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Abstract— The onset of natural convection has been investigated in a CuSO4-H2S04-H20 solution placed between
parallel and horizontal plane electrodes. The onset time was obtained experimentally by directly comparing the cur-
rent of diffusion control with that of natural convection control. The critical Rayleigh number based on the Nernst dif-
fusion layer thickness was found to be 1250 100. This critical time marking the detection of convection was four
times larger than that predicted by the propagation theory.
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Fig. 1. Experimental apparatus.
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Fig. 2. Limiting current curve at parallel and ho-
rizontal plane electrodes.
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Fig. 3. Comparison of theoretical and experimen-
tal results for diffusion control.
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#H= Fenech®t Tobias[5]7} CuSOQ,-H,SO,Zol4
A A&k st Al ggEe] B A4 A uka 9l 8-S
T Aok, 2l 32% o] Foflm Aol vehd A¥
7t Ao w FAIgE o] 2|9k o2k woftar gl
T ek, 2 olirE Alzte] AdHol e} ghakEe] F
A 274 Cuttol 2] FFo| F-53le] HTEwolA
WAl 5l
Hebg A S Folr] Wiroer Az &lo®
£ s ¥4 o] *]ﬂi"% o7k 7 Eeof
7L_,Z_<]] 7]17]_ HL)J];] A _;,].zl-zﬂ- s 9&104\;].
2efv} Schmidts—% 515}*]7]71 Hsle FjAla
=5 "3l %Oﬂt = F7bl w2t 4 (5)9
o] Ex ot AR} Ats] slold AAE A, ol
Teldlat s utel abAl4-o WskEo] 2] WFe
2 Atgsr
g kel F

Al WA AEE 80 2 AR A 6
e

ol

(o}

]

ks)
[
nm&im

8] ®= Fig, 72°] °] &
ol eI & FHoz. dehich
244, 5lol Qe aFelEEel Bl
Agagid ske AzyE arreEsd o
2 spl4e) sk a4 goke 71

o] el Mz;;‘

=

zL

=
oof, AReE 71 24 IR AE o MFAE
Bhtx] o5 o2 Mol Alfel &5, 3

g AT 27} s AlelAe

%
2
(o

rie
2
&
of
2
o

SistEs M6 X5 19883 10

CuRIE - HAE - ol F)

3-3. XlAchF Al

2E 2718 shlga Sdsa AT, S
< sholl, =g AR ulFo] L AE Al
Fo} clZE), o] A% E Aol 543 Ak
A ® 2F2E ALEsiac), oleidt Adalbaef A
2 &3 T AIE nelA] gu =z A
4 : opell Al 441G Bt

o155 Ao
SER-LEE om 28 =
Avejol A Ysislof 9]
sl to] %ol £
A Hol 53 gk AIAL A3 Fig 4
Fig, 5 AAlslo] Qieh, 5§ 2ol vl wleh 2
of AFeEE SaLug A} dAstebt A7 S

Ae B & oloh olAe AiUE LAl of@ &

L.
R
Aol go] F7hsly] wiFoli, olFA sy Ae}

T 1 i T
172 -
CuS04=001 M
HpSO4=15M
_ Glycerin=1M
T 129 -
=
£
g 86 -
43F -
/‘\_—
1 1 1 1
0 60 120 180 240
time (sec)

Fig. 4. Current-time behavior resulting from po-
tential step experiment,

(area = 9cm2, 0.01M CuSQy, 1.5M H,SO4, IM
Glycerin)



Aehd ATl A Adhf A2 457

I 1B |
CuS0, = 0.03 M
HoS04=15M
504 - ~
< 37.8 1
E
=
&
3 253 —
convection
126 -
diffusion
0.0 1 1 1
0 60 120 180
time (sec)

Fig. 5. Current-time behavior resulting from po-
tential step experiment.
(area = 9cm?2, 0.03M CuSOy, 1.5M H,S0,)

+elEe AS AddiFol BAlsle Ajzke g ok
Fig, 4= 0.01M9] 3i-re] 555 A3sle] AE
7*441*1 AdolfF ZAAZRe 98291, Fig. 5%

03Me} SaF-2lE ALEsle] AAFrl 422004
a;ds,]o—]z]r,} olefzto] AExmolA AANFF A
ZA=lx 72 Selman® Newman[3]o] A48}t s}
bo] A7lo]ga ol 2Jall od S wigkoletn Azt

-Y‘-rn\’-‘

'rr*ﬁ %% 7FX)3}4} shadowgraphel &A= & A
Hudol A, 1~82 AL A AddFrl B
AFTFHA 2Ad|F ¥4-8 shadowgraphol 93}
of 44513 A5 Fig, 60l AAIskde}, o) ARREL
48] diFo) wheksEl ol e Alalelct, AT Rt
A37] Aol Wast Awo] 2k Aejg gloist &
A A e} slojubz AHol|lA zlddiFol Dold Aol
ok, ole] g AldlFA] Al matEee Ages =
AE & 9lg uhg Sl A el (a)
e AT Astudel FHql dgEa AAdFol
s S-S BodFa el SAakEuo] 2AE Eab
A4€ undershoot time2 A=A ot]E it
28 Zoith ojul FAAL 3o F

Gofidet, (b)oll Ml &AlSe] Bt =
AHE T a gk, (o)elAE oSl A2 ¢

L

’BL’—S °|

(@) 28 sec (b) 37 sec

) 7 sec
Fig. 6. Shadowgraph of development of convec-

tive motion.
(0.1M CuSO0,, 1.5M H,S04, 2M Glycerin)

(c) 44 sec

A AHE, (dANE FlFe] A s dFA 5
AT HoAF o]e}zke. AEANE= Patrick?
Wragg(8]7} & 7o} 28 H3E RoFc,

B A abre 555 0,01~0, 12M7kx] #H3t
A7 Fdsilet, o AAE A (5)ol ofste] At
T2 52 ZFFsled £4]3 2ol Fig, 79 2®lo]

o}, AeddlFe 3abge] Fxrt okl wlelx) =
AE o g Aok, ARANR7 S Agkez e o}
4o 4ol oA Rayleights Tl wm
Fig, 87 70| sxol #glo] Ao A3 g e
A% o 4 9k,

~ 12 T T | I m— T T T

g

=10} .
X

g 8 i
E s -
<

£ Zr

- 0 1 | 1 H 1 1 1 L |

0 20 40 60 80 100 120 140 160 180 200

time (sec)

Fig. 7. Normalized current density-time plots
with concentration of CuSO,.

HWAHAK KONGHAK Vol. 26, No. 5, October 1988



458

g - -
B 22001 -
L
= 1800 .
& 1400+ .
= To @ ° 0
T 1000}-° 8 o o -
6001 ] o .
S 200+ -
& F4

| B | l 1 } ] |

0 002 004 0.06 0.08 0.10 0.12 0.14
Ca, bulk concentration of the CuSOy4

Fig. 8. Critical Rayleigh number with concentra-
tion.of CuSO,.

ar 3
g(aC‘ ) AC, &

Ras= —#*5— (6)

A AFHEe] 5 ExghtolFol ofFle] AFE
ol 34% Nernst Feje 4l SR 4], Al
7b AE A]7kel Ao gHE A4l rhEsiet,

CE sEel s UswsEs dehd dew,
Fenechsl Tobias[5]7} 73 23} 22 whfoz 3
Ak, AC, & Hash AEEe] xfolE vpepdich,

Fig. 8oll4 wastel a2 szt 0,01~0.05
Me} MsEold: oAl Rayleightsh A9 24
1250+1009 k& veblelct, zehd w27t F7)s)
= A Rayleighs9] #H3lEo] oF7k of AR, ol&
FE7F AA ARt AN AFEede] LA
of vehte Al g Algsith, =& b Axd,
FAAIF o AZEEAe] 22 2aks 9l Al Rayleighs
Aol v Z <G8k elActh, webd ArcolM &4
g 914 Rayleigh7} & vl A& 33 ebdoe]

(o

jaj

r(r
rlu

Q

ol

oba Azt Assoldel AYANE 2AL oA
A7ke olZapl e Aoz 4395,
D (36, 94:06.86) R @

3714 L& deje] AelzA dA|A7ke] falE Al
Zololl F-23E vhehde},

A 2 ARe] A9} o] MAFLEETA 2}
AelFrb WAl 7ol g Bl o] A
olieie, 7]. & Choi 5[7] A=
FAlZe AAXE YA FAEHH FA

o
2
-4
N
R

3 slag
s, dedol ofslel BAHE AT B4 ALE
Aol ol 2Aoz aldsladrt, of ol2E AcdHF

o]
M 54 makekel nAA FEEAS Holx o

SItEst Hi26W MsT 1988 10E

ol
=
[2:4
=
o
e¥

Rayleighe] 43latAA o]
Fresha o] e oA

A7kl whel w3kE Zolzle “HlelEE TAE,
Eol
1 A3l

o}, o17]4 Choi &[7]] ol&H o2 & AAAZL

chgs} 7bo| FA|Hch,
D
%— =7.80Ra " (8)

2 Tl AYuH ol B R
Azkell A 4o A5 Aol wder, ol2ish Aol Choi
$700] g wish o] AANF AFold w43

lo
=
&
ol
k3
e
£

oladh mebegel Ageld ZHsleld 4 9 @
@ ZAEE AReE A7) AolE dehis A

ke Patrick®} Wragg(8]7 =it
EPE‘ AYL slof ol Aoz &
¢ F7b kA
e AL #alsloion, JJ—E]rE = %X“él T

ANE
ubgd- A AL undershoot A17HE AS7HelE 7]

4»

2
L
e

f
o
3
[a R
]
=
w
=
S)
o
-
>
\l
o
2
2
o0
2
Y
ox=

Q.
o 32

¥

4z =32 5Ra,*”? (9)

2 oAl e g welE &
) pEaeke S Al FyHes ZAs
% Al 7ol Lol elzaA g
A3k olelsh R,

17 =39 5Ra;™* (10

¥ oolge] Az dAAZ] Ael4 Inoue E[9)9]
Z3} Patrick?t Wragg[8]el Zzel 71 Axel
& Ack, ojeigt A=, AddlFol wAlske]
AAAZEY quf] A5 5|AS o, Z-E-5]o]
7FA el & (manifest convection)”t Qdofxlch= &
o| &9 gy & R3tsci[7, 10]. Baranowskist
Kawczynski[11]+ o2z ez A7|3laHHlol Ag
e Tulrt AR A== 249 Al Rayleigh
1707¢ ¥w3d o} Qick, W AFHozE
Baranowski®} Kawczynski[12]7} CuSO, &%
o)A A A F (critical current) et A AFZHE o
Al Rayleigh% 3% v} glovt £ oot A4 wlm
3H7l= Raylexgh—r«l Zol7} e} Tabae,

o
>
r\l

rlo
Ho
ES
ofN

[

seherg-o]

A
T

4. 2 B

CuS0,-H,0-H,80, &aFolA el T8 AHEs}



A LNFo4] A E A 459

= a
REREEE 1}°dvﬂ%7k ke A9 dddos

AfeE Sl o sbagAnE ol BAH 2
skt =3 shadowgraphel 43}04 B2 o
A& A & Azrct o

|

k- T HEE EeR s

7+ %A 7 . 937]14] Nernst 34k F7loll 7|
& 5 9 74] Rayleigh+& £ *é?ﬁ""-rhﬂoﬂ/‘i
12501009 k3 doleh, ARdd

A4l

o A% 2 o vesk, ol3e AlE B
Ao =lag adEol S0 PO

gzopshnie) ] Aol slaje] ol
2 FaAe gF ARl Aol g

NOMENCLATURE

« Area (cm?)

: Concentration of specnes A (mole/ cm?)

. Diffusion coefficient (cm?/sec)

. Diameter of electrode surface (cm)

. Electron

: Faraday’s constant (= 96,487 C/ equiv)

. Acceleration of gravity (cm/sec 3

: Current (mA)

iy : Limiting current (mA)

L : Fluid depth {cm)

n : Number of electrons transferred in the elec-
trode reaction

Nw : Flux at the electrode surface (mole/sec sz)

Ray : Rayleigh number based on electrode diameter

(= g(ac =£AC,d*/uD)

>

—~0 Mmoo a oo >

Ra; : Rayleigh number based on fluid depth

3
(= g(ac ——-)AC, 12 /uD)
t : Time (sec)
z . Distance from the electrode surface of the ver-

tical direction (cm)
Greek Letters

& : Nernst diffusion layer thickness (cm)
# : Viscosity (g/cm, sec)
p : Density (g/ cms)

Subscript

C : Refers to the critical state
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