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ABSTRACT

Electrodeposition of copper from acid copper sulfate solutions
onto horizontal electrodes facing upward is employed to investigate the
mechanism and rate of mass transport under free-convection conditions.
Mass-transfer rates are obtained by. limiting-current measurements, and
the distribution of current densities over the electrode surface is
examined by the'”sectioned—electrode" technique.

Solution properties (concentration, viscosity, and density) and
geometry (shape and size) are varied between broad limits. A physical
model involving two distinct types of free convection is postulated by
which the effect of geometry on mass-transfer rates can be explained. In
the absence of a suitable mathematical model the data are correlated by

the eqpaﬁion:

Nu' = 0.122 (Sc9/8 Gr)l/3 A

where Nu', Sc, Gr, and dnvare respectively the Nusselt number fof mass
transfer, the Schmidt number, the Grashof number, and the correction

- factor for electrodé size. A

In the range of 2,000 < Sc < 50,000 and ux106 < (Sc9/8 Gr) <

, 95% of the experimentally obtained mass-transfer rates are

hx1003

within #6.7% of the values predicted by this correlation.



. T

IONIC MASS TRANSPORT -
BY FREE CONVECTION TO HORIZONTAL ELECTRODES

Eugene Joseph Fenech
(Thesis)

Lawrence Radiation Laboratory and Department-of Chemical Engineering
University of California, Berkeley, California 4

April 1960

INTRODUCTION

_ - When an electric current is passed through an electfolytic'cell,
a complicated.process of charge transfer occure-by means of ionic mass
transport. In general, there are three'separate and distinct mechanisms
by which this transport takes place: migration, diffuéion; end convection.

Migration is the movement of ions under the influence of an
electric potential gradient, It is rather well understood, and a discus-
sion of it can be found in a standard electrochemical textbook.l Diffusion
is the movement of mass under the influence of concentration gradients.
Many reports, both mathematical and experimental, are available on this
~phenomenon.2 ‘ ‘ ‘

Convection is the movement of fluid elements under the influence
of external forces. Since in this work the only external force that will
be considered is gravity, this definition can be modified. It becomes:
natural convection (stirring due to gravity) is the movement of fluid
elements under the influence of density gradients. This mode of mass
transfer, then, is under consideration in this paper., The model to be
studied is that of a horizontal cathode facing upwards in a copper sulfate-
sulfuric acid solution. When current is passed through this céll, copper
is plated on the cathode. This produces a density gradient and stirring
by natural convection This model has been experimentally studied by the
author and is the subJect of an earlier report3 which presents the general.

\

: *
~correlation,

Nu' = 05129 (Sclf;:- Gr)l/3, _ | o ; (1)

% .
All symbols are defined in Nomenclature, page 85 .



| -
where Nu' = k X / Doyttt av : | (2)
Se = Vav / DCu.'"+ Av (3)
‘ 2
Gr =,gApx3/pivAV | (W)

_ This equation, while apparently'yiedliné aeoeptabledrésnlts,
suffers from certain limitations. First; upon closer‘inspection it is
noted that the characteristic dimension, the unhindered height of fluid
abore the electrode (free height), which is a factor in both the Nusselt
and Grashof numbers, cancelsoutof&nacorrelation. Therefore, Eq. (1)
cannot predict a dependence on that variable when, in faet for small
enough helghts, convection and therefore mass transfer must be 1nfluenced
by the free helght In 1935, Schmidt and Mllverton experimentally showed
that for heat transfer, at least for small dlstances (O 4 and 1.1 cm)

- s aa .k
. there is a dependence on this dimension, However, 1n the pre01ous mass -

transfer work, 3 no such response has been observed at distances as small
ag 1 cm.

. d The emplrical power on the Schmidt number is another point that
needs valldatlon The need for a dlfferent exponent on the Schmidt number
has been suggested by Schmidt in order that broad ranges of viscosity and
dlffu51on coefficients could be taken inte account, > - Until now, this
constant has been determined by the author from experiments 1n which only

two different viscosity solutlons (l 4 and 8.0 centipoises) were used

- Additional experiments using aawider range of v130051ty must be made in

order to obtaln a, better estimate of this constant

An anomaly in the previous work3 which was qulte dlstumblng was

‘the fact that experiments with solutions having extremely low mass-transfer

and natural-convection drlv;ng forces (i.ep, ‘concentration and dens1ty
gradients) resulted in abnormally.high mass-transfer rates, This has also
been observed by Ibl in work done on natural-convection mass transfer at

vertical surfaces.6 These high values have been explained previously by

noting the possibility of an unsteady=state condition,3

It is also necessary to point out that Eq. (1) is velid only for

large transferring surfaces, In earlier work it was found that the
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dimen51ons of the surface were important if they were less than approxi-
mately 10 cm in éither direction, and a correction factor has been
empirically determined by the author for the case of a rectangular surface

less -than 10 cm in one dimension only,3 The experlmental Nusselt number,

when multlplied by the correction factor presented in Fig. 1, is reduced
to the value predicted by Eq. (1). , -
This picture of size effect is comﬁletely'confused by the addition

of vertical endHWaxls at the free edges of the electrode. In some cases,
| the ﬁfesence of this barrier greatly reduces the rate of mass transfer,
and in others is seems. to have no effect., One thing can be said for
certain, however; in the case of large surfaces, the presence of end walls
causes no appreciable difference in the rate of transfer,

The postulated explanation for the variation of mass-transfer

rate with surface dimensions and for "wall" effect is based on the exist-
ence of £wo modes of natural convection: an extremely turbulent boundary
leyer,'and a.secondaryilaminar eonvection,3 The turbulent boundary layer
is the primary mode of transfer immediately gbove the electrode surface
and if not aistufbed 1s of uniform intensity over the entire electrode.
The intensity of this turbulence depends on the density difference between
surface and bulk solution The secondary-convection currents are respon-
sible for mass transfer between the solution and the boundary layer, their
intensity depending on the density differences from point to point within
the-bulkvsolution. At the edges‘of the electrodes, where density 4if-
ferences are the greatest within the bulk solﬁtion, the secondary>currents
have the greatest velocity and, .in turn, reduce the size of the boundary
layer, increasing local current density, -

” In this paper, the author desires to present data and ebservations
that will help to give a better physical understandingVCf the natural
convection mechanism: and, in-fhe absence of a mathematically solvable

theoretical model, to correlate the data.,
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DISCUSSION OF THE BASIC EXPERIMENT

Since the experimental techniques involved in the various sections
.of this work are basically the éame, it seems advisable to describe the
experiment and the theory underlylng it. -

The requirements of these experiments are:i to cause mass transfer
across the boundary; to know the mass transfer and natural convectioch
driving forces;'and to be able to measure thé physical diménsions of the
system, The use of an electrolytic cell in this work has many advantages.
First, it‘is‘easy.to find a system that will produce the required density
gradient, Second, the mass-transfer rate is measured simply by recording
. the current flowing through the celi. Third, the drivingkforces can be
measured by forcing the cell into limiting current, at which time thé
éoncentration.of.cﬁpric ion at the electrode surface is zero, allowing
calculation of the density of the electrolyte at the electrode surface.
Fourth, electrodeposition can be continued for some t;me without ap-
preciably changing the physical dimensions of the electrode. For this
work, the choice of thé.copper sulfate-sulfuric acid-water system:is made
attractive by the very extensive data available on its physicochemical
properties.* | _

Limiting current is the ﬁaximum rate of electrigal-current»passage
that can by utilized for a particular electrode reaction. As has been
stated previously, it occurs when the concentration of the reacting species
at' the electrode surface 1s zero, 3 Limiting current is measured by ob-
serving the emf of a concentration cell formed of the bulk and interface

gsolutions. The equation for this emf (concentration polarization) is
AE = (RT/nF) 1n (ao/ai) % (RT/nF) 1n (co/ci), : (5)

.The 1limiting current.is,determinéd by plotting current as a function of
concentration polarization and determining the point at which the rate of
change of current with polarization is 2ero. Figure 2 is a typical limit-
ing current c¢urve. The solid line exemplifies the function in the presence
of a subsequent electrode reaction, the decomposition of‘water, while the

dotted extension shows the curve in the absence of all other possible reactions,

*
See Appendix I.
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‘The experiments in this work are conducted by plating copper from
a copper aﬁlfate-sulfuric acid-water solution (with glycerol added to
increase the viscosity, when necessary) to a horizontal cathode_faging‘
upwards;, Figure 3 gives the circuit for the.general expefiment. The
cathode is separated from the anode compartment by a porous ceramic
digphragm which serves to ellminate Lhe influence of convection currents
produced in the anode section. The construction of the three indiv1dual
cells is .presented in its appfopriate section, Extended descriptions of
these procedures and the associated phenomena are given elsewhere.3f7

Using the following equations, one can quantitatively evaluate

the data: ' : 5 2/3
o _ Farayv %o cusoy, CuS0,, (6)
MEgs0,) T T R ) Dy _so
: u 274 / Av
k= I (1 brgy) /nFCo cuso, . -

't
The solution to Eq. (3) is a trial-and-errof process made neoessary by the
fact that the concentratlon of sulfuric acid at the 1nterface is higher
than that An the bulk solution. 3,8 Appendix I contains a summary of the
equation for the physical propertles of the solutions as functions of

concentration,

EFFECT OF FREE HEIGHT.ABOVE THE TRANSFERRING SURFACE

In order to determine if the mass transfer rate does depend on thg
liquid height above the transferring surface, several series,ofvexperiments
were made in which no variable, other than this height, was changed. It
should be remembered that in previous work on this system, no change was
noted at distances as small as 1 cmL3 ',

The cross section of the electrolytié cell used in these experi-
ments is shown-inaFig; 4, The inside dimensiéné of the cell are 10 cm wide
by 40 cm .long by 20 cm high. Provisions were made to set the distance be-

tween the cathode and the diaphragm at 2, 1, 0.5, and 0.2 cm, A 2-by 1O-cm
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Fig. 4. Section.drawing of experimental cell used for most
measurements. This cell was modified for forced-convection
experiments, ‘ :
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ﬁelectrode was used in a solutien of 1,472 M sulfuric acid and 0,1538 M
cupric sulfate. In order to insure the reliability and reproducibility
of the méasurements, certain precautions were taken in the course of each
run. Immediately before each run, the electrode to be used was washed,
polished and degreased. It was then assembled into its place in the
cell, and the cell was filled carefully to avold the possibility of bubi
bles on the surface of the cathode. Finally, the electrode was plated
with a very thln:layer of copper from the experimental solution. This
»proceduréa vas necessary in order to provide a uniform surface qudlity
foi each experiment, and to assure uniform plating., Table I gives the
results of  the freefheight experiments, v |

}

Table T

Limiting current density as a function of free‘height

Free ' Limiting current density Mean - Standard
foognt (ma/en?) ' _ (ma/en®) (TS
2.0 17.92  17.92  17.98 18.00 18.00 17;‘9.61;’ 0.041
1.0 17.68  17.70 17.93 17.93 18.20 .. 17.888 0.212
0.5  17.95 17.97 18.02 18.10 18.20  18.048 0.103
0.2 16,58 16.60 16.83 16.90 17.13  16.808  0.228

'If it can be assumed that the error .in these méasurements is nor-
mally distributed and is the same.in‘magnitude regardless‘of the true
value of the limiting-current density, the standard deviation of the error
can be calculated to be 0.165 ma/cm2d If there were no difference between
the limiting currents of the various free heights; then from the theory
of statistics, two-thirds of all experimental results should lie between
plus and minus one standard deviation of the true value; It is therefore
concluded that, on the basis of these experiments, there is no difference
in the limiting current densities of the three larger distances. Further-
more, it is .concluded that the experiments show a definite difference in

the value of phe,limiting current density for the smaller distance,
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Further evidence supporting these conclusions comes-from the fact
that if there were no difference in any of the measurements, the best . |
estimate of the standard deviation would be 0;540.ma/cm2, ﬁhich,is complete = .
‘ly inconsistent with the standardtdeviations.éalculatéd for the individual
zheights. If the eXpérimental values'of"@nlyithe larger three'heighﬁs are .
-considered, then the standard deviation is 0,1k ma/cmZ; ﬁhich:is‘cbnsistent
with the conclusion that for heights greater.than 0.5 Cm.thefé is no de- |
pendence on'height.9 | ' | ' i

. It is interesting to note that whenever an.electro&é had a free
édge (one not bounded by a vertical wall), certain markings appeared within
1 cm of the edge. It has béen'hypothesised thet these are caused by large
convection currents sweeping in and. upward across the free edge.‘.It should
be pointed out, however, that a difference in the markings on the electrodes
has been observed in these experiments depending on the free height (see
Fig. 5). Electrode A was used in an experiment with a O.Sch free heiéht,
Whilé electrode B was used in a 0.2~cm run,  Careful observation of elec-
trode A shows straight markings, perpendicular to the.edge, and about 0,5
ch long. On the other hand, electrode B has markings not quite perpendicular
to the edge,‘still straight, and still approximately 0,5 cm long, but now
with a small tail toward one end. It is as though‘the edge currehts, in-
steaﬂ of rising; are being forced to run up the center of the electrode.
Evidently, this large convection current can be gréatly cbmpressed before
it is distorted and loses ifs strength, More will be said concerning tﬁese
markings in a subsequent section, | | v

From this analysis, then, it appears éuite reasoneble to conclude
‘that there is no effect due to free height above the.transferring éurface
unless that dimension is very small (less than .0.5 cm), Even at 0,2 cm,

the reduction in the LCD (limiting‘currentﬁdensity) is only on the order
of 5%, g | -
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Fig. 5. Two electrodes used in free-height experiments,
Electrode A shows typical markings found after an
experiment with free height greater or equal to 0.5
cm,' Electrode B was used in an experiment with free
height equal to 0.2 cm.
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EFFECT OF VISCOSITY ON MASS TRANSFER RATE

- A8 stated in the.introduction, the power to which the Schmidt
number isiraisedvin.Eq_ (1) has been determined from essentially only
two values of viscosity. In order to determine ﬁhisvpower with greaier
accuracy, further work has been done using,three;new sdlutions.v The
physical dimensions, the concentrations of chemicals, and the limiting
current densities are presented'in-Table I, .#hile the rest of tﬁe prop-
erties are given in the Run Index, Appendix .III, Thls data will be fit-
ted into the general equation in the section entitled CORRELATION OF
DATA,

THE FPROBLEM OF LOW~-CONCENTRATION EXPERIMENTS

As pointed out in the INTRODUCTION, low—coﬁcentration_experiments
consistently give high»limiting currents, and, in the experience of the '
author, are quite unreproducible. A parﬁial explanation for these high ‘
results may be found by a discussion of the s-shaped limiting-current -
curves recorded for all 0,01 M CuSOh experiments. Figure 6 is a typical
example of such curves. The most obvious difficulty is determining ex-
actly the LCD, This problem is "simplified" by the fact that even if one
reads the lowest value possible, the resulting Nusselt number is much
hlgher than predicted by Eq. (1).

The follow1ng is hypothesized to be an explanation of the peculiar |
limitingacurrent_curves1observed:in the low-concentration experiments, It
should be noted in preface that visual observations have confirmed the
fact that in these low-concentration runs, natural convection is very slow
to.develop. When voltage is first applied to the electrodes, the supply
of ions at the surface is large, and By diffusion alone the electrical
current is very high. Then as the supply of ions at the surface is reduced
and since the uncompletely developed eonvection cannot supply the abnormally

‘high demand for ions, the current begins to fall, forming the maximum in the

% : s .
The procedure and equipment are described in the next section,
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Table IT

Results of glycerol experiments

Run  H,S0, Cuso,  ‘Glycerol ' Electrode®  Free Height  .LCD

o. (0 (w) ()  width (em)  ° (em)  (majerd
%11  1.573  0.256  5.38 30.0 2.0 7.9
412  1.573 0.256  5.38 30.0 y.o0 8,02
413 1.573 0.256  5.38 10.0 2.0 8.10
b1k 1.573  0.256  5.38 10,0 4,0 8.07
415  1.573  0.256  5.38 ‘ 2.0 2.0 8.48
116  1.573 0.256 5.38 2.0 4,0 8.39
47 1,573  0.256  5.38 1.0 2.0 8.73
418 1.573 0.256 5.38 - 1.0 4.0 '8.71
419 1.573  0.256 \ 5.38 0.5 2.0 9.20
420 1.573 0,256  5.38 0.5 e 9.43
421 1.526  0.230 401 30.0 1.0 9.83
b22  1.526 .0.230 L.01 - 30.0 8.0 9.79
423 1.526 0,230 4.0l 10,0 1.0 9.81
k2h 1.526  0.230 4.0l 10.0 8.0, - 9.93
425 1.526- 0.230 .01 : 2.0 1,0 . 10.73
426 1.526  0.230 4,01 2.0 8.0 10,14
k2t 1.526 0.230 k.01 1.0 1.0 - 10.76
428  1.526 0,230 k.01 1.0 8.0 - 10,71
429 1.526 0,230 k.01 . 0.5 1.0 11.23
430  1.526 0,230 4.0l 0.5 8.0 '11.56
431 1.537  0.318 2,26 30,0 1.0, 25.5
432 1,537 0.318 2,26 30.0 4.0 25.5
433  1.537 0.318 2,26 10.0 1,0 . 26.1
434 1.537  0.318  2.26 10.0 4,0 26.4
435 1,537  0.318  2.26 2.0 1.0 27.0
436 1.537 0,318 2.26 ' 2,0 k.0 27.1
437 1.537 0.318 2,26 1.0 1.0 28,0
438  1.537 - 0.318 2.26 1.0 4.0 27.7
439 1.537 0.318  2.26 - 0.5 1.0 29.5
B0 1.537  0.318 2,26 0.5 4.0 29.6

8 The length of all electrodes is 10 cm,
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curve of Fig. 6, Simultaneouély,ﬂhowever, the applied voltage has.increaséd
to such a Vaiue that the limiting current is exceeded, hydrogen is evolved,
and the current begins agaiﬁ to rise; forming the minimum, The obvious
answer, if these assumptions are correct, 1s to increase the length of the
experiment so that there is essentiallyvd steady-state condition at all
times. Examination of data previously taken (presented in Table III) shows
that this does help. Note particularly that the difference between maximum
and minimum décreasesuwithvincreasing time, and that the minimum‘épproaqhes
0.77 ma/cmz, the value predicted by Eq. (1), These experiments were made
using 0,01355 M Cus0,,, 1.678 M stou, an eleqtrode 0.5 by 10 cm and a free
height of 8 cm. There seems to be only one argument against increasing
the length'of a run until the hump disappears éompletely, i.e., as the -
length of the run increases, the solution is depletéd in copper and the
concentration in the vicinity of the electrode is unknown., While it is
true that the amount of coppervplated'can be calculated from a knowledge
of the current passed, thé change inAdistribution’of copper along the cell
cannot be - determined. Thus onekhas no alternative but to try to shorten.

the duration of the experiments as much as possible: -

Table IIT

Low=-concentration time dependence

Run Current Density (ma/cmz) | Time
- - Maximum Minimum _ Difference (min) /
211 4. 43 2,98 C 1.5 1.76
212 2.52 ‘ 1.48 , 1.0k 3.0k
215 2,09 17 0.92 4.97
213 1.73 1.01 . 0.72 8.42
214 1.53 0.89 0.64 - 1491
216 - 1.49 0.86  0.63 ) 20.04

It appears, then, that by lerigthening the experimental runs, one
can eventually cause the hump in the limiting-curreht curve to disappear,.

By doing so, however, the concenﬁration of the copper in the solution
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region near the eiectrode becomes unknown. iSince the plating process
causes a depletion of copper ions nearvthe,cathode; it is expected that
the LCD should also be reduced. In contrast to thie expectution, how-
ever, the author has never obtained & low LCD in.e run With.0.0l M CuSOh
solution, Because experiments of this type have a time dependence which
reduces their reliability, they have been eliminated from the general

correlation,

EFFECT OF ELECTRODE SIZE ON MASS TRANSFER

In prev1ous work, 3 the effect of changing one dlmen31on of the
cathode has been determined (see Fig. 1). In the determinatlon of this
,dependence however, only the results from the épproximately 0.25.M CuSOu
solutions were used, and very poor reproduciblllty was encountered in the
case of the O 1- and 0.2-cm electrodes. All of the electrodes used were
10 cm in length and bounded by walls at both ends in order to produce a
31tuation 1n which the electrode could be considered 1nfinite

A possible explanation of the increase in LCD as the w1dth of
the electrode decreases is the existence of an edge effect. Obviously,

: the avallability of a more concentrated and dense solution is greater at
.the edge of the electrode than it is in the center of the electrode. In
the‘center the solution (less concentrated in cupric ion) is more buoyant
than that at the edge and thus rises, Meanwhile, the more dense solution :
‘at the edge is flow1ng in to replace the llghter solution. _If this
hypothesis is true, a large convection current should be found rising
‘over the center of the electrode and descending at the edges.

In order to observe this convection, it was decided to suspend
' finelparticles of rosin** in the solution and examine their motion by the

use of a photographic technique known as dark-field illumination. This

The ‘word "width" is used here because ‘the électrodes are supposedly
~infinite in length.

s : .
Rosin particles were used which passed through a No. 200 sieve and were

" retained by a No, 325 sieve.
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technique consists of the very strong side lighting of objects in the
foreground against as dark a background as possible, Perfectly ‘done,
the resulting photographs would consist of only brightly 1it particles,
‘much as the stars in the sky.,

Figure 7 i1s a picture of the cell used to view these convection
currents. It has provisions for experiments with different sizes of
" electrodes and any cathode-diaphragm distance wanted. Figures 8a and
8b are, respectively, viewing-side and cell-side photographs showing
the placement of lights, sight shields, and camera, The glass containers
placed in front of the lights are heat filters. Filled with copper sul-
fate solution, they absorb much of the heat from the lamps thus cutting
| down on thermal convection currents Withln the cell v
_ ~ As was expected this cell showed that a large convection current
_ ascended at the center of the electrode Figures 9, lO ll and 12 are
.photographs showing the formation of this current Figure 9 was taken
Just after voltage was applied to the electrodes, Fig lO was taken 2
minutes later; Fig. lL at limiting current; and Fig 1z, Just after the
start of hydrogen evolution The convectlon patterns at the edges of
the cell were caused by heat from the spotlights. The electrode in
v'these pictures is_l.5 by 10 cmL and the free height above theﬁelectrode
is 6 cm. Other electrodes as small as 0.1 cm and other free heights'as
low as v2_cmtrere used in similar vexperiments,'and the same convective
pattern was noted in all cases, In this experimental setup, more gquanti-
tative data could not be taken because of the competing convection caused
by the heat from the.lights and the incomplete separation of the anode
’ and cathode compartments, Although the diaphragm fit‘fairly well, some
- mixing was observed., | | |

The existence of an edge effect is also inferred by the markings
on the free edges of the electrodes Figure 13 shows a:section of a 5-
' by lO—cm electrode 1nvwhich‘these markings,can be clearly seen. It‘has
been noted that the length and other characteristics of these markings
remain constant under all conditions of concentration and physical
dimensions, except for extremely small free heights as previously discus-

sed. In cases where the distance across the electrode is shorter than
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Fig. 7. Secondary-current observation cell.
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(b)

ZN-2408

Fig. 8. Experimental set-up for dark-field illumination:
(a) viewing side; (b) cell side.
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i

ZN-2404

Secondary-convection pattern after limiting current

with hydrogen being evolved at edges of electrode.

Fig, 12.
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ZN-2401

Fig. 13. Markings on free edges of electrode. Note absence
of markings on edge of electrode against wall,
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the markings, the lines appear to be continuous across the electrode, As
can be seen in Fig. 13, the markings do not appear where the electrode is
against a wall. e

In the experiments involving 0.2-cm free heights.the existence of
this convection éurrent could be argued_oﬁly fromﬂthe felativé-éi?é of
the LCD and the fact that markings-did occur on the electrodes, Visual -
observations were impossible because of limitations of thevexperiﬁental
equipment itself, ' ' -

Having postulated an edge current,.thé next step is to prove its
' existence by measuring 1ts effect. In order to accomplish this, a
sectioned-electrode cell was designed and built. The purpose of this
"cell was to measure the current density as a function of distancé from
the edge of the electrode, since the postulated edge current would have
a higher limiting current at the edge of the electrodes than in the
center. A sectioh drawing of the three component parts of this new cell
is presented in Fig. 14, and a circuit diagram is given in Fig. 15.
Figure 16 shows a possible arrangement ofvthe electrode segments to
measure current density as a function of distance on & 4 27-by 10-cm
electrode. Complete design details for this sectioned-electrode cell
are given in Appendix II. With this cell the total current and the
qurrent through each of five 0,l-inch segmentsvcould:berméasuréd,atlone
' time. ‘For various arrahgements of electrpdevéegments, the(éufréﬁt'ais-
“tribution across four differently dimensibned electrodes.was-measured.
Figure 17 illustrates a typical se@ of méasﬁfemenﬁs 6n_thé-éleétrodé
shown in Fig. 16. These curves have been cbrrécted for differences
caused by a slight variation in the current shunt resistances. In order
to check the measuring system, a. run was made under very high forced
convection from threeAstirrers directly over a 4,27- by 10-cm electrode,
and the current distribution over several experiments was found uniform
within 0,8%.
- The current-dénsity distributions and the electrodeasegment
arrangements used in these experiments are given in Figs. 18, 19, 20, and

21. It was not possible to obtain current-density distributions across
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' Fig. 14, Sectioned electrode cell.



-31-

Recorder-controlled
_switching

5-point P
recorder —N-

Current :& ] XY _
shunt § recorder ~ Reference
electrode
: :E Sectioned
6.6- =— b3 cathode
396 — $1| :
volts _1_ 3 1_|

Motor-driven

. rheostats It
Section :Ft
current shunts

~|man

MU-~-20034

Fig. 15. Circuit diagram of sectioned electrode cell,
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Fig. 16. Possible arrangement of electrode segments in a
4. 27~ by 10-cm electrode.
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Fig. 19. Average values for current-density distribution on
a 9.27-cm electrode for segment arrangements shown.
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" Fig., 20. Average values for current-density distribution on
a 4,27-cm electrode for segment arrangements shown,
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smaller electrodes because of the limitation. omn the smallnéss,of the
segments. From these graphs, it is seen that the'currént density dis--
tribution is .practically uniform at distancés greater than 1 cm from
the edges. It is interesting to note that the patterns on the edge of
the electrqde WereAalso very élosé to 1 cm in length,
It is noted. that the current-density distributions'presgnted
here are ndt like thoSe-presented by Wagner for the same.geome_t_ry,l
“but it must be remembered that the experimental conditlons a;e'different.
In the presént work, not 6nly is free convection present, but the elec-
trode is being driven at limiting-current density, where it is impossible
+to raise the current by an increase in voltage. - Unequal current dis~
tribution aérdss;an electrode in limiting current definitely shows the
;effect of the secondary-conveétion current., Increasing the voltage until
hydrogen is-e&olved from the cathode shows the tendency'of the edge to
conduct more current, as ﬁredicted,by Wagner,
From the results of these experiments, it is seen that the cur-
rent density is approximately equél in the edge segment of all the
- electrodes tested. The shapes of the distribution curves seem to be
similar, except that as the dimension of the over-all electrode gets
smaller, the flat center portion of the curve is 1éft out. As a result,
the aversage limitihg-currentvdensiﬁy becomes higher,
h The :question that now arises is whether or not this effect would
be noted if both of the linear dimensions of the electrode were changed.
In order to test this, circular electrodes measuring 0.5, 1, 2, 5, and
10 cm in diameter were made and their limiting~-current densities measured.
Table IV giveé the results,df,these experiments in which a 1,486 M HZSOh -
0.2579 M CuSOh solution was used. These experiments plainly show that the
effect of changing two dimensions of an electrode is much greater than
~ shown in the experiments in which one dimension was fixed., Further dis~
cussion of these results will be given in the correlation section.
By these results, the exlistence of a secondary-convection current
_6perating over free edges has been proven, As long as all dimensions of

an electrode are greater than several centimeters, the average LCD can be
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calculated from a knowledge of the 1LCD for the infinite electrode by
taking into consideration the higher current densities near .the edge

of the electrode.

Table IV

Limiting-current density as a function of diameter

v Di?izger : Current density (ma/cmz) ' -z::2;2>
10 . - 31,36 31,40 31,09 31.71 31,44 31,44 - .3L.%09
5 32.97 32.40 32.83 33.00 32.03 32.3% 32.60 32.93 32.625

2 33.80 33.93 33.24 33.90 33.60 , - 33.69%
1. 36.82 38,21 36.6% 37.90 37.69 A . 37.457
0.5 418,78 46,43 47,02 48,21 ’ - L7.828

EFFECT OF BOUNDARIES AT THE ELECTRODE EDGE

~ In the previous-sectioniit was .postulated that a strong current
was rééponéible for the change in LCD with electrode size, If boundaries
are set up at the edge of the electrode, it would be expected that these
~strong currents would be suppressed and that the LCD would become inde-
pendent of the size of the electrode, Figure 22 is a photograph of the
convection pattern in a cell with side walls. Comparison of this picture
with Fig. 9 shows the difference in the secondary-convection process,
The strong secondary-convection currents at the edges have been replaced
-with a single current operating over the entire surface of the electrode.
Using & heat-transfer model, Soberman has shown that in steady-state
conditions the shape of the contaiﬁer does not affect the convection
pattern.ll He also shows that during the onset of convection, the pat-.
terhsgwill take the shapé of the container, damping_out to the steady-
state pattern as time goes on, |
In the case of very small enclosed circular or rectangular elec-
trodes, however, the secondary convection pattern does.change., -This

change occurs when there is not sufficient distance betweén walls for the
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normal convection to occur., In this case the boundary«layer convection
depletes the solution . close to the electrode of copper,: creatlng a small
" "pubble" of buoyant fluld When this fluid becomes 80 llght that the
-buoyant forces can overcome inertia and frlctlon, the element rlses and
is replaced with dense solution; at which ‘time the process begins again
Since the-boundary-layer convection depends on the densitysdlfference
between the electrode surface and the solution immediately'above.the
surface, one would also expect this region to be affected},~Figtre 23
presentSia'case in which just such action was observed, This~type of
limiting-current curve was obtained in every case in Which'a'Smell (1ess
than 1 em), circular, enclosed electrode was used. Suprisingly enough,
the mess-transfer rate for this process is as high as that expeoted for
normal convection. This is shown in Table V in wnichgdate are‘given for
experiments using a 0;2448 M CusSO), and 1,527 M H,S0) solution, h
Also found in Table V are data on several larger completely

enclosed c1rcular electrodes. The conditions of these measurements are
very close to those of the experiments presented in Table IV, allowing
a direct comparison., It should be noted that the limiting—current

dens1t1es are approximately the same, regardless of the partlcular diem-

eter
Table V

_Limitingocnrrent density as a function of diameter (enolosed)

Diameter ' : o v ' ‘ MEan
(cm) Current density (ma/cm”) ’ (ma/cm )
5 30,53 29.87 3L.26 30.26 31,01 30.87 30.63
31.77  30.84 30.60 31.02 31.88 32,12 31.37
1 31,78 32,48 31,77 32,00 31.32 . 31.87
0.5 31.35 32,54 31,70 31.28 ' ' - 31.72

As & final step toward determining whether the secondary convec- .
tion plays a significcant role in the case of an enclosed electrode, the

sectioned-electrede cell was used for electrodes of two different sizes,
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Fig. 23. Limiting-current curve for a very small (l—cm
round) electrode with no free edge.
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4,27 by 10 and 1%.27 by 10 cm, The results of these experiments are
given in Figs. 24 and 25, It is noted that the edge effect is completely
gone, and in its place is a small increase in current density a short
distance from one side, which may bevdue to the convection patterh shown
in Fig. 32. ' ' _ o

In general, the placement of a limiting wall at the edge of an
electrode causes the convection current to behave as though the electrode
were very long in that direction. This is true except where the presence
of a wall actually orients the flow, as in the case of a completely '
enclosed 0,1~ by 10-cm electrode, TFor this case we have a ICD élmoét as
high as for the case without walls (45.36 to 53.46 mc/cng "infinite"
electrode, 24.80 ma/cmz)._ '

CORRELATION OF DATA

Now, with the completion of experiments designed to clarify points
of uncertainty, it is possible to improve and exténd the correlation given

by Eq. (1). The equation to be used will again be of the form

Nu' = a Scb ar® d, : ' (8)

where -d is a dimensionless number that is a function of the size of the
electrode. In order to simultaneously obtain the best constants for

Eq. (8), the method of least squares will be used.? The equation to be
fitted is |

1n Nu"= In a + b 1n Sc + ¢ In Gr + x 1n do 1 4+ x 1ln do 5

4+ x 1n dO.S 4+ x 1n dl + x 1In d2 + X 1n d5

+x1ndy )+ x 1n 4y, (9)

0

where dn is the factor for the n cm electrode and x equals 1 if the nth-
size electrode is used and O otherwise. The correlation was made using
all experimental data from concentrations 0.08 M CuSOh and higher in which

there were only two free edges and in which the distance between the two
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Fig. 24. Average values for current-density distribution on
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vertical walls was 10 cm, Table VI givesvthe values of the'calculated
constants and the 95% confidence limits, Although the 30~-cm electrodes
were used in the correlation, there is no term in the equation for these
electrodes. The reason for this is that if such a term 1is included, the
resulting system of equations becomes indeterminate. Equation (9) there-

'~ fore has included in it d equals 1. This‘assumption‘is correct if the

30=-cm electrode can be reggrded as not having a size effect. Actually
there appears to be a very small effect when the data are smoothed; and
the curve will be made to approach aSchrc asymptotically as the electrode
increases in length to infinity. Figure 26 presents the data, the 95%
confidence limits, and the smoothed curve., The only reason for present-
ing this graph onbsemiulog graph paper is to spread out the points in the
narrow-electrode region and to compress the points in. the wide-electrode

region where the change is only slight.

Table VI

Correlation constants

Constant Value ~ ~95%.confidénce limits
Upper ' : Lower Value (smoothed)

a 0,1220 . 0.1293 . 0.1151 R '
b 0.3731 0,3741 . 0,3661 . 0.3750

c 0.3333  0,3347 0.3319 0.3333

a5 4 1.847 1.936 1,763 1,847

3.2 1.360 1.2 ©1.309 1.375
do°5 1.172 1.20L | 1.142 1.166

a; 1.109 1.142 1.076 1.101

a, . 1.065 1.091 1.040 1.063

a5 0.9568 0.983 0.93% 1,030

drg 1.008 1,035 0915 1,016

dn 0.986 1.017 - 0.957 1.008

a0 11,000 - | - 1,00k

The data for the unwalled circular electrodes were subjected to

this same type of treatment, and the values of dn necéssary to fit the
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i

Fig. 26. Correction factor as a function of one dimension of
electrode., Also given are correction factors and square
roots for round electrodes.,
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general correlation are also plotted in Fig, 26. It is notiCedvthat.the
square roots_of these dn velues fall very close to thezpoints for the
single-dimension. correlation, suggesting the possibility of: treating
each of the major dimensions of an electrode separately. To find
. deffective for a particular unwalled electrode, one'detérmipes.dn for
each of the major dimensions and multiplies them together.

Figure 27.presents the general correlation and over hOO data
points. The twd lighter-lines on the graph represent the correlation
plus or minus one standard deviation. In terms of the logarithmic (vase
e) scale, the standard deviétion‘is.o,ohll; at Nu' = 300, this corresponds
toki 10 or * 3,3%, Figure 27 contains approximately 225 data points for
electrodes contained between two walls 10 cm apért; it also contains about
100 data. points for completely enclosed electrodes, which are plotted
using dn =1, Two types of unwalled-electrode data points aré presented:
about 50 for circular electrodes and sbout 25 for rectangular electrodes.
These points were plotted as suggested in the foregoing’by conéidering
each dimension separately. v

When the constants are fitted into Eq. (8), the general corre-
latidn becomes ' ¢ ' '

nu = 0.122 sc3/8 grt/3 a_ | | | (i0)

or

Nu'

il

0.122 (sc or)Y/3 sel/2H a . | | (1)

IMPOSED FORCED CONVECTION

In order to‘detefmine the_effect of imposing forced convection
upon this natural convection system, the ceil shown in Fig. 4 was fitted
with a straightening section and an ovefflow weir so'that,laminér‘forced
convection could be paséed over the electrode, The modified cell is
shown in.Fig.'28.' The flow through the cell was measured by calibrated
rotemeters; the total flow that.could be handled in this system was ap-
proximately 6 gai/min, or, in terms of velocity through the 1 by 10 chan-

nel, 37.85 cm/sec. In these experiments two electrode sizes were used
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Fig. 28, Cell modified for use in forced-convection experiments.
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(2 by 10 and 10 by 10 cm) in a solution of 1,514 M H,80), and 0,1446 M
Cusoh The results are given in Fig, 29. The average LCD for this
solution without forced convection was 17.43 ma/cm (four measurements).
As can be seen from Fig. 29 the LCD can be calculated to within 20% even
with flows up.to 6.31 cm/sec,l3

It snould be pointed out that laminar forced convection,of low -
velocity is not unlike the secondary-convection cnrrents.' Velocities in
the secondary natural convection calculated from time exposures like
Fig. 12 ranged up to 4 cm/sec. These Velocities might be in error up to

20% because of an uncertain exposure time of 5 1 sec.

C_ONCLUSIQNS

L As a. result of this work} the following 1nteresting comments can
‘ tbe made concerning the questions- raised in the introduction°ﬁ“
i (a) The free height above the electrode causes a ‘difference in
‘iﬁ;llmitlng—current dens1t1es, but only if this dimension 1is less than 0.5
..fc Even then, the effect seems to be very small In almost all practl-
%cal cases, the effect of this varisble 1is 1n51gnif1cant _
e (b) In the general correlation, the effect of a change 1n vis~
'Acos1ty is taken 1nto account by the three»elghts power on the Schmidt
number, ' : T o

(c) Inaccurate experimental data taken in the very-low-concentra-
tion range are thought to be due to the slowness of achieving steady state
with such small driving forces, No solﬁtion for this problem is known if
present experimental techniques are used, |

(d) The change of limiting-current density with size of electrode
is due to strong secondary-convection currents at the free edges of the
electrode. t A

(e) By appropriate considerations, the effect of electrode size

and of the presence or absence of walls can be accounted for by the
general correlation,
‘ (f) The correlation can be used in a forced-convection case

providing the linear velocity past the horizontal plate does not exceed

5 cm/sec,
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in forced convection~fo; two electrode sizes,
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In conclusion, Fig. 30 showe the behavior of the secondary

natural convection, as presented herein.
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APPENDIXES

Appendix I. Equations for Prediction of Physical Properties

In order to make the best use of the IBM-650 electronic calcu-
lator, it was necessary to set up equations relating the physical
properties of the solutione to the concentration. The following set of

equations was derived for this purpose:

. 2 ,
o = 0.9978 + 0,06406 C - 0,00167 C + 0,12755 C
: HZSO#- r;zsolL Cuso),
2 ' 2 ‘
+ 0.01820 ¢ Cusoy, - 0.00235 cGlyc + 0.90353 c Glye (12)
uw = 0,974 + 0,1235 C + 0,0556 C + 0.534k C
| H,S0), stolL CusO),
+-0.5356 C—CuSOu + 0,1475 cGlyc + o.zpz9 o alye (;3)
1 Dcuso = (0,7363 + 0.00511 Cpp oo+ 0.02044 Couso
Pl 27°h L
+ 006530 Cgy ) 107 | (14)
w Do = (1,6691 +70,24519 C, o 40.96637.C
+ 0.06530 cGlyc)‘lo"5 | (15)
togtt = (0.2633 - 0,1020 Cstoh) Coyt+ (16)

| , | _
tg+ = 0.8156 - 0.2599 C( 4y = 0,1039 Co it - (17)
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' These equations were obtained by assuming power<series behavior.
Maximum deviation of calculated points from experimental curves was
within + O.S%Iiﬁ the céncehtration range used. The equations hold for
22°C. | S -

The date for the density and visc051ty equations were taken by

Eisenberg, Tobias, and Wilke, lh Data published by .Gordon and Cole, A5

Gordor;,16 and Thovert ol corrected for 1on1c strength 8 were used in
estimating diffusivities. ‘ | '
Transference numbers were estimated on the assumption that (a)
sulfuric acid dissociated complétely to hydfogen and bisulfateAions,l8
(b) bisulfate ion dissociated to hydrogen and sulfate ions with an equi -
librium constent 2 x 10-2, (c) copper suifaté dissociated completely to
cupric and sulfate ions, aﬁd (d) ionic mobilities in concentrated solu-
tions were equal to the ratio of ionic conductance in concentrated solu- -
tion to ionic donductancevat infinite dilution multiplied by the ionic
mobility at infinite-dilution Tonization constants were obtained from
the Handbook of Chemistry and Physlcs,l8 Ionic mobilities at infinite

dilution were taken from Glasétone;l jonic conductances from Lendolt-

19

Transference numbers were calculated from

ty =C, o, / Cl n, u, + C2 o Uyt gtc. , (18)
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Appendix IT. Construction of the.Sectioned-Electrode Cell

In the construction of a sectionedaelectrode cell the most
important thing to be remembered is that all sections of the electrode
must at all time be at the same potential

- This is no problem at all until it is remembered that the cur-
rent in each section must be measured. The conventional method of doing
this would be to place in each circuit a current shunt, and‘by_means of
a potentiometer measure the voltage drop across the shunt. dbriously,
this will not work, since now the potential of that particular section is
dependent on the current flowing into it. - hl | ;

An alternate solution would be to place galvanometers hetween
every pair of electrode sections, and in addition to the current shunt
place an adequate rheostat in each circult. Now, by means of the

rheostats, 1t would be possible to adjust the circuits so that no poten=:.-
| tial exists between the electrode sections. This method would be quite
acceptable in a steady-state process, but even then with very many
circults it would take an extremely long time to achieve balance When
the condition is added that the system is continuously changing and more
than three sections are being used, it becomes impossible, An analog
computer could be built to accemplish this; but. the complexity and cost
of such a device would be very great.v

If in addition to this, it is desired that the electrode sections
should be replackdble and vary in number from experiment to experiment,
the whole problem hecomes unsolveble, If, however, the condition of
equal potential can be relaxed to the slightest.degree, the difficulty
vanishes. '

' In the cell constructed for thils work this spec1f1cation was set
upﬁ The maximum allowable potentialtdifference between electrode sec-
tions is 2 millivolts, and this shall be allowed only when there is a
difference of 1 amp flowing in the two circuits,

The method of achieving the flexibility in electrode arrangément
can be seen in Fig, 11, Note the. contact ralls for the different circuits

and the shape of the electrode sections. These details can also be seen .
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in Fig, 13, The resistance of the contact between the electrode section
and the contact rail was made less than 1 milliohm by very careful
machine work and by . silver plating the mating surfaces

With the relaxation of the. requirements for perfect uniformity
iof potential at the metal surface, the normal method of current measure-
ment can be used except that speclal shunts whose resistance is less
. ‘than 1 milllohm must be used Now, with the use of & fine-quality de

.amplifier, a stepping switch and a multipoint recorded the current can
vbe quickly and accurately messured even in: unsteady-state situatioens,

The only problem now remaining is the insulation of the electrode
segments from one snother, To do this, we used thin pieces of polyethy-
.'lene. To best simulate one continuous electrode, these insulators had
to be made as thin as possible, and yet to function properly they.had to
be thick enough to prevent bridging of the copper plate during an ex-
perimental run. By preliminary experiments, 0,006~ to 0,008-inch
material was found to be best. At the same time it was decided that
‘more than 5% insulating material between the smallest gegments was ex-

cessive and, therefore, the smallest segments were made 0.100 inch thick,
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Appendix III, Run Index

The table included in thlS 1ndex contalns complete 1nformat10n
on every quantltatlve experlment on whlch this report is ‘based. Part 1
”dof the table consists of every quantlty measured during the course of an
' experlment, part 2 contalns that 1nformat10n which is calculated based
on the measured quantltles and the equations presented , The 1nformatlon
is prlnted directly from the cards used in the IBM 650 electronic calcu-
lator This explalns the presence of the extraordlnarlly large number
of 51gn1ficant figures The dats and calculated quantltles are wrltten
“1n a floatlng-declmal system used by the computer and are read as fol-
lows A number xxxxxxxxcci, consists of three parts, the 51gn1ficant
flgures, xxxxxxxx,'the characterlstlc, cc, and the 31gn,'i, Its equi-

valent 1n the common system is

xxxxkxnxcci = # 0,xxxxxxxx - 10°¢ 7 50
For example, the number 1234567852 is read 12, 3&5678 and -246886&249 is
read -0,024688642, :
The same experiment in each part of the index is identified by a
‘run number printed at the beginning of each line, Further information is
given in the second number of each l1ne, a code word whose form. is abcdt,
~ The number,va, 1s the concentration code; its meaning is:
-~-= gpproximately 0,01 M CuSOh
~-- gpproximately 0.08 M Cuso,,
--- approximately 0.25 M CuSOh
--- approximately 0,70 M CuSOh
approximately 0.37 M CuSO) and 5.4 M glycerol
--~ gpproximately 0,15 M CuSOh
--- gpproximately 0,25 M CuSOh and 5.4 M glycerol
--- approximately 0.23 M CuS0) and 4,0 M glycerol
=-- gpproximately 0.32 M Cusoh and 2,3 M glycerol,

O N OV W oD
I
[}
'
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The number, b, is the electrode

1l --- 0.1-cm-wide
——— O;zfcm-wide
- O.BACm;wide
--- 1.0-cm-wide
--- 2,0-cm-wide
== 5,0-cm-wide
-~ 10.0-cm-wide
-- 20,0-cm-wide

-- 30,0-cm~-wide

O ® = O\ W D
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code; its mganing is:
electrode '
electrode

electrode

electrode

electrode

electrode

electrode

electrode

eleétrode.

The number, c, is the free-heightvcode; its meaning is:

VT & W v P O

-~~~ less than l-cm free helght
--- l-cm free height
--- 2-cm free height
--- 4-cm free height
--- 8-cm free height
~-.16-cm free height.

The number, d, 1s the wall code; its meaniné is:

1 --- no extra wall other than the cell itself
2 --- extra wall completely surrounding the electrode.

The meaning of the + or - sign is:

+ === two walls always present .

- --- there were no permaenent walls.

The number 9999999999 indicates
width of the cell,

This coding system is correct except for a few special cases for

which a code did not exist.

an electrode which completely fills the



No.

000
001
002
003
004
005
006
007
008
009
010
011
012
013
014
015
016
017
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
033
034
035
036
037
038
039
040
04l
042
043
044
045
046
047
048

049’

050
051
052
053
054
055
056
057
058
059
060
061
062
063
064
065
066
067
068
069
070

Run
Code

3311
3311
3311
3321
3321
3321
3321
3321
3321
3331
3331
3331
3341
3341
3351
3351
3411
3411

3411

3421
3421
3421
3431
3431
3431
3441
3441
3441
3451
3451

.3511

3511
3511
3521
3521
3521
3531
3531
3531
3541
3541
3541
3551
3551
3551
3611
3611
3611
3621
3621

3621

3631
3631
3631
3641

3641

3641
3651
3651
3711
3711
3711
3721
3721
3731
3731
3741
3741
3751
3751
3811

Conc,
of stoh
()

1501000051
1501000051
1501000051
1501000051
1501000051
1501000051
1525000051
1525000051
1525000051
1516000051
1516000051
1516000051
1654000051

1654000051

1656000051
1656000051
1525000051
1525000051
1525000051
1523000051
1523000051
1523000051
1527000051
1527000051
1527000051
1540000051
1540000051
1540000051
1659000051
1659000051
1536000051
1536000051
1536000051
1543000051
1543000051
1543000051
1551000051

1551000051

1551000051
1559000051
1559000051
1559000051
1566000051
1566000051
1566000051
1566000051
1566000051
1566000051
1580000051
1580000051
1580000051
1587000051
1587000051
1587000051
1597000051

. 1597000051

1597000051
1605000051
1605000051
1608000051
1608000051
1608000051
1608000051
1608000051
1618000051
1618000051
1621000051
1621000051
1628000051
1628000051
1674000051
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Run‘Indegz Measured Quantities

Conc,
of Cusou

(M)

2444000050

2444000050
2444000050
2444000050
2444000050
2444000050
2438000050

2438000050

2438000050
2437000050
2437000050

.2437000050

2256000050
2256000050

- 2251000050

2251000050
2433000050
2433000050
2433000050
2430000050
2430000050
2430000050
2423000050
2423000050
2423000050
2415000050
2415000050
2415000050
2240000050
2240000050
2408000050
2408000050
2408000050

2402000050

2402000050
2402000050
2397000050

2397000050

2397000050
2391000050
2391000050
2391000050
2385000050
2385000050

2385000050.

2385000050
2385000050
2385000050
2369000050
2369000050

2369000050 .

2360000050
2360000050

2360000050

2347000050
2347000050
2347000050
2340000050
2340000050
2336000050
2336000050
2336000050
2336000050

2336000050

2320000050
2320000050

‘2316000050

2316000050
2307000050
2307000050
2196000050

. Cone. of
- glycerol

K

Limiting-
cutrert
density

* (me/ci®)

.3920000052

3920000052

13980000052

3520000052
3430000052

3660000052

3780000052
3590000052
3560000052
3660000052
3490000052
3440000052
3490000052
3220000052
3160000052
3040000052
3280000052

3280000052

3260000052
3400000052
3400000052

13400000052

3480000052
3450000052
3390000052
3180000052
3220000052
3220000052
2970000052
2910000052
3210000052

3240000052

3220000052
3220000052
3220000052
3220000052
3090000052

3090000052

3020000052
3150000052
3160000052
3110000052
3040000052
3050000052

3050000052

2730000052
2730000052
2630000052
2860000052
2790000052
2790000052
2720000052
2720000052

2720000052

2730000052

2730000052

2710000052
2670000052
2650000052
2850000052
2790000052
2790000052
2910000052
2880000052
2720000052
2750000052
2820000052
2810000052
2840000052
2830000052
2570000052

Electrode
length
(em)

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

‘9999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

Electrode
width

(cm)

5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
50600000050
1000000051
1000000051
1000000051

1000000051

1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
2000000051
2000000051
2000000051

2000000051

2000000051
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051

2000000051

2000000051
2000000051
2000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051

© 5000000051

5000000051
5000000051
1000000052
1000000052
1000000052
10600000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
2000000052

Free
height
(cm)

1000000051
1000000051
1000000051
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051
4000000051
4000000051
4000000051

‘8000000051

8000000051
1600000052
1600000052
1000000051
1000000051
1000000051
2000000051
2000000051
2000000051
4000000051
4000000051
4000000051
8000000051
8000000051
8000000051
1600000052
1600000052
1000000051
1000000051
1000000051

2000000051

2000000051
2000000051
4000000051
4000000051
4000000051
8000000051
8000000051 -
8000000051
1600000052
1600000052
1600000052
1000000051
1000000051
1000000051
2000000051
2000000051
2000000051

4000000051 .

4000000051

. 4000000051

8000000051
8000000051
8000000051
1600000052
1600000052
1000000051
1000000051
1000000051
2000000051
2000000051
4000000051
4000000051
8000000051
8000000051
1600000052
1600000052
1000000051



Run
No.

071
072
073
074
075
076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092
093
094
095
096
097
098
099
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

Run
Code

3811
3821
3821
3831
3831
3841
3841
3841
3851
3851
3851
3911
3911
3911
3921
3921
3931
3931
3931
3931
3941
3941
3951
3951
3951
3951
3211
3211
3211
3211
3211
3312
3312
3342
3342
3512
3512
3542
3542
3812
3812
3842
3842
4311

4311

4311
4341
4341
4341

4341 -

4342
4342
4312

4312

4511
4511
4511
4512
4512
4541
4541
4542
4542
4712
4712
4712
4712
4742
4742
2311

Cone,
of st°u
(M)

1674000051
1672000051
1672000051
1671000051
1671000051
1643000051
1643000051
1643000051
1636000051
1636000051
1636000051
1674000051
1674000051
1674000051
1680000051
1680000051
1680000051

1680000051 -

1667000051
1667000051
1665000051
1665000051
1662000051
1662000051
1662000051
1662000051
1647000051
1647000051

1647000051

1647000051
1647000051
1693000051
1693000051
1691000051
1691000051
1687000051
1687000051
1689000051

1689000051

1683000051
1683000051
1683000051
1683000051
1480000051
1480000051
1480000051
1490000051
1490000051
1490000051
1490000051
1490000051
1490000051
1500000051

1500000051

1500000051
1500000051
1500000051
1500000051
1500000051
1510000051
1510000051
1520000051

1520000051 .

1530000051
1530000051
1530000051
1530000051
1530000051
1530000051
1450000051

Cone,
of CuSOh

(M)

2196000050
2200000050
2200000050
2202000050
2202000050
2270000050

© 2270000050

2270000050
2294000050
2294000050
2294000050
2196000050
2196000050
2196000050
2182000050
2182000050
2182000050
2182000050
2208000050
2208000050
2223000050
2223000050
2228000050
2228000050
2228000050
2228000050
2278000050
2278000050
2278000050
2278000050
2278000050
2136000050
2136000050
2144000050
2144000050
2156000050
2156000050
2150000050
2150000050
2168000050
2168000050
2168000050
2168000050
6921000050
6921000050
6921000050
6849000050
6849000050
6773000050
6773000050
6699000050
6699000050
66464000050
6644000050

6644000050 -

6644000050
6644000050
6644000050
6644000050
6620000050
6620000050
6593000050
6593000050
6570000050
6570000050
6570000050
6570000050
6565000050
6565000050
7820000049
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Conc. of
glycerol

(M)

Limiting-
current
density

(ma/cmz)

2500000052
2510000052
2550000052
2510000052
2490000052
2610000052
2620000052
2610000052
2900000052
2700000052
2700000052
2560000052
2580000052
2540000052
2510000052

2480000052

2470000052
2440000052
2670000052
2640000052
2650000052
2620000052
2750000052
2630000052
2590000052
2590000052
3520000052
3400000052
4180000052
3710000052
3620000052
3000000052
2960000052
2960000052
2920000052
2620000052
2610000052
2430000052
2430000052
2450000052
2450000052
2440000052
2440000052
1230000053
1230000053
1240000053
1240000053
1290000053
1260000053
1270000053
1220000053
1230000053
1210000053
1210000053
1180000053

11200000053

1210000053
1200000053
1200000053
1220000053
1220000053
1240000053
1250000053
1044000053
1044000053
1044000053
1032000053
1034000053
1023000053
1220000052

Electrode
length
(em) -

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

9999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

19999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

9999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

‘9999999999

9999999999
9999999999

Electrode
width
(cm)

2000000052
2000000052
2000000052
2000000052
2000000052
2000000052
2000000052
2000000052
2000000052
2000000052
2000000052
3000000052
3000000052
3000000052
3000000052
3000000052
3000000052

. 3000000052

3000000052
3000000052
3000000052

3000000052°

3000000052
3000000052
3000000052
3000000052
2000000050
2000000050
2000000050
2000000050
2000000050
5000000050
5000000050
5000000050
5000000050
2000000051
2000000051
2000000051
2000000051
2000000052
2000000052
2000000052
2000000052
5000000050

5000000050

5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
5000000050

Free
height
(em)

1000000051
2000000051
2000000051
4000000051
4000000051
8000000051
8000000051
8000000051
1600000052
1600000052
1600000052
1000000051
1000000051
1000000051
2000000051
2000000051
4000000051
4000000051
4000000051
4000000051
8000000051
8000000051
1600000052
1600000052
1600000052
1600000052
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
"8000000051
8000000051
1000000051
1000000051
8000000051
8000000051
1000000051
1000000051
8000000051
8000000051
1000000051
1000000051
1000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
1000000051
1000000051
1000000051
/1000000051
1000000051
1000000051
1000000051
8000000051
8000000051
8000000051
8000000051
1000000051
1000000051
1000000051
1000000051
8000000051
8000000051
1000000051



Run
No.

141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

Run
Code

2311
2311
2311
2311
2311
2311
2311
2312
2312
2341
2341
2741
2741
2731
2721
2721
2711
2711
2721
2811
2511
2541
2542
2512
2712
2742
2311
2311
2311
2311
2311
2311
2312
2312
2211
2111
2341
2342
2211
2111
1711
1711
1711
1711
1711
1711
1712
1742
1741
1542
1542
1541
1541
15641
1541
1341
1341
1341
1341
1511
1511
1511
1511
1512
1512

1312

1312
1312
1312
1312

C’onc .
of stph
(M)

1450000051
1450000051
1450000051
1450000051
1450000051
1450000051
1450000051
1460000051
1460000051
1460000051
1460000051
1470000051
1470000051
1470000051
1470000051
1470000051
1470000051
1470000051
1470000051
1470000051
1490000051
1490000051
1510000051
1510000051
1510000051
1540000051
1540000051
1540000051
1560000051
1560000051
1560000051
1560000051
1560000051

- 1560000051

1580000051
1580000051
1580000051
1580000051
1580000051
1580000051
1570000051
1570000051
1570000051
1570000051
1570000051
1570000051
1570000051
1580000051
1580000051
1580000051
1601000051
1605000051
1610000051
1614000051
1623000051
1627000051
1632000051
1637000051
1641000051
1645000051
1645000051
1645000051
1645000051
1645000051
1645000051
1662000051
1662000051
1662000051
1662000051
1662000051

Conc.
of Cusoh

()

7820000049
7820000049
7820000049
7820000049
7820000049
7820000049
7820000049
7900000049
7900000049
7900000049
7900000049
8000000049
8000000049
8000000049
8000000049
8100000049
8100000049
8100000049
8100000049
8100000049
8200000049
8200000049
8300000049
8300000049
8300000049
8300000049
8300000049
8300000049
8400000049
8400000049
8400000049
8400000049
8400000049
8400000049
8600000049
8600000049
8600000049
8600000049
8600000049
8600000049
1100000049
1100000049
1100000049
1100000049
1100000049
1100000049
1100000049
1130000049
1130000049
1130000049
1209000049
1220000049
1232000049
1243000049
1266000049
1277000049
1289000049
1300000049
1312000049
13230000649
1323000049
1323000049
1323000049
1323000049
1323000049
1337000049
1337000049
1337000049
1337000049
1337000049
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Conc, of
glycerol

(M)

Limiting-
current
density

(ma/cmz)

1280000052
1270000052
1210000052
1400000052

1350000052 °

1240000052
1170000052
8600000051
1070000052
1440000052
1526000052
7220000051
6880000051
6900000051
7460000051
6980000051
7380000051
7210000051
7100000051
7560000051
8990000051
8500000051
8760000051
9030000051
7810000051
8000000051
1040000052
1000000052
1450000052
1210000052
1370000052
1050000052
1340000052
1340000052
1250000052
2250000052
1160000052
1260000052
1840000052
2200000052
7200000050
8000000050
8200000050
8100000050
7200000050
7800000050
8000000050
7900000050
8200000050
1150000051
2000000051
1380000051
1300000051

11880000051

2420000051
2900000051
2630000051
1710000051
1610000051
1430000051
1560000051
1230000051
1350000051
1090000051
1250000051
6800000050
9000000050
3000000051
1000000051
9400000050

Electrode
length
(em)

9999999999
9999999999
9999999999
9999999999

9999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

' 9999999999
19999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

9999999999

Electrode
width -

* (em)

5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050

- 1000000052

1000000052
1000000052
1000000052
1000000052

1000000052

1000000052
1000000052
2000000052
2000000051
2000000051
2000000051
2000000051
1000000052
1000000052
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
2000000050
1000000050
5000000050
5000000050

2000000050

1000000050
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
2000000051
2000000051
2000000051
2000000051
2000000051

'2000000051

5000000050
5000000050
5000000050
5000000050
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051
5000000050
5000000050
5000000050
5000000050
5000000050

Free
" height
(em)

1000000051

11000000051

1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
8000000051
8000000051
8000000051
8000000051
4000000051
2000000051
2000000051
1000000051

© 1000000051
* 2000000051

1000000051
1000000051
8000000051
8000000051
1000000051
1000000051
8000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
8000000051
8000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051

11000000051

1000000051
1000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051



Run
No.

211
212
213
214
215
216
217
218
219
. 220
221
222
223
224
225

- 226

227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

265

266
267
268
1269
270
271
272
273
274
275
276
300
301
302
303

Run
Code

1311
1311
1311
1311
1311
1311
1341
1341
1342
1342
1342
1342
1211
1211
1211
1111

1111

1111
1111
1111
5711
5711
5711
5712
5712
5712
5511
5511
5511
5512
5512
5311
5311
5312
5312
5312
5311
5211
5211
5111
5111
5312
5741
5741
5742
5742
5541
5541
5542
5542
5542
5341
5341
5342
5342
3131
3131
3132
3132
3132
3631-
3631~
3631~
3631~
3632~
3632-
3531
3631~
3631~
3631~

Cone,
of stoh

(M)

1678000051
1678000051
1678000051
1678000051

1678000051

1678000051
1684000051
1691000051
1698000051
1704000051
1711000051
1718000051
1724000051
1724000051
1724000051
1724000051
1724000051
1724000051
1724000051
1724000051
7530000050
7530000050
7530000050
7530000050
7530000050
7530000050
7530000050
7530000050
7597000050
7597000050
7597000050

7597000050

7597000050
7597000050
7597000050
7597000050
7708000050
7708000050
7708000050
7708000050
7708000050
7708000050
7719000050
7719000050
7730000050
7730000050
7741000050
7741000050
7752000050
7752000050
7763000050
7763000050
7744000050
7744000050
7785000050
1405000051
1405000051
1405000051
1405000051
1405000051
1405000051
1405000051
1405000051
1405000051
1405000051
1405000051
1425000051

1425000051

1425000051
1425000051

Conc,
of Cusou

(M)

1355000049
1355000049
1355000049
1355000049
1355000049
1355000049
1362000049
1369000049
1376000049

1383000049

1390000049
1397000049
1405000049
1405000049
1405000049
1405000049
1405000049
1405000049
1405000049
1405000049
3732000050
3732000050
3732000050
3732000050
3732000050
3732000050
3732000050
3732000050
3700000050
3700000050
3700000050
3700000050
3700000050
3700000050
3700000050
3700000050
3709000050
3709000050
3709000050
3709000050
3709000050
3709000050
3706000050
3706000050
3703000050
3703000050
3700000050
3700000050
3696000050
3696000050
3693000050
3693000050
3690000050
3690000050
3687000050
2368000050
2368000050
2368000050
2368000050
2368000050
2370000050
2370000050
2370000050
2370000050
2405000050
2405000050
2539000050
2539000050
2539000050
2539000050

6l

Conc, of

glycerol
(M)

5410000051
5410000051
5410000051
5410000051
5410000051
5410000051
5410000051
5410000051
5330000051
5330000051
5330000051
5330000051
5330000051
5330000051
5330000051
5330000051
5432000051
5432000051
5432000051
5432000051
5432000051
5432000051

© 5430000051

5430000051
5420000051
5420000051
5420000051
5420000051
5410000051
5410000051
5410000051
5410000051
5400000051
5400000051
5390000051

Limiting-
current
density

(ma/cmz)

2980000051
1480000051
1010000051
8900000050
1170000051
8600000050
2140000051
2040000051
1600000051
3840000051

- 1980000051

1640000051
7970000051
4270000051
4090000051
1180000052
9600000051
8000000051
5350000051
1175000052
1320000052
1530000052
1450000052
1430000052
1600000052
1430000052
1360000052
1540000052
1430000052
1450000052
1450000052
1560000052
1430000052
1610000052
1870000052
1850000052
1670000052
1830000052
1830000052
2378000052
2395000052
1600000052
1256000052
1224000052

11280000052
1330000052

1390000052
1420000052
1380000052
1460000052
1350000052
1680000052
1720000052
1680000052
1690000052
4889000052
4724000052

4536000052

5800000052
4800000052
2924000052
2932000052
3035000052
3035000052
3064000052
2898000052
3416000052
3297000052
3240000052
3283000052

Electrode
length *
(cn)

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

19999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

9999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
9999999999
5000000051
5000000051

5000000051 .

Electrode
width
(cm)

5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
2000000050
2000000050
2000000050

. 1000000050

1000000050
1000000050
1000000050
1000000050
1000000052
1000000052
1000000052
1000000052
1000000053
1000000052
2000000051
2000000051
2000000051
2000000051
2000000051
5000000050
5000000050
5000000050
5000000050
5000000050
5000000050
2000000050
2000000050
1000000050
1000000050
5000000050
1000000052
1000000052
1000000052
1000000052
2000000051
2000000051
2000000051
2000000051
2000000051
5000000050
5000000050
5000000050
5000000050
1000000050
1000000050
1000000050
1000000050
1000000050
5000000051
5000000051

5000000051 -

5000000051
5000000051
5000000051
2000000051
5000000051
5000000051
5000000051

Free
height
(em)

1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051

8000000051

8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051



Run
No.

304

305
- 306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
326
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361

362

363
364
365
366
367
368
369
370
371
372
373

Run
Code

3631-
3731-
3731~
3731~
3731~
3711~
3711~
3611~
3611-
3311~
3311~
3321~
333)~
3331~
3411~
3411-
3421~

- 3421~

3431~
3511~
3511~
3521~
3521~
3531-
3611-
3611~
3632-
3632~
3632-
3532-
3532~
3532~
3432~
3432-
3332~
3332~
3632-
3632-
3632-
3532~
3532~
3532~
3432-
3432~
3432-
3332-
3332~
3741
3741
3741
3741
3741
3741
3741
3441
3441
3641
3641
3642
3642
3641
3641
6521
6521
6521
6521
6521
6511
6511
6511

Conec,
of stoh
()

1425000051

1425000051

1425000051
1425000051
1490000051
1507000051
1507000051
1507000051
1507000051
1507000051
1507000051
1507000051
1507000051
1507000051
1506000051
1506000051
1506000051
1506000051
1506000051
1506000051
1506000051
1506000051
1506000051
1506000051
1506000051
1506000051
1531000051
1531000051
1531000051
1531000051
1531000051
1531000051
1531000051
1531000051
1531000051
1531000051
1531000051
1531000051
1531000051
1523000051
1523000051
1523000051
1523000051
1523000051
1523000051
1523000051

1523000051

1547000051

1548000051

1548000051

1548000051

1548000051

1550000051

1550000051

1550000051

1550000051

1550000051
1550000051

1558000051

1558000051

1558000051

1558000051

1472000051
1472000051

1472000051 -

1472000051
1472000051
1472000051
1472000051
1472000051

Cone,
of CuSOh

()

2539000050
2539000050
2539000050
2539000050
2526000050
2617000050
2617000050
2617000050
2617000050
2617000050

2617000050

2617000050
2617000050
2617000050
2578000050
2578000050
2578000050
2578000050
2578000050
2578000050

‘2578000050

2578000050
2578000050
2578000050
2578000050
2578000050
2556000050
2556000050
2556000050
2556000050
2556000050
2556000050

2556000050 -

2556000050
2556000050
2556000050
2556000050
2556000050
2556000050
2340000050
2340000050
2340000050
2340000050
2340000050
2340000050
2340000050
2340000050
2610000050
2610000050
2610000050
2610000050

2610000050

2680000050
2680000050
2680000050

2680000050

2680000050
2680000050

2775000050°

2775000050
2775000050
2775000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050

-65;_

Conc. of

g;ycerol
(1)

Limiting-
current
density

_(ma/cmZ)

3300000052
3136000052
3140000052
3109000052
3171000052
3144000052
3144000052
3203000052
3224000052
4878000052
4643000052
4702000052
4821000052
4870000052
3682000052
3821000052
3664000052
3790000052
3769000052
3380000052

3393000052

3324000052
3390000052
3360000052
3260000052
3293000052
3053000052
2987000052
3026000052
3177000052
3060000052
3102000052
3178000052
3200000052
3135000052
3254000052
3126000052
3101000052
3087000052
3084000052
3188000052
3212000052
3178000052
3248000052
3132000052
3170000052

3128000052

3377000052
3382000052

‘3369000052

3351000052
3390000052
3495000052
3490000052
3740000052
3720000052
3571000052
3575000052
3581000052
3550000052
3732000052
3732000052
1800000052

1800000052 -

1798000052
1792000052
1792000052
1820000052
1793000052
1793000052

Electrode
length
(cm)

5000000051

1000000052,

1000000052
1000000052
1000000052
1000000052
1000000052
5000000051
5000000051
5000000050
5000000050
5000000050
5000000050
5000000050
1000000051
1000000051
1000000051
1000000051
1000000051
2000000051
2000000051
2000000051
2000000051
2000000051
5000000051
5000000051
5000000051
5000000051
5000000051
2000000051
2000000051
2000000051
1000000051
1000000051
5000000050
5000000050
5000000051
5000000051
5000000051
2000000051
2000000051
2000000051
1000000051
1000000051
1000000051
5000000050
5000000050
1000000052
1000000052
1000000052
1000000052
1000000052
10600000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

Electrode

width
(em)

5000000051 "

1000000052
1000000052
1000000052

1000000052

1000000052
1000000052
5000000051
5000000051
5000000050
5000000050
5000000050
5000000050
5000000050
1000000051
1000000051
1000000051

1000000051

1000000051
2000000051
2000000051
2000000051
2000000051
2000000051
5000000051
5000000051
5000000051
5000000051
5000000051
2000000051
2000000051
2000000051
1000000051
1000000051
5000000050
5000000050
5000000051
5000000051
5000000051
2000000051
2000000051
2000000051
1000000051
1000000051
1000000051

5000000050

5000000050
1427000052
1427000052
1427000052
1427000052
1427000052
1427000052
1427000052
1270000051
1270000051
4270000051
4270000051
4270000051
4270000051
4270000051
4270000051
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051

2000000051

Free
height
(em)

4000000051
4000000051
4000000051
4000000051
4000000051
1000000051
1000000051
1000000051
1000000051
1000000051
1000000051
2000000051
4000000051
4000000051
1000000051
1000000051
2000000051
2000000051
4000000051
1000000051
1000000051
2000000051
2000000051
4000000051
1000000051
1000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051 .
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
4000000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
7620000051
2000000051
2000000051
2000000051
2000000051
2000000051
1000000051
1000000051
1000000051



Run
Ne.

374
375
376
377
378
379
380
381
382
383
384
385

386

387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

Run
Code.

6511
6511
6501
6501
6501
6501
6501
6501
6501
6501
6501
6501
6611
6611
6611
6611
6611
6601
6601
6601
6601
6601
6601
6601
6601
6601
6601
3441~
3461~
3641-
3641-
3741-
3741-
3741-
3741~
3741~
3741-
7921
7931
7721
7731
7521
7531
7421
7431
7321
7331
8911
8941
8711
8741
8511
8541
8411
8441
8311
8341
9911
9931
9711
9731
9511
9531
9411
9431
9311

9331

Conc,
of stoh
(M)

1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051
1472000051

- 1472000051

1472000051
1472000051
1472000051
1472000051
1472000051
1550000051
1550000051
1550000051
1550000051
1550000051
1550000051
1550000051
1550000051
1550000051
1550000051
1573000051
1573000051

1573000051

1573000051
1573000051
1573000051
1573000051
1573000051
1573000051
1573000051
1526000051
1526000051

1526000051

1526000051
1526000051
1526000051
1526000051
1526000051
1526000051
1526000051

11537000051

1537000051
1537000051
1537000051
1537000051
1537000051
1537000051
1537000051
1537000051
1537000051

Conc.
of Cusou

(M)

1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
153800.0050
1538000050
1538000050
1538000050
1538000050
1538000050
1538000050
2680000050
2680000050
2680000050
2680000050
2680000050
2680000050
2680000050
2680000050
2680000050
2680000050
2560000050
2560000050
2560000050
2560000050
2560000050
2560000050
2560000050
2560000050
2560000050
2560000050
2300000050
2300000050
2300000050
2300000050
2300000050
2300000050
2300000050
2300000050
2300000050
2300000050
3180000050
3180000050

‘3180000050
3180000050

3180000050
3180000050
3180000050
3180000050
3180000050
3180000050

-66-

Conc. of
glycerol

()

5380000051
5380000051
5380000051
5380000051
5380000051
5380000051
5380000051
5380000051
5380000051
5380000051
4010000051
4010000051
4010000051
4010000051
4010000051
4010000051
4010000051
4010000051
4010000051
4010000051
2260000051
2260000051
2260000051
2260000051
2260000051
2260000051
2260000051
2260000051
2260000051
2260000051

Limiting-
current
density

(ma/cm?)

1770000052
1768000052
1820000052
1810000052
1802000052
1797000052
1795000052
1713000052
1690000052
1683000052
1660000052
1658000052
1604000052
1600000052
1594000052
1594000052
1594000052
1608000052
1603000052
1600000052
1597000052
1597000052
1600000052
1600000052
1606000052
1606000052
1608000052
3713000052
3764000052
3564000052
3558000052
3520000052
3533000052
3516000052
3507000052
3525000052

3540000052
7990000051

8020000051
8100000051
8070000051
8480000051
8390000051
8730000051
8710000051
9200000051
9430000051
9830000051
9790000051
9810000051
9930000051
1073000052
1014000052
1076000052
1071000052
1123000052
1156000052
2550000052
2550000052
2610000052
2640000052
2700000052
2710000052
2800000052
2770000052
2950000052
2960000052

Electrode
length
(cm)

9999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
1000000052
1000000052
10000060052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
1000000052
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

9999999999

9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999
9999999999

Electrode
width

(cm)

2000000051
2000000051
2000000051
2000000051
2000000051
2000000051
2000000051

2000000051

2000000051
2000000051
2000000051
2000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
5000000051
1270000051
1270000051
4270000051
4270000051
9270000051
9270000051
9270000051
9270000051
9270000051
9270000051
3000000052

3000000052 -

1000000052
1000000052
2000000051
2000000051
1000000051
1000000051
5000000050
5000000050
3000000052
3000000052
1000000052
1000000052
2000000051
2000000051
1000000051
1000000051
5000000050
5000000050
3000000052
3000000052
1000000052
1000000052
2000000051
2000000051
1000000051
1000000051
5000000050

" 5000000050

Free
height
(em)

1000000051
1000000051
5000000050
5000000050
5000000050
5000000050
5000000050
2000000050
2000000050
2000000050
2000000050
2000000050
1000000051
1000000051
1000000051
1000000051
1000000051
5000000050
5000000050
5000000050
5000000050
5000000050
2000000050
2000000050
2000000050
2000000050
2000000050
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051
8000000051

- 2000000051

4000000051
2000000051
4000000051
2000000051
4000000051
2000000051
4000000051
2000000051
4000000051
1000000051
8000000051
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Appendix IV, Nomenclature

Symbol Definition : | Dimensions
a Constant in correlation equation -:4
8 Activity | | - ;
b Constant in correlation equation T -
c Constant in correlation equation' -
o Concentration moles/liter; M
a Electrode-size factor -——
D Diffusion coefficient cmz/sec
E Polarization voltage | ~ volts
F Faraday's constant - 96,500 coulombs/equiv
g Acceleration of gravity 981 cm/sec2
I ~Limiting current density amps/cm2
kL , Over-all mass-transfer coefficient cm/sec
n Number of electrons transferred in
electrode reaction -——-
R Universal gas constant 1.987 cal/gm-mole-oC
t Transference number C o=
T Temperature : %k
u Mobility cm/sec
X Characteristic dimension . cm
Greek letters
A | . Difference _ -——
B Viscosity v ' - ~ gm/cm-sec
v = %l Kinematic viscosity _ cmz/sec
o Density _ gm/cm3
Subscripts
o) Bulk property
i Interface property
Av, Average property
n Major-electrode dimension
Dimensionless groups _
Nu' = kL X / D Nusselt number for mass transfer
| Gr = gt(Do - pi) X3*/pi VAV.Z ‘ Grashof number
Se =w, / Dy Schmidt number,
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