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Abstract

This paper establishes a tilted slot system, in which the slot height is infinit

ely high, and a physical model is constructed using lateral heating. In this syste
m, there exists a vertical concentration gradient in the liquid inside the container.
When 6 = 0" , it represents a typical vertical slot system, with the left wall bei
ng high temperature and the right wall being low temperature. When the angle
6 >0 , the bottom plate is the heated wall; conversely, when 8 < 0" , the top
plate is the heated wall. This paper is inspired by the topic of thermal convectio
n in vertical slots, adding the definition of inclination and mode transition, and c
omparing the analysis results with previous papers to obtain new conclusions.

The purpose of this paper is to conduct linear stability analysis of natural c
onvection systems. Based on the control equations of the Boussinesq approximati
on, the base state solution is solved. Subsequently, small disturbances are introdu
ced, and their temporal development is analyzed through a normal mode expansi
on to explore the stability of the system. The numerical solution uses the Cheby
shev collocation method to calculate eigenvalues. Finally, based on the obtained
neutral stability curve, a stability boundary diagram is drawn and compared with
previous experimental results to summarize corresponding conclusions.

The simulation of oceanic conditions is carried out with fixed Pr = 6.7 ~ Le
=100 , and errors in previous papers are corrected. This paper introduces five s
table modes, including temperature buoyancy mode (TBM), diffusion buoyancy m
ode (DBM), diffusion shear mode (DSM), salt finger shear mode (SSM), and sal
t finger buoyancy mode (SBM). After introducing the modes, this paper defines
the transition points of the stable boundary diagram and explores the mode transi

tion defined by Wu and Chen. This paper uses the T2~T4 mode transition poin
I
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ts and obtains an asymptotic relationship, finding that as the stable boundary dia
gram passes its lowest point, it becomes increasingly stable with larger angles, w
hich corresponds to the interval of large concentration gradients discussed in the
paper. The paper also derives an asymptotic line relationship between the critical
value at the lowest point and the angle. However, it is found that small concent
ration gradients and large concentration gradients exhibit opposite phenomena, so
the paper finally explores the effects of changes in angle on small concentration
gradients. This study identifies a critical angle of 8 = 65.8" , at which the syste
m becomes more unstable as the angle increases to 65.8° .It also discusses that

when the angle is 65.8° , the jumping point disappears at Ry = 33.9.

Keywords:

Fluid Stability, Double Diffusion Tilted Slot, Mode Transition, Chebyshev Colloc

ation Method
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AREG G EAL S PN +

N |-

AT e Risit s a8 > 2 B 2147 -

&
B,
g 2
v///‘
T=3AT =~ TAT
'\S .a_s=
%= 0 ox 0
G
A
V4

B 21 - apmgas iR
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|
|
|
|

C gsinf
|
|
I g
|

gcos@
Z |
& | N I
J— 5}- e
7
// /'
4
7
s
v |7 ;x

B 2.2 = A R iEE 2 A4k P @)

SO A iR AME R IR S T AT BRI A 47
AR
1)

(2) Z#intl

Jin
i
N
|
13
P
=)
=;
e

(3) ARt g TE

(4) Boussinesq approximation

() RS FELM > Lo LT RIS H DR
A T IE 2 A R BT R

Lipigh

as
u=v=w=0 , T==AT , —=
ax
TR
as
u=v=w=20 , T=—_AT ) o _
ax
Ao hestk g
— = constant (= K
9%, (=K)
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2.3 Boussinesq approximation

Boussinesq approximation & - f&R £ * A FfeEii A B E &
B e vHRET - AHCORE T AR FEHANEY AR ARREIRE S
e pEiniRg 7 R 4Echi & $ 32 $ i - Boussinesq approximation i 0 od MR R &
EXPRLA A BRI ] 0 FR T LR ARSI RS R PR A
%‘T“Jﬁ"ff’l it BRI R G R o

Boussinesq approximation z_ #7112 ¥ 12 % 3T ERATH Y 0 A7) 5 BRATH I
PRz 1R RCRAES ﬁ@ﬁ?‘l P EA BT R R R KA AL T
Bgd g aE # o At R T o Boussinesq approximation ¥ 2 - R e | 1

BRAER DRIk > KA il d DR E Bfa sldedp RERR
% o
% 7% > & * Boussinesq approximation » # H 4] :

(1) F**EREBAFHBRPET L anfiin

(2 FE-BRLIBSAVEFERFEDER § A2 RFL

(B) A LIER] AR LRER B P IS BRI o

(4 2t d? > 03 adFd g EE > RARC1Z YR

12
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2.4 it g2 8

AERE A BT E B E R T ET AR RO R S E
226 Bl 212 PR SR TR B AP 2L B 42
Ao
i@ 4 > 475\ (continuity equation) :

7-v=0 2.1)

# & > 47 ;% (momentum equation) :

Vovow=—loprwrv-Lj (2.2)
- =—-— v -— :
at Po Po g
B B~ #23% (energy equation) :
oT
—+V VT = k,V?T (2.3)
dt
JE B = 425\ (energy equation) :
as
S HV VS =ksV2S (2.4)

BY > ViR PLAk#ERS TESLZERZERF panMlTR »pos £

‘1?»\

R arngov(= ﬁ) E o AETE B a FOPE Gl B i TR WIE (o
ke s Boipicihlie o ke 503 T iidk -
d 2.3 &#rif > #-51 » Boussinesq approximation » % A ¥ 1T L

p=poll —a(lT —To) +B(S —So)] (2.5)
A2 R (25)58 0 B E AR Fla g

av 1
— 4+ V-V =——VP+VvV?V
at Po

+gsin@ (a(T-Ty) — B(S — So))X + g cos 8 (a(T-Ty) — B(S — So))Z  (2.6)

"ﬁ?é To‘So ‘Poé %:Q’%y/g_}i ‘d&fﬁ ‘@"l

13
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2.5 sufEt A28 2 g Fl=x i

faeh - &2 Mif festw o FAHE R FE T e (T d SRR R fe

F_&

RTRELFERE OB R A A R R R PR R AR
BEFZ D I E et s A4 0 2R B 21 mp o A ER L

R (D) s FHck B> 2+ BEZAT) 2 #FHcE R 5 P HREE G RF]= - X AHMUT

ESF S
. X .Y ., Z
X = D y = D A D
u == v == w =— = —
u u U D 2.7)
t S-S5
T P = ool =3 ’ D|d_5
¢ Po T dé o
Wh S 5T ERE Ty BkRE Sy 23 BT ioE
bt E F SN s - e fA T E
i 4 = #2.5¢ (continuity equation) :
7V =0 (2.8)

# & > 47 ;% (momentum equation) :

+V TV =

(6t*
2 . Rg . Rg -
—V*'p*+V*V* +sin6 (RtT* - ES*)X + cos 6 (RtT* - ES*) Z (29)

it £ 42.7% (energy equation) :

*

V*-V*T* = 7*2T* 2.10
ot T (2.10)
JE B = 4% 5% (energy equation) :
* + V7St = ! y*2s* (2.11)
at* " Le '
14
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P L 4% 5 s S 2l ¥
ATFZ L2 R RS

=EBE R (x=-05):

1 98"
w=v'=w=0, T" ==, -=0 (2.12)
d0x
+ EEg R (x = 0.5)
1 9s*
uw=v'=w"'=0, 5 I 0 (2.13)
B fRNEIR S W iFE T R ¥k
pr=l | L=l
Tk Tk
o _ 9aATD? 9P d_§|OD
okew T kv

H¢ > Pri 3w 4 #(Prandtl number)
Le % ¥ % #7#c(Lewis number)
R, & #.3% J1 8 (thermal Rayleigh number)

R % ik & 74 41 #c(salinity Rayleigh number)

15
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2.6 & B in3F-

RiEfALEY FRY - BER DML v A48 LF B S S AR RS Hhik
AR FTFEETORPERIE  AABROE R AN T iR R AR R
FET BP0 B2 fo s 4937 AR LR S A A g g - 2 ki
ZPER N SR REET 2R DA S S FE TR . F
o R fRfeRT g ARG 2 9k Sehk A A B AERIo b R R T S o 1
THERC(2.7) ~34(2.10)e0h B vk (& F]K e EE) o

HE B 21 EAHEA o B A RIF L 20 F b BRUHANTS
V,=(00,wy(x)) ~ Ty =T(x) ~ Sp = S(x) + 1z (2.14)

#2.13) % » (2.7) ~ (2.10)F 17 :

P R

—o—+sin B[ R.T, - L—Zsb] =0 (2.15)
oF _ (2.16)

dy '

dp R
——+ W, (x)® + cos 6[ R, T, — L—Zsb] =0 (2.17)
T, P (x) = 0 (2.18)
as, 1

W, (x)—” = Esbm (%) (2.19)

BRINFE LA > TR > BRFEETFERALMS

T, (x) = —x (2.20)

#(2.16) 2 X A — (2.14) Sz s T

92p oT, R.dS
3) R b__S_b
“zox T W) FcosOLR G =T 5
92p 9T, RS,
_sinorR. b _ Rs00b, 221
T oxaz SOlReG = 7.5,1=0 (2.21)
16
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N
™

aT, 3Sy ;
9z © oz T
#-(2.20) 38 g &~ X
d*T Rs0%S, _
W, ()@ +c059[th 2 " Lo Ox2 (2.22)
H ¢
d?*T .
dx?
#-(2.18) % ~ (2.21)F 18 :
Wy, ()@ + (Rs cos? )W), =0 (2.23)

4M* = R, cos? 0
1
1 p
>M = (—RS cos? 9)
4
4 (222)7 4o JeH T 00 49F KRS - B 47 ODE- # ¢ D =-1. ja45 ODE
A2 E > B e BITA B S EM(L D) > FIb T R T 55 R

wy, = ¢, cos Mx cosh Mx + c,cos Mx sinh Mx

+ c3sin Mx sinh Mx + c,sin Mx cosh Mx (2.24)
32*—(2 20)} I“\‘ » § ﬁL I’+ l—— /igl .

Rs 3SRy
®3) R, —23_3 = 2.25
W, (x)3) + cos 0] T ax] o sinfcosf =0 (2.25)

3) RS .
W,(x) =G = (Esme + R;) cos 0

17
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#-(2.23) 11 % (2.24) F- 2 1% Hee, ~cy

€ =0 = (2.26)
-G A G 1
= R e 2.27
“2ToM3B T 2B (2:27)
Bl w (2.23)7 7 -
G 1
Wy (x) = TR (sin Mx cosh Mx — A cos Mx sinh Mx) (2.28)

- o o+ 2 )
= 2M3(sin M + sinh i) \PT T TSI T
M M
— sinh (Mx — —) sin (Mx + —))
2 2
i v (2.24)7 9

0S,(x) Le G
dx Ry cos@

<(A+1) A—-1)

B cosh Mx cos Mx + ( sinh Mx sin Mx — 1) (2.29)

G 1 M . v
2M3(sin M+sinh M) [ﬁ {COSh (Mx - ;) sin (Mx + ;) —

cos (Mx - %) sinh (Mx + %)} - ﬁ{cosh (Mx + %) sin (Mx - %) -

= Le-cos@

cos (Mx + %) sinh (Mx — %)}] - #Le - cos 60

o,
tanlM sinlM costh
_ 2 _ 2 2
As—fF—  B=—"—+—
tanhiM smth coséM

B(2.27)~ (2.28) 5% AP NG FUEE > A 2 AR AR M & TV F I
ok B R R RB A - e fifzo 29 (227)2(2.28)% F B 64 7+ 0 & Chen
etal[4] b7 fhe ¥ U % - iR L &7 F Wb 384 g
PSSR AN T E R RERT AR #E L * Chenetal [4]F & 1

Bk el o
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0.8
06
A

0.2

0.2 4/

-0.4

-0.6

O8—T—T"—T T T T T
-05 04 -03 -02 01 0O 01 02 03 04 05

Bl 23 AT R, =3%x10"Le=83 T i RALME BRIR =10°-FR5ER =0

1.6

1.2

08/

aSp 0.4 )

-0.4

-0.8

2T ——T T T T T T T T
-05 -04 03 -02 -01 0 01 02 03 04 05

x

B 24 B3 R;=3x10" 'Le=83 T » L AGchbRBAR - BY AMLIR =105 F 4

AR =0 BRERZRFUEE > FER- A 5O

Bl 2.3 4c B 2.4 H3&Pe Chen et al[l2]F s#cdp2 REALEGRB- 29 % 0>0

ST A F 0<0 R iAo m 6=0 5 Wu and Chen[22]

WA el A B ) ERAGR Y o Fl R R RREL IS 2D RARR > FlHt g

c A ERFAET o4 22 Chen et al[4]iat $ Fhilpl 2R (e [4] Az
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F4aE)e W23 ¢ BR &R 30 RH- x> P L R =10° v R, =0 3
g B BE I RSRERIERAERTE T L L R g RT

—_ = 7

FERAGTSRG b m e BDIEET o S REEE RN R R R4 R

A~

il g RREEA A b Rt o LR TRl o WEF AL R K S0 Rt iE B

b BE24 ¢ o0 BRI G E FR R 0S/0x =05 fiR 4 feniE

T ¥4 Rt 0S/0x=—cos O HEELE A KA E o BF4 KT §RAITEG

e n 2 s 2oL a3 A N . ) 9 —~ s L N
EREE AARERT OHENT AN AR R e @ T 2 Aot 2
WG TR 0S/0x 4 - b o
500 16000
6=0
400 - =0 14000 -
300 207 12000 - 20
200 40
60° 10000
100 . 80° ash 8000 a0
w, ©0 ox
6000 -
-100
4000
-200
i 2000 -
80
-400 0
-500 T T T T T T T — -2000 T T T T T T T T T
-05 -04 -03 -02 01 0 01 02 03 04 05 -05 -04 -03 02 01 0O 01 02 03 04 05
X X

B 25 H% Le=100 R, =10 T » & » & 4 B gk R, &
RIZERALR +R:ALTERYAR
(R, = 55233.3 ~51233.6 ~50336.1 » 40759.3 + 1817.21)
(=0 +20" 40" +60° - 80°)
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1 2.8

0.8
0.6 1 60

0.4

0.2 0=0

osp

Wb 04 oX

-0.2 A

-0.4 -

-0.6

-0.8

-1 T T T T T T T T T -0.4 T T T T T T T T T
-05 -04 03 02 01 0 01 02 03 04 05 -05 -04 -03 -02 -01 0 01 02 03 04 05

X X

B 26 A% Le=100~R,=10° T » * » % & B2} R, &
FRFERALR RFALCERYR
(R, = 6290.3 + 7163.6 ~8516.3 » 10257.1 ~ 12026.5)

(6 =0 -20"+40" +60° +80)

Bl 2.5 2B 26 &5 AKB A b oo o LF L R, ffit HiRmpE 2 R}
AR R =0)F 4eB(R, =10%): A 2B L HFT R, FAAFIR )
ERHRR, =10) A EARH AR, =102 R L5 - B &R THIRAE > @
A2 FI RRENS B R TR o B 25 & F26 FHRo FHEAERT
TR ) g S ARE s A RARFR T I T E RARARA R g kAR
Joa NPT @ R REE ARG M TR 6 TR R RARSARRAR] 5 F 2
BAORRPRT A RARSTRR R g RA% S o i R AR kAR d v TRRt R,
EERALPBR  a L kRPRE )V ERFARADRAEARERLAT > § 1A
AR FPR27 2B 28 AAvRFTL R =1-H28 ¢ § Ry R5F R, &
B 23 4F B ERE TR ARIT 00 LB 2.7 ¢ Ry ] B FrAia4p

Fm s = g 7leng i g B e o
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0.008

0.006 -

0.004

0.002 /

0 -

-0.002 A

-0.004

-0.006 -

-0.008

-0.5

-04 -03 -0.2

-0.1

X

01 02 03 04 05

0.28 -
0=0

E 20°
0.2

| 40°
0.12
0.04
-0.04 T T T T L | T T T

-05 -04 -03 -02 -01 0 01 02 03 04 05

X

W 27 A% R, =1Le=100~R;=10 T » Z 32 B ALE > + 5 ABERYR

0.4 12
0.3 1 80
80" 60°
0.2 60°
40’ g
0.1 4 20° 40°
3Sp 0.6
0 n Ox
=0 i -
-0.1
0.2
0.2
0=0
0.3 0
'0~4 T T T T T T T T T '042 T T T T T T T T T
05 -04 -03 02 01 0 01 02 03 04 05 05 -04 -03 -02 -01 0 01 02 03 04 05
X X
W 28 H# R, =1-Le=100~R;=10° * » Z 3 R ALB > + 5 RALETERYR
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$3F MR PA

AP LTSI BRI o P T AR AR ER T e e
v TS o BMRA ERACEARY CMP R s AFER L S FeAp

e
S35 e T o AR EE Y DR B RV PR R R

-H?

7 b R° RE e T AL A 12 (Steady basic state solution) 5 @ 3E4EEc > A2~ i 1S A fe

—

R AR 2L AETAEE - BAB L ZEHE (Small
perturbation) > * AR A E R (Normal mode expansion) - fic 2 = 4% 5%
(Partial differential equations ,PDE) # # & ¥ #ic A = # 374 (Ordinary differential
equations, ODE) » £ 1| * #iciE = /2 Rf# I Fpcie > o BHcE v MIER AN I
PWAcEART 47 ¢ p > 2 S -
3.1 #& ] ¥ > 423 (Small Perturbation Equation)

FoHe g A5t Fl 1 A R T 2 A2 (27)-(2.10)F 4o x )

# o FEell)2 (212)& Fl=x i B R EE o BRSO ALRF L D) FEHLE 0 H

SRHAIN T B A HH(2.19) ~ (2.27) ~ (2.28)4c } el R 2 B e 0T M

Eal gyt gl g B R o P ARTprimeTag it [ R B R 0 d SRR E ] 0 i o
AR R 2 MR £ T kB FE 2RasE (High order terms) o
u=u' v=v' w=w,+w
(3.1)
p=pp+D T=T,+T' S=S5,+S5

SR ERFALRT o AR B RW) R () EAT)E KES) }
23 PR FIP Ao AR R o B B RN @ F)SO i Y
TR 2 e S AR o
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[RIRAC R o L
ou’ N av' N ow' 0
ox dy 0z

1 [ou ou’' op’ 0%’ 9% ot . Ry,
+w = + = +sm0[RtT _ES] (3.3

(3.2)

Pr\ar ™oz )T Tox T T2 T a
1 <6v’ fw, 6v’> _ op’ N 0%v’ N 0%v’ N 0%y’ (3.4)
Pr\ ot 0z dy 0x%? 0y? 0z?
1 (aw o owy, W, 6w'>
Pr\ ot ox 0z
! 2.0, 20,7 20,0
= _66%_'_66;; +aa;; +66214; +cos€[RtT’—%S’] (3.5)
oT' oT' 0%T' 9%T’" 92T’
<6t —w AW )z axz * ayz | 9z? (3.6)
05 + u’% + wy 05’ —cosOw' = l(azs’ + oS + 625’> (3.7)
at dx 0z Le\ d0x? dy? 0z*
#REE L
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3.2 * 454 B B (Normal Modes Expansion)

TRBREBERT TR R RS S e R R T aPis LR
ARAFRfRBE R 5 - 2k ARG S T RFR) P e 4 0 R A H G A
SOARRRLHE G G W oA B ARRTRE 0 0 RpRILR - R P B BRI - A
e PRGN o R R VAR o A ST BB BN R N & R A i
AR R AR R PRRBLR M R R AT EREF R A RN F A E
FOLI G P A T AR R DR R A B K ok AR 7 fE I
S RFHEDF NG LB RIFHROEE KR R R P ARAR R AR T 7§

DI E RN LB A S o

u' ﬁ(X)

v’ V(x)

w' w(x ) )

ot 4 5(x) exp(at +ily + ikz) (3.8)
T’ T(x)

5 $(x)

Be oo GHREBAHEF(ERFSF) AT FFEERT ML LR AR
L k £uiy foz 2o tapiich it T AT I 0B &
wm g ol ek PEF R RROBHKE U PR AT fRPRT e &
AT > AP I BT REAE Al o kK ARIFE A o
BIF i s AfBce 4ok o cPFINE T E(0,>0) A7 FERHT THBHE
PAfre A RAHE Aok 0 Pmint Z R (0 F0) PIBFREEFRT TS 0 IR
FHEFD o AT oF 4ok o DRINEf E(0, <0) & T IEFRERFRT 4k

TR ARARRARIE T > 2 g A 2 FURE A E o Fpb o HET R A B AR T M
25
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GEL R ME o FAEL IR IE 0, >0 B, KATIEEAE TN A
o, <OpF, K ALE B o

B R ERR ANB9R 3 2232 ~ (87)F F

DA + il9 + ikiv = 0 (3.9)
1
(D2 12— k? — lk—wb)u Dp +sin6 [R T——S] = o—u (3.10)
(Dz—lz—kz—ikiw )v-u;azaiv (3.11)
pr P Pr
1

(Dz—lz—kz—ikiw )W——(DW )il
pr P Pr b

R, 1
——S|—ikP=0—Ww 3.12
+cos 0 [RtT o S] ikp =0 oy W (3.12)

r
(D? =12 —k? —ikw))T + 0t = oT (3.13)
(D? — 12 — k? — ikLew,)S — Le(DS,)1l + Le cos O W = olLeS (3.14)
BREE L
i=%9=w=T=DS§=0 at x=+05 (3.15)
26
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3.3 Squire’s Transformation

B

i LR A AR BB > AP ED O R A RF L R

MAEZ AL H P FETFHEF LR AP EER* Vest & Arpaci ®

517% oh Squire's 3235 (1933) » L iE - i PRI M- B AE S Eonchs BRAE -

BBk SQUIrE's T A0 H0 - Bz @B dok e dod Y oA fE s

AR S PRAET LB F PR B AR N MR Z Y d BT

e F L APRE TR REHEIL - RfETE ARl TV EEFERZ B kP &

32 e RS .

g 4T

L k _k
B " Pr Pr
P:: s Aé:Le i A;:Rt
B bk g N A w) N o~ 3 42 2 (3.8)-(3.13)
f e N R~ (3.8)F 18
DO+ ikw =0
eV~ (3.9)F B
cone o =1 T Ro] 1
(D? — k)i — Dp — ik =wypii +sin 0 |R,T — =S| =6=1
Pr Le Pr

#3.10)x [ +(3.11)x k¥ 1% :

1 k
(D2 -2 - kz)(l\“/ + kw) — ik —w,(IV + kW) — — (Dwy)1l
Pr Pr

(3.16)

(3.17)

+am9kh7tf§ﬂ—uﬁ+k%“=ai{m+kW)
t Le p Pr
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EE o N AN \TXIE)J/T‘E?%EJ:

(D? — k?)w — ikp — ifcéwbw 2 (Dwy)it
Pr Pr

—. R . 1
+cosO|R,T—=8|=6=1u (3.18)
Le Pr
BN R (312)7
(D? —k?)T — ikw, T+ = oT (3.19)
BN (3.13)F F
(D? — k?)S — ikLew,S — Le(DS,)ti + Le cos 6 W = oLeS (3.20)

- 47 0 (3.15)~(3.19) # * 47 v (3.8)~(3.13) 1t & (5 7 4 W o 5 Squire’s
Transformation 15 £ f2.3% 82 3 230 y = % chR £ (4oid R IA0(x) 2 4 Hl)if %
LR

E e S TE Rl o AP AMED - ni

RN

ZaR et Rl o R
fRiz i - MRS AR VT LR I e B R 4R THE5Y o 1395 Squire's 32,
T Z AP 3y A B a3y B3 F 4 A RIS o5 BARZ
AL @] = aeh™ 20 7 URFE KRR R R o R § A HEHE
R G 4 o T AR AT 0 RILET T Squire's 3L h

iy o
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34 - HRPRTHES

b — &% Squire's RHEIPHME-Z BRFEF S - BRES O APRAL B

Y T AR AR AR R A AT o PR R R AR R RS 5T

3
e
F_L

- E AT AT e BT F AP G R T g e
Bt T A it R AR S5 R e n R
ETE RES SR UL ST ST RS E

#¥-(3.20)% z s v 18

1 (/0 ou N 0%u"\ 0 dp’ 2 ou’ +sinolr oT' R, 0S’ (3.21)
Pr\otoz " 9z2) " " ox oz 0z s Y9z Le 9z '
#-(3.4)¥ X il s ¥ 18
1 /0 ow N ou' dwy, ey 02w, N owy, ow’ N d ow'
Pr\ot dx dx 0x u O0x? dx 0z Wb Ox 0z
_ o0 ap’ e ow' N olp dT'" R, 0S' (3.22)
= T ox oz ax YN T e ox '

1#-(3.21)—(3.20)7 1% :
1 /0 (ow' ou N a (ow' ou’ ey 92w, N ou’ N ow"\ ow,,
Pr\ot\ ox 0z Wb 0z \ dx 0z v O0x? 0x 0z | Ox

(0w _ow\ [, 9T R.0S’ o[, 0T _ROST
- ax o7 ) TSt R~ o or | Tl R T e | B

IEIBPN P T LS W

a !
u'=-— ;; (3.24)
a !
w' = a(fc (3.25)
#-(3.23) % z oA - ¥V
! 2 7
661; - aazq; (3.26)
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$#-(3.24)%F X HcA —

d (3.25)(3.26)F ¥

#3.27) % » (3.22)F

S

ow'  0%¢’
Ox  0x2

| VZ(PI

%@’ 0%’ ow' ou
2,01 _ _ _
VO = T o T ox "oz

g RIS ARl

(3.27)

(3.28)

4

03 3.29
] (3:29)

(3.30)

(3.31)

1/0 P20’ 4 0 D20 0@’ 0w,? 6u’+aw’ owy,
pr\ac” ¢ tWea U ~ 5 axr Y\ x T ) oz
= 7202’ + cos R o — R 95 g |r, 2
L Y9x Le dx n L9z
R AR
or . O\ _ 9T 0T’ o
ot T, ) T k2 T oy T a2
ER AL
0s' 08, S’ gy L(0%S 0%
ot "W oy Wy meosOwW =l G T gy
HiFip- kP EH I AP AP e R ADZ ARERE I H MR

AT T EE T Ry B BT 5 PR R e ip A A TR K

TPEAFRR 0 » SR odcE LR o i BT E R AA
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35 Aar BB NRER

I RBCRE B B enghe s B e R A T A RIBCR s e £ B -
BRAESIAPBOFRES A HE T 2 PPz B AT o gt 75 o B
JLB B AR ] e B e B R T R E - B
Bofe el > A2 > £ 2 PR AP R R A P EARY -

TR AT L ERACT

—l\

Q' (x)
<T’> « | T(x) |exp(at + ikz) (3.32)
S’ S(x)

2e ok sz etk

#-(3.31) 1% » (3.23)(3.24)F @ :

a !
u' =- % = —ikep(x) exp(at + ikz) (3.33)
do' | .
w' = k4 (x) exp(at + ikz) (3.34)

EEA AN N1

ik
2 (D% = K)P)+(D? — K2)*$(x) = - [(D? — kD (Iw, — (D*w)p(0)]
Rs o Rs
+ cos 6 <RtD9(x) - EDI(X)) —iksin® <Rt9(x) — El(x)) =0 (3.35
(D? — k?)O(x) — ikw,0(x) —ik¢p(x) —00(x) =0 (3.36)
(D% — k®)I(x) + Le ¢'(x) cos O — Le ik w,1(x)
+Le ik ¢p(x)DS, —Lecd I(x) =0 (3.37)
e B g

@=Dp=T=DS=0 at x=+05
AR AR L AT LAY AR R e S AR BT A MBS 2 R

fREF A B ESF I RNk R o
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$4F &iEAH
- REIAFT AP S e E AN > d Mg Rl 2T 2a
e B F g AR e TS chiffelt o L F R EkE S 21 ARy H
Heid o Apt > A * Chebyshev-collocation method 3 4% - 3%/ 7 i Weighted-
residual (4= Galerkin & Taumethod) %% & 4] * Sficent 2 44 B 488 kT &
A o @ AP R e Chebyshev § 38 58 B B 30 55 FU0R Rl dg Lo B

Rt &2 AR 0 dept RS - RAE S fRa FfE o

4.1 g > 2
doboarat o d 2 42 38 (3.34) ~(3.36) 14 & GF R i At e B - B LR i ik

LR
f(k,R;,Pr,o,R;,Le) =0 4.2)

BAEF R RGP K g0 BATIR LM, T HEEK Res ¥ ¥ £H Pr
2 H Ak e o el 2 o S - el R ka7 5 2
TR o B¥F AHSEPEFHREL TR B FAET T > 7 gmd D% 5
IR E & o M- WA dREmiF  BA ST R Y REFIF R -

t B o473t & & e0E 2k Chebyshev collocation = 2 2. % » & 4 ZAE 3~ 472
(Spectral method) - #7 2 & 472 (238 * genpr g > -0 EFSfculx) EH 27 kL&

R AR (T A e o Ao T Aro

o)

U@ = ) andn@) 42)

n=0
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A AT2 - BB 2, ARfERMAs S D 2 A AL IR
drfEondici ¥ - e nfi(dez & Sl P i) TR B M Acs 2 AR T 5
R A2 L RBG AR BE N EFRATN - ASEERA LR
AR SRS T AR S 0 B HEF - B AR S R ERIBUR S 2k
E U EE RIS Y SRR SRR RS- SR G S E
ﬁ%&éw’?ﬁ*ﬁ%%&%ﬁijé&&éo
i® % #F 3% & 47 /% eh— 48 > Chebyshev collocation = ;%% Chebyshev % 38 ;%
it 5 fh e, {1 Chebyshev & gh(— fedrrkchigficah) kifid S8 A2k o 3% 2
& f o Chebyshev & 2t #Fii% R 4 flcA = 42 > €0 Ml 0 B3T3 5 &
#B R0 % dicim S 2 K f% - Chebyshevcollocation = ;2 d »*3tscit & ~ 3 H A

R AfERMACRFEF IR AT RE O RAATY HEEFFWAL o

4.2 #7 ¢ £ % gz § /% (Chebyshev Collocation Method)

I % & F & #3140 Chebyshev collocation = ;2 » ¥ #7i¢ * afk & S B p| £
e % % 38 ;8 (Chebyshev polynomial)»z o *7 1t 2 £ % 38 ;8§ - 2% &% B [—1,1] 4
HOPFRIAN LG - A FORE P T o e AP AL CERET AELRR
rRrE o REIIHEEFHA A SR TALBER - & Chebyshev collocation
FE o AR A RiTE - B 2R SNy WMP e s H Y B0
mﬂﬁiﬂ* LB AR T A S I N et fE il FORIE AR AFT T iR 0 d 2N
R Hp M e IR iR 2 > 0 R R E 2 0 4 (homogeneous) ¢ T Al Audi ik B

Foo RIfAIIRT 4R * 22t 2 X fe ¥ 2 (Chebyshev collocation method) i 5 #ic &

i

Rjz= ko ApEor @ = F sodic(Fourierseries) { 5 i{ #.°F B2k F|p» F L ¥ g A
FTHAGHFIREEZ R EE R 2 AR T i kB REL L 2 W E

WAMRRSE D PR L5 R B8 AAPERT F 0L R R
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w2k /i 5 Chebyshev collocation method @ # 4% > = 2 ek & S Bic T

Chebyshev % 58 ;% » % % 5
1 jT .
T, = cos(ncos™'x) x; = cosTr > J =0+1--N #®[1,-1] (4.3)
BP R E(RR) A AT AR A AP E P EREY A KR
ARG e R BEE AR Rfpe L TR IOt EERFE L E o

FfREAEY 0 d AN G R FAFE R RS HNE S 3 4T

_ . dy 1
!: = ’ f‘_ \:l ’ = 1 2 = ’ — i — o
> T, = cos(ny) » & y=cos ' x (& x =cosy) Tx Siny
Flb o T E L FERA S
) nsin(ny)
To(x) = ———— (4.4)
siny
ncos(n nsin(ny)x
T ) = — 2( ), .(33’) (4.5)
sin?y sin3y
n3 sin(n nsin (n n?xcos (n nsin(ny)x?
Ty = — 8 (ny) | msin(y) _ ,n'xcos (ny) | ,nsin(my)x”  (4.6)
sindy sin3 y sin* y sin3y
T(D=n?  Ti(-1)=n?(-1)" (4.7)

£ %=2x W %€[-1,1] %% L& * Chebyshev polynomial i i2 o d ** (T i
RRCE o s A 2 BB F AT
Dy > 2Dz » Dx* > 4Dz" » D, - 8D;" (4.8)
¥ ¢k » A ¥ Chebyshev collocation method £ * (3.34)~(3.36)2. % » Z 4 JE &4
H(3.34) patEF > M PR AR P B AR DR S o 1 s

E o FEIF B ARACT TR
Y = (D? - k?*¢ (4.9)
o 2 2 2 2 ik 2
=5 (D% = k) (x) + (D* = kDY — ——[wpY = (D?*w;)p(x)]

Rs oo Rs
+ cos 6 <RtD0(x) - EDI(x)) —iksin® <Rt@(x) - El(x)) =0 (4.10)
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(D% — k20 (x) — ikw,0(x) — ik (x) — g0 (x) = 0 (4.11)
(D? — k®)I(x) + Le ¢'(x) cos 8 — Le ik w,I(x)

+Le ik ¢p(x)DS, —Lea I(x) =0 (4.12)

#- Chebyshev polynomial 14 T,(x) # 7 » &S Hccndr by S B 4o

N N
b = Z a, T, Y= Z b,T, (4.13)
n=0 n=0
N N
T = Z ¢, T, S= Z d,T, (4.14)
n=0 n=0

N N
4 Z a Ty — k%Y a,T, - Z b,T, =0 (4.15)
N N . N . N
., 5 ik ik
42 b T) — k z BT = W z baTy + - (D wb)z a, T,
n=0 n=0 n=0 n=0
+2c059<RthnT’ Zd T>—iksin9<th Zd T)

N
1
=0 Z b,T, (4.16)
n=0
N N
42 c, T — k? Z c T, — ikw,, Z c,T,, — ik Z a,T,
n=0 n=0

N
= Z (4.17)
N N N N
42 d,T, — k? Z d,T, — ikwyLe Z d,T, + 2Le cos 8 Z a,T,
n=0 n=0 n=0 n=0
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N N
+ikLe(DS,) 2 a,T, = ole z daT./ (A(8/48)
n=0 n=0

KR ER S T e

N N N N
anT, = Z b, T, = z cnTp = Z dyTo=0  @%=%1 (419)
n=0 n=0 n=0 n=0
BY o ay =qni1’ by = qnir4ne1 ’ Cn = Qont24n+1 ’ An = Q3434041

& Matlabfe X » 7 B % — B (4N +4) X (4N +4) ch= it > 3 2 & - i

* 423t [Alq = o[Blq

SR (Ao LI (A

{8 0 %% Moleretal[23]31 » QZ;2 p| ki sl » 3-8 L f§ & = 4B > ¥ 3%
iz (4.18) 8 F 1% (238 * 2| 4% (scant method):+ & # # i@ - A Wuand Chen[22]:
W o BT S ST PPN e o SRR R E € BT acl R -
FRE o § PPN F3050pF » p IR E PBcE AP RTIFFH Aefpc: { B B0 #
WA MAN01% o d M EHT o AR T RIREE Y FEN=50F L EpET

FEERLOHRR -
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S5% B R e

5.1 B5%#E

BB~

it

BT AR E kb %

~ A& Chenetal[4] 27 %= ¢ H D&

RN E ST 2R Ak

LR (=75~75) il R, k.

Flo LF % Fl s AR %FEE R, =3x107 +Le =83 ¢ 3% Chen

et al[4] #% <~ @& * Galerkin Method

Method > #iciE > 2 2258 % B

(R4 0 A el ft‘u o o F L &

# 5.1 ¥ Chenetal[4] +“ #4% %

Chebyshev Collocation

,«»rs% ko FIR AR E LB RO B i

Pr=6.7,Le = 83,R;, = 3 x 10’

Angle R;-(Chen) k.(Chen) R;c k. error
0 =-75 169219 5.195 169689 5.1 0.278%
0 =—60 139922 11.203 139136 1.1 0.562%
0 = —45° 127234 16.537 126781 16.5 0.356%
6 =-30 121219 20.586 121851 20.5 0.521%
0 =-15 122375 22.405 121630 22.5 0.609%

=0 124563 22.502 125339 22.5 0.623%

6 =15 133805 20.621 133097 20.6 0.529%

6 =30 148203 17.062 145888 17.0 1.562%

6 = 45° 169219 12.88 166243 12.4 1.759%

0 =60 205625 7.689 200975 7.4 2.261%

6 =75 283438 2.781 274042 2.8 3.315%
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527 & R EAL 47

BADAMAR DR %2 REWRF L B AP AR LT Pr =67 Le
=100 “TE | PBcdh R o B R BRI R R IEE TR SR A E B4

I\
\\\Xr

Bk LA B HHRF R A RORIGE S o d A KL R A SRR
Wok? o PP AFETURREER R VR FEE PRA KSR TR
bt;.’ﬁ%ﬁ'{%mﬁ&j\._ _{(r'}’ ;ﬁ’(lﬁ i’]%’j{'ﬂ' ﬂ—b_*ﬂ_&b@ﬁi&gb ,]1;}&—_%41_51_‘75 il“%\’

Melie s o Br A A X R GE PR RIE ) AH T Sl o

5.2.1 & = 14§ % W(Stability Boundary Curve)g¥ vt &

10° 3
. 20°

10" 4 50° T2
9=0 -
60°

10" 4
65.8

Rtc 70°

10° - 80°

10° =

101 T Ll |l||l|l L L ll"l'l Ll Ll lllllll T L l']ll]l L L ll”l'l Ll Ll lllllll Ll LB EALY)

10° 10" 10° 10° 10* i (i 10° T

B 51 Pr=67-Le=100-0>0 Tz 8% » o BT 5 & 2T B

S
ot
hr

g

&

W
\r

Stationary mode > & % % 5+ Oscillatory mode % L # % #£%_; o 5 TBM #& DBM(T2) -m % DBM

#% SSM(T3) ~ @ % DBM & DSM(T4) ~ A 5 DSM # SSM(T5) ~ x 5 & 1548 € MR ek Mgk
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Bl 51 ¢ B MB2 B FBIFHRL AN RN ERS > FLERPRARY AL
FHHA 2 N e BHBL BRSO RERERERE T
bep 2 BT Ry RARKART JER 0 (5o Mg HA R T  TRR B ;
RO F LR 658 P RLLAMY Bydgh R =338 A RFIL LS
SF 658 MUsART § AILAToe o6 imiE i 6 B & R, =339 g%

E A apE s n WY RS § - AR S e

Bl 52 Pr=67-Le=100~0<0 Tefz M > & RT3 ETTHHE - 27 Fm4 ;0 Stationary

mode - & 4 % 57 Oscillatory mode 5 & 2 8% 5 f &£ & 5+ 4 #

Bl 5.1 fvl 5.2 Lh#%> HEI 2 HAET SRR > a0 BLME & B Y

P REE NG B R ERERMNS R, ERHER 0 T E N - E
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Ry > %ighi R, o4 < 2§ 7% BI(Stability boundary curve) » »* Bl & & > A2 1
®FTPr=67 -Le=100 $Hif 2T » ARt E R 29 Fmi

;¢ Stationary mode > s % % 57 Oscillatorymode % A # % £z > & 7T S 2T i

-

0=0" FLEff L EE TR JEL P S BRGE PR R
WiLF 0 0=0" $fEER o H P MM T E Wu and Chen [22] &

P FFe i g AH2 e daR I AR FefFET L ARABRRERE) -

5.2.2 ;4 #® (Wave Number)

10% 3
3 80°
] 70°
. 60°
. 50°
40°
10" 3 30°
. 0=0°
{80°
40° Dyt et
0 LYY
k. 10 E 7z
J o
10" 5 30°
3 40°
. 50°
: 60°
70°
10_2 T L] IIIIIll L] T lIIIIII T LI L] III L LA III L L Illllll T LELEL Illl L UL LLLI
10° 10" 10° 10° 10" 10° 10° 107
Rsc
Bl 53 Pr=67-Le=100 T el BB > & BT ZAETTHE > H P F A5 Stationary mode 0 i

44 7+ Oscillatory mode 3 i # % 4& %

B 5.3 & B R kB Ry b 2B 0 ¥ R /] >t Oscillatory mode
PPtk Rl HERiE A ke = 2.7 § Ry ~ " Oscillatory mode P » & & 4%

% ke =001 R BARKARA o F ke B R ABEEF ERARA A R o
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5.2.3 7 8 - frde B H

(i) TBM #& DBM (T2)
® B A ¥4 #37 (Thermal Buoyancy Mode) :
B AF EERRARR)DERT o TH L1 Y T2 20 o AR

C R R RADEEC) > BENE A BN R TR o B ol b
%i@ﬁ*iﬁiiﬁ*ﬁ”é%%%%ﬁﬁyﬁgéiﬂﬁﬁﬁ%%ﬁﬁﬁ
PR ERE R AN - kL E i et B o B BT e P ing
g AEd R4 (Eh e P iER o A RS TR e T @ o oA AR
FRE S FRTPOF L AFLEOCHRT ) SRR FHEFF e F2E

ool B L AR A DR R ey B

® FiTiE 4 #o5 (Diffusive Buoyancy Mode) :

WHIcF P N F 2 ARABARLR A R AT w231 ¥ ka7
R - e T R ART R AE LR R RBIOC
for BapA 2 B - JHITF I BN Pl R A P B L L EAFR
od FINRT DE L o o RAFTHE e g in FLE o L Baheh

AT oom 3 W IR E R o SfAdRT 7 5 AT Hd TR R
AL DRAYR BB BEIRAR T (T o 5 A PR SRd e
HApEs s gRERS I RERDEM TN A FRERITHT T X £

F BRI o R F R R R B & PR 2 L L B en

\

o).

—j_ 5

I
bo

T o, @ B IR .;lﬁsfnmﬁ‘fﬁwoqw,&_%Jg;ﬁg;,;%g;m'r,q%%
TSRS ] 02 WAL Benrd s B AR E R T ket sk

BA-FILE* > GERFINPE ALE S o P TRNFGUFRADRTE L o
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0 I B A e T i i L
-4.0x10°  4.0x10°  1.2x10°  2.0x10°  2.8x10°  3.6x10°
RSC

B 54 Pr=67Le=100 T T2 gz # R W - #LLERF Y £ &% TBM # DBM (T2)

4
3.6x10° it
.6x10 7
o b
q r 6
2.8x10° [
4 Fs
2.0x10° [
4 B 4
Rsc ' th
1.2x10° L3
i -2
4.0x10° [
4 N 1
1 b
3 4
-4.0x10" =1 = 1T 2 & 1 = X = T = T = 0
0 10 20 30 40 50 60 70 80

90
B 55 Pr=67-Le=1007 T2 0 chlf 4] > o5 R % 0 Bl 4B > e 5 Ry 22 6 i

b3

K54 2§ 55 . TBM 4 DBM (T2) & & & & T ol 4 > 4 B¥ 4 7 s

3| Ry eh#c® B8 Ry @iz 5o F At BB E AL EL G BT 4

|

PO BB EER A AR 2 FEAN RN AR k=27 o At ER
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s 4%

HT 4

o ? T I % R p ,«Z’%ag,,fi;-é -;/9F4f mﬁj%@ ’ gﬂw ¥Hire ¥ T en

shgdicge Bl h - Wuand Chen [22] 4~ B FI$H0n%e & IRAp $t h & iR 7

L

Bt 4 o i 0 E 4 SR o0 4% 405N (Buoyancy mode) o Flgt ooty

.-\
gx‘i

%R
BF B o doh e e g BS54 B0 "(Buoyancy mode) -

\\\?{Ir
=l

IR TSN SR Y F 4 EIFCET- ey ST S TR R

o UEGE S BORTPR AR 0 0 e AR Y P R RAR RS § 0 R ROk

o I\

B el i ek o

(ii) DBM & DSM (T4)

® Ficd 4 #; (Diffusive Shear Mode) :

AT 4 BV (DSM)Adp - =E 27 o BEIRATHIR F g B 2 - 87
IR BN TORRPRACERY RS FF £ ERINE A R
FAARFT IR AT A N g 2 i R kR I8k Ry 4
o R PR R RERN O Y R R DL kAR BN

T SRR E TN R Y RRE T B =R SR LT

2

RpFAIT B g g e

BT 4 A - BRI AR T A BT Y ufe i
A B BT 5 Rk L RE IR R IR ek g ke
BRI SRECT R Y T e S E R T 4 R T A
- LM RN o ERACH ) S AT o S R T A 8 A - fER YT

oot > S At B 75 - BER BAIA o
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(x10%
7.4

5.8

s4 4
0.0  2.0x10° 4.0x10° 6.0x10° 8.0x10° 10°  1.2x10°

R
B 56 Pr=67 Le=100 T T4 i % #F %L TH? & &2 DBM # DSM (T4)
iEd o e LA 4 RHNEEYHAST RETNE

6.0506R,.> — 2885R,. + 411100, 6 < 20

Ric =9-5.07-1075R,.” + 0.062R,.2 — 25.89R,, + 7034.66, (5.1)
20 <0 <65.8
(x10%)
1.2x10° - 7.4
4 L
10° _ -
8.0x10” 3
- 6.6
Rsc 6.0x10% - Ric
6.2
4.0x10% 9
2.0x10° -4 _ e
0.0 T T T T T T T T T T T T T ; 5.4
0 10 20 30 40 50 60 70
00

B 57 Pr=67-Le=100" T4 22 0 B “H > o 5 Ro% 0 chb H > e 5 R 2 0

xRl

Ry, = 0.00503 — 0.1962% + 4.346 + 201.35 (5.2)

44

doi:10.6342/NTU202401112



(5.1);* 2 (5.2);* = DBM # DSM (T4) shipriesn > d > Bl 5.1 ¥ v T4 &
et T2 A P2 it > T4 N F b B 658 Up A 2% adkglEsR
65.8 2. 142 DBM # SSM (T3) ; 4 7 { 4Fenfifod > A% 2 %% A 5 258
k&7 FBFEREAE 0~658 HEREEVREEREF ~B)NRE R, o F
R R R IR Y ~ (5.1 wFEE Ry A TR A ERFREFRETE

TEEREEM R R R E

B 5.6 #ro7 4p#>t DBM % (Bl 54 2 B 55) tiplF & 2T > DSM ek &
Wil DBM B~ > FI A AR B RF L2 ERPRTEAL DRELHF T >
TR RTMRE(o £ 0) ET T S HAC S D IEG  Fh AR
53 P wu #FRIRA A oo Ei > R A Bk 829 B39 0.6 & Wu and
Chen[22] # > o 33 » ¥k B P AT » 4 R0 it ] 4567 48
e L A AR T

4 RS .

£
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(iii) DSM # SSM (T5)

® Ay ¥ 4 758 (Salt-Finger Shear Mode)

BT 4 A T o BRACHEIE R R R B R
FUo BRI A B 4FEEE salt fingers frAA AR (T h 3 B - F Ik
BReggfllic Rg ER <P v 3 a2l ERP R %A ¢
P salt finger 27 = - 32 £ dp k& Uk frp a3 4p 2 FA, R almk B
Weo &SSMHET I R FRREYRES @ € AN RE Y A8 x5

KT ERB AR R BERFAY §FflArndd thds i R LD

EEAERT oA AL E A AR ETE 2 57 L ARG A
RERFRAY A Ed R GERP R MR AR E P g e (B Aril
Azefie A X i T A BT g KA ATBESDES P o FPAS
"B TG AR T RRAFAFL S A E G RTRET S o

¥ — i SSM H55\ e F_ 0 fdsde ? AR T PE > R REE 01T 7 e
o BARNE G RANEPREE R Rk k. B350 ARAF 4R
TR e A ML o
® Py i+ #:" (Salt-Finger Buoyancy Mode)

Salt-finger buoyancy mode (SBM)&E_% 3% ® ch-3 kR R 2LH < PF »
ERHfcH - A2 TR AR T O RRAFATERAFARFER
PRI A2 Fnsalt finger #Hik g o SR IAFF L S T g p Fd-p
G B E o SBM MILAZEY L gk R g PlEcean R P 0 AR T
T2 ERP AR IE B R T - RRAERB R L T R

TR RS AT RO S B TR @R AR T (v
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(x10%)
3.0

2.8 1

2.6

2.2

2.0

18 . 1 b T " T ¥y T < T % T
4.0x10% 8.0x10” 1.2x10° 1.6x10” 2.0x10° 2.4x10° 2.8x10’ 3.2x10°
RSC

B 58 Pr=67-Le=100 T T5 @2z H > #E%EE TR/ &£ £ A& DSM #& SSM (T5)

EEN 0 e LR ERMEEEYHAST TGS

—1077Rs.* + 0.0004R,.> — 0.592R,.%+404.59R,. — 77046,

_ 6 <50
th - -6 3 2 (5-3)
2+107R,.> — 0.013R,.2 + 19.255R,, + 20832,
50 <60 <658
(x10%)
3.2x10° r 3.0
- 2.8
2.4x10° 1
] & 2.6
] - 2.4
Rsc 1.6x10° 4 i Ric
1 r 2.2
L L 20
8.0x10” -
q [
L C 1.8
0.0 T T T T T T T T T T T T T [ 1.6
0 10 20 30 40 50 60 70
00

B 59 Pr=67-Le=1007 T5 & 6 M GH > o 5 R 0 5K e % R, & 0

Ry, = 0.02303 — 1.35602 + 24.456 + 434.91 (5.4)
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(5.3)7%22(5.4);* = DSM i SSM (T5) b » 4ol b g #7if o d 3520 8 4
B 51 ¥4 6582 1 4 & & DBM # SSM (T3) - & 7 { Fefgfed & 4om
W S ES AN RET o P REBAFR AR T2 A T4 3 FRER o @A
F e AR 0 F g E 507 A A N Ao -k B~ (5.4)58 RiF Ry

L &R B RS ~(5.3)% > TV EE R, o

BT ARG oy B BN FEFRAR DRI Ry FEFFH A R A
ek s TR R AR 4 o Boa R SRR B RICER B R T 4T
M hod Ry |- RKT R SRS R EHIDS Fo Hin e SR P SRR
yj&g T Alensalt fingers % o A/ 0 & Ry At - B LT FPF o EH
BESHETRAAEBAE | SARFHNEOEREL R o5 Hi% 2 RAop
Z AP - BRRFOREIREST B2 F RIS EHEDE SR E - &
TR L P AL SETHRH Y P o TP P I M R E RS S H R
B 52 e R T (SSM)n Sl 2 1 0 4 B B REA LG TR

R T - B R-E 3% 24550 (SBM) o
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(iv) g R B g
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(i) Pr=6.7~Le=100-0=65.8

10°

10° 4
Ry 105
10" 5
St = o
(a) (b) (c)
10" T T T T T L e e e I E s LI B s B B B B H
0 05 1 15 2 25 3 35 4 45 50 05 1 15 2 25 3 35 4 45 50 05 1 15 2 25 3 35 4 45 5
10"
10° 4
R;: 10
10° 4
(d) (e)
10° T T e LI m e p e e B
0 05 1 15 2 25 3 35 4 4 6 05 1 15 2 25 3 35 4 45 5

B 515 Pr=6.7~Le =100~ 0 = 65.8° T ¢ ¥ &
HFIF Ry =339 FF B MZhg 4 prds o Rbeanred 4
((@Rs =10 ~ (b)R; =20 ~ (c)Rs; = 33.8 ~ (d)R; = 33.9 ~ (e)R, = 50)

Bofs hdh #B4Ft 0 =658 i&- B AEET A K B Y. M. Chen et al. [6]
BAHY PG BN Y MprE B d R R AT A G LA T A B
Aol §FE 0=658 > FHATERE R, Bt T o ¢ Bd AW A ABA
Ry=339 B m™ g el 4 m k K4 29495 3125 p] R, /%.3980.8 #
72348225 F]p B 5.1 EFEA B 0 0 =658 HiEMG P AERH L

Ay BRI EFAATERSMAFAURRAFA(CIERFR) & § &8

44 ﬁ‘}-;{?\t‘ MW AR IR N R 4 e o BBk, =2.94 5 312 kit o

54

doi:10.6342/NTU202401112



56% BHoAREY

A TR I A 47 0 1905 TRR AT B £ B 1R S B
ERe B R IER LR BRI AT FRGE  BEFY > F T FEIE RIS AR

HEepgd svm@gsd > v v At @A LR EL

@

M 2 2= 2 2t Chenetal. [2,4] ~ Y. M. Chenetal. [6] ~ S. Kerretal. [15, 16] ~ Wu
andChen[22]% #% = » BjEm s { & > T ¥ 87— A7 3~ 7 AHERE
B4 (TBM) ~ 4+ (DBM) ~ 4T 4 (DSM) ~ B4 3 4 (SSM) 1 2 B 4 05 4
BER (SBM)i 7 0 5 A2 5 112 7 0 A hihs WA 5 A Y b 21
ER R R A EFRe e BRF 0=0 L ALEH KA HY 2
BERRE S TREIME § AR 9>0°Bi":§i‘i"ﬂi"£r“@§4)’j* TR B K
2. 0<0 FUEpFEAEE A A Ao AR E F I 2 TR kLT
SR BRI ATE S ERATHET AR %R R AT RAE D R ERITH
PSS LA W e 1= ) =

B¢ Far R R T ARG 0 Y A Bl R S B 2 0 (9
e RO o A B AE T AR I s m Pt # L % (Stationary regime) ¥ & F 0
frm 3835 B anfiin > & R R 2 & o 3R T T & (oscillatory regime)
Pl RFNE TR 2R Sl R R TERa NP Aihe ? @
BEfEd GUER IR TERR FH AR TR LS MR o

AHTFRGETE N BE T MBS §REF & R AR AR RARE T ﬁfu—f&
e ? T ERFARR A L HF A /AT %P Chen et al.[2]s &P -
BARARNAREE ) Ay REA MBI B L R bt st o ¥ o A T2
~T4 gkl & RENBEM B8 d AR/ BRIV ERFREE S ERY
RERIF RS > BEHFN I ERFRASERARLE PP d AL H T

Biets B 0=658 > F & BH T 658 HNERFL A LT BRI
e THRTRHY M RBE AL RT AR N Rl A4 pdoa
55

doi:10.6342/NTU202401112



b HHE LR L 658 P B EE & R =339 B4 0 At E L kR
WA FARPIES,EPFER Y ARG IET > $40F Ry=339 B gk
REFERAREE 2T R -

A DR MDA BB AR A A AT R AR
FERBROREA FXFF RS P E 2 L iE 2 gl & o
IAPM R R E PR RRE B B T ARE LT LA TR &
M e R P RILA YT 0 0P B AR AUFHH B 0 &Y. M. Chen
etal % ¥ FHEHAF N EIE N MO RAT S EABARERRG
KRR GE B ARG LR AT e b AT B LR L
T PR N PR A L L E R Rk ST P B AR
B S LA L B E P A RFAE L ST E R PSR A R

¢ Reg e PRALRIH KR o

56

doi:10.6342/NTU202401112



542 e
1. Chen, C.F., Double-diffusive convection in an inclined slot. Journal of Fluid
Mechanics, 1975. 72(4): p. 721-729.
2. Paliwal, R.C. and C.F. Chen, Double-diffusive instability in an inclined fluid
layer. Part 1. Experimental investigation. Journal of Fluid Mechanics, 1977. 98(4):
p. 755-768.
3. Chen, C.F. and R.D. Sandford, Stability of time-dependent double-diffusive
convection in an inclined slot. Journal of Fluid Mechanics, 1980. 83(1): p. 83-95.
4. Paliwal, R.C. and C.F. Chen, Double-diffusive instability in an inclined fluid
layer Part 2. Stability analysis. Journal of Fluid Mechanics, 1980. 98(4): p. 769-785.
5. Thangam, S., A. Zebib, and C.F. Chen, Double-diffusive convection in an
inclined fluid layer. Journal of Fluid Mechanics, 1982. 116: p. 363-378.
6. Chen Y-M, Pearlstein AJ. Stability of free-convection flows of variable-
viscosity fluids in vertical and inclined slots. Journal of Fluid Mechanics.
1989;198:513-541.
7. Chen, Y. M., & Liou, J. K. (1997). Time-dependent double-diffusive
convection due to salt-stratified fluid layer with differential heating in an inclined
cavity. International journal of heat and mass transfer, 40(3), 711-725.
8. Bergeon, A., K. Ghorayeb, and A. Mojtabi, Double diffusive instability in an
inclined cavity. Physics of Fluids, 1999. 11(3): p. 549-559.
9. Chen, Z.-W., Y.-S. Li, and J.-M. Zhan, Onset of oscillatory double-diffusive
buoyancy instability in an inclined rectangular cavity. International Journal of Heat

and Mass Transfer, 2012. 55(13-14): p. 3633-3640.

57

doi:10.6342/NTU202401112



10. Teamah, M. A., Sorour, M. M., EI-Maghlany, W. M., & Afifi, A. (2013).
Numerical simulation of double diffusive laminar mixed convection in shallow
inclined cavities with moving lid. Alexandria Engineering Journal, 52(3), 227-239.
11. Williamson, N., Armfield, S. W., Lin, W., & Kirkpatrick, M. P. (2016).
Stability and Nusselt number scaling for inclined differentially heated cavity flow.
International Journal of Heat and Mass Transfer, 97, 787-793.

12. Hasnaoui, S., Amahmid, A., Raji, A., Beji, H., Hasnaoui, M., Dahani, Y., &
Benhamed, H. (2018). Double-diffusive natural convection in an inclined enclosure
with heat generation and Soret effect. Engineering Computations, 35(8), 2753-2774.
13. Thangam, S., A. Zebib, and C.F. Chen, Transition from shear to sideways
diffusive instability in a vertical slot. Journal of Fluid Mechanics, 1981. 112(-1).
14. Chen, C.F. and F. Chen, Salt-finger convection generated by lateral heating

of a solute gradient. Journal of Fluid Mechanics, 1997. 352: p. 161-176.

15. Kerr, O.S. and K.Y. Tang, Double-diffusive instabilities in a vertical slot.
Journal of Fluid Mechanics, 1999. 392: p. 213-232.

16. Kerr, O.S., Oscillatory double-diffusive instabilities in a vertical slot. Journal
of Fluid Mechanics, 2001. 426: p. 347-354.

17. Chan, C.L., W.-Y. Chen, and C. Chen, Secondary motion in convection layers
generated by lateral heating of a solute gradient. Journal of Fluid Mechanics, 2002.
455: p. 1-19.

18. Krishnamurti, R., Double-diffusive interleaving on horizontal gradients.
Journal of Fluid Mechanics, 2006. 558.

19. Chang, T.-Y., F. Chen, and M.-H. Chang, Three-dimensional stability analysis
for a salt-finger convecting layer. Journal of Fluid Mechanics, 2018. 841: p. 636-

653.

58

doi:10.6342/NTU202401112



20. Legare, S., A. Grace, and M. Stastna, Double-diffusive instability in a thin
vertical channel. Physics of Fluids, 2021. 33(11).

21. Huang, W.-Y. and F. Chen, Stability of the double-diffusive convection
generated through the interaction of horizontal temperature and concentration
gradients in the vertical slot. AIP Advances, 2023. 13(5).

22. Wu, C.-F. and F. Chen, Stability transition of a solute-stratified fluid in a
vertical slot imposed with a horizontal temperature gradient. Physics of Fluids, 2023.
35(9).

23. C. B. Moler, G. W. Stewart, An algorithm for generalized matrix eigenvalue

problems, Society for Industrial and Applied Mathematics, 1973. 241-256(10).

59

doi:10.6342/NTU202401112





