A
ARG Az} o|9} zHe wpy o g Arfext 1077
ol B £yl e of HEE FAtc) a* el 3t
##2]2] Ra*tana gtol oH5-o) WS Yehie dA
Z o]t}

wju

»
[/n}

o W HE

Prandtl$7} o} & Ao gl vl 5w
3 wekge] F EEWIe] v RES 7 A
sle]2 o AA HAE s slo] At ef5el dste
£ QoM A e r 77 AN vIEE
soFste thg3)

fob

= Addifel 9d 2IPY 385

Table 1. Critical conditions for Pr—>c with various mod-

els
Theoretical results (Ra, , cosa) tana  a, Ra, . cosa)/
(1) Propagation theory 24.89 0.64
(2) Hwang & Cheng[4] 17.021 0.541
(3) Choi, Yoo & Lee[14] 19.5 0.83
(4) Haaland & Sparrow[5] 35 0.2
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NOMENCLATURE

a : wave number

a* : dimensionless wave number, adr

D : differential operator with respect to n

g : gravitational acceleration [m/sec?]

L : length of inclined plate

p : pressure [ N/m?]

Pr : Prandt]l number, v/x

Ra, : Rayleigh number, gBATL/xv

Ra, : modified Rayleigh number, gBATcosal?/
KV

Rat : modified Rayleigh number having length
scale 81, gBATcosa 83/xv

T : temperature [K]

u, v, w :velocity [m/sec]

uf, v, wt: perturbed amplitude of u,, vi, w;
X, ¥, z . Cartisian coordinates

Greek Letters

a :inclination angle from vertical plate

B : coefficient of thermal expansion [1/K]

Sa :length scale defined by Eq.(4)

87 : thermal boundary layer thickness of basic
flow

n : similarity variable

6 : dimensionless temperature

K : thermal diffusivity [m?/sec]

v : kinematic viscosity [m?/sec]

p : density [kg/m®]

k4 : stream function

Subscripts
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: basic state

: perturbed state

: upper free stream
: critical state

: surface wall

: local quantity

Superscripts

: dimensionless quantity
: amplitude function for disturbances
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