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CORRELATION OF LIMITING . CUMENTS AT HORIZONTAL .ELECTRODES 

UIWERFREE CONVECTION CONDITIONS 

Eugene Joseph Fenech 

Radiation Laboratory and Department of Chemical Engineering 
University of California,Berkeley, California 

.,~STRACT 

r.imit1ng currents were measured for flat, horizontal cathodes, 

fac1ngupward in an unstirr~d cell. Electrolyte composition ranged from 

0.01 to 0.7 MCuS04' in approximately 1.5 M H2S04 .. Cathode sizes varied 

from O.l,to 30 'by 10 cm., and'the free height above the electrode ·from 

.1 to 16 cm. Limiting currents ,were from 0.8 to 1129 ma/cm2• The ·data ,is 

best represented by the general .correlation 

Nu" = 0~129 S 1.1 G )1/3 
c r " 

where Nun., Sc., and Gr are the corrected mass transfer NU,sselt number, 

·Schmidt number, and Grashof number respectively. The ,experimental range 

included 108 < (.sol.l Gr) < .1013 • 

The r.esults indicate that the ana;logy between mass and .heat 
"-·transfer can be extended to this model. 

/ 
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CORRELATION OF LIMITING CURRENTS AT HORIZONTAL ELECTRODES 

UNDER FREE CONVECTION CONDITIONS 

Eugene Joseph Fenech 

Radiation Laboratory and Department ,.of Chemical Engineering 
I University .of California"Berkeley, Califcrnia' ' 

I. INTRODUCTION 

In spite .of the fact that free ccnvectionf'rom horizcntal 

surfaces is an impcrtant mcde of mass transfer, there have been nc 

,papers, either thecretical or experimental, published .on it. The dif

ficulty .of defining the mction and boundary ccnditions have rendered 

the mathematical treatment .of this model virtually impossible. ',This 

wc~krepresents an initial effcrt, directed tcwar~understanding the 

mechanism of mass transfer at horizcntal surfaces. 

,Iri ,recent years, several important advances have been made 

in ,the quantitative interpretaticn of masstransf'er phencmena in 

,electrclytic prccesses. ,These have included studies .of ccncentric, 
, , 1 

cylindrical rotating electrodes" and ".of laminar and turbulent flow 
2 

in channels"i.e., flcw betweenpar,allelplate electrcdes. At bcth 

,Eidg.Techn. ,Hochschule, in Ziirich t , and the ,University of Califcrnia. 

,at Berkeley, research ,has been ,done '9nfreeccnvectionat vertical 

electrcdes. In ,Zili-i'ch, investigation .of this ,model ,has been effected 

bY,means ,of interferometric studies ,.of the boundary layer, and by ob

servationonthe electrodeposition ,.of metallic pcwders)* At Be:rkeley, 

the investigaticn centered about the de terminaticn.of' limiting current 

densities.. By this methcdWilke, Eisenberg, and Tobias
4 

obtained the 

correlation 

Nu,f ::= 0.673 (Sc Gr )1/4 (1) 

for electrcdepositionat vertical electrcdes in free convecticn. This 

equation was found to be valid .over the range .of Se . Gr frcm 10
6 

tc 

10
12 

The quantities in the equations are defined by: 

* , Reference is to the summ~y'paper. 
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Nul = kL Xf x I D 

Sc = -:vI D 

(~ ) «2 x3 I ~i 2 , 
and Gr = g ~i iJ. 0 

where x is the height of the electrode, and kL is defined by the 

e,!uation 

(2)* 

(3) 

( 4) 

This correlation agrees very well with that derived from the analogouf3 
. 5 heat transfer case. .The only known observation on free convection 

.mass transfer at horizontal electrodes were experiments performed by 

Wagner.*'* 

Review of Heat Transfer from Horizontal Plates 

,The first experimental study on heat transfer from horizontal 

plates was c~riedout in 1900 by HenriBenard~ 6 when he studied the 

formation of certain patterns on the surface of li'!uids which were heated 

from below. His observations led him to believe that free convection 

produced definite cellular motions •. The cells which .he .observed were 

hexagonal in shape with li,!uidrising ,in the .center and ,d~cending at 

the edges .. ,Figure 1, tljlken from Benard IS 0.riginal paper, shows an ele

vationand a plan view of the cells. The occuranceof such cells has 

also been noted in patterns on the surface of the sea and in cloud for

mationsinthe sky.7 

Lord Rayleigh8 was the first to attempt the analysis of heat 

transfer'by free convection in B~nard.cells from a mathematical point of 

view.: The object of his study was to determine a min:i,mum. stability 

limit ·for th,e establishment and maintenance of the .cellularconvection 

* For a detailed list of symbols,refer to nomenclature. 

** Theseexper:i,ments were described ina private comm~ication.Q.uanti

tative comparison is impossible, because of the ,!ualitative nature ·of 

the data .taken. However, the experiment~l results agree very well with 
, 

those presented herein. 
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Fig. lao Plan view of schematic diagram of Benard cells. 
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Fig. lb. Elevation of schematic diagram of Benard cells. 
The arrows give the direction of flow. 
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currents. The result of this mathematical analysis showed that if both 
. I 

the upper and .lower boundries of tb,e system were free, Le • ., not rigid, 

convective cellular motion .would be stable if the Rayleigh number ex

ceeded 657.5, where 

Ra=- t3 g a x4 / K 7J (6)* 

Further mathematicai treatment in 1928 by Jeffreys9 estab-. 

lished the stability criterion, Rayleigh number equal 1707 .8, forx,~~e 

case of both upper and lower boundaries being rigid. This type of·" 

mathematical proceedure was completed:in 1940, when Pellew andSouthwell
lO 

calculated the stability criterion,.Rayleigh number equal 1100.7, for 

the case of. one free and one rigid boundary. 
. 11 . 

In 1935, Schmidt and Milverton experimentally verified the 

mathematical treatment of the rigid boundary model. Basically, their 

exper~ent consisted of transferring heat from a horizontal plate, which 

was electrically heated, through a liquid to a cooled plate directly 

above. . Figure 2 shows one of the original diagrams. In it, the s q,uare 

of the heating current is plotted as af'tUlction of the temperature dif

ference 'between the two plates. If the liquid properties are assumed 

to be independent of temperature, then for a given distance between 

plat~s current squared is proportional to the Nusselt number, and .the 

temperature difference is proportional to the Rayleigq. number. The 

break .in the curve at Rayleigh number equal 1700, shows a change in 

mechanism of heat transfer. By visual methods it was observed that 

below 1700 there was nomotion in the liquid, Le., heat trarisfer oc

cured by conduction only) and above 1700 the liquid motion was in the 

form ofB~nard cells. 
12 

. In 1938, this work was extended by .Schmidt and Saunders to 

much higher Rayleigh numb.ers. At Rayleigh numbers of approximately 

45,000 another break in the curve (also shown on figure 2) ,wasobsei'ved.** 

Visua.l 'Observation .showed thatcelhuar flow broke up at this point and 

was replaced by a random turbulent boiling-like motion. Schlnidt and 

. * It .can be shown that .. the Rayleigh number is the product of the . 
, 

Prandtl and the Grashof numbers. 

** On this second curve the b,reak .at Ra 1700 is not shown. 
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Fig. 2. Heating current squared as a function of tempe rature 
difference between plates in .heat transfer for two different 
plate separations. 
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Saunders also noted that with water the shift from cellular flow to 

turbulent ,motion occurs very suddenly. at 45,000) while with air the 

shift takes place ina transition zone beginning at Rayleigh numbers 

as low as 5,000. 

w. V. R.Malkus, 13 in 1951.;-, published a still further ex-

tension td this work. He studied systems up to Rayleigh.numbers of 

1.6 x 106, and in this range claims to have observed seven distinct 

b,reaks o However, after examining the graphs which he presents, it 

seems,extremelY:f'ortuitousto be able todra.w straight lines through 

sections of the data. It seems .moreprobable thatth,e data should 

be represented by a ,curved .line, indicating a gradualc~ge in the 

"degree" of turbulence rather than distinct changes in .mechanism. 

In 1956, SChmidt14 reported .on a number of h,eat transfer ex

perimentsconductedunder free convection .conditions •. He included ex

periments on .spheres) horizontal cylinders) and horizontal flat plates, 

using water, methanol, and ethylene glycol. As a result of this work, 

he suggests that a satisfactory correlation of heat transfer data in 

the turbulent region is possible in .the form 

Nu= a (Pr· c • Gr )1/3 (7) 
where a and.c axe .'constants. 

The latest addition to this field .was made by I.J:vy) 15 ,w40 

presents a ,mathematical solution for the general heat transfer case. 

For a horizontal heated plate in the turbulent .r~ge,. he suggests the 

following equation, 

. Nu= 0.0727 Gr4/ ll ~9/l1 t.X/ D )l/ll 

( 1 +0.442 Pr2/3 ) III . ( 8) 

However) this does hot fit the case under investigation at present, 

because this model is a plate suspended in air with all surfaces acti

vely contributing to the transfer. 

The Present Problem 

In the present·work, limiting current densities were.'measured 

as functions of concentration of' copper sulfate, viscosity (varied by 

'adding glycerol to the solution), free height above the electrode, size 

of electrode, and end conditions at the electrode, i.e., whether or not 

the end of' ,the electrode was limi ted by a vertical wall. 
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The passage ·ef electrical current threugha herizental elec;,;, 

tredecell,) in which the lewer electrede is the c athe de } will result in 

the mevement ef mass by three separate and distinet mechanisms: 10 mi

gration, 2.diffusien, and. 3 .. naturalcenvection. 

Migratien is the mevement ef iens under the influence ef an 

electric field. .Diffusienisthe mevement ef mass under the influence 

ef.cencentratien gradients. Natural cenvectien is the mevement ef. 

fluid.elements under the influence efdensity gradients •. Natural cen

vectien may be ef either the cellular 0.1' turbulent type as was feund 

in heat transfer experimentsdescribedprevieusly. . There sheuldbe a 

stability criterienfereach type of metien~ similar to. that in the 

heat transfer case, but the determinatien ef these was net the ebject 

ef.thiswerk. 

With this pictureef' ienic transfer· threugh the selutien, the 

cencept .ef a limiting current is easily built up. If the veltage be

tween the electrodes ina cellls increased, the current ·will also. in

crease. Heweyer, the selutien .is limited in its ability to. previde 

iens to. theelectrede •. When the concentratien ef reacting iens at the 

surface ef the electrede reaches .zero, no. further increase in current 

is pessible unless a new zleactien takes place •. The current at .this 

peint is kneWn as the limiting current. 16 Limi ting current density is 

the maximum rate ef electrical current passage per unit ar.eai.ef electrDde 

which.eanbe utilized fer a particular electred,.e reactfDn •. Fer this 

wDrk, then) limiting eurrent density is. the milliamperes per square 

centimeter passing through the selutienwhich .. will reduce the concen

tratiDn Df cepper ions at the surface of the c athe de to. zero.. 

The preblem, then, is to. measure the .cencentratlDnef cepper 

iens at the surface ef the electrode. If'the physical situatien at the 

cathedeisexamined, it is seen that there exists .essentially a ,cencen

tratiDn.cell. If an electredewereplaced in the cell inaregien pf 

bulk cDncentratiDn~ the petentialmeasured between this reference cell 

andthecathDde wDuldbe the pDtential ofa cencentratien cell existing 

between the two. cDncentratien limits. This cDncentratien cell effect 

at the surface Df a werking electrDde is knDwn ascencentratien pelari

zation. Thecencentratien pelariZatien is given by the equatien: 
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A ,E = (RT/nF) In (a la.) ~ (RT/nF) In (co/c~) 
.0 ~ ... 

Actually placing a reference electrode in the bulk of the solution has 

several drawbacks: first) the electrode would.disturb( the flow patterns, 

and second, since the solution does have a finite electrical resistance, 

an I • Rdrop would also be included in the measured potential difference. 

To overcome these difficulties, the reference electrode is placed in a 

side chamber connected to the cell as close as possible to the surface 

of the cathode. . This side chamber is filled with fluid of bulk concen~ 

tration, alldthe reference .electrode is made of the same material as 

the cathode. 

Two minor points interfere with the measurement of concentrat:lon 

at the interface in the method outlined ab,ove • Besides measuring con

centrationpolarization, .chemical pol~ization is measured simultaneously. 

However, in the measure'ment .of .limi tingcurren~ the actual value of ele.c

trode polarization* is ,of no consequence., r/3.ther one has to obtain the 

value of current at which the rate of increase of potential with current 

approaches infinity •. The other point is that in the measurement and Te

cording of ' polarization, it is necessary to draw some current through 

the reference electrode which results in all I 0 Rdrop and in aconcen

tration chang;e at .the surface of the.referenceele'ctrode 0 The measuring 

curcuit used in this case was .designed to draw not more than 1 micro

ampere through the reference cell. ·With Bucha small current these ef·

fects become negligible. 

In order to determine the limiting current density, one has to 

plot the electrical current as a .function of concentration polarization. 

Figure 3 is an actual example ofa :well defined limiting current curve. 

The dotted extension is the theoretical curve in the absence of succes

siveelectrode .reactions; the actual curve bends up again, however, as 

a .result of thedecompositionof.water at higher voltages •. The limiting 

current is the " actual ,magnitude of the .current passing through the .cell 

at .the point where the rate of change .of current with concentration po

larization is equal to zero. 

* For a.more detaileddiscuss.ion of polarization and its measurements 

.see Eisenberg. 17 
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Fig. 3. A limiting current curve, - electric current as a 
func tion of polarization voltage. 
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Figure 4 is a.schematicdiagram of the ;experimentalcircu1t 

used in the work. A Leeds and Noi'tl),rup X-Y function plotter was used 

to,diEe;:ctly obtain limiting current curves. Another Leeds and Northrup 

recorder was used to measure the change of concentration polarization 

with time. 

Experimental Apparatus and Proceedure 

The electrolytic cell used in thiswork.was so designed as to 

provide .the possibility of wide yariations in the rangesOfexperiinental 

variables and still be easy to change from one·set.,.up to another. 

Figure 5is a section drawing and an assembly picture of the 

cell. The four spacers,which were used to yary the free height above 

the electrode, were 1)2" 4, and 8 .cm.thick respectively" allowing a 

.minimum spacing of 1, and a . maximum of 16cm. in '1 cm. intervals. The 

anode compartment ,was separated from the cathode compartment by a 1/8 

inch thick acid proof cerl:3lnicdiaphram* to prevent mixing of the anolyte 

andcatholyte. The use of this diaphram was necessary to elimi~atethe 

influenceofconve.ction.currents generated by the dissolving anode, and 

in .order to allow a more dilute solution to be used in the' anode com

partment,therebypreventingcrystalizationof copper sulfate on the 

anode. The anode compartment was also mechanically stirred to prevent 

crysta.lization. 
\ 

One' electrode of each size used is showninffgure 6. **The 

cathode holder) shownln figure 7",' was designed to' hold each different 

size .electrode in such a .manner that its surface was in ~heplane of 

the surface of the luciteblocks on either side. Lucite blocks were 

also lJrs-ed1f'<:6T/,the1studl't.();ftJ:trhe effect .of completely surrounding an electrode 

with walls. Figure 7. shows how these blocks were employed. These 

blocks were always usedinidentic~l pairs. 

Figure 8 is a .top view of the tank with the cathode holder in 

place. This picture shows how electrical contact is made to the cathode 

* The trade n~e for the diaphramwas"Filtros 35", obtained from· 

Filtros, Inc." .East Rochester, N. Yo 

**The electrodes were 0.1) 0.2) 0.5" 1, 2, 5, 10, 20, and 30 'by 10 cm. 
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Fig. 5a. Assembly photograph of experimental cell. 
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Fig .. 5b. Section drawing of experimental cell. 
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Fig . 7a. Cathode holder, in which each size e l e ctrode 
c ould be flush mounted. 
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Fig. 7b. Cathode holder, showing two sizes end blocks 
in place. 
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Fi g , 8 , Top view of cathode in place, showing cathode contact 
and points at which reference cells could be attached. 
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through the side of the cell, and where reference cells-could.be at

tached. Capillary holes (13-1/2 mils in'dia.) at which re~erence cells 

could be attached were located at the edge of every electrode .size) and 

at the exact center of. the electrodes. ..' For electrodes narrower than 1 

em. no side attachment was provided because of the obvious' space limi

tations. The unit which was attached to these holes is shown in figure 9. 

Figure 10 shows the completely assembled cell. In order to 

minimize the influence of external vibration) all measuring eCluipment 

was placed.on another table. The stirrers for the anode compartment 

were mounted .directly to the wall and .were in no way dependent .oneither 

the table or cell for support. Figure 11 shows the general experimental 

area. The solutions used in this work were made from the .most ,pure 

chemicals* commercially available and distilled water. 

During the course ·ofthe experimental work, solutions were 

stored in glass containers (upper left in figure 11). The catholyte 

was mixed to uniformity by a magnetic mixer and fed to the tank by 

gravity.; After an experiment thecatholyte would be drained into one 

of the glass jars under the table •. Each time the supply was exhausted, 

the used solution was lifted by vacuum into the upper jar) mixed thor

oughly, analyzed, and re-used.Determination of the copper was by the 

thiosulfate method),18 of acid by a pH titration with standard NaOH, and 

of glycerol by a cerate oxidation. 19 In order to insure a reproducible 

surface Cluali ty (degree of roughness) from one electrode to another, the 

electrodes were machined from an oxygen-hydrogen ·free el.ectrolyticcopper 

plate, and each electrode was polished just before use with number 400 

Wetordry' Emery Paper. After polishing, the electrodes were washed with 

distilled water and degreased with acetone. Ref;erence electrodes were 

prepared in the same manner. Electrodes were used immediately after 

preparation • 

. * Anhydrous .copper sulfate) . "Baker Analyzed ") was obtained from the 

Baker Company. C. P. grade sulfuric acid and glycerol came from General 

Chemical Division of the Allied Chemical and Dye Corporation. For a 

statement of impurities see Appendix 3. 
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Fig, 9 , Reference electrodes. 
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In the following, the step by step proceedure of aneXperi

mental run is outlined: 

1. The reference electrodes to be used were polished, washed 

and put in place. 

2. The experimental electrode was prepared, mounted in the 

cathode holder, and placed in the cell. 

3. Proper spacers for the run were placed in the tank and the 

anode ,compartment put in the tank. 

4. ,The cathode chamber was filled from its supply with care 

so that no 'bubbles should be entrapped in the lower comp~rtment. 

5. The anode was placed in position, and the anodecompart

mentfilled. 

6 • Electrica.l conta,ctwas made to all electrodes, and "checks 

made for open circuits. 

7. Proper ranges for the run were selected for each recorder. 

8. Voltages necessary for the ,run were selected from the lead 

storage batteries, and the motor driven ,rheostates set in motion. 

9. Attime'equal zero) current was switched on .and recording 

of experimental variables started. 

10. After limiting current was exceeded, as noted on, the X-Y 

function plotter, current was switched off, recording stopped, and cell 

emptied, and disassembled. 

The correct choice of the length of time ·of a run presented 
( , 

an interesting ~roblem. The run had to be lopg enough to allow the 
\ . 

system to reach a steady state as far as convection and diffusion were 

concerned, but had to be short ,enough.so that'the bulk concentration 

was not changed to a noticeable extent. 

It was desirable to minimize the change of bulk concentration 

by using as short a time as possible, while at the s8Jl1etimeinsuring 

that steady state was achieved. In order to determine the shortestpos

sible duration of experimental runs, trial runs* were made in the fol

lowing manner. 

* These experiments ,were done using 0.24 .M CUS04• Achievement of 

steady state in low concentration runs is discussed later. 
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A basic rate of change of voltage applied to the electrodes with time 

was de c.ide d on, and then used in several experiments starting at dif·

ferent initial voltages. Figure 12 is an example of such a set .of runs. 

It is seen that there is no observable difference in limiting current 

densities in the two shorter rllnS in spite .of a time difference of 25%. 

The difference in limiting current density in the longer 'un (Fig. 12) 

is attributed to a change in bulk density. On a basis of a large number 

of such experiments , the length of a run was held to between three and 

five minutes. 

Whether or not the placement ,of reference electrides had an 

influence on the observed limiting current was another important con

sideration. To determine this, reference electrodes ,were placed at 

the center, at the edge, and at two other points along a 20cm. elect

rode. During a ,run, then, a plot of concentration polarization as a 

·functionof time was made by a multipoint recorder • An example of 

such a plot is given in ,figure 13. Although the voltage at-the edge of- -

the electrode is somewhat different than that at other points during 

mo.st ,of the run,} during the critical limiting ,current time, all curves 

are practically identical. From these experiments it was determined 

that the position of the junction of the reference cell had essentially 

no effect on the observed limiting current value. In actual practice 

the reference cells were always placed exactly at the center of the 

electrode. 

During the course of experimental work) it was found that by 

using reasonable care an ,electrode could be used several times with 

good reproducibility. Reasonable care included prevention of the forma

tion of rough, powdery deposits) which form;: after limitingc::urrent is 

reached) and prevention of the oxidation of the fresh ,copperplate. 

,This new layer of copper appeared to oxidize very quickly ,upon exposure 

to air" . forming a dark surface. ,In the course of taking quantitative 

data, a fresh electrode was used in each experiment. 

Failure to change the electrolyte between runs led to very 

poor reproducibility. However, if the electrolyte were allowed to stand 

for several hours between runs, a valid limiting current measurement 

could again b,e made. It appears that the local concentr:ation gradients 

in the solutions were eliminated during this time. 
( 
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I~ = 32.8 ma/cm2

2 .67 
3.37 

3 12.E?4 
min. 

I~ = 32.6 ma/cm2 

RUNS 16,17, /8 
SEPARATION / em 
ELECTRODE / x IOem 
CONCENTRATION 0.24 M CU S04 

OL...-___ I......-__ ---l ___ ----l._----'-_--L ___ ---l 

o 0.2 .0.4 0.6 0.8 VOLTS 1.0 

~E 
MU-I<'212 

Fig. 12, Limiting current curves for different length runs 
with no other experimental variaQles changed, 
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8 RUN 160 
SEPARATION lem 
EL EC TROOE 10 X 20 em 
VOLTAGE AT ZERO TIME 6.5 VOLTS 
VOLTAGE AT ENO OF RUN 12.0 VOLTS 

6 

en --------
Q) -:::J .= 
E 4 -
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.... 

2 -- lem 

2 
3 -- 5em 
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o 

./ .2 .3 .4 .5 .6 VOLTS 

6.E 
MU~12201 

Fig. 13. Variation of polarization with time at four points 
along a 20 em. eleetrode.-
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Discussion of Data 

Using the standard proceedureoutlined" a1ll1ost 400 individual 

,limiting current densities were measured. Approximately 100 of these 

'Were undertaken to determine the best experimental proceedure. Another 

30 were measured to establish approximate limiting current ranges for 

particular concentrations and electrodes so that proper instrumentation 

could be used. Calculations were based on the fiIia1277 experimental 

runs, which included 99 different ,experimental situations. 

Figure 14 is a graph of limiting current ,densities as a 

function of free' space above the electrode. The values plotted on this 

graph and on all following do not correspond to any individual measure

ments, but Tatherto an average value ,of all identical runs. From the 

graph it is quite ,obvious that concentration of the copper ic;:m is the 

largest ,single factor in determining limiting cUrrent ,densities.Limit

ing current isshqwn to be a function of ,approximately the 4/3'power of 

the bulk, concentration. This is not completely accurate as the proper

ties of the liquid (viscosity"density,etc.) also vary with concen

tration.Table 1 gives an average' value of the constant if the equation 

, (10) 

is assumed to be valid. The last item in ,Table 1, shows how drastically 

Concentration 

0.0810 M CUS04 

0.2336 " 

,II 0.6570 

0.3706" 
5. 41M Glycerol 

Table 1* 

Limiting Current 
, /' 2 '7.30 ma em 

28.10 ,II 

113.6 

12.40 

"b" 

209.2 

195.8 

198.9 

32.9 

"b"changes if glycerol is added to the solution. The addition of gly

cerol decreasesthediffusivity; and increases the viscosity and density, 
although the density ,difference between bulk and electrode surface remains 

* Actual runs of average value from the group using 10 x 10 cmelectro-

des and lcm free height above the electrode. 
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Fig. 14. Limiting current density as a function of free space 
above the e1ec trode for each concentration. 
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,almost the same as in solutions without glycerol. With large changes 

of' liquid properties) equation 10 cannot even be used as an approxi

mation. In figure 15) the limiting current density as a ,function of' 

the width .of electrode* is given. Exam' tion of' figures 14 and 15 

have failed to show any general depend nce of' limiting current ¥ith 

rreespace above the electrode. Howe,ler, analogus work in heat trans

fer,ll,12,13 has noted a .definite dependence on this parameter. It is 

expected that the dependence should b,e very sharp below a certain crit

icaldistance, ano.extremely weak ,above this critical distance. In 

the case of heat transfer, the distances studied were on the order of' 

1 em. and less, while in this work the smallest distance examined was 

1 em. Distances smaller than 1 em. are seldom used in electrolytic 

cells. 

On the other hand, a signif'icant diff'erence in limiting.cur

rent .densitieswas observed with a change in width of electrode, as 

shown in figure 15. ,Due to the possibility of increased horizontal 

transfer of ions at the edge of the electrode, it is expected that the 

local mass transf'er coef'f'icient at that point ,would be higher than that 

at the center • The importance of such an edge effect decreases as thew'idth 

of' the electrode becomes larger, until, for the electrodes over 2 em. 

wide** it is shown to be negligible. If' this horizontal supply of ions 

were shut off by placing walls at the edge of' the electrode, it could 

be expected that the limiting current density would fall to, or even 

below that for larger eIec.tro.de s wi thf'ree ends. While it is a fact that 

on smaller electrodes the limiting current.density is significantly low ... 

ered, in genera],:, it is not loweredtoth,e predicted value. For ex

ample, using.0.24 MCUSOV the limiting currentdensitY,f'or a 0.1 cm. 

wide electrode dropped from 52-1/2 to 48-1/2 ma/em2 when end wa.lls were 

added, while the average value f'or large electrodes in the same con

centration was about 26 ma/cm2 •. This points out that .thereis some 

, other, as yet unidentified mechanism at work. 

* 
** 

One dimension of all electrodes is 10 cm. 

Experimental results, see Figure 15. 
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Fig. 15. Lirniting current density as a function of width of 
electrode for each concentration. 
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In this work reproducibility was measured by percent devi

ation.* For the 277 calculatedr'QIls,the average percent.deviation 

was 4.7%,. The average percent deviation for each concentration is 

given in Table 2. 

Concentration 

0.01 M CuS04 

0.08 II 

.II 

II 

0
0
37 .11 

50 41MGlycerol 

Overall 

Table 2 

Average Deviation 

8~410 

la3% 

0.4% 

2.6% 

4.7% 

No •. ofRunsConsidered 

.41 

50 

125 

26 

35 

277 

Within.eachponcentration group, the deviation for the smaller electrodes 

was higher than average,and the deviation for the higher electrodes, 

lower. 

Repro<;luoibility, as poor as that .exhibited by 0.01 M CUS04' 

reflects considerab.ledoubt .on the measurements made in .that grouP. In 

figure 16, atyPical limiting current for a 0 0 01 .M CuS04run is re·

produced. This concentration is the only one to show this character

istic dip of the ILversus E .curve • 

. Examination of the concentration. polarization-time.curves 

point to another peculiarity of the 0.01 M CuSb4 runs. ,A normal plotj 

presented in figure 13., shows that the rate of changeofvol:tage with 

time is extremely low until close to limiting current. At this time 

the. change of concentration polarization is very rapid. Incontrast 

to this, is the graph .shown in figure 17> in which the rate of change of 

polarization voltage wi,th time is much more constant throughout the 

entire experimental run •. The obvious interence is that the build up 

* Percent Deviation = 
(ILRun- IL Av. for ip.entical runs) 

IL Avo for identical runs 
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RUN 220 
SEPARATION 8 em 
ELECTRODE 0.5.'! /0 em 
Co.NCENTRATION 'V 0.0/ M 
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Fig. 16. Typical limiting current curve for 0.01 M eusa 4 
concentration. 
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of the convectional transfer process is so slow that one ,cannot observe 

atypical steady state plateau corresponding to a true limiting current. 

Unsteady state diffusion is the mode of ,mass transfer in the initial 

period, and since the supply of ibns very close to the .. electrode sur

facefS-high at the beginning of a run) the current rises quickly to 

a large value o This supply is rapidly depleted and ~he current ,drops 

with time in spite of the increasing applied voltage. At this point, 

free convection begins) but the driying .force, (density,difference) is 

small and convection develops slowly. Before the free convection has 

time to develop fully and reach steady state, the voltage across the 

cell reaches the value suf'ficientto start the decomposition of water. 

The obvious solution to this problem would be . simply to 

lengthen .the time of the runs. In the case of dilute solutions; the 

resultant change in bulk concentration above the electrode would be so 

high that the interpretatioIiof' limiting current values. thus obtained 

would be impossible. 

Additional eVidence supporting the phenomena just described 

is presented in table 3 •. Drasti'cdif.ferences in limiting current ,den

sitiesare produced in runs of different ,duration. Data are also pre

sentedfor 0.08 M CuSb4 runs, in which it is seen that the effect is 

present., but is much less noticeable • At ,still higher concentrations 

tne .measured value of limiting current was essentially inde.pendent of 

the time elapsed until the limiting current Mas reached. * 
Table 3 

.Electrode Length Limiting ,Current 
Concentration Width of Run Density 

0.0129 MCuSb4 0.5 ,em. 3.50 min. 
. 2 

2.80 ma/cm 

cO.-D129 " 0.5 ,em. 2.66.min. 3.40 II 

0.0110 II 10.0 em. 5.50 min. 0.72 II 

0'.0110 II 10.0 3.00 min. .0.82 .II em. 

0.0782 II 0.5 4.75 ,min. 12.4 II cm. 

0.0782 II 0.5 .em. 3.64 min. 12.7 " 
0.0800 II 10.0 ,em" 5.1'7 min. 6.90 II 

0.0800 II 10.0 2.72 min. 7.22 '" :em. 

* If shorter than 5 min. 
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Correlation of Data 

On the basis of theoretical work done recently by Levy, 15 .and 

also because heat transfer data obtained under free convection.conditions 

at horizontal plates could be successfully correlated by the use of the 

dimensionless equation 

Nu= a (Pr Gr)c, 

correlation of data. obtained in this work was attempted using the form 

Nul = a eSc Gr)c (11) 

As in earlier heat transfer work,11,12,13 the f:ree space (height) above 

the electrode was used as the characteristic length in the Nusseltnum

ber for mass transfer and in the Grashof number. Figure .18 .shows the 

resUlts of correlation by equation 11.* Actually, the JeastSquaree;xp::nent 

in figure 18 is slightly less than 1/3 (0.326). However, since the 

difference was small, and theoretical considerations predict an ex.;.. 

ponant of 1/3, this latter value was employed. In this case, then;, 

least square treatment ,provides the equation 

Nul = 0.179 (Sc Gr)1/3 

Examination of' this equation for dependence on the characteristic q.im

ension, reveals that it .cancels out, making its choice of no importance. 

rrable 4 gives an example ,of ,eaGhofthe different .exl?erim~·ntal 

situations, the physical properties of'the liquid in that run, and the 

value of the dimensionless groups. Examination of this table will pro

vide the complete range of all physical variab,les studied. 

In line with¢l.at was said concerning the accuracy of the 0.01 

MCuS04 runs) figure 19 shows the relationship of the calcUlated points 

and equation 12. In establishing the correlation (equation 12) t~e data 

obtained on the 0.01 M CUS04 solutions were not considered, since it is 

very doubtful whether in any of these runs a true value of. the limiting 

current coUld be evaluated • 

. The dependence of width of electrode is shown in figure 15. 

An attempt :to isolate this dependence is given in figure 20, where the 
c . 

least square lines from equation 11 with a 1/3 exponent are plott'ed for 

each electrode size.:Jt* Table 5 lists the calcUlated intercepts for each 

* For a discussion of calculations see Appendix 1. 

** In order not to be too confusing, only points from the 0.24 M'CUs04 concentration are shown in figure 20. 
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229 1 1 0.0140 1.724 0.0057 5.35 1.9128 1.356 1.113 0.0014 0.549 0.06 35\1 2236 b597 
225 2 1 0.0140 1.724 0.0057 4.09 1.5082 1.35'6 2.113'· 0.0014 0.549 0.06 274 2236 85<;.7 
216 5 1 0.0135 1.678 0.0055 1.52 0.5811 1.342 3.113 0.0014 0.555 0.06 104 2195 d462 
209 5* 1 0.0133 1.662 0.0054 1.00 0.387.5 1.337 3.123' O.b013 0.557 0.06 69 2181 8337 
202 20 1 0.0132 1.645 0.0054 1.23 0.4816 1.332 . ·5.113 ·0.0013 0.559 0.06 86. 2166 8335 
204 20* 1 0.0132 1.645 0.0054 1.09 0.4268 1.332 5.12·3 0.0013 0.559 0.06 76' 2166 0335 
183 100 1 0.0110 1.5.10 0.0045 0.82 0.3862 1.308 7.112 0.0011 0.568 0.06 67 2100 7218 
187 100* 1 0~01l0 J 1.510 0.0045 0.80 0.3768 1.308 .7.La 0.0011 0.568 0.06 66 2100 7218 
218 5 8 0.0136 1.691 0.0056 2.72 1.0293 1.346 3.413 0.0014 0.553 0.06 148b 2206 4:>70:'\;5 
221 5* 8 0.0139 1.711 0.0056 1.98 0.7380 1.352 3.4,3 0.0014 0.550 0.06 1071 2225 4';95<::'3 I 
192 20 8 0.0122 1.605 0.0050 1.60 0.6194 . .1.319 5.412 0.0012 0.564 0.06 963 2130 3990722 -I=" 
190 20* 8 0.0113 1.580 0.0046 1.25 0.5731 1,,311 5.4l2 0.·0011 0.567 0.06 807 2109 3770:'\;3 0 
189 100 8 0.0113 1.580 0.0046 0.82 0.3159 1.3.11 7.412 0.0011 0.561 0.06 529 2109 3716696 I 

188 100* 8 0.0113 1.580 0.0046 0.79 0.3622 1.311 ·1.4.22 0.0011 0.567 0.06 510 . 2109 3776696 
176 1 1 0.0860 1.580 0.0347 22.50 1.3550 1.337 .1.112 0.0090 0.557 0.43 243 2177 :'5037 
179 2 1 0.0860 1.580 0.0347 18.40 1.1080 1.337 . 2.1.l2 0.0090 0.557 0.43 198 2177 55037 
143 5 1 0.0782 1.450 0.0319 12.10 0.8013 1.296' 3.112 . 0.0081 0.574 0.44 139 2064 52465 
149 5* 1 0.0790 1.460 0.0322 10.70 0.7014 1.299 3.122 . 0.0082 0.513 0.45 122 2073 5281\1 
161 20 1 0.0820 1.490 0.0333 8.99· 0.5677 1.309 5.112 0.0086 0.568 0.45 99 2099 54J..53 
164 20* 1 0.0830 1.510 0.0337 9.03 0.5634 1.315 5.122 0.00b7 0.566 0.45 99 2116 54:'i1 
157 100 1 0.0810 1.470 0.0330 1.38 0.4718 1.302 7.112 0.0085 0.571 0.45 82 2082 54030 
165 100* 1 0.0830 1.510 0.0337 7.81 0.4873 1.315 7.122 0.OOd7 0.566 0.45 86 2116 54522 
160 200 1 0.0810 1.470 0.0330 7.56 0.4833 1.302 8.112 0.0.Oe5 0.571 0.4:' 84 201:12 540:;0 
159 100 2 0.0810 1.470 0.0330 7.10 0.4539 1~302 7.212 0.0085 0.511 0.45 158 2082 432246 
154 100 4 0.0800 1.410 0.0326 .6.90 0.4466 1.302. . 7.312 0.0084 0.571. 0.4:' 312 2081 3414611 

Table 4 ZN -1641 
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2.111 
3.111 
3.121 
4.111 
5.111 
5.121 
6.111 
1.111 
8.111 
8.121 
9.1il 
3.211 
4.211 
5.211 
6.211 
1.211 
8.211 
9.211 
10.314 

Table 4 (continued) 
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----6b 

C' 
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0.0082 
0.0090 
0.0086 
0.0087 
0.0084 
0.0061 
0.0249 
0.0261 
0.0232 
0.0265 
0.0263 
0.0235 
0.0260 
0.0255 
0.0239 
0.0236 
0.0239 
0.0266 
0.0265 
0.0262 
0.0258 
0.0255 
0.0240 
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0.0251 
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- 0.513 
0.557 
0.568 
0.566 
0.511 
0.562 
0.530 
0.544 
0.526 
0.541 
0.540 
0.521 
0.531 
0.533 
0.528 
0.521 
0.528 
0.541 
0.542 
0.54.0 
0.536 
0.533 
0.528 
0.521 
0.556 
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<lJ(Y) 
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H X 
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0.45 
0.43 
0 .. 45 
0.45 
0.45 
0.43 
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1.29 
0.92 
1.25 
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1.18 
1.11 
0.91 
0.95 
0.91 
1.26 
1.25 
1.22 
1.15 
1.11 
0.97 
0.96 
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754 
712 
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709 
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221 
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223 
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2272 
2408 
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2321 
2353 
2397 
2403 
2391 
2292 
2289 
2303 
2332 
2353 
2396 
2401 
2186 
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27043348 
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27126781 
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27316889 
27619840 

138738 
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154217 
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129686 
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78 
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94 
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V 
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5 
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50 
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0.2368 
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0.2320 
0.2202 
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0.2256 
0.2144 
0.2415 
0.2391 
0.2150 
0.2347 
0.2316 
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0.5964 
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0.7387 
0.7050 
0.6899 
0.6817 
0 •. 5850 
0.6020 
0.6302 
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1.402 
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1.417 
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1.407 
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1.411 
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3.421 
4.411 
5.411 
:>.421 
6.411 
7.411 
8.411 
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5.511 
6.511 
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8.511 
9.:'11 
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0.0257 
0.0266 
0.0264 
0.0262 
0.0257 
0.0253 
0.02'+0 
0.0238. 
0.0246 
0.02:n 
0.0264 
0.0261 
0.0234 
0.0256 
0.0253 
0.0248 
0.0236 
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0.0245 
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0.0260 
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0.0252 
0.0250 
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114 5 1 0.6921 1.480 0.2289 123.00 0.9176 1.561 3.112 0.0835 0.481 3.48 190 2840 J977fJ7 
123 5* 1 0.6644 1.500 0.2217 121.00 0.9405 1.:'53 3.1012 0.0797 0.483 3.29 194 2816 J82621 
126 20 1 0.6644 1.50b 0.2217 120.00 0.9327 1.553 5.112 0.0797 0.483 3.29 192 2816 J82620 
128 20* 1 0.6644 1.500 0.2217 120.00 0.93c!7 1.553 5.1012 0.0797 0.483 3.29 192 2816 ';82620 
134 100* 1 0.6570 1.530 0.2193 104.40 0.8207 1.559 7.122 0.0787 0.481 3.16 170 21133 ';75380 
118 5 8 0.6849 1 ... 90 0.2270 129.00 0.9725 1.560 3.412 -0.08,,5 0.481 3.42 1615 2838 20U5eDl 
122 5* 8 0.6699 1'''90 0.2232 123.00 0.9 .. tH 1.553 3.422 0.0805 0.483 3.35 b6a 2815 197764300 
130 20 8 0.6620 1.510 0.2209 122.00 0.9,17 1.555 S .412 0.0194 0.482 3.24 1576 2822 194661760 
132 20* 8 0.6593 1.520 0.2201 124.0e 0.9713 1.557 5.4012 0.0791 0.482 3.20 1610 2827 193413760 
138 100* 8 0.6565 1.,30 0.2192 103.40 0.6135 1.559 7 ... 22 0.0787 0.481 3.15 1350 2832 192096768 
251 1 1 0.37090 0.770 0.1683 26.20 0.3648 8.211 1.1,13 0.0395 0.133 3.27 272 52,71 6816 I 

248 2 1 u.3709o O.77U 0.1683 18.30 0.2;48 8.211 2.113 0.0395 0.133 3.27 190 52571 6816 ~ 

247 5 1 0.37090 0.770 0.1683 16.70 0.2325 8.211 3.113 0.0395 0.133 3.27 173 52571 6816 u-> 
252 5* 1 0.37090 b.770 0.1683 16.00 0.22J.7 8.211 3.1l3 0.0395 0.133 3.27 166 52571 6816 
239 20 1 0.37000 0.759 0.167.7 14.30 0.1995 7.964 5.113 0.0394 0.137 3.28 145 49944 7202 
241 20* 1 0.'37000 0,.759 C.1617 14.50 0.2023 7.964 ,.123 0.0394 0.137 3.28 147 49944 7202 
233 100 1 0.37320 0.753 0.1694 14.50 0.2006 8.155 7.113 0.0397 0.134 3.32 149 52002 6945 
236 100* 1 0.37320 0.753 0.1694 14.30 0.1978 8.155 7.123 0.0397 0.134 3.32 147 52002 6945 
263 5 8 0.36900 0.774 ,,0.1674 17.20 0.2407 8.134 3.413 0.0393 0.134 3.24 1428 51734 3:>3,';24 
265 5* 8 0.36870 0.778 0.1672 16.90 0.2367 8.111 3 • .423 0.0392 0.135 3.23 1401 51472 3,51482 
'257 20 8 0.37000 0.174 0.1679 13.90 0.1940 8.183 5.413 0.0394 0.134 3.25 1156 52256 3,04757 
259 20* 8 0.36960 0.775 0.1677 13.aO 0.1928 8.159 5.423 0.0393 0.134 3.25 1146 51991 :;:>21904 
253 100 8' 0.37060 0.771 0.1682 12.56 0.1750 8.207 7.413, 0.0394 0.133 3.26 1045 52517 3491!7\i 
255 100* 8 0.37030 0.773 001680 12.80 0.17t15 8.182 7.423 0.0394 0.134 3.26 1063 52257 3,01H26 

All 'runs 220C * with end walls l:1 5.41 'M,Glycerol 

Table 4 (concluded) 
ZN -)644 
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I 

Fig, 19, Experimental points of 0,01 M CuS04 concentration 
. presented with the general correlation of Figure 18. 
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Fig. 20. Individual least square correlations for each 
electrode size (0.24 M CuS0
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concentration). 



electrode as well as smoothed values obtained from figure 21. With 

figure 21 as a basis, a ,corrected Nusselt number. for mass transfer; Nu", 

was calculat~d by the equation 

Nu" = (a / a ) Nul (13) 
. ,0) x 

Table 5 

Electrode ."a"calculated "a" smoothed a lax smoothed 
.00 

0.1 em. 0.2930 0.2930 . 0.5631 

0.2 cm. 0.2265 0 0 2265 .0.7284 

0.5 em. 0.2008 0 •. 2008 ,0 0 8217 

1.0 em. 0.1846 ,0.1870 0.8823 

2.0 em. 0 0 1774 0 0 1756 0.9396 

5.0 ·em. 0.1581 0.1699 0.9712 

10.0 em. 0.1680 0.1668' 0.9892 

20.0 ·cm. 0.1642 0.1661 0.9934 

30. 0 em. .0.1665 ,0.1654 0.9975 

00 0.1650 1.0000 

The last .column in Table 5 gives the smoothed values for the correction 

coefficient in equation 13. .Figure 22 shows the correlation, using the 

,corrected Nusselt .number. In this case the least square method yields 

the equation 

Nu" = 0 .. 165 (ScGr)1/3 (14) 

As apparent from figure 22, the points for the runs with 

glycerol added are above the least square line. If one follows the 

suggestion OfSchmidt;4 and ra~ses the Schmidt group to a power ·dif

ferent than that of the :Grashof number,a better correlation is obtained. 

Fig1i:t'e, ,23 wasplqttedfrom the. equation 

Nu" = 0.129 (scl •l Gr)1/3 

Discussion of Correlation 
-

The degree with which each of the three s"Uccessive correla-

tions) presented herein, represents the data, has been estimated by the 

* The actual least square exponent on the Schmidt number should.bel.14. 
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Fig. 21. Variation of intercept "a" as a function of electrode 
size (see Figure 20). 
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calc1ilationof correlation coefficients) r*~ These correlation co

efficients are given in Table 6~ The s<luareofthe correlationcoef·

ficient, r2, also given in the table, is a more direct measure of' the fi t~', 

Equation 

12 

14 
15 

Table 6 

Correlation.Coefficient 

0.978 

0.990 

0 0 992 

. 2 
( Correlat'ion Coefficient) . 

,0.956 

0.981 

0.985 

For example fore<luation 15, the correlation coefficientisO.985,whi~h· 
means that 98.5% of the experimentally determined dependance of Nul on 

theSc-Gr group is explained by the least s<luare line. The .remaining 

percentage .must be explained in some other manner, such as by-experi

mental error, or by the fnfluenceof other variables, not considered in 

this treatment • 

. Comparison of e<luations 12 - 15 points to a definite analogy 

between the .heat and mass transfer ~ase at. horizontal surface in free 

convection. For the case of boiling water from a horizontal heated 
2!l plate, Jakob and Linke have correlated their data in the form 

Nu =0.273 (Pr Or )1/3 (16) 

According to JakOb,22 ".00 except for very vehement boiling, the mech-

anism of convection in boiling ,is almost the same as for free convection 

of not boi,ling li<luids." For the turb1ilentrange) for heat transfer 

from vertical walls) Jakob also gives the e<luation 

.Nu= 0.129 ( Pr Gr )1/3 

It sho1ild be noted that the constant for horizontal plates is about 

tw1.cethat for vertical plates) which indicates that the efficiency of 

heat transfer is much larger in the famer case. It is probable, how

ever, that.a .considerable part ,of the difference is due to the effect 

* For a discussion of correlation coefficients, any standard text on 

statistics maybe consulted. Asa specific reference, Bennett and 
. . 30 

Frank1~n, page 37, is offered. 
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·ofbubb.les formed on the horizontal surface. Jakob also indicates<that 

a power on the Prandtlnumber will improye the correlation •. 

_Conclusion 

E<luation15 is presented .as the correlation of limiting cur-

rents at horizontal electrodes under free convection conditions. 

ther) more elaborate investigation of the effect .01' electrode size

(width) is de sl.rable. It is assumed that the increase of mass transfer 

coefficient with decrease in width is principally due to the effect of 

"side currents" sweeping ,in :from hoth sides from the bulk solution •. 

This effect is noticeable onlY,where the width of electrode is smaller 

than about2cm. Visual observation by means .of _Schlieren photographs _ 

or by photographing the. path of suspended fine solid particles cou,ld 

give much needed information about the _mechanisms involved near free 

edges and walls. 

Theeffe·ct of vis cos itY:J also needs to be further clarified. 

Larger ranges of vis'cosi ties could be covered in a ·futureexperimental 

series in order to establish more ~;ccurately the proper exponent of 

the Schmidt group. 
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APPENDIX 1 

C8.lculation of .. Dimen'sionle s s Numbers 

ThedimensioIiless numbers used in the 'correlations in this 

pape,r were calculated using.the equation: 

Nul = kL x Xf / DC++ A (18) 
u vo 

Sc =~ /D++ Av 0 Cu Avo (19) 

e2Av o x3 / ei 
2 

and Gr =g(e 0 - ei ) /J. Av. ( 20) 

where the mass transfer coefficient is calculated by 

.kL' = I (l-tC ++ A ) I n FCC ++ . L u. v. 0 u 
(21) 

The film factor for the cupric ion in equation 18) for even the most 

concentrated cases; was so close to 1:, due to the small 'Volume .ofthe 

copper ion; that unity was assumed. "x" is the characteristic length, 

which here is the free heightaboye the electrode 0 In these equations 

the solution properties.. makkedwi ththe symbol '''Av 0 "j are properties 

,obtained by averaging the value in the bulk solution and the value at 

the electrode surface. 

In order to calculate the "Av.'" .it is necessary to know the 

composition at thesurf'ace of the electrode 0 At limiting current the 

concentration of cupric ions at the electrode surface is zero. However, 

due to the cathode reaction and migration) there i's an .. ,increase, ~n, H2~04 

concentration at the surface of the electrode, which must be calculated. 

In steady state, the rate of movement of H
2
S0

4 
to the electrode by mi

gration is .equal to the rate at which it is transferred back to the bulk 

of the . solution by diffusion andcOn'vection. Mathematically stated: 

(22) 

There are three unkilowns in this equation: the average transferrence 

number of the hydrogenion j the mass transfer coefficient,; and theinter-" 

facial concentration of H
2

S04o If .it is assumed that ,the mass·transfer 



coefficient for sulfuric acid bears the same relationship to its d.if7" 

fusivity as does that of copper sulfate, then from equati9n 15 

(' )2/3 
DH SO /DCuSO AkCuSO 2 4 . 4 v. 4 

(23) 

is obtained. With this equation, equation 21, and the equations relating 

diffusivity andtransferrence number to concentration,* all unknowns can 

be solved for. The proceedure is a trial and ,error one, first assuming 

an interfacial concentration and, then, calculating it until the estimate 

and calculation ,agree. 

Once the interfacial concentration is known, calculation of 

dimensionless groups is a matter of routine. The entire calculation 

was done by an IBM 650 electronic computer. 

* See Appendix 2. 
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'APPENDIX 2 

Equations for Prediction of Physical Pro]erties 

In .order to make the best use of the IBM 650 electronic cal .. 

culator,itwas necessary to set up equationsre1at1ng the physical 

properties of the solutions to the concentration. The following 

Bet .ofequations* was derived for this purpose. 

e = 0.9978 + 0.06406 ~2S04 - 0.00167 M2~S04(24) 

2 
+0.12755 M

CuB04 
+ 0.01820 M

CuS04 

. 2 
-0.00235 MGl 1 + 0.00353.M G1 1 ycero .ycero 

J..L = 0.974 +0.12~5 ~ so +0.0556 M2H so (25) 
2 4 .2 4 

+ ' 0.5344 M
CUS04 

,+ 0.5356 M2eus04 

2 . 
+0.1475 MGlycero1 +.0.2029 M Glycerol 

J..L DH SO = (1.6691 +0.24519 ~ so +0.96637 MCUSO (27) 
2 4 .2 4 . 4 

+ 0.06530 MG' 1 1)10-5 
. ycero 

t cu*= (0.2633- -0.1020 ~2S04) MCU* 

1r+= 0.8156 - 0.2599 MCu* -0.1089 M2cu++ (29) 

* Equations are for 220 C •. 



These .equations were 'obtained by assuming power series behavior. Maxi

mum deviation of calculated points from curves was within ± 1/'2.0/0 in the 

conC6ritrati:0ri range u,sed. 

The data for the density and viscosity equations were taken 

by EisenbergJ Tobias, and Wilke. 23 . Data pUblishedb; Gordon and Cole ,24 
GordonJ

25 and 'l'hovert
26

.corrected for ionicstrengthJ
4 

were used in 

estimatingdiffusivities o 

.Transference numbers we::re estimated on the ass1.llllptionthatJ 

(1) sulf'uricacid dissociated completely to hydrogen and bisulfate ionsJ Z7 
(2) bisulfate ion dissociated to hydrogen and sulfate ions with an equi

libriumconstant2 XlO-2
J (3) copper sulfate dissociated completely to 

cupric and sulfate ions), and (4) ionic mobilities in concentrated so

lutions were equal to the ratio of ionic.conductance in concentrated 

solution to ionicconductan'ce at infinite dilution multiplied by the 

ionic mobility at infinite dilution. Ionization constants were obtained 

from the Handbook of Chemistry and Physics~7 Ionic mobilities at in

finite dilution were from Glasstone , 28 ionic conductances from Landolt 

:Bcernstein.;29 ·Transference numbers were calculated by: 

'(30) 



APPENDIX 3 

Purity of Chemicals 

Cupxic Sulfate Anhyd.. "Baker's Analyzed" 

Analysis of Lot No 0 41647 

·Chloride (Cl) 

Subst •. not ppt. by H
2
S 

Iron. (Fe) 

Ammonium Sulfi·de Metals 
other than .Fe (as Ni) 

Sulfuric Acid C. P. Garde 

0.001% 

0.008% 

0 0 005% 

0.006% 

Maximum. limits of .impurities 

Residue after Ignition 

.Chloride (Cl) 

>Nitrate (N0
3

) 

Almnonium (NH4) 
Substances reducing KMnO (as· 80

2
) 

Arsenic (As) 

HeayYMetals (as Pb) 

Iron (Fe) 

0.0004% 

0.00002% 

0.06002% 

0.0001% 

0.0001% 

0 0 0000005% 

0 0 00008% 

0 0 00002% 



'. 

.S;ymbol 
a 

orxor ro 
a. 

J. or 0 

b 

c 
c 

p 
C 

D 

E 

g 

h 

I 

I 
L 

k 

kL 

k Cli++ or-'H+ 

M 

n 

R 

T 

T 

t Cti++ or H+ 

x 

Greek letters 

NOMENCLATURE 

Definition 

Constantincorrelatione quation 

Activity 

,Constant 

Constant ,exponent 

Heat .capacity 

Concentration 

Diffusion coefficient 

Polarization 

Acc'eleration of gravity 

Heat transfer coefficient 

CUrrent 

Limltingcurrent ~ensity 

Heat conductivity 

Overall mass transfer coefficient 

Mass transfer coefficient 

.Molar concentra t:i,on 

'Number of electrons exchanged in 

electrode reaction 

Universal gas .constant 

Time 

Temperature 

,Transference number 

Characteristic dimension 

,"film factor" for diffusion of 

_Cupric ion 

Thermal .coefficient of expansion 

Temperature gradient 

.signifies' difference 

Thermal diffusivity 

Units 

eal/f!lJl"C 

moles/liter 

em2/sec 

volts 

981em/sec2 
. .2 

cal/em ·C sec 

amps 

,amI>s/cm
2 

2 caljcmsec ·C/em 
2 equiv/seecm 

equiv/sec cm2 

moles/liter 

1.987 cal/f!lJl mole ·C 

min 

OK 

--

2 em jsec 



',. 

.. 

Symbol 

Subscripts 

i 

o 

Av. 

x 

00 

..q;e; -
(Nomenclature contld) 

Definition 

viscosity 

Kinematic viscosity 

Density 

Interface 

Bulk 

Arithmetic average between bulk 

and interface 

.Electrode xcm. wide 

Infinite electrode 

Dimensionless Groups 

Units 

f!JIl/cm sec 

cm2/sec 

f!JIl/cm3 

Nu = hx/k 

Nul = kLxJD 

Null = (a /'a) Nul 
00 x 

Nusselt number for 'heat ·transfer 

Nusselt number for mass transfer 

Corrected Nusselt n-qrnber for mass 

transfer 

Pr == 2/C /k 
P 

Sc = V/D 

Gr = g( eo - e i) e2 
x3 

2 
i I.l 

Ra - f3 'ga .~4/KV 

Prandtl number 

Schmidt number 

Grashofnumber 

Rayleighnumb,er 
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