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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
University of California, Berkeley, California

ABSTRACT

Limiting currents were measured for flat, horizontal cathddes,
facing upward in an unstirred cell; Electrolyte composition rangéd from
0.01 t0'0.7,M.CuSOh, in-approximately l.5vM stoh' .Cathode sizes varied
from 0.1 to 30 by 10 cm,, and the free height above the electrode from
1 to 16 cm, Limiting currents were from 0.8 to les;ma/cmz. The data is
best represented by the genersal correlation '

No" = 0,129 ( st} ar )Y/3,

vhere Nu", Sc, and Gr are the corrected mess treansfer Nusselt number,
‘Schmidt number, and Grashof number respectively, The experimentsl range
included 10° < ( set*t ar ) < 10%3,

The results indicate that the analogy between mass and heat

transfer can be exténded to thls model.



.CORRELATION OF LIMITING CURRENTS,AT‘HORIZONTAL-ELECTRODES
UNDER FREE CONVECTION CONDITIONS

‘Eugene Joseph Fenech

Rad%ation Laboratory and Department of Chemical Engineering
University of Californiay Berkeley, California

I. INTRODUCTION

In spite of the fact that free convection from horizontal
surfaces is an important mode of mass transfer, there have been no
papers, either theoretical or experimental, published on it., The dif-
ficulty of defining the motion and boundary conditions have rendered
the.mathematical‘treatmént‘of this model'virtually impossible, - This
work represents an initial effort, directed toward understanding the
mechanism of mass transfer at horizontal surfaces.

In recent years,séeveral importent advances have been made
In the quantitative interpretation of mass trensfer phenomens in
electrolytie processes, .These have ihcluded,studies of concentrie,
cylindrieal rotatiné electrodes,-l end of laminar and turbulent flow
in chennels, i.e,, flow between parallel plate electrodes.z At both
Eidg. Techn, Hochschule, in‘Zﬁrich,’and the University of Californla
at Berkeley, research has been done .on free convection at vertical
electrodes, In,Zﬁrich,~investigation‘of this model has been effected
by:meansdof interferometric studies of the boundary layer, and by ob-
servation .on the electrodeposition of metallic powders.s* At Berkeley,
 the investigation centered about the determination of limiting current
densities, By this method Wilke, Eisenberg, and Tobia‘s’h' obtained the
correlation »

Nuf = 0,673 ( Sc Gr ')'l/l‘ (1)
for electrodeposition at vertical electrodes in free convection. This
equation was found to be valid over the range of Se ° Gr from 106 to

-1 .
10 2. The quantities in the equations are defined by:

¥ '
. Reference 1is to the summary paper.
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Nu' = kL:Xf x /B (2)*
Sc = J// D _ (3)
and  Gr =g (Q o~ Qi ) Qz x'3 /Ql uz | . (h")

where x is the height of the electrode, and k; is defined by the

equation

kp o= Ip (1= temy nFC_ (5)

This correlation agrees very well with that derived from the analogous

heatrtransfer.case,5 Thé only known observation on free convection

mass transfer at horizontal electrodes were experiments performed by

Wagner ,¥¥

Review of Heat‘Traﬁsfér from Horizontal ‘Plates

The first experimental study on heat transfer from horizontal
plates was carried .out in 1900 by‘HenrivBénard,6»when<he.studied the
formation oflcertain.patterns on the surface of liquids which were hesgted
frém below, Hig observations led him to believe thdt free convection
.produ¢ed definite cellular motions. .The cells which he observed were

hexagonal in shape with liquid rising in the center and decending at

the edges, Figure 1, taken from Bénard's original paper, shows an ele=~

vation and a plan-view;df the cells, The occurance .of such cells has
also been noted in patterns on the surface of the sea and in cloud for-
mations in the sky,7

.~ Lord Ra_y'leigh8 was the first to attempt the analysis of heat

transfer by free convection in Bénard cells from a mathematical point of

.view, :The object .of his study‘was to determine a minimum stability

limit for the establishment and maintenance of the cellular convection

* For a detailed list of symbols, refer to nomencléturé,

*¥* These experiments were described in a privdte commﬁnicationo -Quanti=~
tative comparison is impossible, because of the qualitative nature of
the data taken, 'However, the experimental results agree very welllwith

those preséntéd.h_erein°
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Fig. la. ' Plan view of schematic diagram of Bénard cells.
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Fig. 1b. Elevation of schematic diagram of Bénard cells.
The arrows give the direction of flow, '
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currents., The result of this mathématical analysis showed that if both
the upper and lower boundries of thé system were free, i.e,, not rigid,
convective cellular motion would be stable if the Rayleigh number'ex-
_ceeded 657.,5, where ' o

i Re = -Bgax’ / KY _ (6)*

Further mathematical treatment in 1928 by Jeffreys9

lished the stability criterion, Rayleigh number equal 1707.8, for! @e

estabp_

~case of both upper and lower boundaries being rigid. This type ofﬁh
mathematical proceedure was completedin 1940,'when.Pellew.and.Southwelllo
calculated the stability criterion, Rayleigh number equal 1100.,7, for

the case of one free and one rigid boundary.

In 1935, Schmidt and'Milvértonll expefimentally verified the
mathematical treatment of the rigid béundary model, ‘BasiCally; their
experiment 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 square
of the heatihgqcurrent is plotted as a Tunction of the temperature dif-
Perence between the two plates. If the liquid properties are assumed
to be independent of temperature, then for a glven distance between
plates current squared is_propdrtional to the Nusselt number, and the
temperature difference is proportional to the Rayleigh 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 no motion in the liquid, i.e., heat transfer oc-
cured by conduction .only, and above 1700 the liguid motion was in the
form of Beéhard cells.,

- In 1938, this work was exténded by Schmidt and Saundersl?-to'
much higher Rayleigh nﬁmbers, At Rayleigh numbers of approximately
hS,OOO another break in the curve (alsq shown on figure 2),wasaobsefved.**
Visual observatibn,showed that cellular flow broke up at this point and
was replaced by a random turbulent boiling-like motion. Schmidt and

—~

-* Tt can be shoWn that .the Rayleigh number is the product of the
Prandtl and the Grashof numbers,
¥%¥ On this second curve the break at Ra = 1700 is not shown,
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Fig. 2. Heating current squared as a function of temperature
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. h5 060- while with air the

shlft takes place in a tran51t10n zone beginning at Rayleigh numbers
‘as low .as 5,000, A .

W. V., R,,Malkus,l3 in 195k, published a still further ex-
tension t¢ this work, vHe‘sﬁudied<systems ﬁp to Rayleigh numbers of
1.6 x 106, and in this range claims to have observed seven distinct
‘breaks, . However, after examining the graphs which he-presents, it
seems. extremely fortuitous to be able‘to~draﬁ'straight lines through
sections of the data, It seems.more-probdble that the data should
be fepresented by a’curved,line, indicating a gradual change in the
"degree" of turbulence rather than distinct changes in mechanism,

In 1956, Schmiétlh.reported.on.a.number of heat transfer ex-
periments conducted under free eonvection,conditions. ,He included ex~
periments on spheres, horizontal.cyiinders, and horizontal flat plates,
using'water, methanol, and ethyleneiglycol 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 ‘
| Wa=a (Pr°.or)Y3 ' (1)
where a and c are constants.. ' o o

The latest addition to this field was made by Levy,> who
presents a mathematical solution for the general heat transfer case,
For a horizontal heated plate in the turbulent range, he suggests the

‘follow1ng equation,
0.0727 Gr 4/1L Pr9/ll x/D. );/ll
(14 0.4k pr¥/3 h/ll

(8)

Nu =

However, this does not fit the case under'investigation at present,
because this model is a plate suspended in air w1th all surfaces acti-

vely contrlbutlng to the transfer.

The Present Problem

In the present;work, limiting.current'densities'wereumeasured
as functions of concentration of copper sulfate, viscosity (varied by
‘adding glycerol to the solution), free height ebove the electrode, size
of electrode, and end conditions at the electfode, i,e., whether or not

the end of the electrode was limited by a vertical wall.



1)-

,The'passage.oflelectrical‘current through a horizontal elec=
trode cell, in which the lower electrode is the.cathode,-will result in
the movement of mass by three separate and distinct mechanisms: 1, mi-
gration, 2;-diffusion, and 3, natural convection,

‘Migration isbthe movement oflions under the influence of an »
electric field, Diffusion is the movement of mass under the influence
of concentration gradients, Natural convection is the movement of
£luid elements under the influence of,deﬁsity gradiehts. Natural con- -
vection may be of either the cellular or turbulent-type as was found
in heat transfer'expérimentsAdeSCribed.previously..‘There should-be.a
stability criterion for each type of motion, similar to that in the
heat ‘transfer case, but the determination of these was not the object
of this work, ' o .
| With this picture of ionic transfer through the solntion5 the
coneept of a limitinglcurrent is easily built up. If the voltage be-
tween the electrodes in a cell is increased, the current will also in-
crease, However, the solution is limited in its ability to provide
ions to the electrode, .When the concentration of reacting iohs af the
surface of the electrode reaches zero, no further increase in current
is possible unless & new fééétion takes place,.‘The current at .this
point is known as the limiting current,l6 Limiting current density is
the maximum rate of electrical current passage per unit arealof electrode
which .can be utilized for avparticular'electrode reactibn, ,Fdr this
work, then, limiting‘cu;rent density is the milliamperes per square |
centimeter passing through the solution”whiéhfwill reduce the concen-
tration of copper ions at the surface of the .cathode to zero.

.The problem, then, is to measure the‘céncentratioh_of_coppef
ions at the Surface of the electrode. If the physical situation.at the
cathode is exsmined, it is seen that there exists essentially a concen-
tration cell, If an electrode were placed in the cell in.a;regionvpf-
bulk boncentration, the potential measured between .this reference cell
and the .cathode wouldibe the potential,of.a.concentrétion,céll"existing
between the two concentration limits, This concentration cell effect
at the surface of a working electrode is known as concentration polari-

zation, The.concentration polariZation is given by the eguation:



.see Eisenberg,

12~

AE - (RTAF) 1n (a/a,) ¥ (REF) In (¢ /0,)  (9)

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

-several drawbacks: first, the electrode would .disturbc: the flow patterns,

and second, since the solution. does have a finite electrical res1stance,

an I . R drop would also be included in the measured potential dlfference.

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

gide 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, and'thebreference.electrode is made of the same»material-as

" the cathode,

Two minor points interfere with the measurement of eoncentratinr v
at the interface in the method outlined a.b,eve° Besides measuring con-

centration»polarizatioﬁ,.chemical polarization is measured simultaneously,

However, in the measurement. of limitingseurreng the actual value of elec-

trode polarization* is of no consequence, rather one has to obtain the
value of current at which'the rate of increase of potential with current
approaches infinity, ,Thebother‘point is that in.the-measureﬁent and re-
cording‘of}polarization, it is necessary‘to;drawvsameﬂeurrent through
the reference}electrode which results in an I * R drop and in e.concen-
tration change at the surface of’thezreference.electrode; .The measuring
curcuit used in this case Was,designed to draw not more than 1 micro-
ampere through the reference'cellé wWith,such_a small current these ef-
fects become negligible, o

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

plot the.electrical current as azfunction of concentration polarization,

Figure 3 is anractual-example-offe,Vell-defined limiting‘current curve,

The dotted extension is ﬁhe-theoretical_curve in the absence of’sucees-
sive.electrode,reactions;'the.actual.curve bends up again, however, as

a result of the decomposition of water at higher voltages. .The limiting
current is the'ectual ﬁagnitude of the'eurrent passing through the cell
at the p01nt where the: rate of- change .of current w1th concentratlon po- '

larization is equal to zero

¥ For a more detailed discussion of polarization and its measurements

17
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Figure 4 ig a schematic diagram qffthegex@erimental.circuit
used in the work. A Leeds and Northrup X-Y function plotter was used
to/directly obtain limiting current curves, Another Leeds and Northrup
recorder was used .to measure thevchangelofeconcentretion polarization

with time.

Experimentgl Apparatus and Proceedure

The electrolytic cell used in this’work:wasiso deéigned as to _
provide .the possibility of wide varlations in the ranges of experimental
variables and still be easy to <¢hange from one - set-up to another

Figure 5 .is a section drawing and’ an assembly plcture of the
cell, The foﬁr spacers,-whichAwere used to vary the free height above
the electrode, were 1, z,_h, and 8 cm, thick respectively, ellowing_af
minimum s?acing of 1, and a maximum of 16 cm, in 1 cm, intervals; ‘The
anode compartment was separated from the'cathode compartment by a 1/8
ineh thick acid proof ceramicvdiaphram*.to prevent mixing of the anolyte
'and.catholyte. " The use of this diaphram was necessary to elimipatelthe
influence .of convection currents generated by the dissolving anode, and
binuorder to allow a more dilute solution to be used in the anode com~"
partment, thereby preventing crystalization of copper sulfate on the
anode, The anode compartment was also mechanically stirred‘to prevent
crystalization, _

One electrode of each size used is shown.ih-figure 6.%% The
cathode holder, shown in figure 7, was designed to hold each different
size electrode in,such_azmanner that its surface was in the plane of
the surface of the lucite'blocks on either side, Lucite blocks were
also11yﬁffbr1im stwiyoﬂihe effect of completely surroundlng an electrode
with walls Figure 7T shows how these blocks were employed These
blocks were always used in identical 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‘néme for the diaphram was "Filtros 35", cbtained from-
Filtros, Inc,, East Rochester, N, Y,

%% The electrodes were 0,1, 0,2, 0.5y 1, 2, 5, 10, 20, ahd»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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Cathode holder, in which each size electrode

Fig. Ta.
could be flush mounted.
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Fig. 7b. Cathode holder, showing two sizes end blocks
in place.



Top view of cathode in place, showing cathode contact

Fig, 8.
and points at which reference cells could be attached.
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through the 81de of the cell and where reference cells could be at-
tached., Capillary holes (13-1/2 mils in dia.) at which reference cells
could be attached were located at the edge of everyvelectrode,s1ze, and
at the exact center of the electrodes. ber,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, lngorder to '
minimize.the ihflgence of external vibration, all measuring equipment
was placed on another{table. The stirrers for'the anode .compartment
were mounted.directly to the wall and were in no way dependent on either
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 of the experimental work, solutions were

‘ stored in glass containers (upper left in figure 11). The catholyte
wag mixed to uniformity by a magnetic‘mixer and fed to the tank by
gravityd After an_experiment the'catholyte would be drained into one
of the glass Jjars 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
19

of glycerol by a cerate oxidation. In order to insure a reproduCible
‘surface quality (degree of roughness) from one electrode to amother, the
electrodes were machined from an oxygen-hydrogen free electrolytic.copper
plate, and_each_electrode-was polished just before use with number 40O
Wetordry Emery Paper, After polishing, the electrodes were washed with
distilled water and degreased with'acetone; ,Reﬂerence electrodes were
prepared in the same manner, .Electrodesowere 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 Appehdix 3.
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ZN-1645

Fig., 9. Reference electrodes.
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Assembled cell,

10.

Fig.
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Inhthe following, the step by step proceedure of an experi-
mental run is outlined: ’ ' '

1, The reference electrodes to be usedrwere polished, washed
" and put in place. A
| 2. The experimental electrode was prepared, mounted in the
cathode holder, and placed in the cell,

.3. Proper spacers for the run were blaced 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 compartment,

5. The anode was placed in.position, and the anode compart-
ment filled, ' -

6. Electrical contact was maae to all electrodes, and checks
mede for open circuits. ' |

T. 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. At time equal zero, current was sw1tched 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‘problem. The run had to be lo%g'enongh 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 concentratlon
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 same time 1nsuring

- that steady state was achieved, 1In order to.determine the shortest pos-
sible duration of experimental runs, trial runs* were made in the fol-

lowing manner,

" % These- experiments were done us1ng 0.24 M CuSOLL Aehievement'of

» steady state in low concentration runs is discussed later,
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A basic rate .of change of voltage applied to the electrodee with time
was decided 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 runs 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 deneity 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 electridee had an
influence on the observed limiting‘eurrent.was another important eon-
sideraﬁion° To determine this, reference electrodes were placed at
the center, at the edge, and at two other points along a 20 cm, elect-
rode. . During a run, then, a plot,oflconcentfation polarization as a
function of time was made by a multipoint;recorder,..An_example of
_suehua plet is given in .figure 13, Although the voltage.at_the edge of —

the electrode is somewhat different than that at other points during
‘.mqst,of the run, during the .critical limifing current time, all curves
are practically identical. From these experiments it was determined
that the position_df the ‘junction of the reference,cell'had essentially
no effect on the observed limiting current value. :In.actual practiee
the reference cells were always placed_exactly et 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 limiting,eurrent”is
-reached, andzpreventioneoffthe oxidation of the fresh{copper'plate,
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 be made, It appears that the local concentration gradients

in t@e solutions were eliminated during this time,
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Discussion of Data

Using the standard proéeedure-oﬁtlined, almost 400 individual

- limiting current densities were measured, Approximately 100 ofvthehe
were undertakeh.to determine the best,experimental'proceednre, Another

’30 were measﬁred tqlestdblish approximate limiting current rangesffbr

particulaf-concentrations end electrodes so that proper instrumentation
could be used, Calculations were based on the final 277 experimental
runs, . which included 99 different experimental situations, . i

Figure lh is a graph of limiting current densities as a

»;functien of free’ spece above the electrode, The values plotted on this

graph and on all following do notscorrespond:to any individual measure -

»'menﬁs, but rather to an average value of all identical runs. Fromuthe

) gréph it is Quite obvious that‘coﬁcentration of the‘copper ion is the

1argest single factor in determining llmltlng current densities, Limit-

ing current is shown to be a function of approx1mately the h/3 power of

the bulk concentration. This is not completely_accurate as the proper-
ties of the liquid (viscosity, .density, ete,) also vary with concen-
ftratien, Table 1 gives an average value of the constant if the equation

o 3 : .
I =bC- o (10)

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

Teble 1
Concehtration - ' Limiting Current ' "b“
0.0810 M Cus0, 7,30 ma/cm2 ' 209.2
0.2336 o ‘ 28,1oe S | © 195.8
0.6570 " 1136 0 M - 198.9
- 0.3706 " 12,40 o C 32.9

5. hl M Glycerol

"o" changes if glycerol is added to the solution. The addition of gly-
cerol decreases.the<diffusivity, and increases the viscosity and»density5
although the density difference between bulk and electrode surface remains

* Actual runs of average value from the group using lO x 10 cm electro-~

ides and 1 .cm free height above thevelectrode°
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1almost.the same as in solutions without glycerol, With large ehanges

of liquid properties, equation 10 cannot even be used as an approxi-

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

tion of figures 1k and 15

have failed to show any general dependénce of limiting current with
free space above the electrbde However, analogus work in heat trans-
fer ll 12,13 has noted & definite dependence .on thls parameter It is
expected that the dependence should be very sharp below 8 . certaln erit--
1cal-distance, and extremely weak above this critical distance., In

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

1 cm, and less, while invthisvwork the smallest distance examined was -
1 cm, Distances smaller than 1 cm, are seldom used in electrolytic
cells, _ ,

On the other hand, a significant difference in limiting .cur-
rent densities was observed with a change in width of electrode, as
shown in figure 15, Due to the~pessibiiity of increased horizontal
transfer of ions at the edge of the electrode, it is expected that the
local mass transfer coefficient at that p01nt would be higher than that

at the center. The .Jmporta-noe of suchen edge effect decreases as the width

of the electrode becomes larger, until, for the electrodes over 2 cm,

wide¥* it is shown to be negligible, If this horlzontal 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 electrods with free ends. While it is a fact‘that

on smaller electrodes the limiting current density is significantly low-

ered, in general, it is not lowered to the predicted Vvalue, For ex-
ample, using O, 24 M CuSOA) the limiting current den51ty for a 0.1 cm,
wide electrode dropped from 52-1/2 to 48-1/2 ma/cm when énd walls were
added, while the average value for large electrodes in the same con- .

centration was sbout 26,ma/cm2.'vThis points out that;therefis some

' other, as yet unidentified mechanism at work,

* .One dimensien_of,all electrodes is 10 cm,

** Experimental results, see Figure 15,
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In this work reproducibility was measured by percent devi-.
ation,* For the 277 calculated runs, the average percent deviation
was 4 7% The average percent deviatlon for each concentration is

given in Table 2,

Tablé_z

Cbn&entiation ' B AveragefDeviétibn: | No, of Runs Considered

0.01 M CuSO, | 22,1% | e
0,08 " 8 : | 50

0,24 " | 1.3 , | 125

0.69 " o R : , 26

0,37 " - 2.6% . | | 35

5.41 M Glycerol : ' ‘ .

Overall | - 4, 7% ‘ ' 277

Within each concentration group,-the deviation for the.smaller.electrodes
was higher than average, and the deviation for the higher electrodes, -
lower, - , : - :
Reprodu01bllity, as poor as that exhibited by 0,01 M CuSOh,,
reflects congiderable doubt .on the measurements madée in that group. In
figure 16, a typical limiting current for a 0,01 M Cusoh.run.ls.ren
produced, This concentration is the only one to show thisvcharacter-
istic dip of the I -versus E curve,

Examinatlon of the concentration polarlzatlon-tlme _curves
point to another'pecullarlty-of the Q.Ol.M CuSQ4 runs, . ‘A normal plobt,
presented in figure 13, shows that the rate of change of voltage with
btime is extremely low until close to limiting current. At this time
the change of concentration polarization is very rapid, In‘confrast
to this, is the graph shown in figure 17, in which the rate of change of
polarization-voltagevwith time is much more constant throughout the

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

* Percent Deviation =
(Ip Bun - Ip 0" por tdentical runs)
-IL Av, for identical runs
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of the .convectional transfer process is so slow that one .cannot cobserve
a typical steady state plateau corresponding to a true limiting cﬁrrenté
Unsteady state diffusion is the mode of mess transfer in the initial

period, and since the supply of ibps very close to the electrode sur-

face is high at the beginning of a run, the current rises quickly to
a large value, This suppiy is rapidly depleted and the éurrent/drops
with time in spite of the increasing applied voltage. At this point,
free convection begins, but the driying,force,(densify,rdifférence) 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 thé value sufficient to 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‘bulkAconcentration above the electrode would be so
high that the interpretation of limiting current values thus obtained
would be impossible. ‘

Additional evidence supporting the phenomena just .described
is presented in table 3, .Drastic differences in limiting current den-
éitieS-are produced in runs of different,duration. Data are also pre-
sented for 0,0B,M‘CuSOh runs, in which it is seen that the effect is
present, but is much less noticeable, At still higher concentrations
the measured value of limiting current was essentially independent of
the time elapsed yntil the limitipg.Current was reached,*

Toble 3

Electrode Iength Iimiting Current
Concentration 3 Width of Run Density - .
0.0129 M CuS0, 0.5.em, - 3.50 min, 2,80 ma/en®
00129 " - 0.5 .cm, 2.66 min, 3.40 "
0.0110 " 10,0 em. 5.50 min.  0.72 "
0,0110 " 10,0 cm. 3.00 min, 0.82
0.0782 | 0.5 cm, | 4,75 min, 2. "
0,0782 " 0,5 cm, 3.64 min, 2.7 "
0.0800 " 10.0 cm, 5,17 min, 6.90 "
0.,0800 " 10.0 cm, 2,72 min, 7,22 "

*¥ If shorter than 5 min,
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Correlation of Data

15

On the basis of theoretical work done recently by Levy, ~ and
also because heat transfer data obtained under free convection conditions

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

A.d;mensionless equation
Nu = a (Pr Gr)° s ‘
correlationicf.data,obtalned.ln'this work was attempted using the form
‘Nu' = a (Se ar)¢ . (ll)
As in earlier heat transfer work, 11,12,13 the free space (height) above
the electrode was used as the characteristic length in the Nusselt num-
ber for mass transfer and in the Grashof number, Figure 18 shows the
results of correlation by equation 11.% Actually, the léast | square. expcnent :
in figure 18 is slightly less than 1/3 (0,326). However, since the.
differencevwas small, and theoretical .considerations predict.ah,exe
ponant of 1/3, this latter value was employed. In this case)athen;
least sqpare treatment provides the equation ‘L
' = 0.179 (sc or)Y/3 (12)
Examination of this equation for dependence on the characterlstlc dim-
ension, reveals that it cancels out, making its choice of no 1mportance
Table k4 glves an‘example,of4each.of,the different.experimental
situations, the physical properties of the liquid in that run, and.the
value of the dimensionless groups., Examination of this table Willfiro-
vide the complete range of all .physical variables studied. ' “ﬁw
In line with what was said concerning the accuracy of thefOﬁOl
M.CuSOLL runs, figure 19 shows the relationship of the calculated_boihts
and equation 12, In esteblishing the correlation (equation 12) the data
obtained on the:0,0l.M.CuSOh solutions were not considered, since.itels
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
least square lines from equation 11 with a 1/3 exponent are plotted for
each electrode size.** Table 5 lists the calculated intercepts for each

* For a discussion of calculations see Appendlx 1.

*¥* In order not to be too confusing, only points from the 0.2k M CuSOh
concentration are shown in figure 20,
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Run No,

229
225
216
209
202
204
183
187
218
221
192
190
189
188
176
179
143
149
161
164

157.

..’165
160
159
154

Electrode Width
mm

5%
20
20%

100
100

5%

20

20%
100
100+

5%
20

20%
100

100#%
200
100
100

cm

£ R o i et b bt bt e b D OO O3 0D OO OO = = = —~ — Free Height

CuSOu
molarity

Oe0140
VeQ1l40
0e0135

040133

00132
040132
00110
0.0110
040136
0e0139
Qe0122
040113
Oe0113
00113
040860

- 00860

0.0782
00790
0e0820
0«0830
0.0810
040830
Ve 0810
00810
U« 0800

-

-
H_SO

% 2>k

P molarity

le724
10678
10662
le645
16645
1e570
1570
14691

“le71l

14605 .

14580
14580
14580
14580
14580
1e450
14460
14490
1510
le470
1e510

" 14470

14470
16470

HZSOH
moles/liter

g

040057
00057 .

00055
060054
020054
040054
040045
00045
060056
040056
00050
040046
040046

060046 .
040347 .

00347
0«0319
060322
040333

00337 .

040330
000337
00330
00330

- 00326

t
2

ensity - ma/cm

imiting Curren

L.
D

Mass Transfer
. Coefficient

004268
03862

0e3768

140293
07380

Q6794 .

045731
043759

03622

13550
le1080
0e8013

" Qe7014

005677
045634

Qe4718- .
004373.
Qe4833 -
04539

O-Q“ﬁﬁ

x 103 - cm/sec
‘Average Viscosity

centipoise

'Bulk?Dénsity ::'

@chz

o,
.

-
<9
W

26113
36113 .
36123°
- 56113
50123 .

Tell2

Tel22

30413
34443
56412
26422

- Tebl2
- Teld2
1el12

T - 2el112
3ell2°

34122

Sell2 "

5el42

- Tell2

Tel22

8e112-

Te2l2

- Te3dl2

© Table 4 - .-

gm/cm3

s
<
040014
060014
00014
040013

‘00013

00013
00011

040011

00014

" 0e0014

040012
040011
040011

040011

00090
00090
00061

" 00082

040086

- 0.0087
" 040085

00087

00085

040085

- 00084

cient x 107
/sec

3

Average Diffusion
it

Coeff

Transference No,
cuso, x 107

ER
354 2236
274 2236
104 2195
6y 2181
86. 2166
.76 2166
67 2100
66  2i00
1488 2206
S 1071 2225
963 2130
807 2109
529 - 2i09
510 2109
243 2177
198 21177
139 206«
122 2073
99 2099
99 2116
82 - 2082
86 ~ 2116
84 2082
158 2082
312, 2081

ZN-1641

8597
8597
8462
8337
8335
8335
7218
7218

4370595
4395253

3990722

3776593

3776696
3776696
. 55037
55037
52465
52819
544153
S4521
54030

54522

54030

© 432246

3414611

-

-O-'-(_



Run No,

150
178
162
163
152
166
101

103
16
.32
106
45
61

110
82

19
33
49
62
72
86

266

Electrode Width

100
200
200%
300

"~ 10
20
.50
100

200 .
- 300

B R N N N RS e e b et e b s e b e O O O @ FTEE

cm

leight

i

CuSOh
molarity

040790
340860
Ue0820
00830
Ge080O

. 060830

062278
Q2444
042136
0e2433
0e2408
002156
0e2385
0e2336
062196
042168
062196
0e2438
Ue2630
Qe 2402
042369
042336
042200
062182
042368

1,80,
molarity

o0
HZSOH
moles/Liter

060322
040347
0e0333
040337
040326
040336

00874

040942
040820
00937
0.0927
0+0828
00917
0e0897

- 000843

Ce0832
00843
00938
040936
0¢0924
00910
00897
00845

" 0.0838

Ge0921

2

Limiting Current
Density - ma/cm

14440
12460
8450
8e76
Te22
8400

36420

39450
29.60
32480
32.20
26420
27430
2790
25400
24450
25460

35460

34400
32.20

- 27990

29.10

. 25410
. 26480

53646

Coefficient
x 103 - em/sec

Mass Transfer

0e 9440

07588 |

0¢5368
05466
004674
044991
068225
0.8363
067173
06976
046920
06290
005923
066181
045892
Oe 5849

046034 -

07556

067240 °

06937
046095
0eb6447
045905
0.5883

le1681

Average Viscosity

centipolse

2

Bulk Density
gm/em

3e412
34422
56412
Sell2
Tetl2
Te422
26111
3.111
34121
4e1ll
5111
56121
6el1lll
Telll
8elll
8e121
9elll
34211
40211

5211

60211
7e211
B8e211
9.211
1314

gm/cm3

8%

00082
00090
00086
040087
0+0084
040087
00249
00267
060232
00265
00263
060235
040260
00255
040239
060236
040239
000266
060265
060262
040258
00255
00240
040238

040257

‘Table U (continued)

Average Diffusion

% No,

Transferenc
CuSOL x 10

2 3
1317 2073
1089 2117

7564 2099

772 2116

654 2081
709 2141

155 2382

153 2272

136 2408

128 2291

127 2298

119 2405

110 2321

115 2353

111 2397

110 2403

114 2397

218 2292

267 2289

256 2303
227 2332

241 2353

223. 2396

222 2401
.839 - 2186
ZN-1642

Gr

27043348
28180520
2772617181
27915069
27316889
27619840
138738
156180
128162
154217
152125
129686
149176

144105 .

132616
130538
132615
1236198
1233896
1211290
1179609

1152840

1063360

1051949
" 10030464

L3

; -



un No,

268

23
37
51
65
T4
87

105

26
39
108
55
66
78
113

91 .

15
28
44
57
68
81
94

Electrode Width
mm

10
20
50.

100 .
200 -

300

5%
10
20
20+
50

100
200
200%
300

10
20
50
1006
200
300

PO EEO@OLH &S s Free Height

‘em

=
o

3
S
Qe 2368
Qe2437
002423
02397
0e2360
042320
Ue2202
0e2182
062256

molarity -

Ce2l04

Ve2415

" 0ed391
0e2150:

062347
0s2316
062270
02168
02223
$e2251
002240
062385
062340
Us2307
042294
0s2228

HZSOu
moles/liter

20

040921
000939
040933
040922

040907

Ge 0890
040845
040838
040866
Oe0B23
00929
040919
0+0826
00901
040889

- 060871

040832
060853
0e 03864
00860

009017

000898
040885
03880
00855

imiting Current
ensity - ma/cm?

L

=]

Mass Transfer

-Coefficient
x 103 - cm/sec

009911
0e7410
047368
046671
005964
0e6136-
05900

05859 -

0e7337
0e7050
046899

‘06817

045850
06020
06302
0e5951
045825
06170
06990
Ce6863

046618

0¢59G5
06371
066091
0e6110

Average Viscosity

centipoisé

le 341

-

le375 .

1.378
le384
14394

le402

ledls
letal6
ls4410
le41l8
le382
14386
le4l?
14396
le402
14407
le4l6
le4l3
le4ll
le4ll
l.388
14398
le404
le %06
letll

- Table 4 (continued)

gm/cm3

e

060257
040266
Qe0264
0.0262
060257

040253

0e0240

040238
060246 -
00233

040264
040261
0e0234
0e0256
00253
00248
040236
Q60242
00245
0e 0244
040260
060255
060252
00250
0.0243

Avérage Diffusion

5

Coefficient x 10
cn” /sec -

Transference lio,

Ccuso,  x 107

1

T hNu

712
5406
544
494
445
460

440
444

1115
1070
1021
1012
887
300
946
897
8683
933
2112
2074
19656
1769
1916
1835
1847

@ 8
2186 10030464
2284 3920409
2292 9829184
2310 9644560
2337 9376611
2360 9126896
2395 8516320
2401 8415596
2386 70194380
2407 65459936
2302 78040576
2316 76764800
2406 66165120
2344 - 74406345
2362 72641728
2377 70910060
2603 66835840
2392 68910450
2387 559631564
2389 556519424
2321 ‘611010560
2351 541740928
2368 579096576
2374 574182400
2390 5529504865

. ZN-1643

- Z_V_



Run ‘No.

114
123
126
128
134
118
122

130

132
138
251
248
247
252

239.

241
233
236
263
265

257

259
- 253~

255

Electrode Width

‘mm

5%
20
20%

100+

5%
20

T 20%

100#*

‘ow
20

20% .

100
100%

5%
-20
20%

‘100 -
100%

Free Height

cm

ﬂ)ﬂ)d O €0 00 1= bt 1 b = = 00 00 00 @0 00 b= =

CuSOu
o
© molarity
N
—

(=]
.

~De6644

Us 6644
06644
046570
0+6849
046699
046620
046593 .
046565

Ve3709m .

Ue3709D
Ce37091
0437090

- 037001

0437001

Ce37320
. 0Ue37320

0e 36900
0436870

0e3700T °
0e36960 -

Ve 37060
Ue37030

0773

A1l runs 22°C

AC .
stou )
moles/liter

02289
062217
062217
02217

‘042193

0e2270
0e2232

062209

062201
002192
0e1683
0e1683
0el1683

0e1683 .

001677
Ce1677
0v1694
001694

.Celb74

Cel672

Qe1679

041677
Oel682

01680

Limiting Curren

5

Density - ma/cm

123400

121400

120400
120400
104440
129400
123400
122400
124456
103440
26420
18430
16470
16400
14430

14450

14.50
14430
17420
16+90
13,90
13.80

12456

12480

Coefficient
x 103 --cm/sec

Mass Transfer

049176
049405
009327
09347
08207
09725
Qe9481
069517
0+9713
0e8135
0e3648
Qe2548

042325

02227
01995
042023
042006
01378
Ce2407
02367
0e 1940
0.1928
041750
0e1785

Average Viscosity
centipoise

14561
le553
14553
14553

1e559

1560

14553"
14555

le557
14559
84211
86211
84211

Ba2ll

74964
Te964
Bel55

86155

84134
8elll
84183
84159

8,207 °

84182

3 ¥y

Bulk Densit
gm/em

3el112
30122
56112
5122
Tel22
3e4l2
34422
2e412
5e422
Tet22
lell3
2ell3
34113
34123
5113
54123
Tell3
Tel23
30413

36423
. 56413
5e423 -
Te413.

Te423

* with end walls

gnjend

n
&

<.

00835
00797
00797
00797
00787

" 060825

0.0805

060794 -

040791
040787

040395

040395
040395
040395
040394

- 000394

060397
000397
060393
060392
000394

- 00393

00394

'00039“

Tabie Mb(concludéd) '

verage biffusio
cefficlent x 10

n
5

em2/sec

A
c

Oe4B1l
0e483
0e483
0e483
Qe481
0e481
0.483
0e482
0e482

0e481 ~

0e133
06133
0e133
06133
0137
06137

Qel34

Oel3¢
Oel34
0el35

- 0el34

Oel34
0e133
0e134

1 5.41 M.Glycerol --

o
=
£
G
(LI
£ 9
&3
3448 190 2840
3429 194 2816
329 192 2816
3429 192 2816
3616 170 2833
3e42 © 1615 2838
3e35 1568 2815
" 3e24 1576 2822
3420 1610 2827
3015 1350 2832
3627 272 52571
3.27 190 52571
3427 173 52571
3427 166 52571 °
3428 = 145 49944
3.28 147 49944
3632 149 52002
3632 147 52002
3e24 1428 51734
3023 1401 51472
3425 1156 52256
3e25 1146 51991
3426 1045 52517
3426 - 1063 52257
ZN-1644

LY »

Gr

397787
382621
382620
382620
375380
20135613}
197764300
194661760
193413760
192096768
6816
6816
6816 -
- 6816
7202
7202
6945
6945
3535324
3551482
3504757
3521904
3491179
3508326

L3

A
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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 calculated by the equation

N = (a,/ 8, ) m ()
Table 5 '
Electrode  "a" calculated "a" smoothed  §00v/a# smoothed
O.lem,  0.2930 0.2930 0,563l
0,2 cm, 0,2265 0,2265 - 0.7284
0.5 cm, 10,2008 - 0.2008 0.8217
1.0 cm, 10,1846 -.0,1870 .0,8823
2.0 cm, 0,177k | 0.1756 - 0.939%
5.0 o, 10.1581 - 0.1699 0.9712
10.0 cm. 0.1680 0.1668" 0.9892
20.0 .cm, 0.1642 0,1661 - - ©0.993k
30,0 cm, .0.,1665 0,165k 0.9975
00 - ' 0.1650 1,0000

The last column in Table'S gives the smoothed values for the correction
coefficient in equation 13, .Figure 22 shows the correlation, using the
,corrected Nusselt number, In this casé the least square method yields
the equation

Nu" = 0,165 (sc ar)Y/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 of_Schmidt’],'lF and raises the Schmidt group to a power 4if-
ferent than that of the Grashof number;,a better'correiation'is,obtained,

figure~23 waé.pthtéd.frbm the equation

" = 0,129 (Set*t ar)L/3 | (15)*

Discussion of Correlation

The degree with wﬁich_each of the three successive correla-

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

¥  The actual least square exponent on the Schmidt number should be 1,1k,
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Fig. 21. Variation of intercept ""a'" as a function of electrode
' size (see Figure 20).
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calculation of correlation coefficients, r¥.'. These correlation co-

efficients are given in Table 6. The square of the correlation coef-

ficilent, fz, also given in the table, is a more direct measure oﬂfthe.fit;

Table 6
Eqpation ' Correlation Coefficient {(Correlation Coefficient)2
12 - 0.978 | 0,956
1k . o 0,990 , 0.981

15 0,992 0.985

'For example for equation 15, the correlation coefficient.is,0.985,,whiéh'

means that 98,5% of the experimentally determined dependance of_Nu‘ on
the Sc~Gr group is explained byvthe least square line, ,The,remaining_
percentage must be explained in some other manner, such as by experi-
mental error, or by the influence of other variables, notlconsidered in
this treatment, ' ‘ '
Comparison of equations 12 — 15 points to a definite analogy
between the heat énd_mass transfer case at horizontal surface in free_
convection, For the case of boiling water from a horizontal heated

plate, Jakob and Linkezi have correlated their data in the form

Nu = 0.273 ( Pr.Gr )1/3 _ o o (16)

22 1

According to Jakob, ". .. except for very vehement boiling, the mech-

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

of not boiling liquids," For the £urbulent,range, for heat transfer

from vertical walls, Jakob also gives theﬂequation

M = 0,129 ( Pr ar )/3 : (27)

It should be noted that the constant for horizontal plates is about
twice that for vertical plates?Awhich indicates that the efficiency of
heat transfer is much larger in the former case. It is probable, how-

ever, that_a considerable part of the difference is due to the effect

* For é.discussion_of_correlation_coéfficients, any standard text on

statistics may be consulted, As a specific reference, Bennett and

,Franklinfo page 37, is offered.
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of bubbles Fformed on the horizontal surface, Jskob also indicatesf%hat

a power on the Prandtl number will improve the correlation,

Conclusion

Equation 15 is presented as the correlation of limiting-éur-

rents at horizontal electrodes under free. convection conditions. Fur—

-ther, more elaborate investigation of the effect of electrode size:

(width) is desirable, It is assumed that the 1ncrease,of_mass‘transfer

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

"gide currents" sweeping in from both sides from the bulk solution%j

‘This effect is noticeable only where the width of electrode is smaller

than about 2 cm, Visual observation by means of Schlieren photogrephs.

or by photographing the.path of suspended fine solid particles could

give ﬁuch,neededjinformation.about the mechanisms involved near free
edges and walls, . | ' '

The effect offviscosity) also needs to be further.clarified
Larger ranges of viscosities could be covered in a future experimental
series in .order to establish more accurately the proper exponent of
the Schmidt group.
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APPENDIX 1

Calculation of}Dimenéionless Numbers

The dimensionless numbers used in the correlations in this A

paper were calculated using,the'equation:

oMt kg x X; / Doutt av. - (18)
Se =¥/ Doyt ay, - | (19)
and Gr = g(eo"'el) EZAV"»X3 / ei pzAV°, -
where the mass transfer coefficient.isucalculated by | |
fk_L-: I. ( L - bt ) / nFC o+ - (21)

. The film factor for the cupric ion in eqnation 18 for even the most

concentrated cases, was 80 close to 1, due to the small volume .of the
copper ion, that unity was assumed, "x" is the characteristic length,
which_here is the free height.abo?e the.electrode In these equations
the solution properties. marked with the symbol "Av.", are propertles
obtained by . averaglng the value in the bulk solutlon and the value at
the electrode surface

In order to calculate the MAv,", it is necessary to know the

.compositlon at the surface of the electrode, .At,llmltlng current the

concentration of cupric ions at the/electrode'surface is zero, However;
due7to/the cathode reaction and migration, there I's an.increase.in H; SOLL
concentration at the surface of the electrode, which must be calculated
In steady state, the.rate,ofvmovement,of.HZSOu to.theaelectrode by mhi-

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

,of'the.solution~by,diffusion.and.conVection. Mathematically stated:'

It = (c, - C ) o , -
J + " . f
L “HHAv, kgzsoh 17 H,S0,, , (2a)

There are three unknowns in this equation: the average transferrence

number of the hydrogen.ion, the massvtransfer,coefficient, and the dinter-=

facial concentration of H SOh If it is assumed that the_mass-transfer
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3'coefficient for sulfuric acid bears the same relationship to its dif-

'fusivity as does that of copper sulfate, then from'equation‘lS

2/3 :
50,, /'D,CuSOLF.)Av._ '}‘CusolL - (23)

= (D
kHzS°u>_ Hy

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

- diffusivity and transferrence number to congéntration,* 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. - 7

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,



APPENDIX 2

Equations for Prediction of Physical Properties

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

. culator, 1t was necessary to set up equations relating the physical
o p;roper:ties of the solutions to the concentration, The following

- Bet of equatione* was derived for this purpose,

_ . ‘ 2
€ =0.9978 + 0,06L06 - 0,00167 M (2k)
o g0, 50, |
2
+ 0, 12755 + 0. 01820 M
, ~Cusoy, Cusoh
-0 00235 Glycerol +0. 00353 iy Glycerol
b= 0.97h + 0,1235 M_ o + 0.0556 MZ (25)
Ya 50, - HpS0,
+ 0,534k M cuso, + 0.5356 M Cuso,*.
k - +.0 1h75 Glycerol +.0. 2029 M Glycerol
T DCuSOh = (0.7363 + 0.00511 MHZS.% +.o.ozol+4 M, cuso, (26)
+ 0.06530 Glycerol)l

b Dy 50, = (1 6691 + 0. zh519 MH 50, + 0,96637 M 'buso, (27)

2
5 .

+.0,06530 Gl.Yceml) 0™

to = (0.2633 - 0.1020 M sou) Mot (28)

0 8156 - 0 o _ 2 j

tot = 0.8156 - 0,2599 Mo+ 0.1089 M - (29).

* Equations are for 22°C.
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These equations were obtained by assuming power series‘behavior Maxi~
mum deviation of calculated points from curves was within # £ 1/2% in the
concaﬁzatmm range used,

The datsa for the den31ty and viscosity . equations were taken
=8 Data published by Gordon and Cole, 2k

by Eisenberg, Tobias, and Wilke,
/and‘Thovert26,corrected for ienicrstreng‘th,l+ were used in

Gordon,25
estimating diffusivities, _

Transference numbers were estimated on the assumption that,
(1) sulfhric'aci&.disseciated,completely'to hydrogen and bisulfate ions,
(2) bisulfate ion dissociated to hydrogen and sulfate ions with an equi-

27

librium constant 2 x;lo'z, (3)'copper sulfate dissociated completely to
cupric and sulfate ions, and (4) ionic mobilities in concentrated so-
lutions were equal to the ratio of ienic‘conductance in_concentrated
‘solution to ionie conductance at infinite dilntion multiplied by the

ionic mobility at infinite dilution. Tonization constants were obtained

27

Prom the ‘Handbook of Chemistry and Physics. Ionic moblllties at in-

finite dilution were from Glasstone,28 ionic conductances from Landolt

29

Beernstein Transference numbers were calculated by:

ti = ei zg Uy / Cl 1 ul +C, 2, U, +_esc6 | 3 (39)
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APPENDIX 3

Purity of Chemicals

Cupric Sulfate Anhyd, "Baker's Analyzed"
' Analysis of Lot No, 41647 ‘
‘Chloride (C1) . . 0.001%
Subst, .not ppt. by H,S - .0,008%
Iron (Fe) 0,005%
Ammonium Sulfide Metals o
o other than Fe (as Ni) - 0,006%
Sulfuric Acid  C. P. Garde |

Meximum limits of impurities

Residue after Ignition - .0,00044
" Chloride (C1) N - 10.00002%
Nitrate (NO,) | " 0.00002%
Ammonium (NHA) - 0.0001%
Substances reducing KMn0 (asfSOZ) 0.0001%
Arsenic (As) 0,0000005%
Heavy Metals (as Pb) . 0,00008%

Iron (Fe) . |  0.00002%
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NOMENCLATURE

=k/Q c, o

‘Symbol : Definition ‘ , Units

% or x or . Constant in .correlation equation -

%i or o ~ Activity -

bv .Constant -—-
Constant exponent ==

s ‘Heat capacity cal/gm *C
Concentration ] moles/liter .
Diffusion .coefficient L ~\:_'cmz/se‘c
Polarization volts
Acceleration of gravity 981 cm/secz-
Heat transfer coefficient Cal/cmz °C sec

© Current | .amps '
L ‘Limitingvcurreht density Jamps/émz

k Heat conducfivity cal/cmz.sec °C/em

ko Overall mass transfer coefficient equiy/sec cm

'kcu%+<X”H+ Mass transfer-coefficient ,_equiv/seclcm?

M Molar concentration moles/liter

n aNumber;of'electroﬁs exchanged in
electrode reaction —

R Universal gas constant 1.987 cal/gm mole °C

T Time min o

T .Temperature ‘K.

tCu&+ or ¥t ,Transference number -

X Characteristic dimension _ cm

Xq pi1m factorﬁ for diffusion of ]
‘Cupric ion s

Greek letters

o Thermal coefficient of.expahsion” 1/°C

B ~ Temperature gradient °C/em »

A v“Signifies'differénce -

K Thermal diffusivity cmz/sec
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(Nomenclature cont'd)

Symbol Definition . o Units

H : Viscosity g : gn/em sec -
Y - “/e Kinematic viscosity 'cm’z/se'c

C Density S gm/‘c:m'3

Sub‘scrigts

i Interface : _ ) -

o] | Bulk . ' -
Av, Arithmetic average between bulk

and interface ' » -
X Electrode x .cm, wide , -

Infinite electrode v -

Dimensionlegss Groups

Nu = hx/k , . | Nusselt number for 'heat transfer
Nu' = ka/D : - Nusselt number for mass transfer
Nu" = (afoo /a}{i) Nu' Corrected Nusselt number for mass
' ' transfer -

Pr = 2/c [k o ~ Prandtl number

Sc = 2//D : - Schmidt number

or = g e‘o ‘-'ei) ez %3 | " Grashof number

2 ,
g H

‘Ra= -Bga xh/Ky/ o | Rayle:igh number
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