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A. PURPOSE

The series of investigations reported herein were aimed
at galning physical understanding of certaln transport processes
of importance in electrochemical systems, and particularly in
energy conversion and storage devices. Empha.is was placed
on the elucidation of the effect of hydrodynamic conditions on
the maximum feasible rates of anodic and cathodic processes;
and on the clarification of the role of diffusion and migratlion
of reacting specles on the distribution of current along elec-
trode surfaccs. Further, the relatlonshlips among the various
transport propertles were investigated, with the purpose of
developing techniques for the application of avallable trans-
port data to electrochemical systems of practical significance.

several distinct projects were pursued simultaneously,
each of them representing a Master of Science or Doctor of
Philosophy thesis subject.

Projects completed:

I. Current distribution at a gas-electrolyte-electrode

interface.

II. Ionic mass transport in channels by combirned free

and forced convection.

III. The role of ionic migratlion in electrolytic mass

transport.

IvV. Mass tran. in concentrated blnary electrolytes:

a method for the prediction of lonic mobllitles.
V. The solubility and diffusivity of oxygen in aqueous
KOH.

e e s s T e e TR = e R s g e S
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Section A. Page 2.

Projects initiated under this contract, and continued

averr the termination date under new sponsorship:*

VI. Ionic mass transport and current dis:ribution in
channels in high velocity flow.

VII. Ceneralized method for the evaluatlon of transport

propertles in concentrated electrolytes.

*
Under the sponsorship of the Inorganic Materials Researeh

Division of the Lawrence Radiation Lapboratory, Berkeley.
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n, ABSTRACT

Project I.: Current Distribution at a Gas-Electrode-Electro-

lyte In*erface.

The variatlon of current density along a cylindrical,
partially immersed electrode relative to the position of the
apparent or intrinsic menlscus has been measured as a function
of total applied current. Measurements of current distribution
are reported for the cathodic reduction of 02 gas in aqueous
KOH electrolyte on sectioned N1 and Ag electrodes. A thin film
of electrolyte was observed to exist above the intrinsic menis-
cus. It was found %that the charge transfer which takes place
at the electrode electrolyte surface occurs almost totally
above the bottom of the intrinsic meniscus, and that a large
portion of this charge transfer occurs in the thin film as
high as 1 to S millimeters above the top of the intrinsic
meniscus. However, for high total currents the relative por-
tion of current at large distances above the intrinsic menis-
cus decreases while near the intrinsic meniscus it lncreases.
On nickel the current was more uniformly distributed into the
upper areas of the thin film than on silver.

A mathematical model 1s presented which takes into account
diffusion and migration of relevant substances and the solu-

billity of oxygen in the electrolyte. The model accounts for

il
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3Jection 3. Page 4.

the concentration dependence of transport propertlies. A com-
narison of the theoretical and experimental results indicates
that the current density distribution 1s controlled by a

balance between charge transfer overpotential and ohmic ~esls-

tence drop in the electrolytic film.

Project II.: TIonic Mass Transport by Combined Free and Forced

»*
Convection.

The effects of buoyancy forces on ionic mass transfer at
horizontal planar electrodes were studied experimentally with
both laminar and turbulent bulk flow. Copper cathodes and
an acifidied cupric sulfate electrolyte were used to obtain
mass transfer data by the limiting current technique in the
ranges of parameters:

10° < Gr (Grashof Number) < 10

12
75 < Re (Reynolds Number) < 7,000

600 < S2 (Schmidt Number) < 12,000
0.05 <A% (duct diam/electrode length) < 20

40 < Nu.Sh (Nusselt Sherwood Number) < 1,500
With turbulent bulk flow, buoyancy forces were found
to have a negligible effact on the mass transfer process
in the range of variables covereaq.
With laminar bulk flow, buoyancy forces can lnduce free
: convactive secondary flows near the electrode interface. If
iog (Gr > 2.96 + log (Re), the process 1s dcminated by free

convection, and the equation of Fenech and Toblas,

This project was sponsored by the Lawrence Radlation Labora-
tory up to March 1961; by NOL-Corona (Contract No. N123
(6738)17178A) to April 1962.
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/7
Ne' = 0.19 {Gr.Sc)

may be used to predict average mass transfer coefficient.
Otherwlse, forced convection dominates, and the equation of
Norrls and Streld,
Nu' = 1.85 (Re.Sc.%)l/s,
yilelds acceptable prediction of the experimental data. The
average deviation of all the data from the appropriate corre-
lations was less than 17%.

The variation of local mass transfer coefflclents paral-

lel and normal to the direction of flow may be explalned by

consldering the interaction of the two modes of convection.

Project III.: Tiie Role of Ionic Migration in Electrolytic

Mags Transport; Diffusivities of [Fe(CN)6]5"
an¢ [Fe(CON),]*™ in KOH and NaOH Soiutions.

The role of migration in lonic mass transport 1s dis-
cussed, and a rigorous method 1s presented for the evaluatlon
of the contribution of migration when a constant potential
gradient can be assumed to exlst in the mass transfer boundary
layer.

The influence of supporting electrolytes 1s shown to
depend on the relative mobllities of all ionic specles present
in the solution.

Theore :al results are applied to the K3[Fe(CN)6] -

K [Fe(CN)G] - KOH or NaOH systems. Limiting currents were

4
measured by a rotating disk electrode, and the apparent diffu-

givities calculated from these measurements were corrected
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taking into account the influence of the presence of noareacting
lonic species. It i1s shown that the corrected product, Du,

1s censtant over a large range of concentrations

r [Fe(CN)G]S', 2.40 x lO'lo(cmz/scc) poise/°K

D
T
for [Fe(CN)6]4-, %#- 2.02 x 10'10(cm2/sec) poise /°K.

Project IV.: Mass Transfer in Concentrated Blnary Electrolytes.

For a multicomponent system the diffusion law
can be expressed in the form
cyc
¢ Vi, = RT }: Ay, - zi),

CmDy 1 '
T1
i J

where |y, 1s the electrochemical potential and vy the average

11 is a diffusion coeificient .
oJ

accounting for the interaction between specles i1 and J. This

velocity of species 1 and »

alffusion law 1is self-consistent and can ke used to develnp
equations in a form useful for electrochemical transport
problems.

It 1s suggested that the concentration and temperature
dependence for ion-solvent interactions 1s described by

uo,, = KT/A,

and for ion-ion interactions is
= k7 |¥YC
up, _ = kT \/;T/G
where U i1s the viscoslty and A and G are approximately constant. »
Project V.: The Solubllity and Diffusion Coefficient of Oxy-

gen in KOH.

The solubllity of oxygen 1n aqueous KOH solutlions has
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been measured by a Van Slyke apparatus and by an absorption
technique developed by Hildebrand. In the range of concentra-
tion of KOH between 0 and 12 N, at 25°C, the two methods
yielded identical results:

log S = .1746 C + log 1.26 x 1072
where .1746 1s the solubllity coefficient, S = solublility of
oxygen, gram-moles per liter, and C = concentration of KOH,
gram-mcles per liter. The solubllity was found toc decrease
with increasing temperature, in dilute solutions, and to in-
crease wlth temperature in concentrations of KCH higher than
8.25 normal.

Diffusion coefficlents of oxygen in aqueous KOH were
evaluated from the limiting current of oxygen on a rotating
disk electrode, and also by a stagnant tube technique similar
to that used by von Stackelberg. The diffusivity drops sharply
with increasing KOH concentration, and increases with tempera-
ture. At 25°C ani concentrations higher than 2N KOH, the
product of the diffusivity and the viscosity is constant:

Dp = 1.30 x 1077 gram-cm

where D is the diffusivity, cmz/sec, and 4 1s the viscosity
in poise. At 60°C the value of this product is
Du = 1.88 x 1077 gram-cm

and 1s constant for concentrations higher than 1 mole /liter.
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Project VI: TJTonic Mass Transport and Current Distribution

in Channels at High Velocity ™.ow.

As a tool for extended and refined investigations into the
nature of superimposed free and forced convective mass transfer
at electrodes, a combination of a high-capacity liquid circula-
tion loop, a controlled current source and an electric measure-
ment system has been deslgned and constructed.

The certral element, the electrode flow cell, consists of
a rectangular channel of 15 by 2 c¢m cross-section containing
40 cm long plane parallel electrrdes of 600 cm2 area, each,
separated by a porous diaphragm. Alternatively, 3 flow cell of
5 by 2 cm cross-section conta’ning two electrodes of 180 cm2 area,
each, can be used. The cathodes are divided into insulated,
coplanar sections which allows measurements in axiai or lateral
directions. The electrolyte circulation system can provide 1
linear velocities along the electrodes of up to 450 cm/sec¢, cor-
responding to Re = 70,000. Special attention has been given to
the design of the inlet section of the flow cell.

A regulated d.c. power combired with a linear current ranp
generator has been designed and constructed. This source can
provide any current maximum up to 100 amp 1n a preset time range,
between 1 and 20 minutes. The section current measuring device
has been modified to ensure equipotential conditions at the
cathode, within %1 mV.

The electric measurement system allows simultaneous record-

ing of total current, sectional current densitles, local
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reference electrnde potentials and electrolyte flow rate.
The entire cell system, power supply and measuring cir-
cultry 1s presently subjected to extensive calibration and

evaluation procedures.

Project VIIt Transport Properties of Cor.centrated Electrolytic

Solutlons.

Avallable data on transport properties of binary electro-
lytes have been used ioc ecalculate DiJ coefficlents as defined
by Mewnan, Bennion, and Tobias. The concentration dependence
of conductivities of various systems corrected for viscosity
Indicates that the development of a more generally useful method
for:the predlction of transport vroperties in binary and mul-
tlcomponent systemsg requires more reliable and more extensive
data on diffusion coefficients,

Of the posslble methods of measuring diffusivities, the
rotating disk clectrode and a new type of restricted diffusion
cell which uses interfzrometry for the detectioun of concentra-
tlon gradlents are shown to be most promlsing for obtalning
preclse data because 1t is possible to Interpret the measure-
ments with rigorous mathematical analysis. Therefore anr im-
proved rotating disk apparatus (see Projeet III) and a modi-
fl=d restricted diffusion cell with optical measurements which

are applicable to concentration solutions are presently under

development.

R
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¢. LECTURES, CONFERENCES AND REPORTS

1. Iectures:
Tobias, C. W. "The Solubility and Diffusion Coefficlent of
Oxygen in KOH"; contribution to the discussion

of oxygen electrodes, on the Sixth Advisory

Group for Aeronautical Rusearch and Development

Combustion and Precpulsfon Collogquium, cannes,
France, Marcn 15-18, 1S064.
Tobias, C. W. "Convective Mass Transport in Electrolytes";

Symposium on Mass Transport in Electrocnemical

L]

Processes, a keynote address at the 125th

National Meeting of The Electrochemlical Soclety,
Toronto, Canada, May 3-7, 1964.

Newman, J. S. "The Flow of Charge and Mass Through an Agi-
tated Electrolyte"; Symposium on Mass Trans-
port in Electrochemical Processes at the 125th
Natlonal Meeting of The Electrochemical Society,
Toronto, Canada, May 4-7, 1964.

Bennion, D. N. "Current Distribution at a Gas-Electrode-
Electrolyte Interface"; Symposium on Fuel Cells
at the 126th Meeting of The Electrochemical
Society, Washington, D.C., October 11-14, 1964.

Hickman, R. G. "The Effect of Buoyancy Forces on Forced Con-
vection Ionic Mass Transfer at Horizontai

Eler crodes"; Symposium on Mechanism of Electro-
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deposition at 176tt 'eeting of The Electro-
chemicai Soclety, Washington, D. C., October

11-14, 1904.

2. Conferences:

June 23, 1962 - Fort Monmouth, New Jersey.

Organization represented: U.S. Army Electronics Re-
gearch and Development Laboratorles; Department of
Chemical Engineering, University of California, Berkeley.
The meeting was held to review the status and future
plans for this research program.

April 17, 1963 - Fort Monmouth, New Jersey.

Organizations represented: U.S. Army Electronics Re-
seasrch and Development Laboratories; Department of
Chemical Engineering (Charles W. Tobias), University of
Caliiornia, Berkeley. The meetling was held to review
the status and future plans for this research program.

August 20-21, 1963 - University of California, Berkeley.
Organizations participating: U.S. Army Electronlcs Re-
search and Development Laboratories (Mr. John Murphy);
Department of Zhemical Engineering, University of Cali-
fornia, Berkeley.

August 6, 1964 - University of California, Berkeley.
Organizations participating: U.S. Army Electronics Re-
search and Development Laboratories {Mr. John Murphy);
Department of Chemical Englineering, University of Cali-

fornia, Berkeley.
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3. Reports:

Quarterly letter reports:

Report No. 1 - 30 June 1962

Report No. 2 - 30 3September 1962
Report No. 3 - 31 December 1962
Report No. 4 - 31 March 1963
Report No. 5 - 30 June 1963
Report No. 6 - 30 September 1963

Report No. 7 - 31 December 1963

Report No. 8 - 31 March 1964

Report No. 9 - 30 June 1964

Report No. 10 - 30 September 1954

Report No. 11 - 31 December 1964

Report No. 12 - 31 March 1965.

Technical Reports:

Report No. 1. "Investigation of Ionlc Diffu-
sion and Migration by a Rotating Disk Electrode", by
Stanley L. Gordon (M.S. Thesis), issued May 15, 1963.

‘Report No. 2. "The Effect of Buoyancy Forces
on Forced Convecvion Ionic Mass Transfer at Horizontal
Planar Electrodes", by Robert G. Hickman (Ph.D. Thesis),
1ssued December 1, 1963.

Report No. 3. '"Phenomena at a Gas-Electrode-
Electrolyte Interface", by douglas N. Bennion (Ph.D. Thesls)

issued June 1, 1964.




lif

Section C. Page 14.

Publications:

The results of investigations under thls contract have not
as yet been puvlished in the open scientific literature.
Papers with contents closely similar to the deascriptions of
projects, will be submitted tc Journals following the

issuance of this report.
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PROJECT I.
Current Distrihution at a Gas -
Electrode-Electrolyte Interface

a) Experimental Treatment

Introduction

Many of the possible fuels and oxidants proposed for use
in fuei cells are gases. To galn an understanding of elec-
trodes irnoliving gase.us reactants, anaiysis of transport
ph2nomena at gas-electrcde-electrolyte interfaces 1s necessary.
Various stuciles of porous media involving only electrode-
electrolyte interfaces have been presented recentlyl’2’3’4.
The presence of a gas phase provides additional probiems which
are to be considerad here.

Porous electrodes are used to increase the reaction area
per unit voiume and, in the case of gaseous reactants, to pro-
vide separation between gas and electrolyte. In such =lec-
trodes, many simultaneous and ccrisecutive processes occur,
and the nature and exftent of the actual reaction area within
the pores 1is not well defined or understood. A plarne elec-
trode partially immersed in an electrolytic solution offers
a simpler system for studying the behavior of gus electrode-
electrolyte interfaces.

In 1957 Wagner5 suggested that a thin film of electrolyte

might exlst above the visible meniscus on the surface »f a

partially _mmersed electrode. From his calculations it




j
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appear2d us 1f the electrode surface contacting tnis thin
film might contribute appreciably to the charge transfer reac-
tion.

Weber, Melssner, and Sama6 performed experiments using
an oxygen cathode to study the reaction rate distribution.
They did not consider the possibillty of a thin film above the
intrinsic or readlly visible menlscus, and copper oxide
formation may have influenced their experimental results.

W1117’8 has performec¢ experiments with a hydrogen, sul-
furic acld, and platinum system. For a give applied over-
potential, he observed the varlation in current with the
length of platinum extending above the ligqulid level of the
electrolytic solution. Will concluded that a thin film did
exist above the 1ntrinslic meniscus ani that most of the
current was transferred into the film 1n a narrow region
adjacent to the upper edge of the menliscus. He zlso showed
that surface migration of hydrogen along the platinum was
not a significant modc of mass transfer. Diffusion of hydro-
gen through the film was determined to be the rate controlling
step. Thilis was the first really definitive experimen. to show
the role of thin electrolyte films. However, as the platinum
electrode was extended further and further out of the electro-
iyte, new area on which an electrolyte f1lm could exlist was
produced. Thus, the f1lm geometry and resulting current
distribution changed during the course of an cxperiment.

Qur work has been undertaken to obtaln a wmore quantita-

tive descripticn of the reaction rate dlstribution and to




Section D., Pro,ect I, par. a) Page 18.

inveatigate the role of the thin fllm durlng oxygen reduction.
For the experimental work, oxygen gas, aqueous 3.5 molar KOH,
and elther nickel or silver electrodes were chosen.

Experimental Equipment and Procedures

The objective was to measure the varlation of current
density along a partially immersed electrode reiative to the
bulk electrolyte sﬁrface. In order to accompllish this,
sectioned electrodes9 were employed. The sections must be
ingulated electrically from cne another, and the insulating
separators should no’ significantly disturb the geometry of
the thin liguid rilm on the surface of the electrode. Also,
the sections of the metal electrode must be at the same
I "=ntial.

In order to satisfy these requirements as closely as
rossible, only two sectlons and a single separation were
used (se2e Figure 1). With this apprcach, the variation in
the current from each sectlon could be measured as a function
of ihe distance, AL, of the bulk electrolyte level below the
separation (see Figure 1). The sur of the two currents
equals “he total; therefore, only ore of the currents is
Indepenceat. In order to compare the results of different
total currents mor: easily, the percert current out of the
top section, defined as %C.0.T. = (Current out top section)
(10C) /Total Currenc), was used as the independent variavle.

The experimental procedure 1involved determination of
the %C.0.T. as a function of AL at various total currents

on nickel and silver electrodes. To determine the actual
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current density variation one plots the #C.0.T. vs. AL and
takes the slope of this curve. The slope at a glven value of
AL, in cm-l, times the applied current, I in pA/cm, gives the
transfer current cdensity at a helght AL above the electrolyte
level. The readings were consistent to within 3% for a
single run except at the liwest current leve.., when varia-
tions up to 10% of the measured current were inherent in

the circult design.

To avold edge effects a cvlirdrical electrnde was used.
The working length of the electrode was approximately 12 cm;
tnl was found to be long enough to avold appreciable end
effects at the top and bottom. The electrode was constructed
using a cylindrical plexiglass spindle over which two cylin-
ders of nickel® (or silver ") were slipped (see Figure 2).
These were separated rv a thin "gasket" made from a sheet of
oriented polystyrene 25 microns thick. Thils thickness was
necessary to insure that no metallic electrical conna2ction
occurred between the two sectlons.

In order to avold the possibllity of systematic errors
and to confirm the reproducitlility of the data, 2 different
silver cells and 5 separate nickel cells were bullt. The
procedures in constructing the separations in the working
electrodes (such as rounding the corners of the electrode

where 1t contacts the insulating jacket) were modified

The nickel was 99.5% pure. The principal impurities
were Mn and Fe.

¥* *
The silver was 99.95% pure.
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slightly to see if the results were atfected. No effects

on the results were noted from these changes. For one of

the silver electrodes, runs were also made with the 25 micron
thick polystyrene gasket replaced by a separator made from
filter paper approximately 70 microns thick. This was done
to check the results for any dependence on the nature of the
material used as the separator.

The cell consisted of two cylindrical compartments as
sihown in Figure 2. The cylindrical electrode spindle des-
cribed above was screwed into the left-hand compartment.

In the right-hand compartment, nickel screens ce:rved as the
couriter electrode. The reaction at the working electrode was

O, + 2Hy0 + 4™ = 40H™.

The reaction at the counter electrode was Jjust the reverse
of the above reactlon. The reactions were driven externally
by a constant current power supply.*

The two compartments mentloned above were counnected to
a storage reservolr, not shown in F’zure 2. By carelully
adjusting the helight of the storage reservolr, the liquid
level in the cell compartm.nts couid be accurately adjusted.
The value of AL was determined by measuring the helght of
the bulk liquid and the helght of the separation, to (.05 um,
using a cathometer.

The electrolyte entered the working electrode compart-

ment through radlal holes drilled in the lower part of the

Electronics Measurements, Inc., Constant Current Power
Supply, Model C612.
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plexiglass spindle. This provided for an axially symmetric
electric fleld. To align the electric fileld more nearly
parallel to the electrode and to reduce convection effecrts,
a precision-bore glass tube was placed over the electrodc
as shown in Figure 2. The bulk electrolyte was confined

in an annular space about 1 mm wide. The bottom of the
meniscus was used as the reference level for measuring AL.
The distance from tr.e bottom of the meniscus to the top of the
apparent or "intrinsic" meniscus was in the range of 0.6 -
1.1 mm. The electrolyte in the cell outside the Jacket did
not participate in the reaction and need not be considered.

Convection currents in the electrolyte below the menis-
cus would tend to give abnormally high carrents from the
bottom section. Tha glass Jjacket which conflined the elec-
trolyte next to the elszctrede in an annular region reduced
this effect. Smaller spacing would have reduced the proba-
bility of convection furtherlo, but this would have caused
varlations in the annular space. The value chosen was con-
sidered to be a suiltable compromise.

The readings were sensitive to the surface conditions
of the electrodes. If any oxlde formed on either the nickel
or silver electrodes, the results were not reproducible.
Care was always taken that, following poliishing®, the elec-

trode was immediately placed in the cell ard cathodically

*
Of the various polishing compour is, "Flow-five" aluminum

oxid; proved to be the most satisfactory.
Although the roughness of gurfaces was different depending

on the polishing compounds used, no significant differences
in the pattern of current distribution resulted.

St : R g S k=

-
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polarized tc prevent oxlde formation. The current was in-
creased tc approximately 200 ma ylelding vigorous hydrogen
evolution. During the 24-48 hour cleaning period, the
electrolyte was changed each 2-5 hours. The cleanliness

of the surface was considered satisfactory when, upon lowering
the electrode level, the surface remained uniformly wetted.

Elec*rolytic contact was made to a Hg, HgO reference
electrode through a hoi: drilled lengthwlse down the spindle
and out through a small hole at the bottom of the metal elec-
trodell. Electrical connection to the bottom secticn of
the electrode was made with a nickel rod down a hole in the
spindle. A stailriless stell screw went through the electrode
and was threaded into the nickel rod. The electrical connec-
tion to the top section was made by a nickel plate in the
bottom of the cap. When the cap was screwed down, the nickel
plate pressed down on the upver electrode section and completed
the contact. The resistances due t» these connections were
less than 0.1 ohm.

Fflgure 3 shows a schematlic drawing of the electrical
circuit. Before the measurements were started, the variable
resistors* were set at zero; the two electrode sections were
then shorted togather and thus were at the same potential.
When measurements were to be made, the resistances were in-
creased untll a measurable voltage drop** was obtalned. When

properly adjusted, the potential drop across each resistor
»*

General Radlo type 1432-U or 1432-K decade resistance
boxes were used.

¥ This voltage drop was measur..’ using a Kelthly Model
149 milli-microvoltmeter.
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was equal. As small a voltage drop as practlical was used

so that errors in balancing wou'd be negligible. These poten-
tial differences varied between 10 and 1000 microvclts for

the lowest and highest total appiied currents. From the
voltage drop and the known resistance, the current from each
section could be calculated. The potentlal of the worklng
electrode with respect to the Hg, HgO reference cell was
measured with an electrometer*.

The start-up procedure was to refill the cell with 3.5
molar KOH, begin bleeding in O2 saturated with water with
respect to 3.5 molar KOH, and to set the total current at a
fixed level. The liquld level was then lowered to below the
lowest value of AL desired. The cell was left for about 15
hours to allow the liquid film to drain and reach an equili-
brium thickness. The level was next ralsed a small distance
and a set of readings taken. After each set of readings,
the level was ralsed again and in thlis manner a series of
readings for different values of AL were obtalned. Observa-
tions were made at thirty-minute intervals which was suffl-
clent to allow steady state condltions to prevail during
readings. At each elcctrolyte level the value of %C.0.T.
could easlly be calculated.

Experimental Results

Exploratory experlmentse showed12 that sl'.ortly after the

electrolyte level was lowered, a thin electrolyte film was left

Kelthly Model 610R electrometer was used here. Its
internal resistance 1s rated at 1C14 ohms or greater.
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behind on the exposed electrode, the fraction of current from
the upper section was very high tut that 1t dropped off with
time. Thils decrease with time continued for up te 90 hours,
after which a steady state value remalned as long as the run
wag continued, for several more days in some cases. This
behavior was attributed to the draining of the electrolytic
film which was 1nitially thick but became thinner as draining
progressed. Thicker films have a small resistance and thus
tend To allow penetration of the current higher into the film.

Simple optical observatlions were made 1n an attempt to
observe the film and determine its thickness by light inter-
ference techniques. The exlistence of the film was confirmed
by the observation of weak interference colors when white
incident light was used and by the observation of a "wake"
when a small corner of tissue paper was drawn over the sur-
face. Quantitative measurements of the film thickness were
beyond the scope of this work. Mﬁllerl3 has made a detailled
investigation of the optical properties of thin electrolytlic
filus on nickel electrodes and found that 1n the range of
2 to 5 mm above the mehiscus the fi1lm thickness 1s in the
order of 1 micron for 3.5 molar KOH.

Plots showing %C.0.T. as a function of AL are shown in
Flgures 4, 5, and 6 for 4.84, 15.4, and 48.4 MA /cm applied
current, respectively. Flgure 7 shows She observed depen-
dence of the electrode potential on the applied current.

A feature to be noted 1s that at higher currents the

reaction tends to be concentrated nearer the top of thne
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intrinsic meniscus. A comparison of the results for equal
app'ied currents shows that the reaction on nickel spreads
more into the film than c¢n silver.

One of the requirements of the sectioned electrode was
that the separation should not disrupt the film. This becomes
especially important when it 1is realized that the film is
about 1 micron thick and the separation is 25 microns wide.
Such a wide gasket obviously causes some distrotion. The
distortion can be broken down into three categories as follows:

1) Assume that the insulating gasket is perfectly flush
with the metal surface and that the film thickness does not
vary. The only error from such an ideal situation results
from no electrode reaction occurring along the insulating
section. Tnls inactive length of the film will act as an
"unnatural” resistance. If this occurs near the bottom of the
f1lm where the current migh% reach 100 pA/cm as a maximum
and if the film is one micron th!.x, tne "unnatural" resis-
tance will cause a potential drop of 4.2 millivolts. This
compares to a total potential drop 1n the film of about 140
millivolts.

2) Referring to case 1), the net effect of the separa-
tion might be such thoet the film appears to be thicker as
it passes the separation. For th!s situation, the "unnatural"
resistance wlll be lowered, and tie error will be less than
for case 1).

3) The situation might also be an effective thinning of

the film as 1t passes the separation. At worst, this thinning
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wlll occur along the full length of the separatlion. A thinning
of this type, for example, to one-fourth of the normal thlck-
ness, will increase the "unnatural" resistance so that,

using the example of case 1), the added potential drop would

be 19 mlllivolts. Such an added potential drop would cause

a shift in the results, such that less current would pass to
the upper section than on an uninterrupted surface.

The reproducibllity of the data was confirmed by using
different cells of slightly modified design. Similarly, no
change 1n the results was detecied by replacing the 25 micron-
thick polystyrene separator with a 70 micron thickseparator
made from filter paper (see Figures 5 and 6).

From these observations 1t 1s concluded that the film on
the separator was not significantly thinner than on the ad-
Jacent metal surfaces, and therefore, the maximum crror in
the current out the tope, due to the rresence of the separa-
tor, 1s estimated to be 3%.

Discussion

These experiments have confirmed that a stable, thin
film of electrolyte adheres to the electrode surface above
the top of the intrinsic meniscus. A large part of the reac-
tion takes place on the surface of the electrode exposed to
this film. The reactlion rate drops off very rapidly within
the visible meniscus and 1s very small along the electrode
aree. exposed to the bulk electrolyte. The obvious reason
for the decrease in reaction rate in the bulk electrolyte 1is

mas3 transport limitation of the molecular oxygen. However,
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the controlling feature in the tiim region can arise from two
source:.

7,8 concluded that the rate limiting step was the

Will
mass transfer of the gaseous reactant, hydrogen in this case,
through the f1im to the electrode surface. He also found
that the reactiorn rate dropped off very rapidly above the
"top of the intrinsic meniscus." The observations with tne
oxygen - KOH system show that the reactlon rate remalns appre-
ciable for several millimeters above the "top of the intrinsic
meniscus." In additiom, it is observed that the reaction
extends further up the film for nickel than ror silver.

It 1s also possible that the limiting step can be charge
transfer at the electrode surface. It 1s known that silver
is a better catalyst for the reduction of oxygen than is
nickell4. Thus one would expect that 1f the dependence of
charge transfer "overpotential" on current density were higher
for niclrel than for silver, the reaction would tend to "spread
out" or be distributed over a wider area, thus further up
into the film.

Both the charge transfer and mass transfer overpotential
tend to cause the reaction to spread out farther. It i1s the
resistance drop in the film which 1imits the extention of
the reaction up into the film. From either standpoint, if
the film were thicker, the reaction would tend to extend fur-
ther into the f1lm. Otservations made during the initial

*
stages when the film was draining conflrm this ar~ument.

* Measurem=2nts of {ilm thickness on sllver were not avail-

able at the conclusion of this work.
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1) The existence of a thin film of electrolyte above
the intrinsic menlscus on clean nickel and silver has been
confirmed. The thickness of this fllm 1is established as
being in the order of magnitude of the wave lengtl of visible
light.

2) For the cathodic oxygen elecirode, current density
distribution measurements on cylindrical nickel and silver
electrodes established that a large portion of the current
arises in the thin electrolytic film above the intrinsic
meniscus. The fractlion of current transferred as much as
10-20 mm above the bottom of the intrinsic meniscus 13 not
negligible.

Z) The thicker the film and the smaller the applied
current, the further the current spreads over the electrode
surface covered by the film. At a glven value of applied
current, the reactlon 1s concentrated nearer the 1lntrinsic

meniscus on silver than on nickel surfaces.

After the completion of Egis manuscript, an account of the
work of Yu A. Mazltov et al** has come to the author's atten-
tion. Current distribution along a silver wire in the reduc-
tion of oxygen in 10.6 N gOH was measured by the method
originally used by Wi1l/:®., Although thelr experimental ob-
gservations are in qualltative agreement with the results
presented above, the reader's attention 1is called to the use
of an uninterrupted cathode and the much shorter draining
times (3-4 minutes) reported by Mazitov et al.
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Counter electrode

Upper connection

Lower connection
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Current Distribution at a Gas -
Electrode-Electrolyte Interface

b) Theoretical Treatment

Introduction

An experimental studyl in this laboratory has shown that
on partially immersed gas electrodes a thin fiim of electro-
lyte may exist on the electrode above the bulk electrolyte,
and when this film exlsts the electrochemical reactlon takes
place primarily on the surface of the electrode thch contacts
the thin f1lm.

By consldering several possible physlcal models Wagnerz,
in 1957, demonstrated the l1lkellhood of the 1lmportance of thin
electrolyte fiims 1in actual ms electrodes. Since then,
various models have been proposed which attempt to dupllcate

4 .
3 wag abdle

more closely actual physical conditions. Will
to explain hls experimental results obtalned on partially im-
mersed, plane electrodes in terms of a theoretical model.

His model did not include consideration of charge transfer
overpotential, and the onlr transport property of ti.e elec-
trolyte employed was the conductivity which he assumed to be
invariant. Grens gg_g&? in a model geometrically similar to
the one by Will included an Erdey-Gruz-Volmer type charge
transfer overpotentlal expression. Transport of lons by both
diffusion and migration 1s accounted for, and the movement of

water 1s assumed to occur only in the electrolyte phase.

Grens et al were able to show how systems can become charge
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transfer or mass transfer limited depending on the magnitude
of the physical parameters 1nvolved. Altuough variations of
transport properties were not considered, their model predicts
large concentration gradients in the thin film. It should be
noted that, of these models, only that of Will has been com-
pared directly to experiments, and that his model incorporated
features characterlstic of the hydrogen, sulfuric acid, plati-
num system.

The above theorles provide primarily a guide to under-
standing the detalled behavior of the electrode reaction
wlthin and near a thin electrolyte film which may exist on
plane, metal electrodes. Other models have been proposed
which attempt to explain the behavior of porous electrodes in
terms of certain assumed microstructures of the porous mtrix.
Some recent models by Gurevichs, Rockett7, Iczkowskia, and
Burshtein gg_égg, have incorporated the possibility of thin
film existing on the walls of the gas filled pores or cava-
ties within the electrode. OCf these, the one by Burshtein
et al 1s of particular interest, since it includes a trans-
formation of a rather sophisticated model into one where
equations developed for two phase porous electrodes can be

appliedlo’ll’lz. In Burshtein et al's model, a detailled

i

descriptioF 5? what 1s taking place within the thin film is
not undergaken, and a simple, linear relation between the
local ove}potential and the current beilng transferred is
assumed. ~

The theore}ical model to be presented here is one in

{

(it
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which the detalls of the fllm behavior are described. Our
model 1s to be for the oxygen, KOH, sllver system and 1s to
include a realistic charge transfer overpotential relation.
It also allows for varlation of electrolyte composition and
consequent changes 1n the solubility of oxygen and in the
transport properties of oxygen and KOH. Conslderation 1s
given to whether water transport¢ occurs 1n the gas phase or
the liquld phase. Direct comparlson of the theoretical
model and experimental results 1is deslgned to further our
understanding of the system and its controllling features.

The mathematical model

Geometric consliderations: The model describes an oxygen

half cell operating cathodlically 1n aqueous KOH electrolyte.
From the analysls of experimental results, 1t has been con-
cluded that a large portlon of the reactlion takes place in a
thin film whilch extends above the bulk electrolyte on the
surface of the electrode. Measurements of the film thlckness
by Miiller'13 show that the thlckness or this fllm decreases
with helght about the bulk liquld. However, the percent
change in thickness 1s small compared to the observed percent
changes in the reactlion rate over comparable distancesls.
In our model, to avold unnecessary nathematical difflculties,
the thin fllm 1s assumed to have a constant thickness, ©.
Since the current density was observed to spread out
over a comparatively large area, the current transferred in

thic vicinity of the curved meniscus 1s small compared to

the total current. This suggests that the preclse geometry
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of the meniscus 1s not importanti’s’é, Consequently, 1n our
model the thin film 1s assumed to change 1ts thlckness
abruptly, ylelding a hypothetical film (see Figure 1).

Mass trangport considerations: Mathematlcally, the

model 1s one dimensional. No variations in concentration,
¢, or current density, 1, across the width of the film i1s
considered. Oxygen 1s assumed to reach the electrode ULy
diffusion in the negative x directlion through the upper
film (see Figure 1). 1In the lower (bulk) electrolyte reglon
oxygen 1s aasumed to move only in the negative y directlon.
The consumption of oxygen through reaction at the eizctrode
1s treated as a homogeneous sink term (see eguation (10)).
The system 1s assumed to be at steady state. The over-
all electrode reaction 1s
0, + 2H,0 + 4e” = 40H .
The rate of reaction at the electrode 1s proporticnal to
the transfer current density, J. J 1s taken as positive
when the reaction proceeds from left to right as written.
In the thin film, 02 migrates tow .rd the electrode 1in the
negative x direction, OH 1ions move down the filu, and the
K" 1ons remain stationary at steadv =tite. The water can
reach a reaction site by two mechanisms or combinations
thereof. It can diffuse up into the fillm countercurrently
to the OH 1ons or condense from the gas phase onto the
f1lm surface and diffuse co-currently wlth the oxygen.

Convection ls assumed to be negligible.

FESsgemmess . ot o

(I

I

i

i i




Section D., Pr ject I, part b) Page 42

Equat.ons for electrolytic transport: Algebraically,

the lonic fluxes and water flux can be written as

N+a0,
N_=-1/F,
= - 1

No--zQN_,

*—-lo-. =..i “g

v =2 (N++N’ < NO) -———CF (l 2) . (1)

T T
By electroneutrality
= - ’
SRR (2)

Q is equal to unity 1i1f the water is supplied wholly by
diffusion up the film, and 1t 1s equal to zero if aupplled
totally by condensation from the gas phasc. It seems reason-
able that one mechanism or the other wil) be controlling
so that Q will be assumed to equal either one or zero. The
model 1s not suitable for fractional values of Q.

The equations representing the flow of current and move-
ment of the K' and OH™ ions have been discussed elsewherel4.

Incorporating the concentration dependence of the transport

properties, we obtain

-
K 28 c
i =-KV<D-1—?-HTVlua|‘K§_—+E:], (3)
*
v tT 1
. . I+ = *
N, =RV CUHH z, e,V (4)
o V. t* 1 . -~
N_=grr v VMdFz * oL (5)

§
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-z_z_eF Nveen . _hB Jvco (&)
KL V+A+V-BJC.:?,'I.
i vkT /W
L= - - (7)
T AV B
c c
* * - 0 B
%1 . t¥o om0 B (8)
+ - Crp Crp A+B
14

Values of A, B, and G for KOH are™ ":

8 8

A = 28.89x10 %cm, B = 8.63x10°° cm, G = 9.63x10°° cm.

Equations for oxygen transport: In the thin film,

oxygen diffusion can be represented by

O-.
P Lt v U VS (9)

The transfer current density, J, 1s equal to the oxygen flux
times 4F. It 1s assumed that Henry's law holds and that
p 1s the partial pressure of oxygen in atmospheres. Dl is
the diffusion coefficlent of oxygen at the concentration
of KOH existing at the point under consideration in the
film. The numerical calculations were easily adapted to allow
for the variation of D1 as a functlon of the KOH concentra-
tion at different positions in the film.*

In the lower or bulk electrolyte region the following
equation applies to steady state oxygen transport.

2

°ey 3
D, T2~ I ¢ (y = 0). (10)
v

For the diffusion coefflcient of oxygen in KOH solutions,
gee report on Project V, pages 173-174.
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Equations relating current and overvotential®: A rela-

tionship between local overpotential and local transfer

current density, J, 1s still needed. A review of the litera-

15,16

ture or the kinetics of the oxygen electrode indicates

that a generally accepted kinetic description for the oxy-

gen electrode 18 not yet availablel7’18’19. Based on work

by Krasilshchikov, Nefodova, Belina, and Andreevacl?21:22,

£23,24,25 and work by Bogotskii and Yablokovaaﬁ, a sequence
of elementary steps emerges which seems to be satisfactory
for use with Ag, Au, and Hdg electrodes. From this reaction

sequence, summarized by Vetterlﬁ, the following kinetic ex-

pression can be developed15

4(a-1)FN  4aFT)
o RT RT (11)

- e 3

where k is a constant, square brackets indicate the acti-
vity of the enclos=d specles, and M is the overpotential
defined as the potential of the working electrode compared
to a reversible oxygen electrode iocated Just outside the
double layer. For a silver electrode in alkaline solution

a = 0.625, A = 0.5, v = 0.5. (12)

27,28,29,30

Work on carbon electrodes also seems to sup-

port the above mentioned reaction sequence. However, infor-
mation regarding the kinetics of oxygen reduction on nickel
is quite contradictory. The surface oxides of nickel form
at about the same potential at which oxygen reductiocn takes
place and a generally applicable reactlon sequence or kine-

tic rate expression does not appear availablel7’18’5l’32'

* A more detailed discussion and references are given in
an Appendix (page 56 ).
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Because of the lack of avallabllity of a sultable kilnetic
expression for the reduction of oxygen on nickel, no attempt
is made to apply the present mathematical model to the nickel
electrode.

Two relations are needed in addition to the equations
already mentioned. Since charge must be conserved, the
transfer current density, J, and the current density 1in the
solution, 1, whic’: 1s assumed to vary only in the y direc-
tion, are related by

di
dy’

dl

J=-0 (yz0); J=-4A a (v s 0). (13)

It 1s convenlent to replace the potential of the reversible
oxygen electrode by that of a Hg/HgO reference electrode with
regspect to the working electrode.

Actlvitles used in kinetlc equation: The activitiles

of the reactling species are assuued to be represented by
the following:

[02] 1s assumed to be the concentration of oxygen with
unlt actlvity telng the concentratlion of oxygen in equllil-
brium with gaseous oxygen at a partial pressure cf one at- :
mosphere. In the numerical work it was possible to allow

the solublllity of the oxygen to depend on the concentration

1)

2
of KOH.

As reported under Project V (page ), the solubllity of
oxygen at 25°C in aqueous KOH as determined in thils labora-
tory may be represented by

= (1.18 x 10™°mol/liter) exp(-0.405 c),
concentration of KOH, moles/liter.

€1
where ¢
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[OH"] 1is assumed to be the seme as the mear ionic acti-
vityv, a, of the KOH. The activity coefficients were taken
fror. Robinson and Stokeszg. The activity at a KOH concen-
tration of 3.866 molar 1s taken to be unity.

[co] 15 assumed to be ths concentration of free water.
Thls 1s determined by subtracting from the total water con-
centratlion the concentration of water that i1s associated
with the KOH 1onsls. Unit activity 1s asaumed to be the
actlivity of water in 3.866 molar Kuil solution.

Numerical Solution

There are 5 dependent variables, c, Cys J, M, and 1.
These are related by equations (3), (4), (9) or (10), (11),
and (13). Equation (9) is used in the upper film and equa-
tion (10) in the lower region. Equation (14) allows one to
convert from T} to ¢ when desirable. Since the equations are
8lightly different for the upper and lower secticns, the
two sectlions are solved for separately and their boundary
conditlions matched, l.e., the potential and current are con-
tinuous in the eicctirolyte.

The boundary conditlons at the top of the upper film
are:

y —» + o, | -— 0 and 1 ~— 0.
The bounda:y conditions at the bottom of electrode are:
at y = bottom of electrode, T = no or 1 = io‘
The equations are nonlinear, 1lst and 2nd order differ-

entlal equations. They were transformed into flnite d4if-

ference form and solved numerically using an IBM 7090
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digital computer. In a numerlical sense, it wac possible

to gsolve the equations for the thin film region ezactly.
That 1s, no iteratlons were necessary. Thls was accom-
plished through an appropriate change of variables. In the
lower sect_on, 1t was necessary to linearize the equations,
put them in matrix form, and solve the matrixls. The non-
linearities were mild and only three or four lterations
were necessary. The method appeared to be stable and to

converge rapldly to the correct answer.

Theoretical Results and Comparison with Experimental

Observations.

Explanatlon of figures: The experimental results are

summarized in Figures 2 through 6. A comparlison between the
calculated varlation of current above a fixed polnt on the
electrode, AL, and the experlmental observations corres-
ponding to simllar conditlions 1s given in Flgure 2. Ex-
perimental observatlons at 48.4, 15.4, and 1.4C uA/cm were
presented 1in Part a, Fl1g.4-G. The agreement of the theoretl-
cal results with the experimental recsults for the sllver
electrode 1s equally as good as the best curves drawn in by
hand to represent the data. No experimental data are avall-
able for the voltage variation in the film.

Flgure 3 shows the theoret’ . 1 variation of potentilal
and the percent current above a flxed point on the electrode
as a functlon of applicd current. Flgurecs 4 and 5 present
the current denslty varlation aiong the electrode. The

curves 1n Figure 3 are the integrals of the curves 1n

i
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Flgures 4 and 5 for corresponding total applied currents.
Figure 6 shows examples of concentration variation in the fllm
as a functien of electrode height. A comparison 1s made
between the concentration variations for both modes of water
transport to the reaction sites.

Current distribution and the square meniscus assumption:

AL 1s the independent variable used in the experimental
work which indicutes position on the electrode relative to the
bottom of the.intrinsic or visible meniscus. The variable ¥
13 used in the theoretical work to in..cate position along
the electrode relative to the sudden, right angle widening of
the thin film. 1In order tc make direct comparison between the
two approaches, y and AL must b. properly ielate '.

The distance from the top of the interinsic meniscus over
which the current density remalns appreciable 1s to be nr -=d.
Even at the lowest currents observed (1.45 MA/cm), the area
lying under the level of the bottom of the intrinsic menlscus
contributes less than a third to the total current. At the
highest currents observed (154 wA/cm) this fraction falls to
below a hundreth. The discontinulty of the current density
distribution curves at AL of 1 mm (see Figures 4 and 5) re-
sults from the square shaped meniscus used in the model. 1In
reallity, the transition from the charge transfer and conductance
corn'rolled region in the film to the oxygen mass transport
controlled aree below the top of the intrinsic meniscus and
then drops off rapidly as the film begins to thicken from ap-

proximately 1 micron to a thickness in the order of 1 mm at
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the bottom of the intrinsic meniscus. The reprion of high cur-
rent density at the bottom of the thin film contributes a large

portion of the total current. However, the reaction reuwalns

appreclable for several millimeters above tihe intrinsic meriscus.

Due to the large area avallable in the upper film, the contri-
bution to the total surrent from that reglion 1s appreciable.

In matching the theoretical and experimental current
distribution curves, it was found that y = O corresponded tCo
a AL of 1 mm. This implies that at one millimeter above the
bottom of the intrinsic meniscus the film thickness 1s suffil-
cient to cause oxygen transport to become controlling.

A theoretical treatment using a curved menlscus and a
tapered film 1is posusible. However, 1t appears this would
greatly increase the numerlcal complexity due to a second geo-
metric dimension. Such a modification 1s not expected to yield
significant further information or insight. It is established
by experimental evidence1 and a reasonably realistic, theoreti-
cal model that an overwnelming proporticn of the current ori-
ginates well abcve the bottom of the 1ntrinsic meniscus. The
changzs in the pattern of the current density distributlon
that can be expected if one substitutes a smoothly curving
meniscus for the square meniscus are not expected to be

appreciable.

Effect of exchange current density, 10: Of the parameters

which appear in the numerical calculations, many can be calicu-
lated from independent experimental data. Where values are

not avallable, reasonable estimates have to be made.
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The parameter known wlth the least certalnty 1s k in
equavion (11). When multiplied by the concentration term
raised to the appropriate power in equation (1i), k can be
identified with an exchange current density, io. A value for
1, of 1.76 x 1077 A/en” was found to "fit" the data the best.
However, this could be varied by plus or minus three orders
of magnitude with little effect on the position or shape of
the theoretical curve. Although literature reports on measure-
ments of 10 for the oxygen electrode vary widely, a compari-
son to the Tafel lines shown by Belina and Krasilshchikov®®
indicate that the value used is not unreasonabtle.

Effect of the film thickness parameter, 6: The theoretical

results were very senslitive to changes in the film thickness
parameter, 5. It should be remembered that in reality the

film tapers while the model assumed & to be constant. Since
the current extends furthe:r up the film at low currents, it

1s to be expected that the effective average film thickness

will decrease with decreasing total current.” The following

values of b were used for the indicated total applied currents.

I |1.48 wh/em [4.84 pA/em [15.4ph/em  [48.4 pA/em 154 A /em

o) 10.33 micron|0.43 micron!0,75 micronll.so micron!2.25 mi_.ron

The values 2f & used in the numerlcal =clutions are in reason-

able agreement with the average film thicknesses obtalned from

13,15 ey

Miller's

¥*
It should be remembered that at low total current the rela-

tive current distribution is more spread ouvt. Thus, the
averaging of the fl1lm thickness includes more of the thinner,
upper parts of film.
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As confirmed by our models, experimental observatlions
have shown tnat the current density distribution varies a
creat deal while the film is draining, i.e., while the film
thickness 1s dimishing with time. In tlhinning films, the
overall overpotential increases and the reaction spreads less

and less into the fi.im.

Influence of variable transport parameters and water trans-

port: In the present work, current distributions were
calculated both with constant and variable transport propercies.
Although the assumption of constant (average) properties did
not yileld significantly different distrlbutions, this finding
should be regarded as valid only under the speeciric experi-
mental conditions employed. By providing water to the reac-
tion sites through the film from the vapor phase, the steady
state concentration gradient in the film is quite mild compared
to the case when water transport occurs by diffusion from the
bulk electrolyte in the liquid phase (see Flgure 6).

The high concentratllion gradients which are predicted when
water 1s assumed to be transported only within the film cause
the KOH concentration to exceed the saturatlion limit. It is
suggested that in actual porous gas electrodes water 1s supplied
to the reaction site, at least ir part, by condensation from

the vapor phase.

Charge tra..3fer kinetics: The shape and position of the

theoretical current distribution curves also depends on the
reaction orders, a, A, and y. Thesae appear as the exponents

of the OH , H,0 and O, activitles, respectively, in equation
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(11).* The values of a, A, vy glven in equation (12) were based
on the reaction sequence, rate controlling step, (HOZ + e = HOé),
and valus of the transfer coefficient recommended by
Krasilshchikovle. There are, of course, = very large number

of reaction sequences and ra‘s controlling steps which mighi be
chosen. Caiculations Involving another mte controlling step

(02 Fe = Oé) yilelded a good fit of the experimental data

only when unrealistic values of L were employed.

Oxygen transport: Except Jor the region below the menis-

cus, oxygen transport should not be a limiting factor. The
numer’cal results snow that throughout and across the entire
length of the film, the activity of oxygen 1s very close to
unity**, i.e., nearly identical to the activity at the elecztro-
lyte-gas interface. However, once cne moves below the meniscus
where the diffusion path for the oxyvgen becomes large, the
nxygen actlvity drops qulckly resulting in the rapid decrease
in current density telow the top of the intrins‘*c meniscus.

Rate controlling process: Since our model shows that the

oxygen activity does .2i vary noticeably in the thin film,

1t vollows that the penetration of the reaction into the film

depends on a balance tetweer the charge transfer overpotential
and resistance drop 1n the electrolyte. As stated in Part a,

the qualitative differcnces between behavior of thz n*ckel and

eilver electrodes also suggest this to be the case.

¥ Note that the parameter a 1s relaied %o {(but not the same
as) the transfer coefflciint.

¥ It shoul: oe rememberecd thal altkouv,k c¢he activity remains
constant, the concenlration of oxrgen varles along the
length of the fi1lm due to the decreasing solubllity with
increasing KOH concentration.
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2 in his work witn the hydrcgen electrocde on plati-

Wiil
num found that t'e transport of hydrogen gas to the electrode
surface through the thin film was controlling, along with
ohmic resistance drop. except at very low currents. This is
not necessarily in contradiction with the results found for
the oxygen electrode.

The hydrogen electrode on platinum is much more reversible
than 1s oxygen on silver. Consequently, the concentration
of current in the immediate vicinity of the intrinsic meniscus
i1s rendered less possible in the case of oxygen, and charge
transfer overpotential along with the ohmic drop in the film

can be expected to control the current distribution.

Conclusions

l]. Oxyger. transport 1s not limiting in the thin upper
film. The current density distribution in this region arises
from a balance between charge transfer overpopential and
resistance drop in the film.

2. Below the intrinsic meniscus, the bulk electrolyte
region, the oxygen activity decreases rapidly due to the mass
transport lim’Ztations of dissolved oxygeg. Thus, the current
density is small in this region.

3. The high concentration gradients which result when
water 1s not supplied from the gas phase point to the desir-

ability of supplying water as vapor in the oxygen gas.
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Nemenclature

subsidiary transport propertieg defined so as to reduce
the concentration dependence i

mean molar activity of KOH = fic‘

) 3
¢, /v, = c¢_/v_ - concentration of KOH (mole/cm Jo

conc:ntration of oxygen (mole/cms)

saturation concencration of oxygen under a partial pressure
of 1 atm. (mole/cm3-atm).

concentration of K' (mole/cms).

concentration of OH (mole/cms).

concentration of water (mole/cnﬂ).

c, + ¢_+ c - total concentration (including solvent).

diffusion coefficient of oxygen in agueous KOH (cmz/sec).

molecular diffusior coefficient of KOH based on activity
gradients (cm@/sec).

electronic charge (coulombs).
symbol for an electron.

mean molar activity coefficient. (Values from reference
33 were used.)

Faraday's constant (coulombs/equivalent).
current density in the solution (amp/cmz).

exchange current density (amp/cmz).

transfer current density (amp/cmz).
kinetic parameter related to exchange current density.

flux of kT (mc‘ﬁ/cmz-sec),
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N_ - flux of OH™ (mole/cmz-sec).

N, - flux of H,0 (mole/cmz-sec).

p - partial pressure of oxygen (atm).

Q - one when HoO 18 transferred in liquid phase, zero when
HpO transferred in the gas phase

R - universal gas constant (Joule/mole-°K).

t* - transference numoer of specles 1 with respect to molar
average velocity.

T - absolute temperature (°K).

v¥ - molar average vebclity ( cm/sec).

X - %oogdinate perpendicular to the plane of the electrode

em) .

y - coordinate parallel to the electrode in the vertical
direction, the independent variable (cm).

2y - valence or charge number of species 1 ( negative for
anions).

a - kinetic parameter related to reactlon order of oxygen
and to the transfer coefficient.

v - kinetic parame*< - indicating reaction order of HpO.

& - film thicknes crons) .

A - wildth of annular el ztrolyte region below meniscus (cm).

I - overpotential referred to a reverslble oxygen electrode
(volts).

x - conductivity (mho/cm).

A - kinetic parameter indicating reactlon order of OH-.

k. - chemical potential of KOH ( Joule/mole). (RT in f, c).

L - viscosity (poise).

Ve, = number of cations per molecule of electrolyte.

v_ - number of anions per molecule of electrolyte.

Vo= v kY

o

- overpo?ential referred to a reversible hZ/Hg0 electrode
(volts).
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APPENDIX

Notes on the Kinetlc of the Oxyger Electrode

There has been accumulated a body of information which

suggests that hydrogen peroxide 1s an intermediate 1n oxygen

19-31, 34-38

reduction Although the evidence 1is fairly conclu-

sive for such electrodes as Ag, Hg, C, and Au, 1t appears that

there may be compcting sequences of steps on such electrodes as

17,31,34,37

Pt and Ni At thils point only the former category

of electrodes appears amcnable to a simple kinetic analysis.

A review of the above mentioned references indicates that
the assumption of the following sequence of elementary kinetic
steps is reasonable on Ag, Hg, c, and Au electrodes.

(1) 0, + M = MO,

(2) MO, + e~ = MO;

(3) MO + H,0 = MHO, + OH~

2
MHO, + e~ = MHO,

) Mo, .
(5) MHO2 + hzo = MHZO2 + OH

) MH0, + e” = MOH OH

) MOH+ e~ =M OH™
The M represents an adsorption site, and when assoclated with a
molecular symbol implies that th2 molecule 1s adsorbed. It
is possible for any adsorbed molecule on the right side of an
equation to desorb before reacting ln the next step. The Oé
and HO? are so reactive that this 1s unlikely. The desorption

of Hoé or H,0, (depending on the pH) could occur.

20, 25

However, there 1s evidence which indicates that on silver

e ——————— U L L eSS e e e
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and in alkaline solution the rate of desorption 1s smali com-

pared to reactlon by steps (6) and (7). It should be noted that

because the O2 and HO, radicals are very reactive, they have not

been positive ldentifiled.

It appears that the adsorption step 1s not rate controlling

and that either step (2) or (4) is rate determining. The cholce

appears to depend on pH and on the electrods material. For

silver in alkaline solution sten (4) appears to be rate con-
trolling. With these assumptions, the kinetic expression carn

be written as

a4+2

(ay-2)FN (a,+2)FN
4

4
1- —
[}izo]a4[on‘]( @) 1e RT  _, RT

J = k[OZ]

where J 18 the local transfer current density, ay is the trans-

fer coefficient for step {4), T is the local overpotential,

and k is a kinetic rate constant. Brackets signify the acti-

vity of the enclosed specles.
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PROJECT II.

Jonic Mass Transport by
Comblned Free and Forced Convection

The problem of hydrodynamic flow caused by density
gradients existing in the vicinity of working electrodes has
been the subject of numercus experimental and Lheoretical
studies (10,17,18,31,32). The complex nature of the role
of solution properties, geometric factors and c' rrent den-
sitles in the case of laminar or turbulent free convection
at vertical electrodes 1is reasonably well understood, and
satlsfactory quantitative relations describing the functional
relatlonships between pertinent process variables are avail-
able. Mass transport by free convection at horizontal
electrodes has also been treated, and although the convec-
tional mcde 1s not well understood in this zase, correla-
tion of variables in dimensionless form proposed by Fenech
and Tobias (10) quite satisfactorily predicts experimental
behavior. Free convection, because of the high velzcity
gradients generated in the boundary layer adjacent to the
electrode, provides a very effective mode of mass transport.
In so-called unstirred solution "equivalent" mass transfer
film thicknesses (29) in the order of a few tenths of
miilimeters are commonly encountered.

Examination of typical laboratory and industrial elec-

trolysis conditions revzsals that stirring (or bulk flow)
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rates are often not adequate to overshadow the effects of
free convection.

The scientific literature appears to be void of sftudies
almed at the clarification of the effects of combined free
and forced convection on mass transfer rates. A general
theoretilcal description of the convectional modes in the
presence of free and forced convection represents a formidable
task (2,12,24,30). Rudimentary experimentation on the analo-
gous heat transfer case in the 1930's (3,14,26) did not lead
to quantitative description of the phenomena observed. At-
tempts at correlating experimental results have been unsuzceas-
ful (1,20).

For the case of pure laminar forced convection experimental
and theoretical investigations have provided a reasonable
basls for predlction of lonic mass transport rates. Lin et al
(22) found that in the cell of annular geometry, limiting

currents on the outer electrode are well rerresented by

Nuy = 1-62 (Re.Sc.d/L)1/3 (1)

This equation 1s based on the Leveque approximation and is
applicable when the veloclty profile 1s fully developed in

the electrolyte approaching the leading edge of the electrode.
Jt should be noted that the equation appllies only when the
concentration profile 1s still not fulliy developed at the
tralling edge of the electrode. Except for e.tremely low

flow rates, this conditiorn would be met in typical situations
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involiving lectrode reactions. On the basis of Norris
and Streid's work on heat transfer in rectangular flat
ducts (25), one would expect the numerical constant to
change from 1:62 to 1°85 for the case of lonic mass trans-
port in laminar flow toplanar electrodes in rectangular
channels:
Nul = 1-85(Re.Sc.d/L)*/3 (2)

The present investigation was undertaken to gain some
insight into the nature of meass transport under combined
free and forced convection conditions. As an experimental
model, a horizontal channel type electrolytlic cell was chosen.
In such a cell, when the electrodes at which ions are con-
sumed (e.g., a cathode at which a metal is deposited) faces
upward, in the absence of bulk flow the electrolyte layer
adjacent to the electrode becomes unstable, and except for
the case of extremely dilute solutions. turbulent edaies are
formed. The distribution of eddles over the electrode sur-
face 1s statistically uniform, and as 1 conseqguence the
effective mass transfer boundary layer thickness over ex-
tended horizontal 2 ectrode surfaces does not vary with posi-
tion (11). 1In a typical case, the turbulent eddy motion
extends only a few millimeters from the surface; above this
distance any opporsing limiting surface has no noticeable
effec* on the transport rates (11).

Limi<ling currents in pure free convection extended over

horizontal aelectrode surfaces were successfully correlated
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by Fenech and Tobias (10), who found that

Nu! = 0-13(Gr ,Sc)t/3 (3)

L L3

represents the experimental values in the range of 108 < Qr.

Sc < 1°4 x 10

with a correlation coefficient of 0-094,
If one introduces a steady state bulk flow into a hori-
zontal electrolyzer, the viscous shear near the wails inter-
Teres with the development of the turbulent free convection
motion 1in the boundary layer. At the leading electrode edge
the mass transfer boundary layer thickness 1s zero, and only
at some distance downstream will appreciable boundary layer :
thickness develop. Eventually this thickness exceeds the
stability limit, and motion due to the gravitational field )
will begin. Proceeding further downstream, the boundary layer
reflecting the contributions of both forced and free convec-
tion reaches a steady state conditions. This qualitative
image of the transport process indicates that, unlike in the
case of pure free convectlon, current densitics will change

in the direction of flow - probably from a high initial value

at the leading edge to some steady state value downstream.

EXPERIMENTS
Limiting currents were measured 1n a cell that was de-
signed to yleld values of average and local mass transfer

rates over a broad range of the pertinent variables. The

.

cell had separate parallel flow channels for the anoiyte and
catholyte as shown in isometric section in Figure 1. The

channels were separated by a lucite plate, except between the

i
-,




..

Section D., Project II. Page 71.

anode and cathode, where a porous ceramic separator was used.
This separator permltted free passage of ions but inasured
that there would be no disturtance at the cathode by the hy-
drodynamic effects from the dissolution process occurring

at the anode. A saw-toothed profile was cut into the ancde
to minimize the possibility of reaching the saturation con-
ditlons at the anode during experiments with high concentra-
tions of copper. Thils possibillity was further decreased by
the dual set of channels which mads possible a higher flow-
rate past the anode than past the cathode. The 60 cm entrance
length necessary to always 1nsure a fully developed veloclty
profile was calculated by the methods propos=d by Han (15).
The flow channel dimenslions could be altered by placing
lucite 1inserts into the channel.

The cathode fit into a holder that was clamped to the
siade of the cathode flow channel, so that the electrode sur-
face was coplanar with the rest of the duct wall. This
holder could accommodate two types of electrodes: contlnuous
electrodes of various lengths for use in experiments designed
to yleld average mass transfer coefflicients and a sectioned
electrode (11,23) for use in obtaining local mags transfer
rates.

In the latter case, the general technique of cutting
the electrode intc segments, insulating the segments from one
another, and then measu._.ag the current flowlng to each seg-

ment. Withln the cathode holder were the electrode contacts,

b
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the low reslstance shunts for measuring segments currents,

and a switching circult for calibrating the shunt resistances.
Starting from the lezdinrg edge the segment lengths were 0°5,
0.5, 1, 2, 3, 3, 5, 5, 8, And 8 cm for a total electrode
length of 36 cm. The segments were insulated from one another
by 0°004 inc. polyethylene sheeting and electrically contacted
from the rear by twlist screws. The entire assembly was
fitted with la e wheels and mounted on rollers so that the
cell could be oriented with the cathode facing either upward
or downward. Thls feature was found to be very useful, as
will be shown later.

For the segmented electrode to truly represent the cor-
responding continuous electrode, 1t was important that the
segments all be coplanar and equipotential. The first condi-
tion was met by polishing the cegments to a coplanar surface
in a speclal Jig that held the segments in the same position
as they assumed in the cathode holder. The second requirement
could not be exactly met. ing the electrodiposition of
copper from the acld solution, the overpotential plateau at
1limiting current reaches approximately half a volt before
hydrogen evolutlon begins. Limiting current measurements
are made on the upper end of the plateau, so the electrode
overpotentlial 1s usually in the order of 400 to 500 mv. It
was arbltrarily decided that a satisfactory approximation
to an equipotential electrode would be one in which the poten-

tial of any two segments did not differ by more than two
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millivolts. With this approximation, measurements of the
individual section currents was stralghtforward. Very low
resistance shunts were introduced between a busbar and the
electrode segments. The potential drops across them were
selected sequentially amplified with a low noise D.C. ampl -
fier. ud then read ocut on a multipoint printing recorder.
This circuit 1s shown schematically in Figure 2. Contact
resistances between the busbar and the electrode segments
were Kkept to a minimum by silverplating all the mating parts.
Limlting currenc curves were plotted continucusly on an

X - y recorder while current was passed through the cell by
a programmed current source which provided a preset linear
increase of current with time. This device 1s described in
detall elsewhere (16). Electrolyte was continuously pumped
through both flow channels and 1ts flowrate was measured

with calibrated rotameters.

PROCEDURE

The following consecutive steps were made durlng the
performace of each experiment:

1. The cathode was polished with number €00-A silicon
carbide paper until all trace of the previous deposit disap-
peared. Surface was dusted with lint-free paper and degreased
with acetone.

2. Cathode was mounted i1n the cathole holder and the
holder clamped to the body cf the cell. Electrodes were

connected to the current source and measuring circuitry.
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3. The pump was turned on and the flow channels were
f1lled with electrolyte, carefully expelling all air bubbles.
Then the desired flowrate was set, current rate selected,
and the measuring circuits put into operation.

4. The current was turned on. When iimiting current
was reached, the following data were recorded: 1limiting
current, flowrate, electrode leng*h, channel cross section,
electrolyte used, measuring clrcults used, and electrolyte
temperature.

5. Following eacn run, the cell was disassembled and
preparations were made for the next experiment.

6. The burlk concentrations of species in the electro-
.yte were determined by standard techniques of analysis (8).

7. The scheme developed by Fenech and Toblas (10) was
used throughout to calculate the physical properties and the
d'menrslonlegs groups.

Table 1. Range of varlables covered.
The ranges of variables covered in thlis Iinvestigation were
as follows:

Electrode length(cm) -z, 0-5, 1, 2, 5, 10, 20,

30, 36
Channel cross section (cm) 2x10, 1 x10, 1 x8, 1x5
Viscosity (cpsg 1-12
Density (g/cmd 1-1-1-3
Velocity %om sec) 0-35
Poncentration of Cu(M) 0:01-0+45
Schuaildt number 600-12,000
Reynolds number 75-7000
Grashof number 105-1012
Electrode Length/Duct Diam. 0-05-20

— e
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QUALITATIVE OBSERVATIONS

From the appearance of the electrode deposits obtalned
on cortinuous cathodes, it was evident that there was a
considerable variation in current density In both the direc-
tion of bulk flow and in the transverse direction. Varlation
of current density in the direction of flow was, of course,
predictable from forced convection theory, but it appeared
that the magnitude and distribution of the nonuniformity
was quite different from that expected. A typical deposit
is shown in Figure 3. To explain the appearance of the
streaked deposit 1t 1s suggested that a secondary convection
effect was present which took the form of "wroll cells" with
a velocity profile similar to that shown in Figure 4 The
secondary convection results from an instability which 1s
caused by the density gradilent across the mass transfer
boundary layer. Such an explanation finds support in the
fluld dynamics and heat transfer literature (3,4,13,30).

It should be noted that the scale of perlodicity of the
electrode deposit was in the order of half a millimeter
after the roll cells have grown to a fully developed array
across the electrode surface.

On the basis of this observation, the significant length
in the Rayleigh number (equal to the product of the Grashof
and Schmidt numbers) which determines the stability of the
system should be the distance across which the density

difference 1s manifest. In the system under consideration

Lo
[
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here . *hls distance 1s the mass transfer boundary layer
talckne , 5. For flow between flat plates with a fully :
develcped velocity profile at the leading edge of the trans-

fer section, this is given by (21)

6 = A(d".x/Re.Sc) /3 (4)

Experimetuts were performed on a 30 cm electrode to
see how the onset of this secondary convection pattern was
influenced by *the bulk velocity of the electrolyte. From
egn. (4) 1t can be seen that 1f the physical and geometric
parameters of a system are held constant, & varles as (x V
(x/V)l/s. Therefore one might expect that the onset of
instabllity will occur at positions on the elecirode which
correspend to the same value of the Raylelgh number. Since
the Rayleigh number varies as the cube cof b, at some con-
stant value of b the position at which the vortice- begin
should be linear 1n the bulk veloelty. That thls 1s actually
the case 1s shown in Figure 5.

As might be expected, the presence of roll cells has a
pronourced effect on the local mass transfer prccess. In
the direction normel to the bulk flow, variations in deposit
thickness were measured by two optical methods. The first
were made on a microscope equipped with a movable stage thuat
could be located 1n two directions with an accuracy of one
micron. Tne barrel could be nositioned wilth the same accu- g
racv. Using 250 x magnification, the depth of focus was

reduced to about one micro', and a two dimensional relief of
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the surface normal to the direction of flow was made before
and after deposition. The thickness of the copper depnsit
was then obtained with an accuracy of 12 microns by taking
the difference of the two profiles. Representatlve depo-
sition profiles are shown in Figure 6. Within the accuracy
of the optical technigue employed, the measured average
thickness of thc derosits agreed with that calculated from
Faraday's law. The profliles indlcate that the character

of the depcsits caused by the presence of roil cells is
essentially independent of flowrate and deposition rate.

The physical nature of the grooves in the deposit was
also asserted by photomicrography. After prolonged (up to
one hour) 2lectrolysis at limiting current, electrodes were
metzllographically sectloned, transverse to the directlon
of flow and photographed at low-power magnification. The
photomlcrographs zave similar profiles to the one illus-
trated in Figure 6.

Local mass transfer rates in the direction of flow
were measured with sectioned cathodes. Typical smoothed
data ovtalned with this techrnlque are gilven 1n Figures 7
through 11. On each figure, a series of experiments with
the same electrolyte 1s shown, the lndependent variables
then belng 1limited €o the veloclty and electrode orienta-
tion. With the cathode facing upward, both convectlve pro-
cesses are operative, whereas the inverted position causes
stratification of the electrolyte during deposition and

only pure forced convection occurs. The natural convective

i
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contribution to the local mass flux can therefore be . b-
talned as the difference between the curves for the two
cell corientations.

The following observations and comments can be made
regarding these curves:

1. At the l2ading edge and for some distance down-
gstream, the current density distribution 1is 1ndependent of
the elect:r de orientations.

2. At some positlon downstream from the leading edge
a considerable increase of current density above that for
pure forced convect.on occurs for the orientation resulting
in superimposed free convection. The positlon of current
r_.se was always found to correspond to the appearance of
the streaks 1n the deposit.

3. Regardless of the velocity of flow, for a given
electrolyte with the cathode facing upward 1t appears that
the ralue of current density far down the electrode reaches
or approaches the same steady state value. On many of the
experiments the eiectrode was not sufficiently long to al-
low this value to be reached.

4. TFor syatems with relatively large Rayleligh num-
bers (i.e., systems with low velocity [see eqn. (4)], high
density differences [high copper cencentrations]), and low .
viscosities), the increase in current density above that
for the pure forced convection case occurs closer to the

leading edge.
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5. Even at high laminar Reynolds numbers, natural
convection can play a very lmportant role. If the electrode
1s sufficliently long, it can be expected tc dominate the
mass transfer process.

6. In many of the experiments dominated by free convec-
tion, the 1nitial rise in current density is not maintailned,
but gradually declines to rome lcwer value farther long the
electrode. This behavicr 1s particularly marked 1. systems
with a high Rayleigh number, where the character of electrode
deposits after the onset of roll cells gradually chbanges
from well-defined streaks to no strezaks at ail. This sug-
gests a %transition to a turbulen’ mode of free convection
near the interflace as the mass transfer boundary layer
increases (higher Rayleigh number). In experiments where
the streaks ret _ined their identity for the full length of
the electrode, a drop in currunt density 1s stil" present,
suggesting that the initial vortex movion 1s in unsteady
state, and some time 1s required before the fully developed
convectional mode 1s established.

From these observations, a falr understanding of the
combined flow processes begins to emerge. As the electro-
lyte flows past the electrode at limiting current, an in-
creasing mass transfer boundary layer thickness raises the
Rayleligh number leading to an instability. Due to the
inertlia of the electrolyte some time passes before the in-

stabllity causes a significan roll cell motion. During
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this incubation period the puve forced convection mode of
mass transfer continues making the system increasingly un-
dtable. Finalily, at scme posltion on the ~lectrode down-
stream from the point of 'nitlal instability, roll cell
motion begins, but on a short electrode, the unstable fliuld
may be swep. off the electrode before the buoyancy forces
can influence the fluid dynamic conditions. Prior to the
onset of the natural convective motion the mass transfer
process appears to be the same as for pure forced convec-
tlon, even though buoyancy forces are present.

Onset ol roll cells was found to be a function of the
size and number of the imperfections on the electrode sur-
face, Just as in the case of initiating turbulence (5,9).
It was observed that a small dent in the surface or a small
bubhle sticking to the surface could initiate a roll cell

2 or 3 cm before the others.

CORRELATION OF DATA

Several hundred experiments werc performed with con-
tinuous cathodes and laminar bulk fiow f2 Jevelop a general
correlation which could be used to predict average mass
transfer coefflclents.

It was hoped that 1t would be possible to define the
1imits of the flow regzime in which the superimposed convec-
tive processes both play important roles in the mass trans-
port, so that all experimental systems outside this regime

could be dealt with by using the existing correlations for
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e.ther pure free or pure forced convection. Such a scheme
is appealing because from physical reasoning it "s to be
expected tha  at high flowrates and very small denslty
differences, forced convectlion should dominate the mass
transfer process. Conversely, i1f the bulk flowrate 1s very
slow and the density difference between the buik and inter-
face 1s very large, natural convection should dominate.
Previous work on neat transfer from vertically orien-
tated plates into laminar fluid streams (6) indicated that
three f'low regimes could be defined &s shown in Figure 12.
As a first attempt for the correlaticn of the present data,
therefore, the position of these two lines was sought.
First, for each value of d/L the slope and position of llne
A was established in such a manner as to result in the
least standard deviation of all data points lylng above 1it
from eqn. (3) for pure free convection control. Similarly,
the posltion of line B was established, yleiding the best
agreement of the data points below it with eqn. (2) .or
pure laminar forced convection. In comparing the data points
with the above correlations, the significant lengths may te
ch.osen as the electrode length, or the hydraulic diameter.
It was found that I1f the electrode length was used in the
Grashof wumber, and the hydraulic diameter in the Reynolds

number, linres A and B coincide wlith a slope of unity.l

1 It should be noted that the length dimension in eqn. (3)
cancels out. Thus, the choice of the electrode length as

the significa..t dimenslon serves only to determine which con-
vectional mode is dominant. For a glven elecirolyte composi-
ticn and flow veloclity, the longer the electrode, the more
influence free convectd n effects wlll have.

s = e e S T T
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When the mass transfer coefiicient expressed from
eqns. (2} and (3) are equated along the separating line,

we obtain

: 1/3
D - - 7 o g_ __P_ .
g 188 KRe.bc. ) =70 13(Gr

v1
2 S¢)t/? (5)

LS

Cubing both sides and then taking logarithms, we have

[}

ri
log :5 + 2+964 + log (Re.Sc) = log (GrLSSc) (6)

In agreement with the empiriéally obtalned separating lines,
log (Gr 3Sc) 1s linear in log (Re.Sc) with a slope of unity,

L
and the intercept 1s given by

2
Intercept = 2°:964 + log ég (7)
a

It 1s no longer necessary, therefore, to inciude the
Schmldt number as a parameter, as 1t appears on both sides
to the same power. If, in addition, the term log %; of
eqn. (6) 1s groupeda with the Grashof number, a new Grashof
number may be defined,
SPZAP )
d"L

ro = —7—
d L K pi

The resulting equation of the separating line is

2+964 + log Re = log Gr . (8)
d°L

Thls makes a separate plot for each value of d/L unnecces-
gsary and all the experimental data can be shown on one

figure (Fig. 13). The polnts judged by this scheme
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to be dominated Ly free convectlicn are shown in Flgure 14,
as compared with egn. (3), while in Figure 15 the points
brlow the daividing line (forced convectlion countrol) are
shown togecher with egqn. (2). The average deviation of all
the points shown 1s seven percent. If 1t 1s assumed that
the points in the two flow reglons shouid be exactly pre-
dicted by the correlating equatlions appropriate to the
respective modeg of control, and if 1t is also assumed that
all errors in the data are random, then confideiice limits
for the fit of the data to the equatlions may be calcu.ated.
This has been done, and the resulting confidence limits
at the 95 perlcent level are shown on both Figures 14 and 15.
The valldity of using a Grashof rumber with (dgL)l/i
as the characteristic length can be partlially rationallzed
from the following conslderatlons: 1In the Rayleign number
which determines the stablllity of the system, the signifi-
cant length should be 6, as glven by eqn. (4). Since this
distance appears to the third power 1n the Rayleigh num-
ber, at the end of the transfer section the Rayleigh (or
Grashof) number 1s proportional to dgL. While the actual
value of b 1s not used, the piroper geometrlic parameters do
appear and probably to the correct relative powers. Systems
Judged to be under forced convectlon control are tho.:te 1in
which roil cell formatlion does not occur. Those under free
2 convection control have both types of flow, but the average
mass transfer coefflclent for the entire electrode 1s

neariy the same as for pure free convection.

i
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EXPERTMENTS WITH TURBULENT BULK FLOW

T1 the case of curbulent bulk flow, cne would not ex-
pect a3 marked ar influence of the buoyancy forces as with
laminar flow. The mass transfer boundary layer 1s thinner
than for laminar flow, thus lowering the Revlelgh wumber
of' the system. In additlion, the turbulert eddies continu-
ally penetrating the mass transfer bcundary layer might
be expected to dominate the mass tranafer process, even if
instabllity due to forces existed.

No thecory or enplriczal correlstion 1s availavle for
describing the turbulent mass transfer entry region in a
flat duct, making 1t impossible to predict either the
average or local mass transfer rates. Agaln two of the
sectlcned cathodes were used. Experiments were performed
under conditiors which maximized the buoyancy forces, 1l.e.,
low flowrates and high copper concentration. Although the
averaged data shown in Figure 16 indicate that at Re = 4000
and with the highest cu™ concentrations emplcyed there 1is
some contribution due to free convection, already at

Re = 5000 such differences could not be detected.

CONCLUSIONS
1. In the presence of buoyancy forces, average rates
of ionic mass transport to horizontal electrodes in chan.el

type cells may be predicted wlth satisfactory accuracy by:

i
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a) The equaticn proposed by Fenech and Toblas

® 1/3

1= O'KS(GPLSSG)

wthen the process 1s controlled by free convec-
vlon, or
L) The equation proposel by Norris and Streid

b 4
Nu, = 1'Bbfﬁe-Sc.d/L)l/Q

when superimposed lamlnar flow 1s the control-
iing conveciicnal mode.

2, Laminar flow causes a nonuniform distribution of
lecal transport rates; while the mass tranafer ceoeffiloient
deoreases from the leading edge n pure laminar flow,
onget of scoondary convection ( probably roll cells)
ceuses an increase in local coefficlents at a predictable
distance downstream. At great distances from the entry
reglon, the transport process is dominated by free coin-
vection.

3. Evidence of secondary convection, probably roll
cell motion, 1s glven by stratified deposits obtalned in
iocatlons where free convection contribution to the trans-
port process 1s significant.

4. When the bulk flow 1s turbulent (Re > 4000), the
effect of free convectlion on mass transport rates appears
to be negligible within the ranges of Rayleligh and

Schmidt numbers, and d/L ratlos considered in this study.
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NOMERCLATURE

A a constant

a actlvity moles/1

b subscript denotes taken in the bhulk

C concentration moles/1

d equivalent duct dlameter cm

D diffusion coefficlent cmz/sec

AE cathadic overpotential volts

F Taraday's cornuiant coulfeq

£ acceleration of gravity cmg/sec

IL limiting current density A/cm2

kL mass tranafer coefflclent cm/sec

L etectrode length cm

n number of electrons per ion participating in the
2lectrode reaction

R universal gas constant cal/mole °C

t transference number of cupric ion

T temperature °C

X location on electrode from the leading edge cm

& mass transfer boundary layer thlckness cm

1L viscosity gm/cm sec

p density gm/cm3

Ap density difference between the bulk and intcrface
g;m/cm3

GrdzL modified mass transfer Grashof number pdeLgAp/uzpi

Gr z rodified mass transfer Grashof number ngsgAp/u?pi
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Nu! mass transfer Nusselt number de/D
nu! mags transfer Nusselt number kLL/D

Re  Reynolds aumber dVp /i

S¢  Schmidt r.amber u/pD

Page 87.
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Flgure 1. View of the experimental cell with a sectioned
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Figure 4. Expected roll cell velocity profile.
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Figure 5. Th~ influence of bulk velocity on the onset of rcll cells
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Figure 6. Transverse deposition profiles for three systems
as measured by microscope focusing.
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Figure 7. Smcothed data from the sectioned electrode cell for
0.03 M Cus0, and 2.7 M Glycerol.
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Figure 8. Smoothed data from the secticned electrode cell for
0.25 M CuSO4 and 1.0 M @lycerol.
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0.05mm T T I
Gr,3=9.0 x 10°

CuSOy 0.25 M

| Glyceraol 0.00 M

Curves A Re = 600

| Curves B Re = 1300
Curves C Re = 2500

Facing Down
\\//\\ ~—~——= Facing Up
/™ .

0.01— —

0 L 1 1
0 10 20 30

Distance from leading edge, cm

Figure 9. Smoothed data from the sectioned electrode cell for
0.25 M CuSO4 and 0.0 M Glycerol.
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Figure 10. Smoothed data from the sectioned electrode cell for

0.11 M CusSO4 and 0.0 M Glycerol.
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Gria = 1.68 x 1¢°
CuSO, 0.04M
Glycerol 0.00M
Curves A Re = 650
Curves B Re = 1400
Curves C Re = 2500

Facing Down

Facing Up

0 1l | |

0 10 20 30
Distance from leading edge, cm

Flgure 11. Smoothed data from the sectioned electrode cell for

G.04 M CuSO, and 0.0 M 3lycerol.
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0.10f3 T T I

Re = 4000
Curves A 0.15M CuSO,
Curves B 0.30M CuSO.

0.08}} Curves C 0.47M CuSO, y
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Flgure 16. Turbulent flow data from the sectloned elactrode cell
for Re = 4000,
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PROJECT III.

The Role of Ionic¢ Migratlion in Electrolytic
Mass Transport; Diffusivities of

[Fe(CN)B]S- and [Fe(CN)6]4‘ in KOH and NaOH Solutions

a) Theoretical Considerations

Mass transrer in an electrolyte can be described by four
relationships: a flux equation, continulty equation, and a
charge conservation equation, which are analogous to non-
electrolytic mass transfer systems; and the statement cf
electroneutrality which 1s unique to lonic mass transfer.1

The principal equations used are

N, = - D,Ve, - Ujez,c, V¢ + ve, (1)
VN = - aci/at (2)
J/
IaFZzwi (3)
i=1
£
Sﬂ c,zy =0 (4)
131

where c1 i1s the concentration of specles 1, D, 1s the .onic
diffusivity, e 1s the electronic charge, F is the Faraday

constant, I is the current density, N, 1s the ionic flux, ¢t

1

is the time, U1 is the ionic mobility, v is the velocity of

the fluid, Z5 is the number of charges on an lon and ¢ is the

potential.
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Within the mass transfer boundary laye:r the concentra-
tions nf all lons change due to migratlion, diffusion and
convective fluxes (equation 1). Ions that migrate towards
the electrode must diffuse away if they are not involved
in the electrode reaction. The concentration of each lonic
species departs from the bulk value, but the solution, to
a good approximation, remains electrically neutral at all
points (aquation 4).

The potentlal gradlent, the migration driving force,
at any point in tie solution 1s obtalned by combining

equations (1,2,3) and solving for Vo.

61}

F : z.D,Ve
Z, 171771
1=1

V6 = - g - = (5)

where g‘
K = F‘Z_ Uiezici (6)

1=1

which 1s commonly known as the solutlon conductivity.
The potential gradlient .s composed of an ohmic drop
and a term which iIncludes the concentration gradlents and
the conductivity. The second term, which appears in all
electrolyte systems where a concentration gradlent and diffu-
sivity differences exist, i1s the diffusion potential.
. To understand more fully the effect of migration, con-
sider the cathodlc discharge of a metal ion. Assume that
a large amount of supporcting electrolyte relative to the

reacting lon 1as present, and therefore the migration fiux

iR

it

(RN
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1s negligible. In the bulk of a well-stirred solution, the
concentration remains practically constant becau-e the swiftly
moving fluld rapidly replenishes the loss due to diffusion.

As the electrode 1s approached the fluld veloclty decreases
and the concentration gradients lncrease because the total
flux 1s constant at steady state (equation 2). Concentra-
tion gradlients attaln maxima at the electrode surface where
the fluid velocity 1s zero.

The contribution of migration can be lncreased by
decreasing the amount of supporting ele. vte. As in the
supporting electrolyte case, the fluld veloclty decreases
in the vicinlity of the electrode. However, a migration
velocity (towards the electrode for the metal deposition
case being considered) affects the entire concentration pro-
file. The reacting lon iIn the faster mwoving lamina migrates
to the slower lamina nearer the electrode, therefore shifting
the concentration profile towards the electrode surface as
shown 1in Flgure 1.

The change in the concentration profile of the reacting
ion 18 of interest because the limiting current IL is
directly related to the concentration gradient at the inter-

face. Combining equation (1) and (3), one obtains

I nF D,vc° (7)

L~ 1%
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o %gantitative Calculation of the Limlting Current for a
speclal Case

Until this point a consideration of the phvsical model
has not been necessary, but a quantitative analysis can be
performed only on a specific flow system. The rotating
disk 1s one of the few physical models where the velocity
distribution 1s known within the vicinity of the surface.2

The limiting current, including the migration contri-
butions, to a rotating disk electrode can be calculated for
a constant potential gradient in the mass transfer boundary
layer. A constant potential gradient 1s possible 1if &1l
lonilc diffusivities areequal and the solution contains
enough supporting electrolyte so that the conductivity
remalns essentlally constant thrcugh the boundary layer.

Then the potential gradlient from equation (5) will be (at
limiting current)

V6 = - I /K> (8)

Applying a c~onscant potential and eliminating the
flux between equation (2) and equation (1), one obtains

at steady state

D,Voe, = (v - Uyez,V9)Ve, (9)
where the velocity gradlient was eliminated by the conti-
nuity condition and the fluld properties were assumed to
be constant.

For the rotating disk electrode, equation (9) can

be simplified further. Ilevich { ) has proposed tha*

%"ﬂﬂ#ﬂmﬁhu e i T
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the concentration is a furction of only one dimension, vy,

which 1s the perpendicular distance from the plane of the

dlsk

3 de
1 1
1 dyz = (!'I dy (10)

182y —9)

1 '
v

(oA FoN

In equation (10) v and d¢/dy are known as functions of y.
Thege functions do not involve ¢, or 1ts derlvatives. There-
fore, we have a linear second-order differential equation
which can be readily solved f¢ 9] and re'ated to the
limiting current, 1;- The sciution to equatlion (8) which
satisfled the boundary conditions:

de
y=0, ¢ O‘for I = IL, dy (dy >

8]
Y 1

]

= C

B

8
-

0
-
f

is \/ E' v - Ujez V¢

=00 dg
) [v ’1 ag' (11)

The fluld veloclty component, v, in equation {9)
134

v = (von) 12 (0. 510(2) % +40. 333(9)%/%¢%-0.103(2 D)eti. ... (12)

where w 1s the angular frequency of the disk and v is the
kinematic viscosity of the solution.

The development 1is simplified by letting
X = e‘/ﬁl
- i ~1/3
According to Levich: 6, = GH(SC) (diffusion boundary

a7
layer), and by = 1.805 (i)*/z (hydrodynamic boundary layer),

where Sc¢ = %— (Schmidt number).
1
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Performing the variable transformation to equations (11)

and (12) we have

i U1621V¢6 .
1/3.4_ 10z T Dr
( > f X + 585 ) X "103 e 1 dx (13)
The value of the limiting current, from equation (6) and
equation (:3), 1s:
nF D,c°
i e e i1 (14)
L Elml

o0
M =L/\ exp(-x3+.885(3c)'1/3x4-.103(3c)'2/3-4...)
(o]

ez V¢5
exp( ! 1 ) dx (13)

The migration integral, M 13 is a funetion of the para-

U ezlﬁlv¢

meter <- _"TT—__'f> which can be related to solution proper-
1

tles by the application of equatiors (7),(11)

Ujez)9¢  UpezIiby n t
D%, KbD1 z My

where tl 1s the transferen.e numtzar of the reacting ilon in

the bulk.

Equation (15) can be expanded into an infinite series of
gamma functlons. When evaluated, neglecting cross products

*
and higher terms, one obtains:

Note: Seiting t1=0 in equation (16) gives the relationship
M1=.8934+.2747 Sc-~ } s which compares with the empirical and
commonly used Gregory and Riddiford correction.
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, ~1/3% n t nt |
My = .893 + .2747 Sc /7 - .43913 ——Vr-+ 1667 N (16)

2!
Figure 2 gives the valuesg of M], for large Schmir®

nuibers, as a furctlon cf ntl/zl.

Comparison of Migration Correction Methods

A comparison can be made between the commonly uied

migration correction and the present results. By equating
£.1

the migracion flux to the product, E;“%) we have
1

W5, o
I, (1- EI_) = - nF D Ve} (17)

for an arbitrary mass transport system. Applying the

effective film thickness, ai, for the rotating disk elec-

trode5 equation (17) becomes

b
nF ch1

Ip=- nt; (18)
.8934(1 - —
2

O_bt__,‘b \
(since Ve; = ¢, /6; = ¢;/.8934 b)) whereas from equation (14)

and equation (16), at small tl and large Sc1 we have

nkF ch?
Ip=- nt, (19)
.8934(1 - 502 ——=
\ 24

The transference number appears in a rigorous solutions
ags, approximately, the arithmetic average over the boundary
layer (t;=0 at the electrode surface). In equation (18)
the tl was consldered to be constant.

To clarify further the role of ionic migration the
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effect of a changlng pcoctentlial gradient within the boundary

layver should be estimated.

Changing Potential Gradlent Effect on Mass Transfer

Tre interfacial potential gradient can be estimated
for an arbitrary number of lons by allowing the interfacial

concentrations tc be represented by
o] b -
1 - "y 174 (20)

where Si 1s the equivalent diiTusion in film thickness.
To satisfy electroneutrality all ﬁi must be equal when

a linear representation such as equation (20) is used for

(0]
oy- At I =1, cg = 0, hence
o b
where _ b b
Ty = /¢
and 8, = 70° Mc°
g = 7cy/Veq

By elimlnating tne potentlal gradient tetween the flux
equations for the noi-discharging ions, applying the Nernst-
Einsteln relationship (D,;=kTU,), eliminating the inter-
faclal concentrations by equation (21) and solving for By s
we obtaln for:

Case 1. 1JYon discharge (deposition) reaction

23745
2o¥p + Byl2y - 2z,)

By =

and since m

ziﬁl = 0 and = 0

2174

W[
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by electroneutrality 52 1s glven by

n
z. 4 B 2yvy (2y - 2) -0
) 21= ZZYZ + 52(21 - zz)

and ara.ogously for

+z +2,,
Case 2. Oxidation-Reduction (Ox l+(2135319- = Red. <)

D2 /D [23¥5#B3 {6y -25) ] + 5P5(25-2)

2, + Z
1l 2 23 + Bs(zz"zs)
m-1
. B Ej 2yvy (24-2) 6
- - L
31n1 Z5Y5 + 63(21 23)
o - D1 /Dy 25 (v3-B3) + 27,85
= ~ ,
2 ZyYg + 63(22'23}
and 217163
Bi =

235 + Palzy-25)
The interfacial potential gradient can be written as

o _ IL [141%]
k2 [1+a]

Ve

wher .

o .b 2
K
2
ZUiezi'y1

from equation (6) and equation (21)

m
<), )
-7 nD Bi'
171 1

A rigorous calculation of a proper average potential

and

gradlent across the mass transfer boundary layer could be

a complex, and perhaps, an 1mpossible task by analytical
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techniques. For purposes ¢f illustration an arithmetic
average gradlent has been selected. Physically an arithmetic
average would not provide a proper weighting of the more
influential interfacial potential gradient where the fluld
velocity approaches zero and migration and diffuslon pre-
vail. However, thls analysis 1s only intended to provide
additional insight into the effect of a change in poten-

tial gradient within the boundary layer. This average

gradient 1is

-1, [, . 1+I
Vd)ave = _% [J. + m—-:, (1/2) (22)
K

The results ior Ml remain equivalent for a constant
average potential gradient if an effectie transference
number 13 defined. Applying the potential gradient of
equation (20), we arrive at the following equation for the

effective transference number

t ., ¥
1 o141
by =% [1 + i:'a—] (23)

which embodies corrections for a diffusion potential and
conductivity changes in the boundary layer that appear in

real systems.

Numerical Illustrations for an Average Potentlial Gradlent

Calculations were performed for several typical elec-
trolytes. The parameters B, , I1*, a and t; were calculated
from limiting ionlc condurtances at 25.O°C-5 Since

only values of ionic properties are involved, the use of

S T Tt e
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limiting conductances 1s not too unreailstic and suitable

for illustrative purposes. The results of these calcu-
lations are shcwn 1in Table I.

In eazh of these tables the effective transference
number ti and the transference number in the bulk, ti,
have been compared. If the supporting electrolyte 1s
a better conductor than the reacting ion, the diffusion
potential 1s positive, thereby increasing the effectlve
transference number. At the other extreme, as shown in
Table I, the diffusion potentizl is negative, hence
ti < tl'

Conclusiora

1. The changing concentrations in the mass transfer
boundary layer are important in determining the contribu-
tion of ioniec migration to the limiting current. For the
specilal case of a constant potential gradient, the limiting
current, including migratvicn effects, can be calculated
rigorously.’

2. The diffusion potential contributes to the elec-
tric field which promoies migration. Although an approxi-
mate calculation was used to illustrate the effect of the
diffusion potential, additional insight about the capacity
of varlous supporting electrolytes for suppressing ionic
migration was obtainel vy evaluaiing effectlve transference
numbers for some typical binary and quaternary electrolyte

systems. Highly conducting supporting electrclytes

iy

e
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significantly increase the effective transference number of
the reacting lonic specles decreasing the effectiveness

of these salts f'or suppressing ionic migrations.

b. De..sities and Viscosltles of Aqueous Solutlons of
KSIFe(CN)GI - K4|Fe(CN)6| - KOH (or NaOH), and the
Diffusion Coefficients of the Ferrous- and Ferricyanide

lons.
Density, viscosity, and diffusivity data were obtained
in equimolar ferrous- ferricyanide solutions (0.01 - (.20

molal) in the presence of NaOH or KOH (0.0 - 3.5 molal).

Solution Preparation and Analysis

Solutions were prepared with distilled water and re-
agent grade chemicals. ¥erricyanide ion was titrated witn
thiosulfate6 and ferrozyanide was determined by a ceric
titration’. Hydroxyl ion was titrated with standard HC1

to a bromthymol blue endpoint.

Densities and Viscosities

A. Experiment.
Densities and viscosities were determined by stan-

8
dard techniques (pycnometer and U-tube viscometer »

respectively). All solutions were thermostated toc 25.00%.05

before measurements were taken.
B. Results.
* “ v
A second degrec polynomial involving Credox
(average of ferri- and ferrocyanide concentrations) and

C

kog °F CNaOH was fitted to the data by a least squares

I
it
1
i
f
|

°C
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technique. A total of 26 points for KOH supported solutions

and 28 points for NaOH solutions were used in the curve

pluetting.

The equations and their assoclated standard errors of

estimate are:

a.

Potasslum hydroxide as a supporting electrolyte.

wlepl = .8937 + .6178 C_ + .1064 C

redox KOH

)

[aM)

+ .00656 C + .0205 ¢C

KOH KoH CRedox (%)

Standard Error of Estimate = 1.0%.

ple/ep] = 9971 + .3989 Cp o . + 0502 Cppp
2 2o
- -P00140 Cyop - -CO0*2 Cyon CRredox (2,

Standard Error of Estimate = 0.5%.

Sodium hydroxide as a supporting electrolyte.

wlep] = .8937 + .6S69 Credox t +1539 Cyoom
. 2 2
+ 20235 Cpogox + +0450 Cpo oy + 2527 CNaOHCRe dox (3)

Standard Error of Estimate = 1.0%.

olg/ep] = .9971 + .2996 C + .0427 C

Redox NaOH
2 = .
- .00113 CNaOH - 00657 CNaCHLRedox (4)

Standard Error of Estimate = 0.1%.

Ranges of validity: ¢C

Redox (01 - -20 M) and
).

CKOH [} CNaOH ( ° C - 3 . 5 M

The data compared with literature values, through

equations (1) - (4), as shown in Tables II-IV.
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Diffusivities

Experiment
A rotating disk electrocde was applied for the
measurement of the ionic diffusion coefficients of the

ferrous and ferricyanidesf’lo’l"lz.

This tool, first
analyzed by Levich {8) for a bilnary electrolyte, then
treated by Hogge and Kraichman15 for a completely flooded
electrolyte, s bteen extended to partially flooded systems
where migration effects can not be neglected.

Tne theory developed in part & was used to determine
the diffusivity of the reac*ing Jon from limiting current

measurements by a rotating disk electrode. The equation

used 1is:

D, = L
nF;?dl/z

. (5)

[-1.805 I v1/6M1]3/2

Migration effects are included in the parameter Ml
which contains the effective transference number (see part a)
of the reating ion. M, has a value of .893 + .2661 Se, /2
when the transference number of the reacting lon is zero.

The electrode was a 1 cm Pt. disk embedded in epoxy
rc3in and attached to an aluminum spindle rotated at pre-
cisely controlled speeds between 600 - 3600 rpm. Figure 1
1s & schematic drawing of the apparatus.

Results
From the limiting current measurements the dlffu-

givities of ferri- and ferrocyanide ions were determined

by equation (5). The data were correlated in the form of

== = S e s SRR e e e R e P
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the Stokes-Eilnatein relation, Du/T, as a function of the

ionic strength T.

m

2

' = 1/2X1 ciz1
fi=

Prellminary calculaticns performed on the data of Newson and

o~
m
S’

Riddiford indicated that Du/T was independent of iU and T
at I' = const,

Although temperature was not a varlable 1n the present
study, the parameter Di /T should be Independent of tempera-
ture, since the benavior of the ferrois- or ferric cyanlde
ion should bte similar in this respect to that of the large
tri-iodide lon.

A least squares fit of the data (values obtained with
KOH or NaOH agreed within range of experimental error,
+t4%) gives the following empirical relationships and stan-

dard errors of estimate:

2

QE(feT'ri) B (.234 + .0014 1‘} 10’9 cm EOise (7)
T sec K

* .005
Du S cm> polse

= “n- L

F-(ferro) = (.187 + .0036 T) x 1077 L& (8)

* .007

I

As a comparison, the data of Elsenberg, et llJ glves

DU/on - - -9 cm olse

T (ferri) .250 x 10 o5 K
and z

Dy _ c -9 cm” poise

7P(ferro) = .215 x 10 EEE'E’K——

whereas equations (7) and (8) give

s Ee=ee o Fes
=

f— T = e — e rrorusaacs B R S -
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P.E i = .24 -9 E.@f.. Oisg.

T (ferri) 240 x 1077 o Sopp

and 2
Dittperro) = -9 cm” poise
# (ferro) = .202 x 10 = P""K’“

Although no conclusion can be rei:ched about the dis-
crepancies betweer the data presented, the lnherent errors
in the effusion caplllary technique used by Elsenberyg et al
could be responsible for the Aifferences. These empirical
relationships are considered adequate representations of
the data for use in mass transfer studles, and are rgllauis

within the error estimates presented.

==
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NOMENCIATURE
Lower Case Letters

concentration - mcles/cm3

e 2lectronic charge - coulombs

g rarameter - dimmensicnliess

J index of series - dimensionless

k  Toltzran constant - erg/deg

m votal number of spe-les - dimensionless

n number of electrons reacting

£ time - sec

T transference number - dimensionless

v fluid velocity - cm/sec

v migration velocity - cm/sec

X transformed varlable - dimensionless

Yy coordinate axis - cm

z charge on an ion - dimensionless
Upper Case Letters

I, constant of integration - moles/cms-cm

B constant of integration - moles/cm3

C concentratlion - moles/liter

D diffuslon coefficient - cmz/sec

F Fa.'aday constant - coulombs/equiv

I current density - amp/cm2

7* "41ffusion current” - dimensionless

K soiution conductivity - ohm Yem™!

M  molarity - moles/liter

M  migration integral - dime.asionlers

e S S -

122.
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1]

o o o <2

H £ © T Jyv g

ionic flux - moles/cmz—sec
gas constar . - eugs/deg-mole
absolute temperature - deg. sbhsolute
mobility - cm—sec'l/dynes
Greek Ietters
fractional conductivity change - dimensionless
relative concertration gradient - dimensionless
relative concentration - dimensioniesc
hydrodynamic boundary layer - cm
diffusion boundary layer - cm
equivalent diffusion thickness - cm
dielectric constant - dimensionless

ionic conductance - ohm"l

cmz/équiv
bulk viscosity - poise

«inematic viscosity - cmz/hec
variable of integration - cm
variable of integration - cm
density - gm/cm:’J
electric potential - volt
angular frequency - radians /sec

ionic strength - moles/liter

Subscripts and Superscripts

bulk
index of specles
interfacial property

limiting current

Page 123.
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= Table I.
: Comparison of Viscosity and Density Data with
Those of Elsenberg et alld
Conditions: 1. = = 25.0°C.
I{SFé [CN) g |K,Fe(CN)g| NaOH TR B! Dev.| p p |Dev.
(molar) (molar) |{molar)|(1it.)|(calec.)| (%) l(1it.){{calc) (%)
.00998 .01011 1.958 1.368) .1379 {+0.811.080711.0807{40.0
.01224 .01228 2.011 1.3821 1.400 |(+1.3;1.083311.0834(+40.0
.04996 .05052 1.923 1.394| 1.415 |+1.5(1.0949]1.0952(40.Q
.0994 . 1008 2.007 1.494! 1.505 {+0.711.1174{1.1159}-0.0
-.1994 .2030 2.004 1.642) 1.626 |-1.0}1.153C11.1560(+0.2
Tavle II.

Condit ions: 1.

Comparison of Viscosity Data with Those of Lange16

Pure sodium or potassium hydrovide

2. ™= 25.0°C.
! KOH n n Dev.| NaOH U i Dev.
(molar)|(11t.)|(calc.) | (%) |[(molar)|(1it.)](calc.)| (%)
1.00 10009 10007 _002 1.00 10104 10093 -100
0.50 0.951/0.949 -0.2] 0.50 0.991 10.982 -0.9
0.2 0.52210.921 -0.1} 0.25 0.944 |0.935 -0.8
Table III.
Comrarison of Density Dat? with Those of
Hitchcock et alt’
Conditions: 1. Pure sodium and potassium hydroxide
2. T = 25.0°C.
KOH | p p Dev. NeOH| p | p Dev.
(molar)|(1it.)|{calec.)|(%) |(molar)|(1it.)]|(calc.)| (%)
— 4.00 1.1726) 1.1754({4+0.2| 4.00 1.149111.1500 |+40.1
35.00 1.1314 1.1351{40.3] 3.00 1.1145]1.1154 }+0.1
2.00 1.0686] 1.09219{+0.3| 2.00 1.0776!11.0803 |+0.3
£
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Migration effects included

’_

Fig. 1 Alteration of Concentration Profiles

by Ionic Migration
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FROJECT 1V.
Mass Transfer 11 Concentrated Binary Electrolytes

Introduction

The {lux of minor components in a dilute eiectrolytic
solution may te expressed as1

v ¢, + e v . (1)

This equaticn clearly accounts for three mechaniams of

mags transfer: the motion of a charged srecies in an elec-
tric field (so-cal.ed migration), molecular diffusion due to
a concentration gradient, and convection due to the bulk
motion of the medium. Although thls equation has been aprlied
frultfully to many electrochemical prohlems, i1ts vallidity is
restricted to dilute solutions.

The problem 1s most convenlently coneslidered in two
parts. Flrst one seeks transpert equations, such as equation
(1), which correctly relate driving forces and fluxes and
thereby 1ntroduce certain transport properties, such as Di
and u,. The transport properties should be measurable state

i
properties whilch should be independent of the driving forces

such as V¢ and Vci.

The second part of the problem 1s to characterize the
varlation of the transport properties with temperature,
pressure, and compositlon. Thls usuaily takes either the
forimi of a theoretical linkage to more fundamental concepts
of the structure of matter or the form of an empirical corre-
lation of available measurements.

Transport Fguations

Equation (1) 1s inadequate even in ternary solutions

off non-electrolytes, since in these there are two

=== o T S P AT R - : R = . 3
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Ludependent concentration pgradlents and the diffasisn flux

of each specues can be affected by both concentrati n gradients.
Ag polnted out by Guggenheim2’3’4’5, the electrostatic

potential in equation (1) does not have a clearly defined

physical significance. The mobiliLy-ui and the diffusion

coefficient Di are no longer related by the Nernst-Einstein

equation at high concentrations. Few independent measure-

ments of single ionic mobilities and diffusion coefficients

are available.

In order tc avoid these difficulties, equation (1) can

be replaced by

_ cic )
civui-m}; P (yw)- (2)

This equation 's similar to the Stefan-Maxwell equation6
and 1s equivalent to one* developed by Onsager7. The
Stefan-Maxwell equations apply to diffus*on in dilute gas
mixtures and express the driving ferce as a mole fraction
gradient or a gradient of partial pressure instead of the
gradient of the electrochemical potential. The reciprocal
of the £EJ's can be regarded as friction coefficients simi-

8,39 10,11 to describe

12

lar to those used by Lalty and Klemm

transport in ionic sclutions and melts. Burgeras hag also

ugsed this concept to treat the conductivity of ionized

gases, and Lightfoot, 22-21}3’ have applied cquation (2)

14

to liquid solutions. See algso Lamm and Truesdel]lb.

Equation (14,, page 245, in reference 7.

g
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The term —Cy VHy ip equation (2) can be regarded as
a drivirg force per unit volume acting on species i1 and
causing 1t to move with respect to the surrounding fluid.
The force per unlit volume exerted by species J on specles 1

as a result of their relative motion is expressed as

BT ——zé—-(xj-xi

that 1s. proportional to the dif~“erence in velocity of
the two species. By Newton's third law of motion £§J=£31.
Equation (2) thus expresses the balance between the
driving force and the total drag force exerted by the other
specles.

The number of independent equations of the form (2)
1s one less than the number of species. Whea equation (2)
is summe< over 1, the left side is zerc by the Gibbg-Duhem
relaticn, and the right side 1s zero by Newton's third law
of motion.

In contrast to equation (1), equation (2) 13 not a

direct expression for the fluxes. However, the material

balance for a specles reads

dce,
3—=-V-N (3)

and requires an expressicn for the flux. 1In particul-~r

cases we invert equation (2) to obtain these expressions.
For example, for i bilnary electrolyte composed of anions,
cations, and solvent, equation {2) yields two independent

equations whici may be rearrangedlb to read
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v, & 1 t* .
N, =c ¥y = ~SRFT S VHe *F N e |
v_& Lotk >
N =c¥ =-3p7°¢ VHe +F _+°1 (4)
R *
_ T L+, = *
Ny, = Co¥% = ~'RT %o Vi, +F E: v zZ_ oL

The molar average velocity

v . LN
LYo

has been chosen as the reference velocity, and the current

density 1is
1=F (z,cy, +2z_cy).
The parameters &, t¥, and t¥ ‘n equations (4) are
transport properties related to the iJ of equation (2).

The transference numbers (with respect tc the molar

average velocity) are

c_ ¢ z A
R =1 - t* s = r 2 g (s)
+ - Cop o op 2 B2 R

The diffusion coesficient of the salt, based on a thermo-

dynamic driving force, 1is

B A ( )
b = 0;+%' 22_56_: ) (6)

The diffusion driving force used in equations (4) is the
gradient of the chemical potential e of the electrolyte
in the solution. This chemical potential is readily
measurable, and r.o reference to single ionic activity

coefflcients 13 necessary.
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Now we want to defire a "potential *n the solution"
for use as a driving force for the current. For this
purpose the potentlal of a suitable reference electrode,
at the point in question, with respect to 4 fixed reference
electrode 1s used. Application of thermodynamic principles
to such a reference electrode yields in this case

8_VU_+8, VU +8 Vi, =-nF V7, (7)

where the electrcde reaction is given by
- + ) -
s M +8 M + xOMo —» ne

Equation (7) can be rearranged16 to give

z, 8 z, & s z,¢
X ++ + o+ o7+ +
1=-xv® - " [ + = ] s (8)
Fzyv e n z b z_od;_ ne, |

where the conductivity x 1s another transport property
and 1s related to the ﬂij's of equation (2) by
zJ_z_F?‘cT (c_&, + c+1%_)£§_

XK = - . (9)
RT c B, +tec &+ b

Note trat the potential defined here as the potential of
a reference electrode 1s considerably different from
the electrostatic potential used in equation (1). This
definition avolds the cuestionable concepts regarding
potentials in the solution brought up by Guggenheim.

The transport parameters usually considered in a
bilnary electrolyte are the conductivity, the diffusion
coefficient, and the transferen_e number, and these

are related to & , £ _, and & by equations (5), (86),

4~
and (9). Actually, the transference number with respect
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to the solvent velocity 1s usually measured and reported.

This 1s

t

1 -0 - +7ct

o
+
The diffusion coefficient of the salt which is usually

measured and reported is related to the thermodynamic

diffusion coefficient by

D=&§-§-<l+g—%-:—%>- (11)

Thne difference between D and B 1s due to the choice of
the driving force and to the chglce of the reference

velocity.

Concentration Dependence of Transport Properties

The theory up to this point 1s macroscopic in nature.
In order to galn further insight into the nature of the
Bij's, 1t i1s necessary to resort to microscopic theories
or empirical interpretation based on experimental obser-
vatlons. From the latter it 13 known that over moderate
ranges of concentration the produé¢t of the diffusion coeffi-
cient and the viscosity p 1s r2asonably constants. On
this basis,;Léh_and ul%_ may be assumed constant for
ion-solvent interactions, where electrostatic forces are
small. Such an assumption will not account for the inter-
actions between ions. The Debye-Hﬁckel-Onsager theory of
conductance and the experimental confirmation of this

theory show that B _ 1s proportioral to ~c in Jdilute
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solutions. As a first approximation we shall assume that

this dependence persists at higher concentrations. Thus

we wrlte
uﬁ5+ = kT/A , \
ul = kT/B , y  (12)
we_ = kT,\j’-;‘;—;/G ’ /

where A, B, and G are agssumed to be constants, independent
of concentration.
Substitution into equation (9) yields
Nveey, We

AB o)
- z.,z eF =G + . (13)
+7 - XL V+A + V_fifgar

For A, B, and G to be constant thus requires tha. a plot
of JYvcey/ku against We Alceq should be a straight line.
Such plots are shown in figures 1 and 2 for aqueous KOH

solutions and in figures 3 and 4 for aqueous KC1l solutions,

*

both at 25°C. The value of G can be determined from thre

intercept, and the slope glves the value of AB/(V+A+V_B).
Subgtitution of equations (12) into equation (10) gives
o v_B (
t=l-t - yxTvs (14)
which suggests that the transference numbers with respect

to the solvent velocity should be constant. For KOH,

o) 29

4+
concentration. The transference number for KCl is near

t; = 0.23 1s approximately ccngstant between 1 and 17 molal

The values of viscosity vere taken from references 17, 18,
and 19 for KCl and from references 20, 21, and 22 for KOH.
The values of conductivity were taken from references 23, 2s,
25, and 26 for KC1l and from references 20, 21, 27, and 28 for
KOH.




i

Scetion D., Project 1V, Pige 139.

t+ = 0.489, although a value as low as 0.4857 at 3 molar
has been measured by the Hlittorf methodso’sl.

The assumption that A, B, and G are conatant, together
with the slopes and intercepts from figures 1-4 and the

above values of the transference numbers, enables us to

calculate the following values of A, B, and G:

A x 103 B x 10° ¢ x 108

cm cm cm
KC1 24.06 23.02 39.71
KOH 26.89 8.63 9.63

This determination of A, B, and G requires values
for the viscosity, conductlivity, transference number, and
density. Then 1t is possible to predlct the diffusion

coefficient. Equation (6) becomes

b= xihs (35)

Rellable data on the diffusion coefficlents of KOKH are
not avallable. However, for KCl preclse diffusion coeffi-

32’33. Th''s values of & 49'_,

clent data are =vallabie o+’ %o

and f; _ can be calculated directl) from experimental data
without the assumption that A, B, and G are 1lndependent
of concentration. The resvlts are plotted in figure 5.
The corresponding values of A, B, and G as functions of

concentration are shown in table I.

i
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Table I.

Transport Parameters for KC1

5 A x 109 B x 10° ¢ x 108
ngii cIn cm cm
0.0001 23.53 22 .65 58.84
0.0005 3.53 22.63 72.72
0.001 23.53 22.63 76.54
0.005 23.48 22 .59 79.17
.91 23.45 22 .56 78.860
0.05 3.25 22 .34 80.08
0.1 23.11 32.18 70.69
0.5 23.03 22.01 53.87
1.0 53.53 22 .48 46.25
2.0 24.41 2%.28 35.83
3.9 25.21 23.99 34.47

An inspection of table I shows that A and B do not
vary from the predicted values by more than 5%. This is
satisfactory for most calculations. G shows variations
of up to 100%. This could no doubt be improved upon by
a more sophisticated relation thun the last of equations
(12). However, A _
magnitude, and thus the prcposed relation offers con-

varies by more than three orders of

siderable improvement. It should be noted that over

a large part of the range of figures 1-4

3 A B W o
““VA+voS ’
Ve £ e S
so that these plots are fairly insensitive to variations
in G.
Conclusions

7t 13 felt that the equations presented for the

macroscopic description of ionic mass transport offer a
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rational framework for the correlation of the transport
properties of electrolytic solutions. The relations pro-
posed for the description of the concentration dependence
of the AEJ'S are rather simple and can no doubt be improved
upon through a more sophisticated consideration of the
structure of liquids and molecular interactions. They do
allow the diffusion coefficlient to be predicted with
sufficient accuracy for solutions where measurements are

not avallable.
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NOMENCLATURE

g subsidiary transport properties defined so as to
c reduce the concentration dependence.
- concentration of binary electrolyte = c /v = c_/v_.

c
¢y - concentration of specles 1 (mole fem3) .
¢p = Z ¢y, the total concentration {including the solvent)

i
D
D, - diffusion coefficient ol specles 1 (cmz/sec).

J} - molecu.ar diffusion coefficlent of binary electro-
lyte based on activity gradients (cmz/sec).

"diffusion coefficient" describing the interaction

- molecular diffusion coefflcient of binary electrolyte

A? -
J of specles 1 and J.
- magnitude of the electronic charge (coulomb).

e
e~ - symbol for an electron.
fi - mean molar activit, coefficlent.

- Faradav's constant (coulomb/equivalent).

F
1 - current density (amp/cm?).

k - Boltzmann's constant (erg/'K).
- molality (moles per 1000 grams of solvent).

m
Mi - a symbol for the chemical formula of epeciles 1.

n - number of electrons transferred.
e —
Ny, - flux of specles 1 (mole /em®-sec).

- universal gas constant (Jjoule/mole-°K).

R
84 - stolichiometric coefficlient of species 1.
- transference number» of sgpecles 1 with respect to

*
t

L molar average veloclty.
ti - transference number of specles 1 with respect to

the solvent velocity.
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absolute temperature (°K).
mobility of species 1 (cmz—mole/Joule-sec).

fluld veloclity (cm/sec).

velocity of species 1 (an average velocity for the
specles, not the velocity of individual molecules).

molar average velccity (cm/sec).

valence or charge number of specles 1 (negative
for anions).

mean molal activity coefficient.
conductivity (mho/cm).

viscosity (poise).

chemical potential of binary electrolyte (joule/mole).

the electroc-2mical® potential of speciles 1
(Joule /mole) .

number of cations per mclecule of electrolyte.
number of anions per molecule of electrolyte.
v, + V_.

electrostatic potential (volts).

e

Page 143.
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CONDUCTIVITY CORRELATION
FOR KOH AT 25°C

Low concentration range
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Experimental points based on conductivity and
interpolated values of viscosity and denaity. FIGURE 1}
The curve is the best least squares stralight

1ine through the data. Slope = 6.646 x 10-8cm.
Intercept = 9.627 x 10-8cm.




___—____—__g——

Seetion ., Preojeci 1V. Pope 148,

CONDUCTIVITY CORRELATION
FOR KOH AT 25°C

High concentration range
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CONDUCTIVITY CORRELATION
FOR KCI AT 25°C
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CONDUCTIVITY CORRELATION
FOR KCI AT 25°C
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PROJECT V.

Diffusion Coefflcient and Solubility of
0> 1in Aqueous KOH Solutions

Introduction

The dynamic behavior or gas electrodes 1z strongly depen-
dent on the solubllity and diffusion coefficlent of tThe reacting
gas. These propertiss which greatly influence the transport
process should be known with a reasonable degree of accuracy
over a wlde range of temperature and electrolyte concentrations.
Of particular interest 1s the case of oxygen Iin aqueous potassium
hydroxide solutions. A search of the literature produced flew
data concerning the solublility of oxygen in basic media1"4. No
comprehensive data on tre diffusion coefficient of oxygen 1in
aqueous KCH solutions was {ound.

The solubllity of oxygen in distilled water has been
investigated by many workersS at 25°C, and it is now generally

-3

agreed that the value 1s 1.2€ x 10 t1% mole per liter.

Values of 1.8 to 2.6 x 10—5 sz/sec have been reported6—9 for
the diffusion coefficient in distilled water. Other workers
have recently 1nvestigated the solubllity of oxygen 1in potas-
sium hydroxlide solutionle’ll, However, one finds significant
inconsis .encles when comparing the results of Lhe variocus ex-
perimenters, especlaily .n regard to concentrated caustic
solutions.

In this laboretory two methods were utllized 1n making the

solubility measurements. In the flrast a Van Slyke manometer
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apparatus was used .n winlich dissolved gas was boiled off {rom a
presaturated solution and the pressure of the gas measured at

a known volume. The szecond method involved bringing a known
amount of gas into contact with degassed solution and measuring
the amount absorbed.

The experimental methods chosen for determining the diffu-
sion coefficient involved the measurement of transport rates to
an electrode at which oxygen was consumed. Since it was felt
that the equation describing transport to the electrode should
be unambiguous and free of emplrical constants, a ratating disk
electrode and a stagnant diffusion cell were employed, rather
than the dropping mercury electrode.

0

O solubllity measurements

Experimental: The Van Slyke manometer was used for the

major nortion of the solublllity values reportsd. The apparatus
is shown in figure 1 The experimental procedure conslsted

of admitting a known amount of liquid throuzgh stzpcick A Into
chamber B which was initially filled with mercury. After all
of the liquld was 1In the chamber, stopcock A was closed and the
mercury level dropped to the 50 ml level. The sample, now under
vacuum, was =2glitated by a magnetic stirrer in order to facili-
tate the pboiling off of the dlssolved gases. After a sultable
verlod of zgitation, the liquld level was raised tc the 2 ml
mark which confined the gas to a precallbrated volune. The
pressure of the evolved gas was determined by the height of the
mercury in the manometer column C. Tne gas was ejJected and the

liguld returned to the 50 mt mark. After rebolling, a second
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pressure reading was taken. The difference between the two
pressdres represented the pressure of the dissolvea gas at the
calibrated volume.

The abscrption apparatus and experlimental procedure are
described in detall by Kabatake and Hildebrand12 and will not
be discussed here.

The solutions for the Van Slyke experiments were prepared
by butbling 99.6% pure oxygen through the sample for 15 aminutes.
The sample was in a constant temperature bath controlled to
$0.2°C during this period. The gas was presaturated with water
vapor by filrst bubbling the oxygen through a solution of the
same temperature and composltion as the sample. After a 2-5
minute period durlng which the bubbling was stopped and an
oxygen blanket was maintained, the sam;le was withdrawn and
analyzed for oxygen content.

For the absorption experiments two methods were tried in
preparing the degassed solution. In the first, KOH soluftions
were bolled for 24 hours under vacuum while boiling and freezing
the liquld sample. A single stage vacuum distillation was used
in the other procedure. Distilled water was frozen over pel-
letvs under vacuum and the rcsulting solution boiled and cooled
to 0°C under vacuum to %.sure a gas-free sample.

The principal factors affecting the solub?!lity resu.ts
utilizing the Van Slyke apparatus were: a) measurement of the
sample volume; b) measurement of the pressure and volume of the
gas bolled off; and ¢) the degree of satucattion of the sample

introduced into the manometer. Sample volumes were measused
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with a maximum probable error of *1.0%, the measurement of
the gas velume and pressure introduced a maximum probable
error of 0.5% with a maximum precision of 3 x 10-6 mole gas
per liter.

Supersaturatlion was believed to be a source of error since
the sampleg were prepared by bubbling gas through the liquid.
Experiments were conducted in wh'ch samples were taken from
gaturated ligquid and the solublility determined as a function
of time after the bubbling was stopped. After two to three
minutes, the solution had developed its equilibrium state and
no change in the solubllity could be detected within the limits
of sensitivity of the Van Slyk apparatus. It was also sug-
gested that the hydrostatic head could cause a supersaturation
condition; however, TLivingston, Morgan, and Richardson13
showed that with a ten centimeter high flask the height of the
column would have 1little effect on the solubllity. This is
especlally true when aglitatlion occurs in the lilquld which was
the case in these experiments.

Livinzston et al also showed that Henry's law 1is obeyed
for oxyvgen dissolved in water. In order to compare our results
with those by other experimenters, who present their data at
a partial pressure of 02 of 760 mm Hg, we assumed that Henry's
lew applies to solutions of KOH.

Kabatak:s and Hildebrand stated that the largest source of
error in thelr experiments was the degassing procesa. Substan-
tial improvement wa3 macde by our additlion of the vacuum distil-

lation to the degassing process.
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The error in aisorption determinations was estimated to be
less than 1%; however, as with the Van Slyke, this error in-
creases a8 one Ilncreases the KOH concentration. The solubillty
drops by & factor of 100 as the KOH concentration increases
from 0 to 10 molar, thus apprecaching the limits of the apparatus.

Results and dlscussion

The results of the Van Slyke experiments are presented in
Flgure 2. This plot shows the variation of oxygen solurllity
as a function of potassium hydroxlide concentration at a total
pregst e of one atmosphere. At 25°C and a partial pressure of
760 mm Hg oxygen this variation 1s represented by the eguation

Log S = - 0.1746 C + Log 1.26 x 10™°

where S = the solubllity of oxygen in gram-moles per liter and
C = the concentration of KOH in gram-moles per ilter.

Tae linear variation of the logarithm of oxygen concentra-
tion with KOE concentration is typical of the "salting out" of
a non-electrolyte in an electrolyte solution. The vapor pres-
sure of the solvent changes by 15 mm Hg at 25°C over the range
of KOH concentration investigated; therefore the partial pres-
sure of the non-electrolyte is very nearly constant. At 0°C
the difference in partial is negliglble and at 60°C the change
is in the order of 100 mm Hg.

The theoretical explanation of the "salting out" (or in
gome cases "salting in") of a non-electrolyte by an electro-
lyte has been attempted by several workersl4’ls’16’17. In all

cases assumptions must be made which cannot be expected to be

T

valld over a wide range of salt concentrations. With the
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excertlion of tne theory of McDevlit and Long, the assumption

i3 made %hat the mon-electrolyte affzacts the dlelectric con-
stant of the s,lution. This varlation is considered to be the
principal effect of the non-electrolvte. By assuming the
dicizctric constant is a linear function of the non-e¢lectroiyte

"salting out" behavior 1s pre-

concentration, a lcgarithmic
dicted. The theory of McDevlit and Long i3 based on the concept
of an "internal pressure" of the solution.

In none of the avallable theories are the parameters suf-
ficiently well-known to allow verification. The temperature
variation of the parameters 1s even less preclsely known.
However, for most cases, experimental measurements show that
the slope of the log concentratior non-electr.lyte versus
salt concentration plot decreases with increasing temperature.

After the experiments with the Ven Sliyke were completed
it was noted that there were large differences between the
results of this work and those presented by Posplsil and Luzny4.
Although their value agreed with ours for distilled water,
the discrepancy was in the order of 200% in 4 molar KOH solu-
tion. Results obtained with the Hlildebrand apparatus are
plotted on Figure 3 for 25°C. 1Included in the figure are
points from other lnvestigators as well as results from the
Van Slyke experiment corrected to a partial pressure of O2 of
760 mm Hg.

Walker gg_gl}o used a gas chromatographlic methed for thelr

measurements in which the precision is saild to be of the order

of +1%; however, because of the very low oxygen solubility in
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concentrated KOH aolutlons, they say these results are probably
only accurate to *15-20% for KOH concentration higher than
7 melar.

.
Knaster and Apel! baum>+

have recently investligated the
solubility of oxygen in KOH solutions at 21°C, 45°C, and 75°C.
An apparatus similar to the Van Slyke was used for thelr experi-
ments. As in the pre=s~nt work, the method of saturatlon was
bubbling oxygen through XOH solutions. Solubility values for
4, 7, and 10 molar at 25°C were interpolated from thelr data
and shown in Figure 3.

Posplsil and Luzny4 estvimate thelr ~xperimental error to
be less than 0.9%; however, their results do not follow the

trend seen by other investligators.

Diffusion coefflcient measurements:

Theory of experimental methods: The votating disk elec-
18

trode has been congidered by lLevich in detall. Gregory and
Riddifordlg have polnted out an error introduced by an approxi-
20

matlion in the lLevich solution. Newman has provided a correc-
tic1 to the Levich statement which is more exact than that
glven by Gregory and Riddiford. The Levich expression for the
limiting current density in Amp per cm2 1s

1
1im _ -2 /3
7 - 0.6205 Sc

1

nkF C W

bulx
where n 1s the number of electrons transferred per molecule,
F is the Iaraday, Cbulk 1s the bulk concentration in moles

per cms, w 1s the anguiar veloclty 1n radians per second, v is
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cm2 ; v

the kinematic viscosity - ggz-and Sc 1s the Schmidt number (EJ.
The Newman correction which 13 valid for the range 400 < Sc <

1400 1is

im 0.6205 gc~2/3

nF C, .. wi/evi/e T 1 0.298 S0-1/3 4 0.14514 So-2/3

The case of diffusion through a stagnant 11quid to an elec-

trode has been the subject of investigations by-Stackelberg21
Laitinen and Kolthoff®%, and Lingane2>.

2

The absence of ratural

convection 1s essential to this method. Kven though this con-

dition may be difficult to realize, the lcw current densities

used 1n stagnant diffusion cells malte them attractive in the
cases where activation polarization prevents determination of

1im?ting current densities in the forced convection regime.

Diffusion in a pore to a flat electrode appears to provide the

best opportunity to eliminate natural convection.
Although chronopotentiometry has been demonstrated to be
a powerful znalytical tool, it was felt that for work with the

oxygen electrode constant potential op:ration offered specilal

advantages. In chrcnopotentiometric determinations any cur-

rent which is not due to diffusion of the specles under inves-

tigation will increase the transition time and thus the appar-

ent diffusion coefficiert will be incorrect. In the case of

constant potentlal operation :uch effects are not as impor-

tant as long as the concentration of the diffusing speciles

eventually become zero at the electrode.

The equation

S8 - @ QEQ
ot ~ Y ox2
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solved for the boundary conditicns

I. 0 = Cbulk at 2all x for £t = 0
IT. C =0 at x =0 for t > C
L, O = Cbulk at x = o for £t > 0O
yields the solution
| nF C
1=nFp3 - _—_Dulk D (2)
=0 7

Thus 1f diffusion in the pore ls unidirectional and the
electrcde 1s operating at limiting current, the current should
drop as £71/2, The correctlon for the finite length of the
pere 1s found to be negliglble for time periods of several
hours.

If a first order rate equation 1s assumed such that

1=K Cotectrode e
where T} 1s the overpotential and the cell is to be run at

constant overpotential, boundary condition II becomes

1 NFDacl

I C = —~—~—s=
K en K en x

at x=0 for t:-0C.
=0

A typilcal solution of equation (1) with boundary condition
IT 1s plotted in Figure 4. It can be seen that the current
converges to that predicted equation (2). Therefore even if
the electrode 1s not at limi*.ng current when the potential
13 first applied, 1t does converge on equation (2) regardless
of the rate constant or overpotential applied.

Experimental

Disk electrodes were conatructed as indicated in Figure

5. The dlsks were rotated on a double ball bearing shaft by
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a 1/4 horsepower D.C. motor. The speed was varled from 900 rpm
to 3600 rpm and measured with a stroboscoplic tachometer.
Current was provided by a Lambda Electronic Model 28 consi~nat
current supply and measured by means of the voltage drop across
a calibrated precision resisvor. Electrode potentials were
measured relative to a saturated mercury/mercury oxide re-
ference electrode and recorded by a Bausch and Lomb V.C.M-5
recorder.

Platinum, silver, nickel, amalgamated silver and gold
plated copper were used as working electrodes. The counter
electrode was a platinum screen. The diameter of the roivating
disk was measured by a comparator to an accuracy of 0.5%.

The cell used in the stagnant diffusion experiments is
shown in Figure 6. The working electrode and counter elec-
trode were silver. The diameter cof the diffusion pore was
measured with micrometered wire to an accuracy of *1.5%.
Current and potentlial measurements were made in the scme man-
ner as the disk experiments with aa accuracy of 10.5%.

All solutions were prepared from distilled water and
reagent grade potassium hydroxide. 99.6% pure oxygen was
used saturating the soluticn. Viscosity of the solutions at

25°C was taker from the data of Mc:Ilhennyg4 and from the

data of the Solvay Technlcal Servicezs

for 60°C.
The ele:trodes 1n all cases were pretreated by cathodic
evolution o, hydrogen. Experiments v re carried out in a

constant temperature bath controlled te 0.2°C. Saturation was

achieved by sparging oxygen into the solution through a fritted
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glass tube for 15 minutes prior to making a determination. 1n
some cases the bulk concentration of oxygen was determlined by
a Van Slyke analysls to 1Insure that saturatlon was belng :
deve loped.
In the rotating disk experiments, the llmi*tlng current
was determined at 3 to 4 rotational speeds with both silver and
plainum eectrodes. These limltlng currents were plotted
versus the gquare root of the rotatlional speed and the best
straignt line fitted. From these plots and the reproduclbility
of dupllicate runs, the error in the determination of limiting
current was estimated to be of the order of 3%. The diffusion ¥
coefficlents were calculated on the basls of the Newman correc-
tion to the Levich sclution for the transport equation. .
The current versus time behavior of the stagnant dlffuslon
cell was recorded for perlods of 15 to 30 mlnutes. A constant
potentlial between 1.0 and 1.2 volts was appllied to the cell
during each experiment. Before applying the potential, the
liguid in the pore was withdrawn into a syringe through a
hypodermlc needle, thus drawing fresh solution from the bulk
into pore. Filve to ten minutes was allowed for the solutlion to
become quiescent.
In general the experimental curves did not have the same
shape as those calculated agsuming a first order rate equation,
but did converge to a straight line of slope -1/2. The diffu-
sion coefficlent was calculated using equation (2). From the
gscatter of the points on the current versus time plot the
probable error in the diffuslon coefficlents was estimated to

be *8% 1in the high concentration range.
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solutions, the activation overpotential was low and the
limiting current plateau was well defined. As the KOH concen-
tration was increaced the activatlion overpotential increased
and the limiting current plateau became less distinct.

When platinum was the metal used at a constant current
and rotatlional speed, the overpotentilal was found to vary with
time. As was noted by Palous and Buretz?, the potentlal
depended not only on time but also on the previous current
setting. If the current had been decrease( the overpotential
was considerably lower than i1f it had been increased. As the

. concentratlion of KOH was increased, the variation of poctential
wilth time increased untll in 2.0 molar KOH it was nearily im-

' possible to determine a reproducible current versus a poten-
tial curve. Therefore, at higher than 2 molar KOH concentra-
tion, investigations were made using the stagnant diffusion
cell.

Yalker_gg_gl}O have rece-tly measured the diffuslon coeffi-
cient for O2 in KOH sclutions at 25°C by the polarographic
technique. The calculated diffusivity values are 10-20%
higher than those obtained in this laboratory. The modified
form of the Ilkovic cquation27 which employs an empirical con-
stant was used to evaluate the dilffusion coefficient from the
polarographlc data. Because of the uncertainty in the con-

stant, as reported by Walker et al, no criti:al evaluation

can be made of their results.
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Results and Discussion

The diffusion coefficlent for 25°C and 60°C is plotted as
a function of potassium hydroxide concentration in Figures 7, 8.
Because of the rapid increase of the oxygen diffusion coeffi-
clent with decreasing KOH concentration in dilute solutliong, it
i1g difficult to make an accurate extrapolation to determine the
value in water. From Figure 7 1t may be estimated to be be-
tween 1.9 and 2.0 x 10> cmz/sec at 25°C, and from Figure 8 to
be between 4.6 and 4.8 x 107° cmz/sec at 60°C. The diffusivity
at 25°C compares well with values between 1.9 x 107° and

S 26

cmz/sec rezorted by Himmelblau S

2.0 x 10~ and 2.12 x 10~
cmz/bec reported by Jordan et él?-

These estimates correspond to a temperature coeffliclent of
2.4% per degree for the diffusion coefficient in water. The
data summarized by Millington7 indicates a temperature coeffl-
cient between 2 and 3.5% per degree in the temperature range
16°C to 25°C.

The product of the diffusion coefflclent and the viacosity
is nlotted in Figure 9. As 13 noted 1n this figure, the ce-
crease in viscosity with 1lncreasing temperature does not account
for the temperature coeffilclent of the diffuslon coefficient.

The rapid increase of the product Du in dlliute scolutions
was also reported by Jordan, Ackerman and Bergere. It may be
explained by assuming a cage-llke structure for water. As the
solution becomes more concentrated the cages become filled

and diffusion tecomes more hindered. %

With sillver rotating disk electrodes 1in dilute KOH
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Figure 1.

Van Slyke Apparatus.
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3/8" Precislon
stainless steel

drill rod
Copper terminal

‘/ 3/4" o0.d.

Retainer 7 / 4 "
washer N Z = 1/8" Set screw
T e 4/%, 14 -Teflon seql
Steel mercury 4N 7
\y t—1-1va"0.q.

well assembly // 7/8"
I1/16"o0.d.; 5/8" | d. '/ \\ — YL

172" 0.d.; 13/32" bore I

9/32

7/8" o.d.
(Siip fIt for New
Departure 77RC *earing)

I-174" o.d.

9/16" bore

Brass bearing cage

New Departure 77 RC
bail bearing

9/16"0.d.; Press—
fit and pinned
1"o0.d.

Aluminum Llock——m !
374" o.d.

Machined epoxy coating \
\ ] — 178"

0.02"" Pt disk | cm o.d.

Cross Sectional View of Spindle of Rotating Disk.
Figure 5.
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PROJECT VI.

Ionlc Mass Transport and Current
Distribution in Channels at High Velocity Flow

Background and obJectives

From a number of studies made on forced convectlve mass

1,2,3 it has become clear that the limiting current

transfer
technique, i.e., measurement of cathodic limiting current under
the assumption of diffusion-controlled mass transfer, 1is .
eminently sultable for obtaining precise mass transfer coeffi-
cients and thus establlshing generalized mass transfer corre- :
lations. In a number of cases the method has provided a check
on such correlations as can be derived by theoretical arguments,
in the case of particular geometriess. In turbulent mass trans-
fer 1t has served to obtain a measure of the validity of certain
assumptions; e.g., regarding the dependence of eddy viscosity,c.q.,
diffusivity, on radial coordinates, 1n an otherwise independent
development of analogy between momentum :nd mass transferl.

Since mass transfer coefficients are of lmmediate practical
importance 1n chemical and electrochemical engineering, the
limiting current technigue has also been applied to natural

convective mass transfer, in geometries that, sofar, defy

analytic solutions. For example, the correlation

Nu. = 0.18 (Gr, Sc)t/3

L L

can be mentloned, which was found to adequately represent the
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empiricel data for mass transfer by natural convection be-
tween two horlzontal plates4

In the work undertaken by Hickmans, a first attempt was
made to empirically disentargle the influence of forced and
free convectlon in superimposed forced and free convectlve
flow.
represents a situation of conslderable practical interesg,
where analytic development has had few useful resultsd. The
data obtalned in the laminar reglon and which suggest a

separation between distinct convective regimes:

Gr o > 920 Red free convective mass transfer
d"L

Gr o < 920 Red forced convectlive mass transfer
d"L

are very encouraging as to the continued usefulness of limiting
current techniques in such complicated situations.

At the same time, the refinement introduced by using
sectioned electrodes seems partlicularly advantageous to the
emplrical solution of these correlation problems, since it 1is
necessary to distinguish current density lnequalities along
the electrode which are caused by not-yet-developed mass
transfer proflles, from those current density increases which

are caused by the onset of natural - convective instabilities.

With the limited system capacities at his disposal (5 GPM
total flow rate, 14 amp total current), Hickman was not able
to pursue his investigations through the forced convection

transition reglon and into the turbulent regime. Apart from

the capacity factor, there are also a few complications which

r
|

. —— S e .
s

Page L77.

The case studled, mass transfer at horlizontal electroues,
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arise from the nature of the flow situation and go relatively
unnoticed in the laminar range:

(1) =Especially beyond the laminar regime 1t is necessary
to depend on avallable semi-empirical expressicns for pure
forced convective mass transfer, if one wants to "sift out"
any free convection influences. Thils in turn makes it advisable
to employ simple geometries. Accordingly, the presently
available wide electrode channel ( cross section 15 by 1 cm)
is assumed to approximate an infinite parallel-plates geometry.

(2) Furthermore, to be able to distinguish the effect
of free convection on the initiation of turbulence in the chan-
nel, it is necessary to exclude external disturbances of the
flow as much as possible (specifically, vibrations of the
circuit induced by the circulation pump) and to control flow
rates closely.

(3) As expected, and quantitatively confirmed by Hickman,
any forced convection introduces a non-homogeneous boundary
condition, since the leading cathode sectlon reaches limiting
current later than the trailing sections. This effect is
especially noticeable at high mass transfer rates (high Re,
high Gr) and is somewhat leveled off by natural convection.

In the turbulent regime it is pronounced but limited to the
first entrance sections of the chanrel.

The 1nequality can be overcome by using local cathodic
overpotentials to indicate wnen local (section) current den-
sities reach limiting values. Accordingly, a multiple

measurement system developed by Hickman5 has been acdded,
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scanning the section current densities and corresponding
section overpotentials. This refinement is most profitable
when one takes an Interest in the development of concentra-
tion profiles in free convective (and fecrced convective)
mass transfer, and consequently in the mechanics of the develop-
ment of natural convection flow patterns.

The apparent presence of reproducible convection patterns
termed "roll cells" seems to make estimates of free convection
flow pattern dimensions possible.

Disregarding, for the present, any theoretical approacn
to the second part of the above obJectives, 1. can be sald that
continuation ¢f experiments on combined free and forced convec-
tion poses the following requirements for the apparatus:

(1) The system should allow high enough flow rates to
cover, with the existing electrode cells, the range Red<10,000,
(2) The power source for the system should be able to

supply correspondingly high currents.

(3) The flow rate measurement should have a uniform rela-
tive accuracy over the range of flow rates covered.

(4) The flow regulation should be precise over as wide as

range as possible.

(5) The velocity profile in the flow cell should be well

defined before mass transfer starts.

(6) Freedom from external vibrations should be assured as
much as possible.
(7) Sectional current densities and reference electrode

potentials should be scanned sequentially, to allow construction

of local limiting current curves.
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Moreover, from practical consideratlons, a number of
additional regquirements can be expressed.

(8) The temperature of the electrolyte should be kept
constant to within 1°C.

(9) It should be possible to apply current to the elec-
trodes at a pre-set rate of increase.

(10) The resistances used to measure the section currents
should be adjustable within such ranges as to make the poten-
tial variation between the sectlions less than the assumed
criterion of 2 mv.

(11) With a view to possible related studies, employing .
a modified arrangement, the parts of the flow circult should
be easily replaceuble or interchangeable. .

(12) An adequate prctection should be provided for the
operator in case of a catastrophic leak or other accldent

involving the circulation system.

Design and construction of equipment.

Supporting structure and protéction:

A. Design considerations

It was felt that an expansion of the circulation
circulit made 1t necessary to provide an adequate support for
its elements, especially the heavy electrode flow cells and
the necessary valves and flowmeters. The weight of any kind v
of piping and the 1liquid hcld-up could also be expszcted to be
appreciacle, since the circuit dimensions are conditioned,
in part by the flow cell length (approximately 6 ft), in part

by the moderate head of the avallable pump (14 p.s.i.). The




b

il

e i

Section D., Project VI. Page 181.

supporting framework would have to stand free from wz2lls, to
give maximum accessibllity. It could also serve as a continulng
structure, such that 1t would be easy to attach shielding on
all sides to protect the operator of the system agalnst acecl-
dental leaks of the corrosive electrolyte.
B. Execution

A baslc supporting structure was erected :consisting
of 8 Unistrut Double-Relinforced Columns, mounted between floor
and celling and forming a 4 by 2 rectangle with equal spacing.
A separate support was provided for nounting the heavy circu'a-
tion pump, in such a way that propagation of pump vibrations
through the frame would be avolded. All heavy parcs of the
circulation system are supported by single or double Unigtrut
channels mounted onto this baslic structure. Immediately above
the floor, covering the entire area of the rectangular structure,
a dropping tray was mounted through which spllled electrolyte
is drained. On the long sldes of the rectangle, at working
height, stainless steel frames were mounted, in each of which
four suspended plexiglass windows can slide. The windows are
39 in high by 30 in wide and fa' ricated from 1/4¢ 1n thick Lucite.
All area under and above the windows can be covered with rectan-
gular shields of stailnless steel sheet. Fixed plexiglass win-

dows mounted onto the short sides of the structure give a view

tudli

of the inside over the whole height. All valves can be
operated from outside the shielding. Connectlons to measuring
equipment outside are protected against corrosion and stray

flelas.
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Electrolyte circulation system:

A. Design considerations

Design calculat.ons were based on the characteris-
tics of the avallable Aurora centrifugal pump (capacity 70 GPM,
total head 14 PSI). Assuming a total circnit length of approxi-
mately 10 m and employing a friction factor of 0.0, the Fanning

friction relation

2
Ap o 2L LeQ"

WZ D5

glves, for water, at maximum capacity D = 3.5 cm. The minimum
holdup by the circulation system in that case 1s approximately
10 1iter. The real holdup was expected to be greater, because
regulation of the flow rate requlres a by-pass of the electrod:-
cell and because the anode and the cathode compartment of the
flow-cell have to be fed separately. The bl-sectlion of anode
and cathode feed line had to be designed earl& ehough to in-
cluée a flowmeter in one of them (presently the cathode feed
line). This was thought preferable over measuring the total
electrode flow rate, since imbalances and disturbances could
easlily be expected during an experiment. To avoid the cost and
complications of a second flowmeter in the alternate feed line,
outlets fer differentlial pressure measurement between cathode
and znnde were designed at the entrance of the electrode flow
channel. The design of the circuilt tubing would have to be
such that any of the two feed lines co..1d be connected to any
of the two electrode compartments 1n whatever electrode orien-

tation with respect to the vertical would be desirable. This
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could be achieved elther by employing flexiblie tubing, or hy
a rigid conastruction employing interchangeable elements. The
more costly solution of censtructing a four-way combination
valve of resistant material was not considered. Finzlly, the
design would have to provide drain lines and a storage possi-
bllity for the electrolyte in such a way that handling the
large volumes <f corroslve solution would not present great
difficulties or risks. Since in previous experiments tempera-
ture increases of several degrees centlgrade due to pump energy
dissipation were observed, a modest cooling facllity would have
to be included somewhere in the clrcult, preferably in the main
reservolr.
B. Execution
It was decided to use 1 1/2 in I.D. ryrex Double-

Tough Glass Tublng for the main circult plping. In this way
sagging connectlions were avoided and continuous support of
long lines was unnecessary. Also, flanged connections could be
empioyed. The glass tubling was available in unit elements
of various length, down to 3 l1/2 in. Elements are connected
by Corning type flanges and sealed by Teflon O-rings. Connec-
tions to metal flanges are sealed with neoprene gaskets. The
iniet and outlet of the electrode flow-cells, as well as all
vaives and flowmeters in the system, were provided with 1 1/2 in
I.D. stainless steel flanges of 1S5S0 1lbs. 8Standard ASME speci-
fications (a few connections were 1 in I.D.).

Regulation of flow rates through the return line, the

cathode, and the anode was provided by 1lnserting in the circuilt
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three Powell globe valves of 1 172 in I.D. stalnless steel,
150 1bs ASME specifications.

Flow rate measurements ore made by a magnetic flowmeter,
which offers the advantage of minlmal pressure loss and high
accuracy over a wlde range of flow rates, through adjustment
of the full-scale range between 5 and 60 GPM. The transmitter
signal is converted to a current and continuously recorded.
For extremely low flow ratea rctameter measurement can be pro-
vided by a ecircult extension.

Propagation of pump vibrations through the circuilt piping
is prevented as much as possible by flexible connections to
pump inlet and outlet.

The drain lines of the circulation system consist of two
1 in I.D. branches at the lowest points of the circuit (on the
suction an¢ on the pressure side of the circulation pump).
They lead, through 1 in I.D. Edwards globe valves of 3talnless
steel, to 1/2 1n polyethylene tubing and a small Cole-Parmer
polyethylene pump which can pump the electrolyte into one of
two Nalgene storage hottles of 15 gallon capacity, located
above the system. These storage reservolrs can empty into the
main reservoir, likewise a Nalgene vessel of 15 gallon capacity.
The main reservolr can be cooled by means of copper colls
through which, dependling on the need, tap water or refrigerated
water 1s circulated.

Figure 1. glves a schematic representation of the electro-~

lyte circulation system, in the form of a block diagram.
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Electrode flow-cell.

A. Deslgn conslderations

The electrolyte enters the electrode channel
coming out of a tube of circular cross section and 3.75 cm I.D.
It has to conform itself to a rectangular channel of 15 by
1 cm cross section. The distribution device used for the wide
electrode channel proved to be unsatisfactory at Re numbers
beyond the-laminar range. It was thought necessary to have a
completely new inlet sect!on constructed, which, like the old
ones, could be flanged onto the maln flow-cell. In view of
the lack of experlience with entrance behavior at high flow
rates, 1t seemed advisable to provlide an excess of flow
stralghtening devices, with the possibility to remove one or
more of them if the resultling pressure drop would prove to
diminish the flow range capacity of the cell too much. It was
not considered necessary to revise the outlet-section of the
cell, except for an enlargement of its capacity.

As mentioned already in the previous section, outlets for
differential pressure measurements had to be made in the en-
trance of the cathode and the anode channel. The pressure drop
along both channels was considered of inte:est for the inves-
tigation and therefore similar outlets were designed at the
end of the two channels.

B. Executlon
A new inlet section was constructed out of

Lucite. Each circular inlet-channel branches aymmetrically

into 2, then 4, then 8, finally 16 circular channels, with
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calming sections of proporticnal length inserted between the
bi-section points. The total cross sectlon of the channels
stays constant throughout. The last, sixteenfold, stage emp-
ties iInto a short length cf rectangular.channel of dimenslons

15 by 1 cm. Here the fluld expands slightly in the width dimen-
sion. The channel 1s then ended with a 15 mesh stainless steel
wire screen, which can be taken out. Also, the Luclte elements
in which the 8- and the 16-fold division of the flow takes
place, are not glued to the first and last elements but held

in place and sealed by neconrene O-rings under pressure from

the inlet-sectlion flanges. They, too, can therefore be removed,
to alleviate the pressure drop.

Between the inlet section and the main electrode channel
an additional calming section, of 15 cm length, can be in-
serted by means of flanges. It 1s, in turn, ended with a
removable stalnless steel wire screen of 15 mesh.

Pressure reading outlets were drilled in the short sides
of the cathode and anode channel, at 7 cm and 5 cm, respec-
tively, both downstream from the inlet-section and upstream
from the outlet-sectlon. The holes were 1/4 in diameter
throughout the wall thickness, except for the last 1/16 in
length opening into the channel which had 1/16 in dlameter.

The actual connectlon to the mercury U-tubes was a 1/8 in
dlameter branch, just above thlis point. This connection
could be severed by lowering a plug into the main, 1/4 in
diameter hole. The plug was machined to fit the 1/16 in

diameter, flush with the channel wall.
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To avold great lengths »f tublng necegssary foir differen-
tial pressure measurement between inlet and outlet of the séme
channel, it was declided to measure the absolute pressure at
these pcints, by means of an open mercury tube. The differ-
entfzl pressure, however, 1ls measured between thc two channels
at the inlet and outlet of the flow-cell.

Finally, the cathode holder was provided with a groove
and a neoprene O-ring for seal, to avold any degree of contamina-
tion of the electrolyte by grease.

Power supply:

A. Conslderations.

A new power supply had to be designed, capable
of supplying currents of up to 100 amp as a current ramp.
Because of the necessity of trylng out several increase rates
in mass transrfer sltuatlions where the limiting current curve
has no conspicuous plateau, the current source should be able
to reach any maximum in a time that could be pre-set. A maxi-
mum voltage should not be exceeded during this process.

B. Execution

The system designed to meet these requirements
1s shown in the block diagram, Figure 2 . A Kintel Operational
Amplifier connected as an analog integrator is used to generate
the ramp function. Current maximum can be set at any value
between O and 100 amp; time ranges are 1, 2, 5, 10 and 20
minutes. Current stab’ .icy is .1% of range; linearity is .1%.
A maximum voltage of 18 V 1s not exceeded.

The transistor btank in the power supply 1is cooled by

water.
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Electric measurement system:

A. Considerations

At higher total currents applied to the cathode,
it was thought probably that the variable resistances (ccmbined
in the current shunt box) which serve to measure sectional
currents, might have too little variabllity tc allow equal
IR-drops between the cathode sectlon contactors, and the com-
mon busbar, which 1s connected directly to the power source.
This would be caused by the flxed resistance presented by the
leads and 12-pin connectioi.s 1n the cathode holder, as well as
the slide-wlre resistance and acveral contact resistances in

the shunt box. A callbration of the total reslwatar:~_, nvolved

.showed that, indeed, assumlng uniforn 2urrent density over the

cathode, deviations from equipotentliallity of the central sec-
tions would amount to more than 2 mV (the ass’ "ed crite.ion)
at total currents above approximately 30 amp. The situation

would seem more serious, however, even at 10 amp, with respect

to the equipotential condition of the long side-sections (car:rying

each 4/15 of the total current, regardless of current density
distribution along the cathode). Deviations of more than 20
nV were to be expected, with respect to the central sections.
It seemed advisable, as a provisional solution for low-current
measurements, to drastically diminishk the fixed resistance of
the connections to the silde-sections.

To enable a continuous measurement of (1) total current;
(2) section currents; (3) local overpotentials; (4) electro-

lyte flow rate, an integrated electric system had to be
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designed, wihlch could be compactly housed 1in one or two cabl-
nets, within the operator's reach. Sich & system could be
envisaged as, either leading to simultaneous recording of
all data mentioned by means of single and multi-point. recorders,
or as a rapld sequential scanning of all signal-points by a
scanner-digital voltmeter combination, the output from which
could be printed and inspected, or directly punched into
IBM cards to facllitate possible computer treatment of the
data.
B. Zxecution
The current shunt box was modified by takling out

the variable resistance wire corresponding to the (combined)
side-sections and replacing it by two fixed copper wires of
1 mll resistance, eaching leading directly to one of the side-
sections. The totul contactor-to-busbar resistance of the
slde-section connections 1is now 1.7 mQ, which is expected to
make the current shunt bor usable up to total currents of
approximately 30 amp. A decrease of total resistance has also
been achleved for the other leads by eliminating the 12-point
plug connection. The current shunt box has been fastened to
the cathode holder.

An integrated system leading to simultaneous recording
of most of the data involved has been designed and constructed
(see block dlagram, Figure 3.). Such a system can without
effort be simplified to suit a rapid-scanning-digital volt-
meter-printer combination.

The present system combines:
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(1) a panel of voltage dividers which make it
possible to scale each sectional current output in such a way
that the recorded signal 1is pfoportional to the current den-
aity on the section;

(2) a stepping switch, actuated by the 10-point
recorder, which selects the sectional current density output
sigrals for sequential recording;

(3) a microvolt-amplifier, with ranges between
50 and 2000 uV, which serves to amplify low current section
current denslity signals;

(4) a selector-switch which det=rmines which
10 of 11 available current density signals will be recorded;.

(5) a ten-point Ieeds and Northrup x-y recorder,
which reglstrates section current density agalnst total
current;

(6) a programming pin board which combines the
leads originating in the 9 reference electrodes with branches
from the 11 leads which contact the variable resistance wires
at the outlet of the current shunt box;

(7) an attenuator tc bring any signal from a
chosen combination in (6) down to the level required by the
recorder;

(8) an x-y-y recorder which registrates the
chosen overpotential signals against total current;

(9) an x-y recorder to registrate the flow rate
signal from the magnetic flowmeter tc current converter

agalnst the total current;
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(1¢) a shunt introduced into the power socurce cir-
cult to give an output correspcnding to the instantareous
current, the order of magnitude of which is kept within the
mV-range by the decade-setting of the current meximum.

Literature study.

Forced convective mass transfer: The results obtained by

Hickmans for systems considered under laminar forced convective
control show a remarkable consistency with empirical correla-

tions avallable for rec.angular ducts:
Nuy = 1.85 Re'/3 gc?/% (a/1)1/®  (Norris ana streia)

In particular the current density profiles for the cathude-

over-anode situation, l.e.. involving an indefinite hydrodynamic

stability, are in perfect agreement with boundary layer theory
pradictions of mass transfer rates proportional to x"l/s.
A simllar agreement has not heen claimed for data obta_ned
in the range 2500<Re<600G, which were supposed to be consistent
with elther the equation for fully developed mass transfer in

pipee (originally developed empirically for heat transfer

Nuy = 0.027 Re?+8 gcl/3 (uo/ui)o‘14 (Sieder and Tate)

or the equation for the entrance regioh:

Nuy = 0.276 Re®*°® (3¢ a/L)}/®  (Shaw, Retss, Hanratty®)

It 1s, however, doubtful whethe:r the narrow range and the tran-
sition ciaracter of the Re numbers concerned can be consldered
representative for the turbulent regime. It should, in pafti-
cular, be considered possible that natural convection intro-

duces an earlier transition to turbulent flow. Exactly in that
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case, the influence of natural convection occurring in the
flat, rectangular geometry employed would seen to contribute
to marked anisotropy of turbulent motion such as ta make
comparison with results obtained in pure, turtulent forced
convectlve mass trancfer deficilent.

In the range of Re » 10,000, however, such a comparison
would be justified and the quality of the results obtalined in
correlating laminac forced convective mass transfer suggests
that the limlting curreat technique is sufficiencly accurate
to provide a check on the valldity, for mass transfer, of the
several refined analogy expressions developed for turbulent

mass transferl’s’9

as well as the familiar Chilton-Colburn
analogy

st = (£/2) s¢™2/3
The most important aspect of this check would concern tha
variation of the dependencs

(0 in St/ n r)
as a function of the Sc-number. Recent experiments by Ligntfoot

and Hubbargl®

cenflrm the evidence already available that the
Sc-dependence glven by the Chilton-Colburn expression agrees
better with the data than that implied in Deissler's analogy7.
Though the geometry of the channel employed fcr such tests
is of importanze in the laminar range of R= numbers, 1t appeais
that in the range indicated above the results for mass srans-
fer between parallel plates ic not deviats mere than 1% t'rom

11
those for round pipaa'g. A theoretical development of the

heat, transfer to friction annlosy for the case of special
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interest here, transfer from one wall to flow between parallel

plates, s avallable'l.

The sectioned electrode technique enables measurements of
entrance effects in turbu’snt transfer. Mass tranafer tech-
niques, in particular electrolytic methods, require less compli-
cations in this regard than measurements of heat transfer,
where thermal insulation of short lengths of channel presents
a problem. Entrance reglon measurern=its are of lInterest
especlally at very short lengths and relatively low Sc numbers,
where the assumptlion that ¢/v, 1.e., the rate of eddy diffu-
sivity to kinematic viscosity, depends only on the dimenslion-
less coordinates, ytand X, loses credibility.

-

Influence of free convection: 1instability and transition:

The correlation developed by Hickman5 to distinguish between

regimes of laminar forced-convective mass transfer and free-

convective mass transfer employs the modiflied Grashof number:
r 5 = pgarcdZL/ve.

Though this dimenaionless combination represents a convenlent

way of summarizing the basic finding, 1t deces not contribute to

its explanation since the actual value of the mass transfer

boundary layer 1s not employed.

Also, insofar as avalilable instabllity criteria can be
uced for comparison, 1t should be noted that the criterion
derived by Veltelz, Ra > 5300, refers only to square cross
section and utilizes exclusively the equivalert diameter.

The application of 1nstability criterla and the analysils

of transverse flow patterns with regard to the results obtained
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in laminar flow through a rectangular duct, would require

first a careful investigation of the transition region to tur-
bulent flow under conditions of hydrodynamic stability, i.e.,
in the cathode-over-anode situation. Precise control over flow
rates and absence of any gross flow disturbances are essential
conditions.

Influence of free convection: transverse flow patterns:

Convection patterns termed "roll cells" are apparently present
in laminar flow influenced by free convection. Though their
exlstence was not demonstrated conclusively, it has been made
plausible by comparison with similar phenomena observed in heat
transfer to a norizontal layer of air in shear flowls.

For any further analysis +t 1s necessary to have quantita-
tive and reproducible data on tn2 characteristic dimensions of
these convection patterns and their point of initiation. The
most promising approach to an explanation would be an analysis
of simlilarity witi the Taylor-Goertler vortices observed ir
laminar flow on highly concave walls. These "neutral" vor-
tices are likewise the result of a three-dimensional distur-
bancel4.

Such an analysis, however, presents extremely complicated
mathematical problems and would only be warranted, as well as
congiderably helped, by substantial data on the dimensions of
the phenomena observead.

Since the localization of roll cells 1is still highly

dependent on the measurement of deposition profiles, it is im-

perative that .’brational disturbances be avoided.
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Immediate objectives.

After test rungs have been completed and the regulation
characteristics of the electrolyte circulation system have been
established, the investigation will be conducted along the
following lilnes:

A. Employing the wide eler..ode-channel and a copper
deposition electrode reaction.

1. Collection and correlation of data for laminar
pure forced convective mass transfer, employlng the cathode-
over-anode position.

2. Establishment of the laminar-to-t.rbulent transi-
tion Re range in pure forced convective flow.

3. Collection and provisional correlation of data

for turbulent forced convective mass transfer:

]

a. Dbelow Re 10,060
b. above Re = 10,000.

4. Fvaluation, over the total Re range covered, of
the bounda. iditions existing at individual sections and
thelr influence ¢ generalized correlations.

5. Considera.ion of modified cathode segmentation
(1st part).

6. Collection and correlation of sectional limiting
current data for combined free and forced convective mis3s trans-
fer, employlng the anode-over-cathode position and a wide range
of bulk concentration.

7. Collection of deposition proflle data indicating

onget of iree convectlive flow patterns and correlation with
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section data obtained for the initlation of free convective
mags transfer regime.

8. Comparison of data with respect to the initiation
of full-scale turbulence for pure forced convective and mixed
convective mass transfer situations.

8. Evaluation, over the Re range covered, of the
boundary conditions existing at individual sections in mixed
convective mass transfer.

10. Estimation of expected current density distribution
at other orlentations with respect to the vertical.

11. Consideration of modified cathode segmentation
(2nd part).

B. Employlng the narrow electrode channel and a ferri-
ferrocyanide reduction reaction on nickel cathode.

1. Collection of sectlion current density vs overpoten-
tial data in the laminar forced convective mass transfer regime.

2. Evaluation of boundary conditions existing at 1in-
dividual sectlons, and the relliabllity of overpotential as
an indication.

3. Collection and correiation of turbulent convectlve
mass transfer data above Re = 10,000 with exlsting analogles,

using extreme varilavions of electrolyte Sz number.

]




=

Section D., Project VI. Page 197.

N

e S nu|uswluum|iumi||uumm.niulixlﬂititrillllli»lillﬁl%mmmzlmlsulllum:nmmliilm!?unmnai;;muumm|,.g||mgm;g"m;ﬂ;;“m[|||.lg_;p;m|m,;h ;

(T BRI BRI

]

»

-&{llikmlilUﬁNNllH!m!i[M!Elml]m][}ll:m[nlm;[i!Iliim!mlmlil!NiilIu:lnlnmumulmummuuuwmuu;.m.. O 0 il

LITERATURE CITED
Iin, C. S., Moulton, R. W., Puvnam, G. L.; Ind. Eng. Chem.
45, 636 {1453).

Eisenberg, M., Tobias, C. W., Wllke; C. R.; J. Electro-
chem. Soc. 101, 306 (1954).

Wilke, C. R., Eisenberg, M., Toblas, C. ¥.; J. Electro-
chem. Soc. 100, 513 (1953).

Fenech, E. J., Tobiss, C. W.; Electrochimica Acta 2,
311 (1960).

Hickman, R. G.; Techn. Report No. 2, Dec., 1, 1863, Contract
No. DA 36-039 SC-89153.

Mori, Y.; Trans. ASME/J. Heat Trf. 83, 479 (1961).
Deissler, R. G.; NACA Report 1210 (1955).

Shaw, P. Van, Reigz, L. P., Hanratty, T. J.; A.I.Ch.E.
Journal 9, 362 (1963)

Vieth, W. R., Porter, J. H., Sherwood, T. X.; Ind. Eng.
Chem. Fund. 2, 1 (1963).

?ubbagd, D. W.; Ph.D. Thesis, University of Wisconsin,
1964).

Barrow, H.; J. R. Aeronaut. Soc. 60, 413 (1956).
Velte, W.; Z. Ang. Math. Phys. 13, 591 (1962).
rhillips, C. T.; J. R. Met. Soc. 58, 23 (1932).

Schlichting, H.; Boundary-Layer Theory (1960) p. 439,

i




2 ‘T 2andty
T FN/T OIF -~ FOOHLED FATVY T
FNIZ NP LT SSFOLAEG FA701 A

.....

dFT7OH FOrYosS O
i H/ONY TSPy POOKUID #2 (For&os al)
- &7 YWY -~ STAII CNIALINFG o LT £ TV TS o
TOVNOLS - STA75A DONIALING N ATOE Nikwy €|  NIONNTSTE o FVEHW 3

LIPOEID NS TOINSZL Y LTINS D PITTIOMOT7S FOOHLIFTT D

TN I-NIEYT SFATEA 7Y FZLINAIOr DILTN Oy 5

TFAN? OFFS FPTONE FA761 7 IV NO/L V777980 fr

{ 1 NOSLS SRS «TOONE =& FAO - FOOH LD A/
NOILETIOMD FUAT7OMLITTT A VIS OPIT NI07T

ithh



.......... il

*2 oanITyg

NI/TS (LI FONVE LI,
oroNi® & » Ly |
220005

IVEYOIRT YO079
PENOILINGS ~ AUV YINT S
TV SN T 7D 3 ey
rs
.@M\ -4 P
£

\\I‘
TRy . >
2 __l7%s
\v /-3 m/ s
" LHWLS,

TN
S|\ aVNFI b2,
S APIY e
‘s
oro.’
i ¢ e 8!
. TV, i
INPE
DOUSISNEHL { F182S
oI _ d p ;.\wwm“
Rt NI /S I TSN &
ZIMOLLEN O wTTO7S TIVFY, -0 + I8 NbD N[ 4
{
\ 3-‘& '''''''' — s e - J
MO NS S, NO !
v IO NS IMS, | A TS P
w N AN/ SZULIR FIAOT 4 {
WSO/ _ X, 2RI /
YOO8 - A7cN?S L boN |
IO DO N/IFW Py o T !
oISy {
/
!
/ o
I OOE I = SWI/F /LT @ ! Sowyos U\MM.N
SLronE — , .4 SV, NIV TYE
SIWY OSSN VEL 5 LIPON/D
[

-

-

B
-




* ‘¢ 2andTy
3 .I_H HIONO27Y
S d o027y | | yvFosorIy — s Aa
- LNIRS NRL A=k Fr 29000 | YFOYOIIY
g oo osee69 TyUIY ¥ S
nm I p—— IILINND 7 2FCON NVFT AT ITSONY S INL NTT
I
I
i
| | | 5556 VS£66 2
| | | 722007 ) 009 v \ 2700w
NP7[ L2t 7 L7NT\ NT7
! I 1
! h&ﬁxqig YOLPINZLY
)
1€ * 2 TNHE INSEE70
f & MFTO70N FOOHLPD R . _
_ — B DTLIIANCD
_ Pl L LN i _ N T2
3 — b \\ _ < “'" “” S “” _ 'Q'\‘%ﬁ‘
| . > T T = s
— L MS sodizzs 2 3 > < ST _ 962 JOW OF O Y0
> | ~fITvs 3, ~ |
< ) NOWL
m _ ~freos 7 o] nmw { + 2 ‘ “ SILUNWSNESL | - 70212
P | Pe OF— #24MS -+ £ C '@ly FLAT
b 4& et 5 _ ULTNEEWY | ~OXt 2777
o _ R ST ez | Y] X3 _ OGE/ 7300W GG x7
o ~ 2 |
& = 0
LN | X !
5 l@ 1 ‘ & | .
- Fr— llmv T é ; FOLVS INTS
2 TYUNTLOT | ; oy
2 FNTH T AT _ LNIS SIS
L8 |

SO L2TTF
FINFY TS TS

J OO0
e e yrsom

A7ad78 —0 AP
XIMG —0 4102

VILSAS UNTWIFEISPIIV D/HLDTTT O WOk /T Y078

S TR0 O ik o R ———— ST R TR ik il 4 i nf




i

il Wm' 0000000000000 O

e

Sectlion D., Project VII. Page 201.

PROJECT VII.

Transport Propertles ot Concentrated
Electrolytic Solutlons

In order to make accurate mass transfer calrulations in
electrolytic systems, i1t 1s necessary to have correct values
of the transport properties of the electrolytic solution. Cases
of practical interest usually require a knowledge ¢f' the diffu-
sion coefflclents of individual specles as well as conductance
in a multlcomponent solution over a range of temperatures and
concentrations. Unfortunately, few such data are avallable 1in
the literature. Most existing measurements have been made on
binary electrolytes in dillute solution at 25°C. Because of these
clrcumstances a program has been undertaken to measure and to
comrelate the transport properties of concentrated electrolytic
solutions over a wide range of conditions.

Correlation of transport properties

The first step in systematizing the information on such
golutions was to construct a rational mathematical framework
of flux equations wherein all the transport properties are
unamblguously defined and ascribed with a specific significance.
Newman, Bennion, and Tobiasl have pointed out the shortcomings
of the classlcal dilute solution flury equation with regard to
concentrated and multicomponent solutions. They proceeded to

eliminate the inherent difficulties by using the generalized

multicomponent diffusion equations:
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where the transport properties D1J each represent the inter-
action between a palr of specles 1n the solution. It is seen
that this relationship can apply to an arbitrary number of
components. Also the formulatlon avoids a frame of reference
problem usually encountered in measuring propertics of con-

centrated solutions. It .

1/]

felt that because of the straight-
forward significance orf the Dij's’ they should lend themselves
more readlly to theoretical interpretation and correlate more
easily than the properties defined by the classlcal flux equa-
tions. This 1s the problem which is presently under conslidera-
tion.

Before cdealing with the complicated problem of multicom-
ponent systems, 1t is necessary to investigate first the
behavior of the 1lnteraction coefficients DiJ in binary solu-
tions of varlous electrolytes 1in order to determine their
dependence on the various physical parameters of the system.
All availlable data or. densitlies, viscosities, activity cceffi-
cients, conductances, diffusivities, and transference numbers
for binary systems have been collected from the literature.
Care has been taken to criltlcally evaluate the data where possl-
ble. It has been found that a falr amount of data are avail-
abie for most of these properties, at least at 25°C. However,
for diffusivity and transference number the data are very sparse
for concentrated solutions. It should also be noted that

diffusion data for multicomponent systems are practically non-

existent.
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When all relevant data are available for a particular bi-
nary system, 1t 1is possible to calculate the three 913 coeffi-
clents as was done by Newman et al. for potassium chloride. Thz
raw data for their calculations are shown in Figure 1. It
is seen tunit conductivity increases monatonically wilth concen-
tration, the cation transference number decreases with concen-
tration, and the measured diffusion coefficlent drops rapidly
to a minimum and then rises whereas the thermodynamlc diffusion
coefficlient goes in the opposite direction. This general be-~
havior appears to be characteristic of the alkall halldes.

The calculated ”13 functions appear in Figure 5 of the previous
reference.

In ProjJect IV. some tentative assumptions about the depen-

dence of DiJ on concentration and visccsity led to a conducti-

vity correlation based on the equation

~j\’CCT AB JVCO

- 2.2 eF — = G + — . (2)
+ - Vid V+m + v B Joon
T

If A, B, and G from their equations (12) are constant, a plot of
J¥eeq/xi versus Jve_Acey should be linear. It was found that
for KC1l and KOH the suggested relationship was indeed linear
over the entire concentration ranges at 25°C. This relationship
has been investigated f'or a number of other systems.

In Figure 2 are plotted the conductivities of ammonium
nitrate solutions of varilous compositions and at various tem-
peratures. It is seen that for thls salt the conductivity

at any temperature goes through a maximum in the high
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ccneentration range. This behavior 1s common for a number cof

electrolytes including KOH. It 1s such a maximum which often

determines the choice of concentration of supporting electro-

lyte 1n a working cell. The phenomenoa appears to be related

to the large viscosity increase observed in concentrated solu-
tiuns of many electrolytes.

In Figurea 3 and 4 these data for NH4NO:5 are plotted in
the manner suggested by equation (2). A linear relationship
appears to hold weli over most of the concentration rarnge but
is seen in Flgure < to fail at high concentrations. Also the
data for different temperatures fall on different lines which
indicates that the temperature dependence of Dij has not peen
accounted for completely.

In Figures 5, 5, and 7 turee more examples are presented.
The conductivity of CuSO4 when plotted in Flgure 6 is seen to
deviate from linearity in the concentrated region as do the
data for LiNO3 in Figure 7. 1In Figure 8, however, 1t is seen
that LiNO3 in ethanol follows the linear relationship quite
well.

It has been found from the analysis of the conductivity
data for a large number of systems that the forms assumed in
equations (12) of Newman et al.account quite well for the be-
havior of DiJ in dilute binary electrolytes but that they
sometimes fal' Iin the concentrated region. The reason for
success or fallure 1n a particular case 1s not obvious. How-
ever, 1t dces appear tnat these first approximations do take

into account the proper effects and do successfully reduce
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the experimental conductivity data to a well behaved form.

As suggested in the original presentation a more sophlsticated

i

approach to the structure and interactions in the solutions
should make 1improvements in the correlation possible. This
problem 1s belng given further consideration.

In Figure 9 are shown the cation transference number,

measured diffusion coefficient, and thermodynamic diffusion

coefficlent of copper sulfate. With these data and the con-

ductivity shown iIn Flgure 5 it 1s possible to calculate the

i
i

DiJ for copper sulfate. The results are shown in Flgure 10.

Similarly, the diffusion coefficient dat . for ammonium

R

nitrate are plotted in Figure 1l. Unfortu.ately, no measure-

ments of the transference number of this salt have been mz '=.

e

By assuming that t+ = 0.487 1t was posslble to compute the
DiJ's for this substance. The results are shown in Filgure 12.
By comparing Figures 10 and 12 with Figure 5 of Newman

et al., one sees that the p,, of these three systems behave

A A A

gqualitatively in the same way. However, a quantitative corre-
lation 1s not yet obvicus for these functions. 1In particular,

the behavior of Q+_ for the three salts differs considerably

irhi R e R R e T A e T R T

in the high concentration range, and the slopes are different
even in the dilute range. Again 1t appears that successful
correlation will require consideration of liquid structure and
. molecular interactlons in conjunction with investigation of

the behavior of many other binary electrolytlc solutions.

rT e R

. : During the collection from the literature of the data

which are necessary for these calcuiations, it has become

[t

A
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obvious how scarce reliatle values of diffuslior coefficlents

for concentrated solutions are. Even where measurements have

s

been made, one must be careful in ucing the reported values
because 1n many cases they are not the intrinsic properties
which are defined by a differential flux relationship. Some-
times the reported diffusion coefficlient 1s an integral value,
that 18, one which represents some average over the concentra-
tion difference employed in the measurement ratr2r than a true
differential value. As indlcated before, it i1s sometimes not
clear what the frame of reference 1s with respect to which the
diffusion coefficlent was measured. And in some cases the
experiment was simply not capable of very high accuracy. Dis-
crepancles between different investigators make this fact
obvious. Because of the need for much more extensive accurate
data, both for practical application and as a basis for a
successful theory or correlation for concentrated and multi-
component solutlons, a program of diffusion coefficient
measurements 1ls being undertaken. In conjunction with this,

- program of transference number measurement 1s also being

planned.

Experimental methods for determining diffisivity

In deciding what method whould be chosen for the diffusion
studles, we have considered all the techniques which are
presently avallable. Since a number of thorough reviews 6n the
experimental methods for measureing diffusion have appeared

2,3,4,5 *

in the last twenty years s no detalied discussion seems

=EeE—————=————————— e e = - L 3




|

il

il

e R

ARt

IR

R InE IR

i

|

Secvion D., Project VII. Page 207.

Justifiad here.* We 8..211 simply outline the several methods
which appear to be reasonably accurate and note the advantages
and disadvantages which are particularly relevant.

Optical methods: Most of the popular optical methods are

based on the solution of Fick's law for free diffusion7. That

is, diffusion takes place from an initially sharp boundary in
an effectively infinite column of solution. Most methods,
such as the Gouy methods, ugse interferometry to observe the
gradient of index of refraction. Such a measurement can be made
quite accurately. Unfortunately, the com3ilete analysis of
these experiments requires the assumption of a constant diffu-
sion coefficient. Therefore, i1t i1s necessary to work with a
very small concentration difference which tends tc 1limit pre-
c¢lsion. Furthermore, the analysis of the measurements depends
rather critically on the initial condition. One must be very
careful to make the initial concentration boundary as sharp as
posslble; it is necessary in any case to make a zero time
correction.

These methods do have the advantage of affording measure-
ments in a relatively short time, although the analysis of the
fringe patterns appears to be rather tediuous. In spite of the
various difficulties optical-methods still offer the possibility
of highly accurate measurements, and a large portion of re-
liable data, particularly in concentrations solutions, has been

ootalned by an optical technlque.

A particular complete discussion of the measurement of diffu-
sivity has been given recently by Geddes®.
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Diaphragm cell: A method which 1s not as accurate as most

of the optical methods but which 1s easier to use for quick,
approximate measurements is the diaphragm cellg. This cell
employs psuedo-steady state diffusion through a porous dia-
phragm which separates two large volumes of solution. The
method 1s not absolute, and each diaphragm must be calibrated
with some subgtance of known diffusivity. This cell measures
an integral diffusion coefficient, but an analysis has been
developed which makes 1t possible to calculate the differential
coefficient from the measured valueslo. Because chemical
analysis 1s possible, this type of cell offers a means for
studying multicomponent diffusion.

It seems that the primary aisadvantage of this method,
aside from its limited accuracy, i1s that one may make measurs-
ments without being aware of a sizable systematic error. For
example, the effective diffusion path length which 1is deter-
mined by callbration may change from sclution to solution be-
cause of a change in the hydrodynamics at the faces of the

diaphragm.

Conductimetric method: A method has been developed by

I-Iarnedll which has made 1t possible to measure diffusivities

of electrolytes at extremely low concentrations where the values
can be compared with those calculated from the Onsager-Fucss
1imiting law. The excellent agreement obtained has been
gratifying in verifying the theory as well as indicating

high experlimental accvuracy. It should be noted that Harned's
higher concentration measurements agree quite well with the

regsults of the Gouy optical method.




L e 1 R R e T T (TS 1 [ R T e L
el gl ] il “'""'“""""-"“|!"li%|llf!llu!l!IIlxu;:"Muiu::u:f"mm|

i e el

REHITRT ACTY

ORI

R R

Rt e

Section D., Project VII. Page 208.

The essential features of Harned's cell are that it is of
f2nite length such that diffuslon is of the restricted type and
that the decay of a concentraticn gradient with time 1s moni-
tored by a conductivity difference between two polints in the
cell. Unfortunately, this method cannot be used as accurately
in its present form for studylng many electrolytes in the con-
centrated region because of the maximum in the conductivity
versus concentration curve.

After consideration of these and the other technigues for
measuring diffusivity, it has been decided that two methods
which offer specific advantages are a rotating dilsk elect.ode
and a modified Harned type cell which incornorates an optical
technique. The latter combines the mathematlcal advantages of
the Harned cell with the precision of an optical measurement
in concentrated solutions; t‘he electrochemical method offers a
means »f studying diffusion in concentrated multlicomponent sys-
tems by measuring the mass tronsfer rate of « salt to an elec-
trode in the presence of a supporting electrolyte.

Rotating disk electrode

The rotating disk is onc of very few cases of forced con-
vection where complete solution for the velocity proflle is
possible. The important conclusion of the hydrodynamic analy-
sis 1s that the normal component of the velocity 1s Independent
of position on the surface of the disk. Therefore, if the disk
is made a cathode such that mase transfer takes place, 1t is
poesible to make limiting current measurements and with the use

of the known convection term to determine the diffusion
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coefficlent of the specles reacting at the electrode.

Thegse results have been known for some time for the case
of a constant property solution and low rates ol mass transferlz.
An analysis has been made recently in thils laboratory to take
into account the effect of varying solution prouperties as well
as finilte in%erfacial velocity due to the mass transfer. One
conclusion of this analysis is that non-censtant propertles do
not affect the uniform accessibllity of the surface. The quan-
titative resuvlts make more exact interpretation of the experi-
mental mass transfer measurements possible.

A rotating disk electrode and related apparatl have been
assembled and will be used to measure the diffusion coefficient
of' copper sulfate in sulfurlc acid solutions at various tem-
peratures and concentrations. A photograprn of the apparatus
i1s shown in Flgure 13. 1In testing the apparatus several d4iffi-
culties have been encountered. It was found that under certain
conditions the observed polarizatiion curves were unstable and
poorly reproducible. These results indicate that turbulence
occurred even though the Reynolds number was low. In these
experiments the disk was actually the end of a cylinder as
shown on the right in Figure 14. It was decided that the disk
should be more streamlined. Therefore, the shape has been
mcdified as shown on the left in the same figure. It 1s hoped
that this will eliminate the problem of turbulence.

Another problem in the analysis of the copper rotating
disk electrode 1s the electrode reaction kinetics. Because of

the low excheange current density the limiting current which is

it
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measured depends on both the concentration overvoltage and the
activation overvoltage. A complete equation for determining
the diffusion coefficient of copper sulfate which takes both
these effects into account has been derived.

Optical restricted diffusion cell

Some of the advantages of the Harned type diffusion cell
have already been mentioned. Another advantage is that the
measurement is independent of the initial concentration distri-
bution since actual determination invelves an extrapolation to
infinite time. Therefore, the special care which is required
in setting up most optical methods is not necessary with this
cell.

As indicated previously, it 1s difficult in many experi-
ments to determine the true differential diffusion coefficient
because of the variation of solution properties with concentra-
tion. This complication also obscures the frame of reference
in many cases. In the Harned cell, however, it is possible to
eliminate these difficulties.

Harned's solutlon of Fick's second law for the concentra-
cion profile in a column of liquid of height was made for a
solution with constant properties, and he accordingly carried
out his measurements using small concentrations differences.
3y measuring conductivity to monitor concentration at z=a /6

and z=5a/6, he was able to reduce the solution of the equation to

; 2
) = 2A{ cos (%) e Dt(m/a)

. 2 2
+ 2A5 cos (§6‘IL) e 251)»(11‘/8.) + ¢ . . (o)

Ac = c(%) - ¢f

(3]
mi g
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It i3 seen that a series of this form converges very rapidly
with time so that at large times a plot of I (Ac) versus t
will be a straight line, the slope of which ylelds the diffu-
sion coefficlent.

Because of the several advantages of this type of measure-
ment, we have investigated the possibility of modifying Harned's
cell for application to the study of concentrated solutlons.

To ao this 1t is first necessary to show that the diffusion
coefficient which is obtained 1s a differentlal one.

By considering the complete flux equation for concentrated
solutions derived from equation (1), which allows for flux of
solvent as well as solute in the restricted cell, and by
treating the concentration and all variable properties as per-
turbation series about thelr respective values at infinite tlme,
i1t has been possible to derive the equation which corresponds
to equation (3) but which is completely general and complete

for this geometry:

' -Dg (v/a)zt . —3D§ (w/a)zt

Bc = A e + Az e + .. . (4)

In this equation D; 13 a well-defined differential diffusion
coefficient corresponding to the uniform cell concentration

at infinite time. The coefficient Aé is a complicated combina-
tion of concentration derivatives of various solution proper-
ties; this term vanishes 1n the constant property case. Even
though the series in equation (4) does not converge as rapidly

as that in equation (4), it obviously will converge at suffi-

ciently long times. These times will be on the order of hours
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to days, depending upon the magnitude of cell height. Thus

it 1s seen that even 1n the case of non-constant properties

and concentrated sclutions a ploet of In (Ac) versus t should
still yleld a linear region from which a differential diffusion
coefficient can be obtained.

It was pointed out that in many cases conductivity cannot
be used to monitor a difference in concentration in a concentra-
tion solution. It is felt that 1t would be well to make wuse
here of the high accuracy of an interfermotric technique to
observe the behavior of the solution. To be specific, it is
planned that multiple beam interference fringes will be generated
in the cell. Then as diffusion takcs place, the contour of
these fringes will give a direct, precise quantitative indica-
tion of the concentration profile in the cell as it decays to
uniformity. 1In this way Ac of equation (4) can be determined
as a function of time.

It 1s hoped that a cell such as the one Just described
can be perfected to give highly accurate diffusion coefficients
for concentrated sclutions. If this can be done, such a cell
then offers the possibility for some systems of combining
Harned's electrodes with the optical measurement suggested
here to study multicomponent diffusion.

In summary, plana have been made to obtain more data on
the transport properties of concentrated electrolytic solu-
tions 1in order to investigate the general behavior of the
Sij coefficients of the multicomponent diffusion equation.

In this way 1t 1s hoped that we shall discover how the various
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phyalcal parameters of the system affect their behavior and
thereby develop some means of correlating the values of the
DiJ's in binary systems. From such information attempts will
then be made to correlate and predict the behavior of the

Dij's in multicomponent systems.
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Figure 1. The conductivity, transference numbers and diffusion

coefficients of potassium chloride in water at 25°C.
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Figure 13, Photograph of the rotating disk apparatus,

Figure 14, Photograph of the rotating disk electrode
(actual size). On the right 1s the olid disk.
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E. CLGSING REMARKS AND RECCMMENDATIONS

.the seven research projects supported in full or in part by
this contract were aimed at gaining quantitative understanding
of the role of mass transpert processes in relation to charge
transfer reactlons at electrodes. Aithough the models chosen
for study are 1llustrative of certain of the condltions pre-
valling in fuel cells and primary and secondary batteries,
clearly the conclusions reached can oniy be applied to a g*ven
practlcal situation by intelligent exam’nation of all charac-
teristic system parameters.

It 1s evident to those who performed this research; as 1t
will be to the reader, that further sustained regearch efforts
related to mass trancport are needed to support a rational
development of future hardward devices. The foellowlng areas
deserve particular attention:

1. The effect of flow past electrode surfaces and through
porous electrodes on local and overall overpotential, and on
current dlstribution, has been characterized only for a restric-
ted range of flow and geometric variables. In particular the
laminar to turbulent transition regime, pulsating flows in
parailel and through flow, reed to be considered. Although
transport in free convection has been elucidated successfully
for extended surfaces, further efforts should be directed
toward the study of free convoction effects where She flow is
confined by cliosely spaced s0lid boundaries, such as between

battery plates, or in macropores.
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2. Work under thils contract, tcgether with most recerntu
results here and abroad, on the elucidation of the mechanism
of porous gas electrodes clarified the most elementary aspects
of the role of lonic and gas transport. However, so far the
models studied, both in respect to geometry and materials
employed, and in regard to the simplifying assumptions made,
can only serve as qualitative guldes for further more detalied
and more exact studles. The effect of iInterfaclal tension as
it 1s relate” to electrocaplillarity phenomena, has not heen as
yet consldered, nelther has 1t been even qualitatively shown
whether convectlion due to surface forces plays a significant
role in porous gas electrodes. Although it was clearly demon-
strated that when water is a reactant, 1ts supply must occur
at least to a large degree through the gas phase (and not as
1t was belleved before, from the bulk electrolyte by diffusion
into the film-reaction zone), this aspect, because of 1ts im-
medlate significance in fuel cell design, should be the subjcct
of more detalled scrutiny 1nvolving both simple experimental
models and actual hardware type porous electrodes.

3. The degrec of usefulness of unrderstanding of mass
transport processes deprends on the avallabllity of date on
equllibrium and transport properties. As long as soclubllities,
viscosltles, conductances, transfererce numbers and diffusion
coefflclents of cell reactants and products in the concentra-
tion ranges that are typlcal of actual hardware applications
a.e missling, the design and optimization of every plece of

equipment will remain a costly "Edisonian" task. The
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determination of the solubllity and diffusion coefficient of

it

oxygen .n KOH, carried out under this contract was long over-

) due, and far from being enough to allow rational development

il

of the many types of systems of practical interest invelving
a varie.y of electrolytes, reactants and products. Direct

measurements of these properties over representative concen-

BT T

tration ranges are extremzly time-consuming, and therefore

the development generailzed methods ror their prediction should

RIRETIHI M

recelve high priority.
The research program initiated under this contract durling
A 1ts last year is being continued under the sponsorship of
| the Inorganic Materials Research Division of the Lawrence
) Radiation Labor y. (Projects VI and VII.) A new project

was initlated recently as a logical outgrowth of Project I,

i

almed at the elucidation of the mechanism of electrolytic

gas evolution. As a recognition of its support during the

uiitnitiablili

initlal phases of these projects, the U.S. Army Electronic
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Research Laboratory will be kept informed about the progress

of thlis work.
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