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Abstract

The time of the onset of double-diffusive convection in time-dependent, nonlinear
concentration fields is investigated theoretically. The initially quiescent horizontal fluid
layer with a uniform temperature gradient experiences a sudden concentration change
from below, but its stable thermal stratification affects concentration effects in such way
to invoke convective motion. The related stability analysis, including Soret effect, is
conducted on the basis of the propagation theory. Under the linear stability theory the
concentration penetration depth is used as a length scaling factor, and the similarity
transform for the linearized perturbation equations. The newly obtained stability equations
are solved numerically. The resulting critical time to mark the onset of regular cells are
obtained as a function of the thermal Rayleigh number, the solute Rayleigh number, and
the Soret effect coefficient. For a certain value of the Soret effect coefficient, the stable
thermal gradient promote double-diffusive convective motion.
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Fig. 2 Base density profiles with respect Ra for
Rs=10", Le=300 and 7=0.001. o and
z represent the dimensionless density and
the dimensionless vertical distance,
respectively.

-131 —



FeE - P - ARy

2. Mamol&

Rs, Sc, Ra, Le ¥ 9] FoiA 7o dF
WA AL A 239 Y2](the
principle of exchange of stabilities)s}ell4] 4]

@-©F AAZA AW Astel AR

A slell AS3E LAl M 2r)dle
FFE9 277 AFEsE AW, wPES
FAeg AMET AR el da
g o] 2E2| At FE RE:
AlZrelE3o] {v). 2222 o|F #atAd A
A0 AN i AgHd Ag o
€ AL AE Yol oMok FAAL Rd(frozen-
time model)ol A& A7t digt =345 X3}

E #E5E A AE Azl F3F e
*J_JF}F}"”I A4}, FZolgw FA E‘i]q]‘k‘:—
T =0ellAe] HAY 2/1E2AEe] 27HY F
o] o] ofe] mdlE FoA 713 Wo] Rolwm 91
o AAddF LAE JelE F24S élﬁ;ﬂ
22 AAd o} e} AT g Advide
glo] 22 w3y oAl A Fe 75’3%
A< W22 deep-pool Al A d)F U4
dAAEE AgHez o5l g} ol &
AFed e o] T84 dFANA AtdhF 24
& Aol &g A3l &% o}

5+ 8e )2 (normal mode analysis)ell ¢]3}
g, dF #%5> #¥dd Fr4E g
A deld AFFES T4Y P4 a0
ays ARS8l g3} o] elle] 2}

rod R F.!

lw(r,2,9,2), 0 (1,%9, 2), 6,(r,x,9,2)]

={wi(z,2), 01(z,2), 61(z, 2)]exp[ i ax+ ay)]
(13)

71 1 S deelh. A(13)E A (4)-(6)
ddstd FAY 9 S a=(al+)"e *&
o2 AFFLES Jehd 5 gl AduF
A AN F BN Aol m&e%
o] FE F5 AAZ ol s, Wl A 4
D-O)NA ) waAREo] a (D) oz
golAl e oo 4 AAE DEYUGE MY
of 27}

—132 -

aC aC, C
—# WlTZQ*-as 2C1~a;zlz- (14)
AZ
g7C1~v——~Z/1C W~ £ e a5)

wed, A8 AN Ve et e AR
FAE BE 4+ Uk

C, _av _ Ac(mmi)“‘: AC p1 (16)

0Z " gnal T A, ay

o714 Rsacts ZojaHdo] Aol FEA7) AC
2l 84 Rayleigh $=olc}. RsE ZF7HX[3]ol ule}
T4 QAT 19 2] A oA & A
olck. A(16)elA] | 8Cy/az| ~aCla g BAZ}L A
g A7k v} AL Aol Rs (xR E
27t dA s A" S Qle) o9t e A
& Foster, Wankats} Homsy”, Jhavary$}
Homsy” ¥ Choi %l &3l o&5qin). 2 o
Folie Addiie F2 FEAbd sl A=
otx FHAsHe) & grCo>g BT AV A
g sk H9 Ao slxste mts}
9 A AZYPre ey 2L JHE e
= AN - L 3=

o

o

[wi(z, 2), 61(z,2), @ 3(z, 2)]
=[z’(9), 6°(9), 2°(9)]

A7\ t=2/V7 o}k FAPRS (= mUF
o A B FRGAAY Mgz
=48l A3 17 #AAE of
&3 e RAASE Wele) YA WA
=% 4 gk

. 1
(P =go{ -y '+ 3o (18)
~ a3 (@*—Led")
Dz 1 B\ P
( +5 th-a )@ .

=Rs*w' DOy~ Le- (P —a*?)g"



o] Fghat diR Al YA AT A1)

<Dz+—l—§D— a'z) Y (20)

w=Dw'=0"=0"=(0 for {=0and > (21)

o714 @' =aVr,Rs*=Rst"? ,Ra’=Ra?® 182
D=d/dgoirt. o] MAAEL AT ELE HE
&3 ek @, R % Rye AfAEFoli A
A agke] dejrt Ascta sHA et ojzie] A
o) &2 F¥ Wgolt}. Sc, Le, a’, ¢ ¥ Ra’
7t FolA gl Rs*el HAE sAAE A
o} AteddlF WA AAzAE AAsA Dok

3. TAIH sy

Al(18)-21)9] A WA A& AR A s,
Folx Sc, Le, a’, ¢ ¥ Ra'3tel disjs HH
Rs'®t ¢=0914 D'w', D¢t D6’ 3t& 7H4
slojo} g}, & aTellde BARTE]-BAE 82
A od @ e ol2e] A mesly] $18to Scob
LeZ 747} 21003} 30022 mA3Mc) AnE F
oA AAZAEL =5 AXA (homogeneous)o] B2,
=014 DPw'& o2 zAY 4 sich o] 3
AL AR AAR FAE 271N THE A3
& shooting & AHg-3ted ARF 4 Al At
t=00142 49 AAZA} golM 7R @
Eold XX ALY § e BE 2AE0]
stEgc A8 47 Runge-Kutta'l-g AHS-3}ed
¢=0004 F9 AAXAE WA 5 e F
23] 2 7pA] 23§= ek Newton-Raphson HFHE-H
& AHgste] Sgdelxe] AAlze]l Hdl Ad
e glelA] Sujo] HH AR AYE F7HA
A9 Aahg tEskm g AHEEl ¥
o AAzAE HEsle R#E T

a'?t  Ra"E ASAAIEA Le=300,

—133 -

Sc=2100°1 g FPIAA FAL F3h A
£ Fig. 39 Jehlldel. Fig. 3ol FolAl A
A ZAeA Ra'el A Rs"Y A el
Adste o'9) grol AdulF M4 dAZAL
ehdich Fig. 49} Table 1o dAIZAE] Aels
o) sitt. Rs:=RsV2 @ Ra.=Re®] BAE o]
g3t Fo1d Rso} Ragtel W@ AN B
¢ 4 ek

" I Y A . L n
1% o} -0 1.5 2.0

1‘

ol

Fig. 3 Neutral stability curves for Sc=2100,
Le=300 and ¢=0.

140

I Sc=2100 4
B Le=300
I

120

100

80

Rs,.’

60

40

20k
|

}

70

i i 1

R S
Ra.
Fig. 4 Critical conditions for Sc=2100, Le=300

and various & Ra. and Rs. represent

the critacal condtions of the modified
thermal and solutal Rayleigh numbers.



s - A0 - d9H

Table 1 Critical conditions for Sc=2100 and

Le=300.
o T i o T o The
e=0| 0| 05| 265 |e=-1| 0| 08| 06
01 | %7 077|256
5] 0% | 6646 5| 0% | @B .
10| 104 BH 10} 107 540 &
50| 18| w0 0| 12| 9
100 | 140 | 40609 0] 157 | 1329
e=1! 0l 03| 26| e=—2| 0l 08| 26
081§ 4332 11 om 2151 Too=7.53Rs™
51 097 | 82 2| o7 | 6t N R
10| 106 | 13097 5/ 104 1597 17 10~ . 0= 107
50| 131 [ 30151 71 1147 1310 @
00| 145 | 6687 0| 15 719
e=1
e>—19 #%elE FojA Sc, Le B Rsitell ol
tted, Rart 37HESE AQAWF DAL A
A"} shx|gk o)} 2L AL Fig 5olA B I
upe} o] e>-—29 FdelAe ddirh "ot S107F
1<0.0199e04E 5 Fule] EHE oF = | Ro=10"
Ra<10°Q1 9o A3 ehdch &% ) ol 10°
7} 9= A% = Ra=09 Agl sAZst= dA rymT 53R
A7y 7,,=T54Rs e e -1 ASdde Az 10°
0
FAE e>-22 Aol HANTAE vhehirh 95— T T e
T
Fig. 60l Ra=10%a1 A$9 dAAZTe] 2o+ b)
o] 9lt}. Fig. 6914 BEo] ex=—22 dHelA<=
ZQe] 223 Wgpe] e>—1a A4 d2ch
Ra=0% 2% #A$e= Lewiss Lest Soret e=—1

As e& A 24 JFE FX XA, &
Q7oA T YAANRE Ueda 500 FFo|2
& Apgete] 7E @) 143501 Aok olsh A2
Aol rolld QA7) A b B w2
o] 4rAEe 7HA% F & e AR AR

Eoz ofAAc} Deep-poolAA 4= A¥
He) AANFS WAL Ak o)gh 2
& o AFFelE AolNd e stof Add E
AP AFae o, AF TAAHE 4 A
= Wz &5 che Fosterd] Aslst dAste 2
spe] e}

—134 —

10*

Teo=7.53Rs™"/*




o] F &4t AFA A FHaA B dF(D

g=—2

Tep=7.53Rs™"?

(d)

Fig. 5 Critical times with respect to Rs for
various Ra and e.(a) e=0, (b)e=1, ()
e=—1 and (d) e=—2. 7. is critical time
of onset of double-diffusive convection.

|

8] i L1 5 a1} J. ot R SR D S |
9= 0= 10~ 10

Fig. 6 Critical times of Ra= 10® with respect to

Rs for various e.

$9) 2 & Aste o F AN fFel A A
(regular cell) Fel& 7HAE 7ol a4 441
o A F ot Al ol ¥ % Azl ot A
3 g nolmg $je Adge dF A
A4 2ANT A48y & £ Y30 s
5 ¥/} A A, F Ae] o & 49
dlAe) A z2AE g3} o] FojArth

Rs,=(1+¢&)Ra+ 1708 for large r (22)

oo Aze A TAE e Ty
Soret EFE FA8HE, & =02 A%, e ¢
B gAE & 43R Rs.=Ra+1708¥eh € Z
Eob? sleld mEol e=—12 AfelE, 2E ¥
37} QAZRA 5w dgr FA X¥de A
< & 4 st} Fig. 5ellA F0i2 At} 919 2
FE Fgsd, & A7A zHEsEE A o
ot by 2AS A AHA A&3}d
o ¥ 5 3

i

1.0

o
®

o
-3

Normalized Quantity

0.0

0.8

0.6

Normalized Quantity

e
o

—135 —



1.0

o
[+
T

o
o
¥

AFulel olstel AFHAE.

AnEd

Normalized Quantity
=] o
Y >

g
=]
¥

|
ot
on
b

(c)

Fig. 7 Distribution of amplitude functions at
Ra*=10 and its corresponding critical
conditions. (a) velocity, (b) concentration
and (c) temperature.

Ra* =105} olo] sgste AAzANN 2T
59 p23 7o Hojgez ATRIL Yz
Fig. 78] vhehdsich. ZRelA wRe] TAFEL
= AAZ, Qol, (=36 THYE ¢
ot hE ASlE W2 A ¥ 5 Aok @
A = 7371\%— Z0}7} deep-pool e HAg A
o] AUYE #5T 4 Utk

4. &

rhu

z7)d A &= FEE JHAE FATA
%2}*&011 % AAd LA AL Aol
& Abgste] siAste], AT -FAE 8l
od @ 72 o] Fatel A7 o] FHA A
g BFH AHE ANYE ex-10 A

[+

|

chu

A

o]

=L

cde &5 A3} ax gl Rert AF
e 22471 AHE Aok ook 2 BN
Soret A7} o] F&HA A e T2 A¥L T
e A& BAFEh

zAtel 2

o] =E& 19974 ¥IFFEAFALS] FEAA

~136 —

1) Huppert, HE. and J.S. Turner, "Double-
Diffusive Convection”, Journal of Fluid
Mechanics, Vol.106, pp.299-329, 1981

2) Ostrach, S., "Fluid Mechanics in Crystal
Growth-The 1982 Freeman Scholar Lecture”,
Journal of Fluids Engineering, Vol.105,
pp.5-20, 1983

3) Chen, CF. and DH. Johnson, "Double-
Diffusive Convection: A Report on an
Engineering Foundation Conference”, Journal
of Fluid Mechanics, Vol.138, pp.405-416, 1984

4) Turner, J.S., "Buoyancy Effects in Fluids”,
Cambridge Univ. Press, Cambridge, 1973

5) Nield, D.A, "The Thermohaline Rayleigh-
Jeffreys Problem”, Journal of Fluid Mechanics,
Vol.29, pp545-558, 1967

6) Foster, T.D., "Stability of a Homogeneous
Fluid Cooled Uniformly from Above”,
Physics of Fluids, Vol.8, pp.1249-1257, 1965

7) Wankat, PC. and GM. Homsy, “Lower
Bound for the Onset Time of Instability in
Heated Layers”, Physics of Fluids, Vol.20,
pp.1200-1201, 1977

8) Jhaveri, B.S. and GM. Homsy, "The Onset
of Convection in Fluid Layers Heated
Rapidly in a Time-Dependent Manner”,
Journal of Fluid Mechanics, Vol.1l4,
pp.251-260, 1982

9) Choi, CK, CB. Shin and S.T. Hwang,
"Thermal Instability in Thermal Entrance
Region of Plane Couette Flow Heated
Uniformly from Below”, Proceedings of the
Eighth International Heat Transfer Conference
(San Francisco), Vol.3, pp.1389-1394, 1986

10) Kim, MC., CK. Choi and EJ. Davis,
"Thermal Instability of Blasius Flow over



o1Z84 HFA AL FH Aol TR AT

Isothermal Horizontal Plates”, International
Journal of Engineering Fluid Mechanics,
Vol.3, pp.71-90, 1990

11) Kim, M.C,, J.S. Baik, D.Y. Yoon, 1.G. Hwang
and C.K. Choi, "Buoyancy-Driven Convection
in Plane Poiseuille Flow”, Chemical
Engineering Science, (in press)

12) Yoon, DJY. and CK. Choi, "Thermal
Convection in a Saturated Porous Medium
Subjected to Isothermal Heating”, Korean
Journal of Chemical Engineering, Vol6,
pp.144-149, 1989

13) Kaviany, M., "Effect of a Stabilizing Solute
Gradient on the Onset of Thermal Convection”,
Physics of Fluids, Vol.27, pp.1108-1113, 1984

14) Kaviany, M. and M. Vogel, "Effect of Solute
Concentration Gradients on the Onset of
Convection: Uniform and Nonuniform Initial
Gradients, Journal of Heat Transfer”, Vol.108,
pp.776-782, 1986

15) Hurl, D.T.J. and E. Jakemann, "Soret-Driven
Thermosolutal Convection”, Journal of Fluid
Mechanics, Vol 47, pp.667-687, 1971

16) Gershuni, G.Z., AK. Kolesnilov, 1.-C. Legros,

—137 -

and B.I. Myznikova, "On the Vibrational
Convective Instability of a Horizontal,
Binary-Mixture Soret Effect”, Journal of
Fluid Mechanics, Vol.330, pp.251-269, 1998

17) 2o, A9, U3, “o)F84 hFAAA
o] ¥H AN B AFD-HPH A7, =
s oF383] %], Vol.13, pp.121-129, 1999

18) Ueda, H., S. Komori, T. Miyazaki and H.
Ozoe, "Time Dependent Thermal Convection
in a Stably Stratified Fluid Layer Heated
from Below”, Physics of Fluids, Vol.27,
pp.2617-2627, 1984

19) Chandrasekhar, S., "Hydrodynamic and
Hydromagnetic Stability”, Clarendon Press,
Oxford, 1961

20) Lee, JD, CK. Choi and CB. Shin, “The
Analysis of Thermal Instability in a
Horizontal Fluid Layer Heated from Below
with a Uniform, Constant Heat Fux”,
International Chemical Engineering, Vol.30,
pp.761-766, 1988

21) Foster, T.D., "Onset of Manifest Convection
in a Layer of Fluid with a Time Dependent
Surface Temperature”, Physics of Fluids,
Vol.12, pp.2482-2487, 1969



