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Fig. 1 Laboratory experiment on salt finger (a) and

diffusion convection (b)
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Fig. 2 Trends in sugar (a) and salt (b) fluxes versus viscosity at different times for salt finger



8 WRAEHAR: F S 002 VAT M 25 5 0 XY B ) 5 T

1.6F a @ 300s
y=ax+b ©° 600s
1.4+ ° 1800s
- = 300 s ZHHLA (R?=0.49)
12t o — —600s A (R2=0.52)
DA o o o —-1800s LHAA (R =0.69)
S LOF T==___ o °
go_g °?® ° \\3‘3\\\ °
i) T e
= 06} s @ 0 °
= o-—9__2%
Hl ° 9 ——g——o___ .
04 F ° o ‘o
L]
02F 208 gy g g-—0ag
00 1 1 1 1 1 1 1
10 L1 12 13 14 15 16 1.7 18

ERVAIIE 2B R (mm? s ™)

51

2.0

YT T

. s S

ol rR¥yATos o s

’ — =300 s Lk 3
~ 14} ° — 600 s £ A
W ol e® —--1800s 2k
= Lar °
Siof 0T LT T o=l i
W e ° T -
1 0.8+ ° ° °
= . . .

061 g%t e

04} °

02F ®-—F—--—-- —-Lo-—-g-m—0-5

T2 3 4 5 6 7
BEVEVIE A B R A (s )

Pl 3 4 T8RN TBOAS IR I ) 36 (o) DB (b) 38 1 5 266 B 3

Fig. 3 Trends in salt (a) and sugar (b) fluxes versus viscosity at different times for diffusion convection

1.0
= ax?
. 09f g ° .0
5 R ]
S e
EOSL gt
=) ° o __,::;;"; =
?ES 0.7 a’.;,’:‘—‘
g %,;/-"é-f
= | 35 o 300s
§ 06 % o 600s
= LY o 1800s
0.5F & —-=300s R & (R>=0.53)
---- 600 s HiZ LA (R2 = 0.80)
0al .- - 1800s liZkfl & (R2=091)
T10 15 20 25 30 35 40
R (BE/AD)

4§ HCEDY HRY IE A LS R RE L AR ) B 3
Fig. 4 Trends in flux ratio versus viscosity ratio (sugar/salt)

for diffusion convection

Fz1 HEPHUSER
Table 1 Fitting results in salt finger
A A, 4, 4 A R Yo
300s 2.42 3.5 0.64 0.64 0.9 0.381
600 s 6 12 0.311 0.311 0.658 0.328
1800s —0.168 0.021 / / 0.729 0.468

TE: Ay Ay 1y, By WG BRECP IS HL

— U R B i AR T IR B B g
IXFP R B AL AE T OGP A B A7 A, B R B B AL
PR, HEWAE 300 s 5641 i B 8, S5 220956 41
600 s F1 1 800 s H1 T4k & 1% 38 2 32 ¥ #8 5 3 4 43 8
i, IR W AR E , BRI 3h BT 5 | kS A 3 AH TS 2k
RN OB R Y N A A PO NS S S EE T R
—3,

32 BEILESRELNETERNXR

FISCHVRT L, PR R o S R RO
RMEXRFR, B4, Gl SRR R AR
T PRVBUCREAE , G R [ B B 7032 7 4 K HL 32 4 0 T

15 7£ 300 s (1050 20 v R? /i D B T — R M 3
i e AR A S RO, TR A 6 2 A I
—UVE B 3E B BRI L

PR X ] A A R L R
Bh R L 3 i b T, ELAE X HEAS [R] s 1) ) g 2
R O R e — Rl b TR R E
PO AR B 25 PF T, Bl ¥ WO BE A B o, R AR R 1Y
B4 0 S FER V5 R 2 1) R O3 B E T
o X R WITE Sk B A PE T, RV IS WA W A Y
AHEL AR FIBG 5, DTS2 R 1 00 HiGHE 5 . AR
KL, HEMHE AL AR AL R P 52 35 3h 36 1 140 il
TR T ER A, NS 1 i b

R2 FHEINTBHHOBEER
Table 2 Fitting results in diffusion convention
ihgS a b R
300 s 0.57 0.28 0.53
600 s 0.57 0.29 0.78
1800 s 0.57 0.32 0.91

Xt F R 4R OO, IWBUE R T, 8 i Bl e
WA o (RO A2 B R R, S B0 R R N
PR T L CER A D)2 228 8 /0, EL 52 B 1 4 v e
TSR L Z A SC RN 2 Ak

CE IRk E YRR A AR ) A e 1B O S BT
M5C AR, Al BEAF7EH A DR 2R 1 T8, Uniii 2 4%, dnl fig
JERRAR TR BN R IR 5 5C R, AR e R Y
[, 5 2 S IR AR AL A
3.3 AW S CHE T

Xof L SCHR A 52 36 %8 HP B XU TG A 31 A L
PUHGE R, SRS AR SU AR X AN TA 6.

SCHR AP A3 T RO SR AR E S



52

MHEEd 4745

3.0

2300 s
2600 s
21 800s
251 eemmmTT T Tl
>20 ° °
Lr ° ) - ° oa
. . 938 o°
1sp 0 8 o .°
° °
L]
e __--- -]
0.5

014 015 016 0‘7 018 019 110
7))
5 R s ADUY B 5 L5 R R L R B
Fig. 5 Trends in flux ratio versus viscosity

ratio (sugar/salt) for salt finger

] B ¢ &, MIET 6a n] ULA™ BCRD LY B 4 AR E L

2.0 30 min
R @ Griffiths ~ Ruddick®
1.8 3 @ Radko  Sternt
@ Taylor  Veronis®”
1.6
< ] -
14} @:%
1.2+
1.0+ °
o9 Y
08 9 o °9° 8

06 1 1 1 1 1 1 1 1 1
08 10 12 14 16 1.8 2.0 22 24 26 28

R

»
a [3,26-27]

5l RO R, N EA K R R, & 7E
1.073 A2 47 1) %% B A2 L0 T Yl i Lk 0.5 21 1 P gk
Bl X F AR5 A Y B (] 6b), 2 B Rt oK, il
LU AE — % W8 B N B . 4N Radko FT Stern 44 il
R,TE 1.8~ 2.6 JE I P, i & b 1 i BBl st 7% 0.8~0.9 2
], 58— & 1y b Jh e, B AE R R FE 1Y 5 [
Taylor Fll Veronis i i HL7E (0.8~ 0.9) Z [H] 12 BLBE 3411
TR Horp R DR AT B R A X ST R 5 e R
HOF7 e BiTR i E e i N

AR SE BRI 5 R, (0.93 B 1.073) &, §MHUM
i LGRS R A RS R MG R, R RN R i
VU 55 80 B LG 2 TR0 26 R MR AR X &2 2%, F A B R <
TR TE ] B, A S R BRBR M o A — AR L I,
PR EBAIL i 1 75 EE IR AR Y o

2.0
30 min
@Fedorovt”
Kelley®!
1.5F
-1
-5
* @
~10r 0
Q-
s ()
051 o
® 9 3o
0.8 1.0 1.2 1.4 1. 6 1.8 2.0
R/,*
b. [30-31]

Pl 6 AT i A 5 Sk B4 A o B

Fig. 6 Comparison of data in this test with data in the literature Bubble diagram

AUHLR/MRR BB LA I/

Bubble size represents the size of the viscosity ratio

4 Rz

AR UAR Y5 AT 0 B PRA AR 30 3 4 1) 2 B R
S8, W AR R SRR AR RO Y Bk R i
T, 25 R B X B . TR R LR, B
il 7 1.073 5% 0.93 Z& 47, B THH0 B ok B il 40, AR 5
JEE A AR S 24 0L B0 i 5 ), LA A3 BT R X XY
PHOE T REOCR . BB AR, 5B
Iﬁﬂ/\énlbﬁu‘fi

(1) Jo B 8] PN 38 o 2 H 266 B 5 e 7 9 /S, (FL B
I [B] FR 14 <, 330 5 M 2 e 4k % 1 9 HIGH HE T 55

(2) X F 260 5 R 50 45 0 5545 AL 5 B Bom
B W S  hE LG Y AR Al R R I T AR AL A — B,

SE

AR A R B S R R B TR R S A
B AR A b, A ] P 0 S0 T Y S o A S
W 286 B2 09 K, W e B MO e, (EAS Y rp R i R
RUA™ I e LE -5 286 B2 LE A G 4 1 AT TR B G A
S, Al BE 5 R B A D AR O, i 135 5 kG 4
GAISEUP AT €DV E I G AR R ESE - A LR |5+
PEICR, FHEE L5 1 i L 2 (8] R R A R

(3) % T 3CHER B BB XU 1, BEE AR
PR HE R, 38 LB 1 R, SRR e . XF T4
T8RN HL, 4% BEARAE P3G R, i e L AE — 52 1Y 9
WIS . EAE X 6 SRR b A B H PR B 4 Tt
A, A YGRS AF R D TiX — i AAER
LB, BB R 2 R

[1]  Hu Dunxin, Wang Fan, Sprintall J, et al. Review on observational studies of western tropical Pacific Ocean circulation and climate[J].



8

WREASE : #3520 J2 DA B P 22 57 0 L B e F) 32 ) 53

(2]

(3]
(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]
[19]
[20]

[21]

[22]
(23]

[24]

[25]
[26]

Journal of Oceanology and Limnology, 2020, 38(4): 906—929.

Schmitt R W. The salt finger experiments of Jevons (1857) and Rayleigh (1880)[J]. Journal of Physical Oceanography, 1995, 25(1):
8-17.

Radko T, Stern M E. Salt fingers in three dimensions[J]. Journal of Marine Research, 1999, 57(3): 471-502.

Omrani N E, Ogawa F, Nakamura H, et al. Key Role of the ocean western boundary currents in shaping the Northern Hemisphere cli-
mate[J]. Scientific Reports, 2019, 9(1): 3014.

Nagai T, Inoue R, Tandon A, et al. Evidence of enhanced double-diffusive convection below the main stream of the Kuroshio
Extension[J]. Journal of Geophysical Research: Oceans, 2015, 120(12): 8402—8421.

REL, AR, Fer L Lok L RN B B f ) 74T (). TR 24R, 2014, 36(1): 65-71.

Song Xuelong, Zhou Shengqi, Fer I. Analysis of the double-diffusive heat flux in the upper Arctic Ocean[J]. Haiyang Xuebao, 2014,
36(1): 65-71.

KGR, BRGS0 B ATE F A SO VAR 2 R s rh PR T[], AR 5Y, 2018, 30(1): 32-41.

Zhang Xianliang, Cheng Linggiao, Gao Guoping. Effect of double diffusive convection during the evolution of seawater thermohaline
structure in Vincennes Bay, Antarctica[J]. Chinese Journal of Polar Research, 2018, 30(1): 32—41.

W, BT 2011-2014 AR [EUAR PR O BFGEE R [T]. W VE2E4, 2015, 37(11): 1-10.

Cao Yong, Zhao Jinping. Progress in Arctic physical oceanography in China during 2011-2014[J]. Haiyang Xuebao, 2015, 37(11): 1-10.
JHFS, KRG, AR . IS AR i e S X S R s TRl AL AT 5 0], W24z, 2015, 37(1): 21-29.

Qu Ling, Song Xuelong, Zhou Shengqi. Temporal evolution of mooring-based observations of double diffusive staircases in the south-
east Canada Basin[J]. Haiyang Xuebao, 2015, 37(1): 21-29.

TRANEE. TE X RE AR BRI A —Fh B (B —— 0 BOsa AE IR, BUMH K254k, 1983, 10(3): 385-394.

Xu Songnian. Comment on double-diffusive convective processes—a recent hypothesis of the genetic mechanism of columnar joints in
basalt suggested by Kantha L. H.[J]. Journal of Hangzhou University, 1983, 10(3): 385—-394.

Lh 3y, Az RO T R AR D). oAk, 1991, 21(2): 219-225.

Ma Wenju, Zheng Yun. Double-diffusive convection and crystal growth[J]. Advances in Mechanics, 1991, 21(2): 219-225.

BRI, SRGI . RS BOR GeAR LM SR AR E P AT [I]. P L RS2 (AU ARL:R), 1989, 28(2): 1-4.

Xu Zhao, Zhang Diming. On stability analysis of nonlinear periodic convection in the thermohaline double-diffusive systems[J]. Acta
Scientiarum Naturalium Universitatis Sunyatseni, 1989, 28(2): 1-4.

T, 2RI, B RN BRSO Y BRI M S AR MR PRI []. RUTEE AN T2, 1996, 17(9): 821-828.
Zhang Diming, Li Lin, Huang Hai. Stability analysis of linear and nonlinear periodic convection in thermohaline double-diffusive sys-
tems[J]. Applied Mathematics and Mechanics, 1996, 17(9): 821-828.

FERR, 20, ASER 1. SRAFREDD ARG — Rl Sk B 7 2 (0], 7HR 24241, 2002, 19(3): 353-358.

Zhan Jieming, Li Yuxiang, Zhen Junting. A high order method for thermohaline driven flow system[J]. Chinese Journal of Computation-
al Mechanics, 2002, 19(3): 353—358.

FEAEE, R0, IRER B AR R ] PIHEEAR, 2002, 51(4): 828-834.

Zhen Jiemin, Li Yuxiang. Oscillation phenomena in a thermohaline double-diffusive convection system[J]. Acta Physica Sinica, 2002,
51(4): 828—834.

Tis, IR, AR . A B 5 Br s e S e it gE (0], J1e5e 4R, 2014, 46(2): 217-223.

Wan Wei, Qu Ling, Zhou Shengqi. Laboratory studies on the staircase structure of double-diffusive convection[J]. Chinese Journal of
Theoretical and Applied Mechanics, 2014, 46(2): 217-223.

Stern M E, Turner J S. Salt fingers and convecting layers[J]. Deep Sea Research and Oceanographic Abstracts, 1969, 16(5): 497-500.
Linden P F. On the structure of salt fingers[J]. Deep Sea Research and Oceanographic Abstracts, 1973, 20(4): 325-332.

Turner J S. The coupled turbulent transports of salt and and heat across a sharp density interface[J]. International Journal of Heat and
Mass Transfer, 1965, 8(5): 759—-760.

Sommer T, Carpenter J R, Schmid M, et al. Interface structure and flux laws in a natural double-diffusive layering[J]. Journal of Geo-
physical Research: Oceans, 2013, 118(11): 6092—6106.

Sreenivas K R, Singh O P, Srinivasan J. On the relationship between finger width, velocity, and fluxes in thermohaline convection[J].
Physics of Fluids, 2009, 21(2): 026601.

Turner J S. Salt fingers across a density interface[J]. Deep Sea Research and Oceanographic Abstracts, 1967, 14(5): 599-608.

McDougall T J, Taylor J R. Flux measurements across a finger interface at low values of the stability ratio[J]. Journal of Marine Re-
search, 1984, 42(1): 1-14.

Schmitt R W. Form of the temperature-salinity relationship in the Central Water: evidence for double-diffusive mixing[J]. Journal of
Physical Oceanography, 1981, 11(7): 1015—-1026.

Merryfield W J. Origin of thermohaline staircases[J]. Journal of Physical Oceanography, 2000, 30(5): 1046—1068.

Griffithss R W, Ruddick B R. Accurate fluxes across a salt-sugar finger interface deduced from direct density measurements[J]. Journal
of Fluid Mechanics, 1980, 99(1): 85-95.


https://doi.org/10.1007/s00343-020-0240-1
https://doi.org/10.1175/1520-0485(1995)025<0008:TSFEOJ>2.0.CO;2
https://doi.org/10.1357/002224099764805165
https://doi.org/10.1038/s41598-019-39392-y
https://doi.org/10.1002/2015JC011288
https://doi.org/10.3969/j.issn.0253-4193.2014.01.008
https://doi.org/10.3969/j.issn.0253-4193.2014.01.008
https://doi.org/10.3969/j.issn.0253�4193.2015.11.001
https://doi.org/10.3969/j.issn.0253�4193.2015.11.001
https://doi.org/10.3969/j.issn.0253-4193.2015.01.003
https://doi.org/10.3969/j.issn.0253-4193.2015.01.003
https://doi.org/10.6052/1000-0992-1991-2-J1991-026
https://doi.org/10.6052/1000-0992-1991-2-J1991-026
https://doi.org/10.3969/j.issn.1007-4708.2002.03.020
https://doi.org/10.3969/j.issn.1007-4708.2002.03.020
https://doi.org/10.3969/j.issn.1007-4708.2002.03.020
https://doi.org/10.3969/j.issn.1007-4708.2002.03.020
https://doi.org/10.3321/j.issn:1000-3290.2002.04.023
https://doi.org/10.3321/j.issn:1000-3290.2002.04.023
https://doi.org/10.6052/0459-1879-13-230
https://doi.org/10.6052/0459-1879-13-230
https://doi.org/10.6052/0459-1879-13-230
https://doi.org/10.1016/0011-7471(69)90038-2
https://doi.org/10.1016/0011-7471(73)90057-0
https://doi.org/10.1016/0017-9310(65)90022-0
https://doi.org/10.1016/0017-9310(65)90022-0
https://doi.org/10.1002/2013JC009166
https://doi.org/10.1002/2013JC009166
https://doi.org/10.1002/2013JC009166
https://doi.org/10.1063/1.3070527
https://doi.org/10.1016/0011-7471(67)90066-6
https://doi.org/10.1357/002224084788506095
https://doi.org/10.1357/002224084788506095
https://doi.org/10.1357/002224084788506095
https://doi.org/10.1175/1520-0485(1981)011<1015:FOTTSR>2.0.CO;2
https://doi.org/10.1175/1520-0485(1981)011<1015:FOTTSR>2.0.CO;2
https://doi.org/10.1175/1520-0485(2000)030<1046:OOTS>2.0.CO;2
https://doi.org/10.1017/S0022112080000511
https://doi.org/10.1017/S0022112080000511

54 WP 4746

[27] Taylor J R, Veronis G. Experiments on double-diffusive sugar-salt fingers at high stability ratio[J]. Journal of Fluid Mechanics, 1996,
321:315-333.

(28] WA, tRF8), Az, 5. WAREHE X RS RO O R 10 e 2 AT 5 (1], AKAFK BB IR, 2024, 44(1): 16-22.
Chen Bo, Xu Xiaoqin, Huang Xiaoyun, et al. Experimental study on effect of fluid viscosity on salt-finger double diffusion convection
flux[J]. Advances in Science and Technology of Water Resources, 2024, 44(1): 16—22.

[29] Buckingham E. On physically similar systems; illustrations of the use of dimensional equations[J]. Physical Review, 1914, 4(4):
345-376.

[30] Fedorov K N. Layer thicknesses and effective diffusivities in “Diffusive” thermohaline convection in the ocean[J]. Elsevier Oceano-
graphy Series, 1988, 46: 471-479.

[31] Kelley D E. Fluxes through diffusive staircases: a new formulation[J]. Journal of Geophysical Research: Oceans, 1990, 95(C3):
3365-3371.

Effect of viscosity difference in static stratified fluids
on the convective flux of double-diffusion

Chen Bo"***, Huang Jianwen', Peng Junke', Huang Sheng'

(1. School of Hydraulic and Ocean Engineering, Changsha University of Science & Technology, Changsha 410114, China; 2. Key Laborat-
ory of Water-Sediment Sciences and Water Disaster Prevention of Hunan Province, Changsha 410114, China; 3. Key Laboratory of Dongt-
ing Lake Aquatic Eco-Environmental Control and Restoration of Hunan Province, Changsha 410114, China; 4. Engineering and Technical
Center of Hunan Provincial Environmental Protection for River-Lake Dredging Pollution Control, Changsha 410114, China)

Abstract: To investigate the impact of fluid viscosity on flux during double-diffusive convection, a gradient-con-
centration double-diffusion experiment was designed, where viscosity increases with concentration. Precisely for-
mulated sugar-salt solutions based on mass fraction were injected into a test tank equipped with an intermediate
baffle, controlling the salt-fingering density stability ratio at 1.073 and the diffusion-dominated density stability ra-
tio at 0.93. After removing the baffle, a stationary sugar-salt two-layer system formed within the tank. To accur-
ately evaluate double-diffusive phenomena and minimize experimental errors, three time intervals were established
for the double-diffusion tests: 300 s, 600 s, and 1 800 s. The experimental results revealed that short-term flux is
significantly reduced under the influence of viscosity. However, this effect becomes masked by subsequent diffus-
ive fluxes as time progresses. Both salt-fingering and diffusion-dominated double-diffusion exhibit nonlinear rela-
tionships between sugar flux and viscosity. In diffusion-dominated double-diffusion, a power-law correlation was
established between the flux ratio y* and viscosity ratio. Nonetheless, the discrepancy between y and the viscosity

ratios of salt finger fluxes is relatively intricate and necessitates a more exhaustive analysis.
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