UCRL.-16607

University of California

Ernest O. Lawrence
Radiation Laboratory

MASS TRANSFER AND POLARIZATION AT A ROTATING DISK ELECTRODE

- )

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
= _J

Berkeley, California



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



b
3

UCRL-16607

UNIVERSITY OF CALTFORNTA

Lawrence Radiation Laboratory : %
Berkeley, California . = . . R
- AEC Contract No. W~-ThO5-eng.48 =~ = - o

A2 o

MASS TRANSFER AND POLA.RIZATION:AT A ROTATING DISK ELECTRODE
| Limin Hsueh

(M.S. Thesis)

January 1966

I



CONTENTS

Abstract . o- . ° .‘o. o . . . .' .v 3

’_ Litemture Cited ° ° .c . . o . .'0 L] '

for Binary Electrolytes

& I. Introduction « « o } e e e e e e
w II. Theory of the Rofating Disk Electrode . .
§2-1 Fluid Flow. . . . . e e
§2-2 Mass Transfer‘ e e e e ;* .
§2-3 ﬁimiting Currént Density « o« o
§2-4 Numerical Solution Method .« =« .« .
III.. Polarization at a ﬁotéting Disk Electrode »
§3-1 Concentration-Overfotential . e
§3—2 Activation Overpotential e ¢ e &
o §3-3 Resistance'Overpotential e e
 IV. Ex@er;mental Work ; e e e e e e e e
$h-1 .Design and Descriftioﬁ of Electrodes
§k-2 The Position of the Reférénce Electrode
§4-3 Surface Tfeatment.ofvEléctrode' o e
§i-lb The Electrical Circuit . . Co .
. §4-5 Experimental Procedure - .« o o .
Vo  Results .+ . . . . . . . coe e
Vi;” Sumﬁary and Conclusions « & ; . ',v ; .
Aékhowledgments T e e e e e e e  . o e e
. . -Appendices . . . . >;. e e  {' . .-.. .
‘ Appendix A Some Baéic Rélétiona
k(i IﬂAppendix B';Compﬁter Program . . e e e e
k  ; ' Nomenclature o o o 4 o o o 4 e e . .

Page Nd.
: . .
. '»é
. 3
.3
. 10
. 12
.13
. 16
. 25
. 28
.29
+ 33
. 3
. 36 .
.« 37
. ko
. 43
1
. 52
. 56
.« o7
.« o7
. 58
. 62



MASS TRANSFER AND POLARIZATION AT A ROTATING DISK ELECTRODE
- - Limin Hsueh :
Inorganic Materials Research Division,

Lawvrence Radiation Laboratory, and

4_ , Department of Chemical Engineering
University of California, Berkeley

| ABSTRACT

» The fotating disk electrode method is used to study méss transfer
and polarization during metal deposition from a binary_electrolyﬁic
solution‘ét high concentrations. The effects of variatidn of physical
properties in the diffusion layervand of a non-zero interfacial velocity
due to the high'mass-transfer rate have been takén into cdnsideration
in aetermining the veiocity and_conceﬁtration profiles. The fesults
-are used to evaluate the limiting cufrent denéity and the concentration
polarization.

A rigorous way to separate fhe total overpotential as fhe

sum of concentration overpotential, activatioﬁ overpotential énd resis-
tance ovérpotential in_a conéentrated solutionlis given. The proper:
‘ghoice of the location of the reference electrodevand the surfacé treat-
ment of electrodeés for a métal deposition reaction are discussed.

‘For the 11m1ting éurrent density measurement inia low conductivity
eléctrolyte,.the method of "limiting speed" 1s'1h£roduced so that the
resistance overpotentigl can 5e held constant. The expefimental |
results of limiting current divided by the square root.of the-rotating‘
speéd, ilim/J§: are'fpund fo agree well with tﬁe theoretically predicted

~ values at high concentrations. .



I. INTRODUCTION N
The rotating disk electrode has been widely used as a tool for
stucying electrode processes and mass transfer because the velocity and
concentration profiles can be predicted theoretically and the strong
forced convection eliminates the effects of natural convection. Two
- branches of work have been done on this field:

”i. to study mass transfer processes by means of the limiting cur-
rent density or to_obtsin the diffusion coefflcient es a fnnction of
COncentrations |

11. to study electrode kinetics by means of the polarizaticn curve,
. sc as te'obtain the kinetic parameters of the reaction as functions of
‘concentrations, or as they are nodified=byiaddifional agents.

.For the first par&, the theory cf concentration polarizeticn.was
developed in'l9h2 by Levicnl. The original'theoryiof Levich involved
‘, the assunptions of constant physical prop:rties throughout the diffusion
layer and a zero Iinterfaclal velocity at the surface of the disk. In'
~ order to meet. these assumptions, most experimental worknhas been done

at relstively low concentraticns (e.g., 1077 to-lO-3M).

| For the second branch, the main.interest centered on sctivation
polerization. In order to keep the uncertain value of'ohmic resistance
-as low as possible, most experimental wbrk.invelved'high concentrations
(esg., 0.1l to 1l M),'with excess supporting electrolyte..AGenerall&

the current density was low, far from the limiting current density.

For the case of constant physical properties of the electrolytic

solution the (hydrodynamic) theory cf the rotating disk electrode and

its applications are given in the book of Levich2 and a review paper o



‘by Riddiford3. The transient effect of hydrodynamics and mass transfer

at a rotating disk were studied by Olander%, Hales, and Filinovskii

and.Kiryanovs.

Recently, the variation of physical properties and non-zero inter-

facial mass transfer velocity have been taken into consideration for

é binary, concentrated electrolyte. Both the veloclty profile and the
concentration profile for the rotating disk eleétrode have been solved il
by Newman and Hsueh7. Thérefbre, the primary aim of this work is to

study the mass transfer.rate by a limiting cgrrent technique for compari-
gon with the theoretical results where‘the variation of physical properties
in the diffusion layer was taken into considération.“Thebexperiments

vere carried out with concentrated solutions without any supporting

- electrolyte.

Since the theoretical analysis involvee solutlons of a single salt, '

& metal deposition reactioh in the syetem of copper-copper sulfate was

chosen for this investigation, in apite of the fact that the metal deposi~
tion reaction has the following experimental difficulties compared wiﬂhv
a redox reaction:

1. the electrode surface cannot remain unéiﬁered;

ii. 1t tékee a longer time to reach the steady state electrode.

potentisl, as was pointed out by Brown and Thirsk8.

 II. THEORY OF THE ROTATING DISK ELECTRODE -

- §2-1 Fluid Flow

The general analytic approach to the influence of physical property
vafiation on the velocity and concentration profiles was first solved by

Olander9 in 1962 for steady) laminar flow at high Schmidt numbers.



In his paper, two parameters €D and ép vere defined as follows:

fo] . zero zero’

/]

1 aD - o . . , | v» [
€p = - (akero - @) D dw_ n <§ > o i :
* Zerov - - R -

_ ldo (’ > D
e, =- (® ©u) 5 Fp B . o v

where W, mass fraction of salt
D diffusion coefficient
P denseilty of solution
subscript @ 1n the bulk of solution
~ zero at interface of electrode. |
With the assumption that the density and diffusivity vary exponen-
tially with mass fraction over the concentration range of interest, |

i. e., both € and ep are independent of composition, the rate of mass

D
| transfer in terms of the Nusselt number was solved by a perturbation
method.

Without involving any limitation on how the physical pr0perties

U have obtained numerical eolu—

.vary with concentration, Newman and Hsueh
v"tions of the velocity and concentration profiles for a binary, concen-
‘tration electrolyte. We summarize here their method and results.
The analysis applies to a disk vhich provides a uniformly accessible
surface and rotates horizontally'about éh anis through‘ite center
perpendicular to the plane of the disk at a constant angular speed Q
-in a Newtonian fluid.
From an experimental viewpoint we must make the further eseumptions : ~\;
that: | |
1. in order to maintain steady, laminar flow, the‘Reynolds number

should not exceed 2 x 105. The Reynolds number for & rotating disk is

Q .
defined as 5%— where r is the radius of disk, { is the angular velocity



of disk (radians per second)'and.v is the kinematic viscosity of the
fluid. | | |
ii. the effect of ﬁatural convection may be ignored, since the
solution 1isg strongl& stirred by.the disk.
1ii. there are no bounding surfaces\which may affect the velocity
and concentration profile. By bounding'surféce, we mean the wéll of the
’vvessel, an qirlsolutién 1nterfa§é, or any other eiperimental eqﬁipment,
such as a thermometer, or a reference electrode.
iv. the edge effects can be neglected both in the mass transfer.
and in the hydfodynamic analysis. , (

For the velocity profile, the equation of motion has to be solved;

for steady state it reads

pveVv = - Vp - V-g + Qg , A _ (2-1)

. where T is the stress tensor which for a Newtonian fluid reads in

rectangular coBdinates'

ov, Ov

_ 17,2 (o | .
Tyy = M-{:B—)E‘i-+&-5‘.!+3u (Vev) Sij - (2-2)
where & 18 the Kronecker delta

1) | |
Byy=1 4f 1=

vﬁij

The equation of motion must be solved together with the equation-

i

0 1fﬂ 4 £J3 .

of éontinuity : _
Ve (pv) = 0. ' : (2;3)
Because of the hgture of the rbﬁating disk, it is convenient to |
‘choose cyiindrical codrdinates r, 6 and z, where r is the radial distance

from the axis of roation; & 1s the circumferential angle of rotation,

: ahd_z 18 the normal distance from the disk. The corresponding velocity



components are vr, AL and‘v‘, respectively.

By axial symmetry, all three velocity components are 1ndependent
of 6. Furthermore; in solving for the velocity profile of the system,““}.f e
the most important‘feature which provides the major simplification R .
, from a set of partial differential equations to ordinary differential‘. s .
equations is that the z-component of velocity can be assumed to be a | |
function of the perpenaicular distance‘from the disk surface oniy.
‘{?‘It 1s independent to the radial distance. Physically, ‘this means thstvv'

B v, brings fresh reacting ions to the electrode surface at a uniform

" rate over the whole diske

It should be emphasized that the vector sum of v_, vg and vzkdoes

r

:'not have to be identical for the same distance from the disk, because

of the dependence of Vo and ve”on'r.

The above assumptions are summarized as follows

vy = vp(r,2)
vg = Vo(r,z)
v, = v (a)

- p(z).

Since under these eonditions v, 1s the onlv_velocity oomponent A
vhich een affect the concentration in tne boundarv 1ayer, one msy‘cone
uclude that the eOncentration near the aisk is a fUnction of z only.
Furthermore; adl the phgsieal properties, sueh as density, viseositv,
diffusivity, eiectmic conductivity, and transference riumber of an
velectrolyte depend on concentration only at a constant temperature. f”ijl 7
'Therefore all of the physical properties are assumed to vary in the | “
| z-direotion only.

The components of the equation of motion, Equation (2-1), are given



’ ‘ " L ' 10
in cylindrical coordinates in Bird, Steward and Lightfootl ¢
: | v. V2 v i S T .
’ 3 r__8., ry_ 1 (rt )~ 68 , __rz N
» - Ve 37 r Ve Oz )53 Mty T 770z 2
v vV ov . oT o

N i r 6 6y_ 1 9 2 0z

N <vr 3 F * Yooz /T T r2 or (r 1'rG) Y0 : L(Q'h)

' v, 19 | aTrz o
sz dz dz ~ T or (r Trz) TSz T P8y )

wvhere the nine components of thé stress tensor in cylindrical codrdinates

_10p
are S
v av
r 2/1 2 ™
Tpp = =H [2 or ~ 3 <; or (x Vr )t dz ] ’
Tpq = - H |2 .2 (l 0 (r'v ) + EZE
N 00 ~ T "3 \ror Vv r) T az ’
dv ‘ dv
- z _2(19 _z
Toz = " H [2 dz "3 <; or (r v,) + 3 ] ’

r (2-45).

. v,y - : :
: T , v
T = E . . : .
zr ~ Trz " [Sz J : : R 7

The equation of continuity becomes -

19 (rv)+_\:E=-.Y£§£, L (2-6)

r or - r dz p dz
Since we Are inte;ested.in & concentraﬁed, binary electrolyte, .
the mass ﬁransfer rate at the surface is very high, and the interfacial
- velocity will no longer be zero. If a metal depdsition reaétiod is
. | being consldered, the catioh 18 the only substance.which carries éurrent

to the electrode surface. In other words, the flux of anions N-z and



the flux of the solvent N, are'both_zero at the surface.

N =N _ =0 atz = 0 ' .
oz -2 |
. —J_” . _ : '
N+z-— Tz at z =0
+ .
where iz is the current dehsity normal to the electrode,
F is Faraday's constant.
From here on, the subscript "+' refers to cations or Cathodic,"-"
. refers to anions or anodic, and "o" refers to the solvent.
The mass average velocity is defined as
Lo
=R, S (2-8)
LA
-1
If the relation between mass flux and molar flux is used
Ry pivi—EiMi |
together with Equations (2-T) and (2-8);.one obtains
1M ' :
2 + :
vz"sz+ (2 9)

where M is molecular weight.ic 7

This 1s a major difference in the boundary condition compared
with von Karman's solutionll.where the Navier-Stokes equation was solved |
:with the boundary condition v, = OAat_z - 0. |

In order to give en idea of the order of magnitude of yz-at z=0
when a rotatlng disk electrode 1is operated at limiting current density,
i.e., the maximun rate of mass transfer, we present an example. If a |
disk electrode is rotated at a speed of 300 r.p.m. in 0.1 M copper

sulfate solution at 25° C, the limiting current density 1is 79mA/cm » and



v, equals 2,60 x 107° cm/sec at the disk, compared with v, = L x 107t

cm/sec far from disk.

At the interface, the other two veloclty components are _ _ ' "~

v=0,~v9'=rQ at z =0 .

As z increases, V. and Vg must tend to die away, i.e.,
v =o; Ve=0 a.‘tlzv=°°‘o
A dimensionless distance ﬁ,‘ and dimensionless velocities ¥, G, and

H are defined as follovs:

o=z, f—}: '~ (2-10)
v, = < (e)
vg=t0(e) ) (2-11)
v, = K(8)
p = wQP(E) + pdz . : (2-12)
PO e e

These definitions assume the same dependence for 'vr a‘.nd‘ve as assumed

* by von Kvarma‘n.ll A Noy thé nine component;e of the .Btresé tensbr b,gcome
: | Ter = Yoo = -,% K(F-H") |
;"zz‘ = % u° (F-H') '. -
70 - "ré'r =0 : . > ‘(2‘-13.)
Yoz = Tzé =" MIQG'\[%_:‘ ‘
Tor = Tre .=v‘; uzﬂF'\/%—; ' 'J

‘and the equation of motion becomes:
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DI ke
8
&l
o
=
NS
o

P - 02_? HF?.é

2FG + KO = Ef d <h G')' o | ’ (2;1h5 -7

T T GE e, R
S U [, D E
Po _ '—3d§'. Mo, .o ’

and the eqﬁétion of continuity becomes

2F+H'=-H%%E‘ - (2-15)

~where primes denote differentiation with respect to €. The boundary

conditions become

"o
o

¢ F(0)
t=w  F(e) )

Since the variation of pressure due to the hydraulic head is very -

L}
i

o o) =1

0 G(=) = 0.

small and the variation of the fluid properties due to pressure 18
" negligible, it is not necessary to solve z-component of the equation »
" of motion (2-14), the only equation where the variation of pressure

has been involved.

§2-2 Mass Transfer
The mechanism of trsnsfer‘of cations from the bulk of the solution 7
 to the surface of the cathode consists, essentially, of three processes.
'v;molecular diffusion, migration, and convection. At steady gtate, the
vsum of the rsteiof these three procegses 18 balanced by the rate of.

discharging at the electrode surface.

The flux of cations can be expressed a812 v
it o : - : 4
N = Do - :
N, =-v, 7 Vs, + Fa, +_C*x ( 2-16)

N

where t, cation transference number with respect to mass average velocity
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Ms moleculervweight of saltv
v, number of cations produced by dissocietion of one molecule
of electrolyte. , o -

Fer consistency with the velocity profile. of fhe pfevious secﬁion,‘
the mass average velocity wes chosen as the besis of the flux equatioe,
This is the reason that the'mass fraction gradient is used«instead of a
concentration gradient as the driving force for molecular diffusion.

If a material balance 1s applied to the cation over a volume element,

the equation of continuity reads

oc

. + — - ‘ ' -

oA P . ' (217)
' Inserting Equation (2-16) into Equation (2-1T), with use of the

basic relations of Equations (A 2), (A-4) and (A-5) for a binary electro-

, lyte (see Appendix A)’ yields

ot P2 g7. vz, V. F T .

As 1t was assumed in section 2-1 that all physical properties vary
in the z direction only, Equatidn (2-16) can be written

&, - 14
= DF’ 2L 4 ¢ |
N, ==V T = 7 +C,v, - . (2-19)

At steady state, Equation (2-18) becomes

' 2

dw ‘M1 dt: - d o aw ' :
+ . v

s 8 2 = pD —E + __E.%; (D) . (2-20)

2 dz

' ‘ - dz

+
z 4z z+V+F dz
R The boundary conditions are

- SETE . 2=0 B = Lrero | - i
S _ . ' ' . - ' (2-21)
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When the dimensionless veriables € and H which have been defined :

in Equation (2-10) and (2—11) are introduced into Equation (2-20), it

becomes

’ . at N\ do_ - dm A
p oY s _a <§9 s> T
H + = = 2-22)
(ow_ ! de> LI NI (2:22)
wvhere I is a dimensionless current density defined as
: M1,
I = —_—fZ
pooV+z+F \/Qv
root

It 18 clear that the current density is proportional‘to the square

of speed even in a concentrated solution.

Formal integra.tion of Equation (2-22) gives

'in—%xlo-—expf (-—-H+I—-—- d§+'xé'

g
s

where Ki and Ké are constants of integration to be determined by

the boundary conditions (2-21). Finally, the concentration profile 1is

W, \/‘pD m] (—-—H+I—— dz‘-;dg

L ero -0
w, - O £ Mo _
zero j expf ;(—9— H+I 'd-m—t> ag aé

. 0 .‘ Pe : S

Because of the non-zero interfacial velocity) tbe dimensionless

. (2-23)

current I is further related to the dimensionless axial velocity H e

ﬁby Equation (2 9) in the form

Po v+M I e n , |
H(O)—-p—- 7 . atﬁ:o.. _ »(2-21,,)

g

§2-3 Limiting Current Density

The rate of charge transfer at the electrode surface in a metal
. : ' 1

deposition reaction by passing a current iz at the cathode is Tz
. . - . v. : o +



%
<4

current density is obtained from Equation (2-26) by letting the inter-

.-

At steady state, it should be balanced by the rate of mass transfer

to the surface by diffusion, migration and convection vhich has been'

‘defined in Equation (2-19): | o | B

Ao Do 5, "z | b ' ’ = -
= v, Tk + Fz, t, +-M+ wv, atz=0.  (2 25)

Notice that the convection term 1s not zero at the surface. -

Substitution of Equation (2-9) into Equation (2-25) and solving for

T =

the current density ylelds® o ‘ ' , R ‘
1, = ‘EiF:““:; ).Z“’s | (2;26.>
2 RS S % |2=0
‘or in dimensionless form
pD s . (2_27) .

‘Mw(l-t_’_—a)_F) ag -0 IR
'This relates the current I to the concentration profile at the
metal-solution interface, and it also serves as a boundary condition
for solving the concentration profile in section 2-2.. The limiting
facial mass fraction of salt @ be zero
ilim _ pDFz+v+ dag , .-(2-28)
. |, ,
Ja Vvou (1-t,) & |&=0

§2-4 Numerical Solution Method

In the prévious sections, a set of nonlinear equations were

“derived that would give the velocity profile at the disk and the con-
centration profile in the diffusion region. The equations'to be solved .

numerically and their boundary conditions are summarized below



1k

L Fe - G2 + HF' = VF" + U'F' , o
o : (2-14)
2FG + HF = VG" + U'G' :
oF + H' = - HR' - (2:15)
R ' N, | o
¢! (OD 1\ o fP .+ ] .
Lol {(=—H+I— ) =0 , (2-22)
'(TE» Moo 8/ APy dms' 5} , -
~ where o B Py
w P
P » -
0 §
Ul=s — (ﬁ—) :
P dE \i, S
Sy dnp
_.R - d ®.

We have four u_nk'ncrwnsh,‘ F, G, H, and W, to be determined as fune- - -

tions of £ by these four equations. Sin’ce‘V, U', and R' are related

to the concentration, they are not independenﬁ'variables but are knowni‘A'

once the concentra.tiozi profile'has been obtained. The boundary

conditions are

stt=o F=0 G=0 =a,

- | | _ ' (2-21)
€=_0‘_ F=0 G=1 - @ = Buero
P V,MI ' : ’ e
B — . . (e2)
.S i
M1 ' - e
- A ~.pD (6/4)) '
I =— = - _ . (2-28)
P FNQ, ”m(l’t;Mm) ‘Té £=0 ,

In order to solve equations (2-14) and (2-15), we have to

. linearize them by assuming each veriable, F, G, and H, to be the sum .

of & main term and a first .order correction, Ai.e.,

F =>F0 + Fl
G =Gy + Gy



e , 15
By substituting F, c and H into Equation (2 14) and (2 15),

neglecting the products of correction tenns, and replacing all

remaining Fl,'Gl, and Hi by the original functions F, G, and H and

F, G o? and H o’ those differential equations become

(o] ‘ ; .
" ' _ t - i ' - -
. VF" + (Ut - H))F' - (2FF 2G0G_+ F'H) (H P!+ F G, ) ,(2 29)
LY 2T I r ; : ' = o t _20)
~ve" + (U Ho) G" (2cor + OF G + GOH) (HOGO * 2F°Go) - (2-30)
H' + (2F + R'H) = 0 . . (2-31)

It is clear that>Equations (2-29) and (2-30) are linear in F and
- G, respectively, now. The next step is to convert them intovdifference

equations so that they‘can be solved with a computer. With a mesh size

of h the first and second central difference guotients for F and G are .

SO o Wil R 1% Bl B I
?h hE ’
| o =G1+l- G-l"- G.,=GJ1+1 - 26, +Gj_lv‘
o 2n ‘ hz

Substitution into Equations (2 29), (2-30) and- rearrangement gives

’ ("1+ > J+1"2<V +F3> - *(%}:‘1" > Jl

h
- 1 . 1 4 s 2' . . _
F J J J J | HeJFoJ -‘Fij'f Gog . , f<2 32)
- H ) V U' - H . o i
Yy _ v, o\
( + > .j+l 2< +F 3) (;% .:—3———-\1% >GJ_1 o
Coslly = BoyFy = - E jGo.j PFosC05 ¢ o (2-33)

e

Since only the first derivative is involved in Equation (2- 31),-
the'central difference quotient would cause the coefficient of H‘at
the mesh point J to be zero 1f R' = 0, i{.e., if density 1s constant. -

-  In view of this, the backward difference quotient was chosen and all

Ko

numerical values were evaluated half-way'between the mesh point J and J= 1‘

F = (F + F

f\)l)—'

3" H.j-l) 3- )

__ 1
nH (RJHJ+RJ1J1).
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A}

The difference-eduationlfor Equation;(2-3l) is

J

The finite difference equationes were solved on a high speed computer

P}
(szh‘+ 1) H -1t sl

by solving the coupled tri diagonal matrices, with 8 mean size of 0. Ol.
Based on the asymptotic solution of the fluid mechanics for large 513, the
boundary conditions at infinity were replaced by those.at a finite dis-
tance, say & 10, which 1is far beyond the hydrodynamic and diffusion
-~ boundary layers.

As for the concentration profile, Equation (2-22) has been solved
“analytically to yield the form of Equation (2-23). The trapezoidal rule |
was used fon numerical integration of the latter equation. The upper ‘
1limit of integration was replaced by the lastvmeShfpoint. |
Data for the physical-properties of copper_sulfatebsolutions at o
'.2500 were collected from the‘literature32-h7. Most of these were fitted
by linear regression to finlte power series in the mass iraction of
copper sulfate;; The graphs of'the data and their eduations are shown
in Figures 2-1 to 2-5. o ' |

' The calculated velocity profile forv0.0QM and O.SM copper sulfate |
solution are shown in Figure 2-6 and Figure 2-T. The velocity profile
vfor CJOEM is very‘close to von Kdrmdn's solutionll, which may serve as,

-

- a reference for the purpose of comparison.

IIT. POLARIZATION AT A ROTATING DISK ELECTRODE
A great many studies have been made on the subject of the kinetics-
of electrode processes, The main purpose 1is to study the mechanisms
'Qf an electrode reaction and to relate the current density to the totalvi

overpotential measured. Vetter1 presented an extensive survey of this

+ %(R3_1 h-1)H . +Fh+F, .h=0 (2-34)

N
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fieid'in his mOnogrﬁpﬁ.  Se&efal feview“fapers’on the basic ideas of
~ electrode kinetics are due tovPar‘sons15 and Petrocellil6.

A fairly generalieéuation which has been’used frequenﬁly to
relate the'éurrent density and oyérpotential for & first order electfodé"
vreéction is, |

C

: . o . _
o [fex @ nF. >_ Red /_ (1:a)nF >] el
s e () - (420 o

ﬁhere 10 exchange current density
o4 transfer coefficiéntf«,
Cox  coﬁceﬁtrat1on of oxidiéed épecies at'fhe intgrfaqet
i(Co*)w concgntration of oxidized species‘at the bulk solufion.:

' The model and theory for this'eqﬁation.are by no means rigoroﬁs.-
-Héﬁever, it has been widely accepted for fittiné experimental»results. 
Tﬁe mainbreason 1t fits the curve so well is that two‘ﬁaraﬁéters @ -

and io may be adjusted to‘@aﬁch thevdata. They are so flexible that:
, for the same électiode systém tﬁe values of io frequentlyvdiffer.fro@‘”r

17

* - author to author. Tanaka'and'Témamushi have collected most avallable
- kinetic parameter data and tabulated them. They aléo compléined that iﬁ
wasvhard‘ﬁo_compare the data on'thg same system obtaihed by different

‘, investigators by differe#t méthods. :
The total overpotéﬁtial is usualiy fegarded as the sum of.acti-

vation overpotential #,, the concentratibn overpotential ¢c, and the

-ohmic resistance of the solution 2.,

,,'¢tot %t % fomm ¢ o (3-2)
In Equation (3-1), # presumably 1s the sum of ¢ and & . There is
,essentially no clear-cut line between ¢a and ¢c. It depends on how

they were defined.
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Petrocellil61separated the concentration overpotential from ¢a
by assuming that @ ;,¢c when the applied current i 1g much less than
io. Physlcally, this means that the electrode reaction is proceeding

very close to equilibrium and the overpotential is due almost entirely

‘to the concentration change and was deslgnated by ¢ + Whereas, ¢ai

was claimed by him to be the remaining part, i e.,

‘¢=¢"¢o
a (o4

We will not follow his method. Tt 1s mentioned nere gimply for the
' purpose of comparison. The distinction we draw between ¢a and ¢c is

’clarified in sections 3~ l and 3-2,

‘In thesbsence of concentration polarization, the electrical resis-
tivity of the solution may be taken as constant throughout the. solution.

The rigorous way to find the total resistance of solution lies in the

.theory of the potential and involves solving Laplace's equation

V2¢ 0 for the potentiael with consideration of the geometry of the

electrode and insulator as boundary conditions, Kasper18 gives an ekcel-

"lent review of this field.

An additional c0ntribution to thée ohmic resistance arises when there

:is concentration polarization because the- concentration variations in

the diffusion layer change the conductivity of the solution. See

Figure 3-1 for a schematic representation of the electrical resistivity

_ vin the solution. This additional resistance has been considerea as

a part of the concentration polarization in this paper. |

- §3-1 Concentration Overpotential

It has long been realized that when two identical single electrodes

are in contact with different concentrations of solution, there exists
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Figure 3-1. Resistivity in solution near the electrode surface.
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an e.m.f. between the two terminals.. When an electrochemical trocess
takes place at the surface of an electrode, the elowness_of supply“

_of ions by diffusion and migration produces a concentration gradient,

or chemical potential gradient in the'thermodynamic sense between the
bulk solﬁtion and the interface near the surface.of the electrode. This_
means that the applied potential must bé large enough to balance the
e.m.f. produced by the concehtration difference in addition to the

_ other voltage orops in the circuit.

Also there is another effectfwhich arises due to the concentration.
gradient in the diffusion layer. It is the change of electrical conduc-
tivity in, the diffusion layer 88 Vas mentioned in the beginning of this
chapter.

‘A genersl equétion of concentration overtotential which includes

both effects was presented b& Newmanla. In general en electrode reac-
»tion in a:binary salt solutionfcan involve the solvent and the ions

z z : . |
5,0, +5.Q " + 5.0, = ne” . (3-3)

* . where ,Q symbol for the formula of species i)‘
."Si the stoichiometric coefficient of sp c*es i.
In this case the potential gradient in the solution for such a

~reference electrode referred to a reference electrode at a fixed

- location 1512

- .8, 8zCN\ | n
=2 L (2 ottt ‘
V8 = - F,v, (n *E, - >Vue (3-8

" where Wi 1s the chemical potential gradient which equals
(v +v )RV lu.Ym, Y is the activity coefficient of the salt, m is
the molality of the solution, and k is specific conductivity of the

"solution.
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As 1% has beeh assumed in section 2-1 that the physical properties
of the solution in the diffﬁsidn layer are functions of z only, so

are'the‘electrical‘pqtential ¢ and chemical potential uez

, | (v +V )RT S - 8z.C,
a _ 1 <Z+ * 4.4 -0 dnm (3-5)
dz K Fz, v, n + n:C 4 dz _

Introduction of the dimensionless distance € and dimeneionless ‘

current density I, and integration with respect to € yields

. 2 L _ 812C |
5(8) - 9(0) = - oot +fg’% at - W(V}f:ui)RTj;(m)e R
0 .

5 + + m) o
(3-6)

The concentration overpoténtial is then defined as the difference
between this total potential difference and the ohmic drop in a nuniform
solution of conductivity K, s

, _,vIpmv+Fz+ 1 dg; (v +V )RT (ym),, }+++;t;'soz+c+ aym
’ c_— n + n CO Ym °

+Ve Ym)

(3-%)

§3-2  Activation 0vérpotén£1a1 i
v,AccorQing to the!Arrhenius theory of phemical kinetics, a chemicél  _

-:réaction occurs.when a suffiéiént driving fdrée 1s provided ﬁo_cause

vthe regctants id overcome g, cerﬁain energy Barrier aﬁd reach &n acti-
vatéd state, thus initiating the reaction. Similafly, for ah electrode
reaction, a potential must be applied in order to change the shape of ,

- the energy barrier éuch that it fa&ors tﬁe‘eiectrode reabtién in one

" direction rather than the othef.' This part of the overﬁbtential which

is uéed to overcome thevactivation energy barrier is called the acti- |
' vat1Qn overpotential. vItvis also said to be related to the slowness

of the chemical step or the charge transfer at the electrode.
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Jahn and Vielstichl9 ﬁave used the rétating_disk electrode to study
the rates of electrode reactions. They claim that the activatidn
overpotential can be.heasured by extrapolating the rotatiﬁg gspeed

to infinity. Physlically, this means that the electroiyte,is 80 well
stirred that there ;é no COncen£rétion difference being set up at the
“interface vhen a current is passing through.it. There would be no

" concentration o#efpoiehtial if there is nb concentration difference{ 
This 15 to say that if C, = (€, ),y the overpotential is all due to |

i
activation overpotential, and Equation (3-1) becomes

R e IR

where ¢a is activation'overpotential.

§3-3 'Resistance Overpotential
For a disk electrode submerged into an electrolytic solution,

8,19,20,21  qyo. o1 :

the thicidrop has been ignored by most‘workers
add a largé amount of supp§rting electrolyte in order to increase the
coﬁductivity of solution and minihizelihe ohmic drop. |
However, for a di;k electrode,ls_mm in dia@ter, in a éolutiog
of épecific.conductivity as high as 0.1 ohm-lCm-l, tﬁe ohmic drop
}has almosf.the same order of magnitude as éoncentration And activation
overﬁotential fOr many electrodé reactions. |
Levichea made an attempt to f£ind the ohmiec resistanée byiassuming>
‘ thaf the potential is‘aﬁfupcﬁion_of ndrmal_distance'from the disk only.
Presumably, the disk has an infinite diameter. ﬁowever, it tﬁrns'out.
to be a very poor assuﬁpﬁion for a disk of finite size. .
Applying the theory of the potentiél, NEwmanez solved laplace's

equation for the electric potential by using oblate spheroidal coordinates.
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Surprisingly, for a small disk embedded 1n the surface of an insula.tor

" and a counter electrode which is located far from the disk, the ohmic

resistance of a uniform solution is simply equal Ef——— where r is the

‘-radius of the disk electrode.

Furthermore, the resistance in the solution corrected to account

t for the“placement of a reference electrode at a finite distance from

the disk is glven by

tan-ll
.
T orr kK
o

(3-9)

" where A, 1s dimensionless distance in spheroidal coordinates between the

 reference electrode andlthe rotating disk electrode. It is defined,-

in terms of cylindrical ‘codrdinates, as

'Xo = % : at * = 0 (on the axis-of the disk)
)
xo =\[(_..>2 ‘at z =0, (in the plane of the disk) o (3-11)
. r>r , , . '
" For any other arbitrary'points)-Ko can be solved from

2,4 2 2 2,,2 2 : a

X - - X - = P -
ro M+ (ro, T 2°) o z o} | - (3-12)

.Figure 3-2 shows the equipotential lines and current flow lines
near: to a disk- electrode. In Figure 3-3 the dimensionless group T KR
is plotted against A o’ and it is seen that the resistance depends

strongly on distanee in the region nesr the disk eleetsode. The proper

* choilce of the position of 8 reference electrode based on these: results

will be discussed in section ha 2.



Figure 3-2, Equlpotential lines and current flow line
near a disk electrode.
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VI. EXPERIMENTAL WORK
§4-1 Design and Description of Apparatus
Cathode (Rotating Disk Electrode)

The size and the shape of the rotating disk electrode 1s important,
3

since it may affect the flow pattern. Riddiford~ summarized various

shapes of disk which have been used in the past by different experimenters.
In general, if there is no effect which may propagate backward from the
edge of the disk and change the fundamental hydrodynamic model and
concentration profile near the surface of disk, 1t may be considered

to satisfy the driginal assumptions in the basic theory.

| The shape recommended by Riddiford and also the one being used in

this work is shown in Figure 4-1. Only the central portion of the

'\upper surface is active.

Several criteria have been set up by Riddiford and by Theodorsen

- and Regier23 for the actual design of the size of the electrode. They are:

l. the outside diameter of disk d should be greater thﬁn the
hydrodynamic boundary thickness;

2. the diameter of the working surface do should be greatef than
the mass transfer boundary layer thickness;

3. the size of the shaft should be less than 30% of the size of
the disk, so that the shaft will not affect the main stream of flow;

k. +the thickness of the disk should be less thanl/30 of the disk
size, so that there will be no edge effect;

5 thé Reynolds number at the edge should be less than 2 x iOS
in order to maintain laminar flow.

The disk has been carefully designed to meet the requirements



Figure 4-1.

Disk electrode.

ZN-5395

34



35

listed above. The disk is operated in CuSOh golution with the speed

range‘from 60 r.p.m. to 500 r.p.m.. Here are the specifications of

the disk:
Outside dimmeter of disk, d 4 hlcm
-Working electrode diameter, do = 0.5 cm
Disk thickness, = 0.1 cm
Shaft diameter =1 cm.

The central part of the electrode was machined from oxygen-free
high purity copper to precise dimensions and then embedded in an
epoxy resin cast. It was further mechined to the desired shape.

The disk was attached to a’spindle which was tightly fitted in
two 7/8-inch o.d. New Departure 7T RC bearings. These bearings ﬁere
mounted to a heavy brass bearing case in order to keep the eccentricity
as small as possible. The eccentricitf at the edge of'disk was
measured to be less than 0.002 inch.

Anode

The anode was designed to provide an area more than 100 times
bigger than the cathode for the purpose of minimizing the anodic
overpotential. The anode was embedded at the bottom of the vessel and
could be taken apart to clean the surface before each experiment. It

was made liquid tight with a rubber ring placed in a groove.

Reference Electrode

Aﬁ oxygen—frée high purity copper rod was used as the reference
electrode. It was connected'to the electrolyte cell through a capillary
tube filled with electrolytic solution with the same concentration és in
the cell. The capillary had a fine tip which faced downward and was
- located at the side of rotating disk. The use of a copper ference electrode

was desirable since it would not contaminate this electrolyte and involved
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no liquid Junctions.

§4-2 The Position of Reference Electfode‘

As 1t was mentioned at tﬁe beginning, there was no supporting
electrolyte in this work, and the electrical conductivity was very low
compared to most other works in this field. A high ohmic drop may
seriously interfere with the overpotential measurement. To minimize
the resistance in overpotential measurements, Brown and Thirsk8,
Johnson and Turnereo, and Ibl and SchadeggglL placed thelr reference
electrode directly underneath the disk. This arrangement may seriously
disturb the hydrodynamic profile and current distribution under the
rotating disk electrode. Belyaevaz5 made some improvements on the desigﬁ»
of a rotating disk by building the reference electrode inside the disk
with a small hole (dia. 0.5 - 0.7 mm) at the senber of S ek electrode:
which was 4 mm in diameter. This is still not a satisfactory hay
because of the small hole that still distorts the concentration profile
and there is the uncertainty of the concentration inside the rotating disk.

Séveral preliminary experiments were cohducted to measure the over-
potential at a constant current density 40.7 mA/cm2 in a 0.1M copper
sulfate solution at 25°C with a rotating speed of 300 r.p.m. with the
reference electrode at wvarious distances from the disk. The results
are tabulated in Table 1. |

These data show that the cathodic overpotential depends strongly on
the normal distance of the reference electrode from the disk electrode.
For these cases where the reference electrode was placed underneath the

disk or bullt into the rotating disk, a small misalignment in the position

of the reference electrode from one experimental run to the next may cause



a serious difference in the ohmic drop contribution to the total over-
potential measurement.

Table 1 also shows that the resistance-overpotential is almost as
large as the total cathodic overpotential. The difference between the
experimental value of total overpotentiasl and the calculated value of
resistance overpotential is about TO—BQ mV and is.the sum of activation
and concentration overpotential under these experimentel conditions.

From both the theoretiéal'anaiysis in section 3-3 and the experi-
mental results in Teble 1, we concluded that the reference electrode
should be placed suffiéiently far from the disk, e.g., Xo > 10. The

distance parameter Xo vas defined in Equation (3-10) to (3-12).

§ﬂ-3 Surface Treatment of Electrode
Because of the inevitability of surface change during a metal
deposition reaction, we need to know how smooth the electrode surface
should be or what is the maximum tolerable roughness in order to main-
tain the theoretically expected Qelocity profiie.
Schlichtin’ge.6 gave a systematic presentation and study of the

effect of surface roughness. Generalfy'speaking, a surface may be con-

37

'sidered hydraulically smooth if the roughness is-smaller than the hydro-

dynamic boundary layer for the case where there is no mass transfer
occurring at the surface.
8 . 27 »

Brown and Thirsk , and Beacom and Hollyer ' worked on rotating
disk electrodes with the same electrolytic system as the author. The
former used electron micrographs and found a deposited copper film with
‘a surface roughness negligible when compared with the diffusion layer.
On the other hand, Beacom snd Hollyer measured the copper deposition

by interference microscope and found a uniform deposit on the disk.



Table 1. The cathodic overpotentisl with respect to
normal distance from the disk electrode

¢ =0.1MCuSO, A = 0.1962 cn?
£ = 300 r.pems By = 0.25 cm
i = ho.7 mA/cm2 £ = 0.00872 en Yohm -
Normal distance Resistance Overpot.’ Experimental
calculated from result
Fige 3-3
0.1 cm 22l mv ' £90-300 mV
0.2 cm 392 mV L61-465 mv
0.3 em shé mV © 620 mV
0.5 em o 646 mv 721 nV
2.0 cm 845 mv 24 mv
5.0 em 892 mv - . . 965 mV

beside the disk 866 mV - 942 my
~ (r =2.5 cnm) : '
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Ibl and SchadeggEh characterized the roughness of copper deposi-
tion by impedance measurements. They found that there 1is essentially
no formation of a roughness or powdery deposit 1f the copper 1is
deposited below the limiting current. On the other hand, a very roﬁgh '
deposit was formed at limiting current or higher even with a strong
stlrring of the solution. -

An extensive study on the effect of small protrusions on mass trans-
fer to a rotating disk electrode wés g;ven,by Rogers and Thylor28. Their
autofadiographic results, with carbon-14 as a tracer showed that the
mass transfer rate is lower in the traces of wakes behind burrs or gas
‘bubbles. However, it is compensated by the slight increase of avallable
area of the small protrusions. Hence there i1s no significant difference
in the total rate of mass fransfer between the one with burrs and the
one without burrs.

Karasyk and Linford29

studied the effect of orggnic contaminants on
the electrode surface to the polariiation curvé bf copper plated from |
an acid copper sulfate bath. They found thét trace‘contaminants cause

a reduction in the double layer capacity, and consequently the polariza-"
tion curves are much steeper than those for clean.ones.

We conclﬁded that in order to maintain hydrodynamic smoothness of
the electrode surface, the'poiariztion mes surement should be conducted
below the limiting current density. Once a surface reacﬁea the limiting
current density, 1t should 5e retreated before.being used for furfher |
measurement. | . . _ ,

The max;mum roughness should be less than the diffusion lsyer

thickness. From the theoretical analysis of the concentration profile,

the diffusion layer thickness for a disk electrode at 300 r.p.m. in a



0.1M copper sulfate solution is 37.1 x 1073 em.

Summarized below are the steps in treating the surfaces of the
cathode, the anode, and the reference electrode before conducting each
experiment:

1. The electrodes were polished with 600-A silicon carbide paper
until all pfevious traces of deposit or corrosion were gone. The
maximum scratch on the surface is then on the order of 10 K (10-3 cm)e

24 Thencathode was further polisﬁed on plate glass using fine
lens powder (aluminum oxide powder mixture) of 0.3 U grain size as
grinding compound.

3. The electrode was washed with carbon tetrachloride followed by
5% sodium carbonate solution.

k. The surfaces were rinsed with tap water followed by distilled

water.

§h-4 The Electrical Circuit

The schematie diagram of the circuit for measuring cathodic’
polarization 1s shown in Figure 4-2. The current source was a Lambda
model 28 régulated power supply. The current flow in the cell was
measured with a Keithley Model 610R Electrometer which has an accuracy
of 2%. The potential was measured with a Houston Model HV-160 DC
vacuum tube voltmeter which has an accuracy of 0.3%. The results were
recorded on a t-y recorder.

The electrical connection to the rotating disk electrode was

accomplished by meane of a mercury well. The disk was rotated with

a variable speed motor*, controlled by a precision DC voltage power

Bodine Electric Company, Type NSE 11R, Two shafts AC-DC motor with
a gear ration 10 to 1.

Lo
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Figure 4-2. The block diagram of the rotating disk electrode system.
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Figure 4-3.

The

rotating disk electrode set up.
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supply . The speed of rotation was determined by a General Radio Type

631-BL strobotac which has an accuracy of 1%

Figure 4-3 shows the essembled rotating'disk electrode apparatus.

§4~5 Experimental Procedure

Reagent grade CuSOu was ueed without further purification. Distilled

vater was used in the preparation of all solutlons. Cylinder nitrogen

was bubbled through the solution to expel all dissolved oxygen vhich
may affect the surface of the electrode during the reaction.

, | Before each run, the surfaces of the electrodes were cleaned as
described in section 4-3,

Because of the high ohmic drop in the golution compared with

,the concentration and activation overpotentiel, the plateau on the

current voltage curve due to concentration polarization vas essentially

overshadowed, and it was difficult to locate the limiting current density

by a current vs. voltage measurement. Therefore, instead of keeping

.the rotating speed constant_and varying the current density, as most

other experimenters have done, we held the current density constant

end varled the rotation speed. Thus the resistance overpotential was®

kept constant throughout a run.

The disk electrode was initially set at a relatively high speed

~ (5-10 times higher than the "Limiting speed"). The speed was decreased

by decreasing the voltage to the motor which drove the shaft of the
disk. The total overpotential was not very sensitive to this decresse
of speed at a given current density until it came close to the limiting

speed vhere the potential sharply increased. At this point the rotation

‘speed vas measured by a strobotac.

The measurement of limiting speed has the same physical significance

* Power Design Inc., Model 50L5A.
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as a limitiﬁg ;urrént déhéi£yvﬁegsurémeAt. The 11miting current deﬁsity
givés the minimum current réqﬁired to diééharge all the reactive ions
1 brought to the electrode surface at a given spééd of rotatién, whereas
the limiting‘speed gives tﬁe minimum speed requiréd to supply the
' réacting ions at a given cﬁrrent density. Both.ﬁeaqﬁrements correspond

to a zero concentration of ions at the electrode surface.

V. RESULTS
1. The 11miting speeds ranging from 60 r.p.m. to 500 r.p.m. were
measured at constant current density according to the procedure given in the

section h-s.. The square root of limiting speed was plottéd against current

density. ©Straight lines passing through the origin were obtained for alI”'”/M

four concentrations, 0.02M, 0.05M, O0.1M and 0.3M. The slopes of these lines
- ilim
G

, have been compared with the values predicted from Equation (2-28).

This theory gilves +1.57% correction_to the Levich theory for a

~ copper sulfate solution concentration of 0.02 M, and +13.1% correction at’

" - concentration of 0.3’§. The experimental results show a negative deviation

at low éoncentration,'but agree wéll with th¢ Qalue pfediéted'from thie
- théofy at high conce;tration. _It reveals the'impdrtance.of the effecﬁs
of the variation of physicalzpropertieé in the diffusion layer and non-zero .
interfacial velocity at the electrode surface when the rotating disk eléc;

~ trode method 1is used to measure the diffusion coefficient in a highly

1

concentrated solution.
1
1im

N[}

"lated from Levich's equation where constant physical properties, zero

We may also want to compare our results with the values calcu-

interfacial velocity, and infinite Schmidt number were assumed.
Ay nF c Vv

Beowos 2y G
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and from the modified equation which was given by Gregory and Riddiford3o

1., | 23 S
1im 0-55)4' Se . nF C \/-V (

- = . o 5_2)
Ja 0.893L + 0.316 SC-O.36 (1 - t+§ . )

Further correction for finite Schmidt number (range from 100 to
infinity) vwas made by Nevmano'. He used the expansion of the velocity
profile obtained by Cochran]‘3 and integrated analytically to obtain

Yim _ 0.62048 sc-2/3 nFCo Ny ‘(5-3)
Vo 1+ 0.2980 sc” /3 4 o.1us1h sem2/3 (1= %)) |

~ The numerical comparison of Equations (2-28), (5-1), (5-2), (5- 3)

and experimental results for copper solutions at 25°C are given in Table 2.

<
They are also shown in Figure 5-1.

2. .For the cathodic reaction of copper sulfate at a copper electrode,

‘the electrode reaction is

ou Tt 4+ 2e = cu .

Therefore S+ =21, S =0, n=2, z_ =2 and v = 2 in Equation (3-3){

_ The potential far away from the electrode was chosen as the reference

point; #(®) = 0. Equation (3-7) multiplied by '1% on both sides of the

eduation,-so that each term is dimensionless, becomes

‘F¢§;O)‘= va;;;y;jéz Jf <; ) —“> :(v +v )‘/Z(fm)mv(t+ S1) 4 lﬁ .

+Hy rm)o

(5-1)

The first term on the right-hand side represents the additional

. ohmic resistance due to the conduetivity change in the diffusion layer.

The‘integration was performed numerically with the computer. .Tﬁe

conductivity at each mesh point was evaluated according to the concen-

" tration profile from Equation (2-23).

The second term on the right of Equation (5 4) represents the part



. Table 2.

Comparison of lim [ﬁA/.fzz ] predicted by '

‘ different authors with experimental results

*
c Se
0.02 M 1hoT

- 0.05 M 1530

| 0.1 M 1650

0.3 M 2012

46

Levicﬁ ‘Gregory & Newman . This theory ‘ Expti.-

Eq(5-1) Riddiford Eq(5-3) Eq(2-28) ~ Result
Eq(5-2) .

2.995  2.919 2.914 - 3.042 2.86

6.986 6.814 6.803 T.173 7.04

13.05  12.74 12,72 14,13 1h.06

33.70 0 32.% 32,01 38.12  38.1

- Schmidt number was calculated based on bylk properties of the solution.
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,Lewch%'~ 'f’3,
~~ equation,Eq. |

20—/ (5-1)

mA /
cm?

0.0 O 02 03 04
C (M)

- Figure 5-1.‘ Comparison of the exact value of :;::. with Levich's equa’cion
and experimental results for CuSO, solutions at 25°C,
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of the potential neceésary-for'bvercoming the_e.m.f:_due to the con- H
centration difference. The 1ntegration wag performed by changing the
varlable of integration tacns. The Eation transferenée number t, and}
logloY have been linearly ;egressed'as a finite polynomial of wg in

2-L, while the molality m is related to w by

1000 a%
m = -
l%ns Ms
dnm 1 1 -1 -2 ‘
= o— = + + o ‘e o 3
da)s »w8+l—d>s ws +1 ws -ws

There was no difficulty in performing this integration analytically.

_ ’ ’ 1 o
The result ¢c was plotted as a function of ;:Eazﬁﬁzz and ig shown ip.
Figure 5-2.

3. According to the ciassical'mass transfer theory for constant

<properties} the interfacial concentration 1s related td thé current

density by - .
% 1
Tt f
bt lim
If the ratio &= is plotted against —~— , a straight diagonal
' L : : 1im .

line should be obtained for each bulk concentration. This equatién was
.tested at different concentrations faking intd considerationvthe effect
df variations of physical. properties. Figure 5-3 shows that the higher
the bulk concentration, the more the results deviate from the diagonal
line. |

k. TFor the purpose of comparison of fhe total overpotentigl predicted
for the theory with the ekperimental values, several experiments were
conducted separately to measure the total overpotential. Figure 5-4
shows one of the examplgs. The total overpotential was measured in a

0.1 M copper sulfate solution at a constént.rotating gpeed of 300 r.pem.’

-
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Figure 5-2, Concentration overpotential at different bulk concentration ‘

~ of CuSOy at 25°C.
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The theoretical concentration overpotential ¢ was calculated from
’ the results shown in Figure 5-2. The theoretical activation overpotential
¢, was calculated from Bquation (3-8); an exchange current density of
i =1.0 Eée and s transfer coefficient of a =t0.58 were assumed. The

o -
: cm . _ .
| reslstance overpotential & was calculated from Equation (3—9) taking

ohm
account of the fact that the reference electrode probe was located in
, the plane of the disk ?.5 cm from the axis of rotation, that is, T = 2.5 cm ..
and r_ = 0.25 cm in Equation (3- ll) for calculating the parameter A o o
The specific conductivity of the solution was 0.00872 ohm lcm l. The |
| theoretical total overpotential is the sum of ¢ ¢c , and ¢
‘< In view of Figure 5- b, we mey see that the resistance overpotential
"~ predominates the overall polarization measurement. Therefore, 1f we 7
‘wish to study the.electrode kinetice in a low conductivity electrolyte,i
the two large numbers,vthe measured overpotentinl, and thé resistance
overpotentlal must be suhtracted with a consequent loss of significant
figures. Therefore, unless a highly accurate.voltneter is available,.
the rotating disk electrode method is not suitable for kinetic studiee

in a low COnductivity electrolyte.

VI. SUMMARY AND CONCLUSIONS
1. Compared to Levich s early treatmentl of the rotating disk

electrode, two majer differences arise in the study of mass transfer

in a concentrated electrolyte. the physical properties of the solution |
vary across“the diffusion la&er, and the interfacial velocity can no |
longer be considered to equal zero.

2, In view of these differences, more general fonnsvof the equation;

of motion, Equation (2-1), and the equation of continuity, Equation (2-3),
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than those considered by von K{rmén and Levich must be used to calculate
the velocity profiles in the vicinity of the rotating disk. In solving
these equations, the z=-component velocity was assumed to be a function o
| of the normsl distance from the disk only. -This assumption allowed the
set of partisl differential equations to be simplified to a set-ofv
ordinary differential equations, which were solved numericslly by the
conputer. - ' ' _ '

- 3. For the solution of a single salt, the concentration profile

is determined from Equation (2-18). The concentration and all the

physical_pxopepties—oﬁ—selutien—have—also—been—assumed—to—be—functions_
of the normal distance only in solving the sald equation.
. Tt 1s found that the limiting current is still proportional to the

square root of rotating speed even at high concentrations. Thevexperi-

ilim

N

to agree well with those predicted from this theory. The theory predicts a

mental résults of plotted against the bulk concentration were found
value 13% higher than the Levich equation for a 0.3 M copper sulfate
solution. | | | | v |
| 5. Perhaps the most important assumption involved in the rotating -
disk electrode method'is that v , ¢, % and sll ﬁhysicsl properties of the
solution are functions of the normal distsnce only. _There is no_doubt'.'
for very large disks. Practically, it is impossible to construct such
‘ia disk without creating turbulence at the edge of the disk.

If we are interested only in the’ region very close to the electrode,‘s
‘then this assumption holds quite'wellf One may visualize this fact from .
:ithe equal potential lines plotted in Figure 3-2. Neai the disk the equals.
potential lines are parallel to the disk, but the‘assumption-becomesi |

poorer farther from the disk.
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‘A similar picture of equal concentration lines may be obtnined
if there is no.convection,'that is, 1f the concentration satisfies the
equation.VQC = 0. If convection diffusion and migration are involved,
tnéiequatiOn for & binary electrolyte with the assumption of constant
ﬁhyéical properties-becomesl |

ve VC DV2b:.‘

Tt may be expected that the convection.compresses the equal concen-r
tration lines in the diffusion layer. The thinner the diffusion layer,
the less the error involved in the assumption that the concentration 1s
avfunction of normal distance. A similar conclusion should hold for vi.f

.6. The concentration overpotential was defined as the overpotential

due to the concentration gradient in the diffusion layer. It includes

two contributions due to the difference of the chemical potential

between the bulk and electrode surface, and the change of the electrical
conductivity in the diffusion layer. .

- T. In the absence of supporting electrolyte, the ohmic resistance
contribution to total overpotential 1is very high. The ohmic drop be-
tween a small disk embedded in the surface of an insulator and a counter—
electrode far from the disk is nf—— 22, The ohmic resistance corrected e

to accountlfor the placement of a reference electrode at a finite dis-
tan™*A

 tance EFF—._JQ . The distance parameter Xo was defined in Equations (3-10)

r K
to (3-l2).° Because the ohmic drop is concentrated near the disk, the
referen‘c‘e electrode should be placed 'eufficiently far from the. disk that
its locetion-is not a highly critical factor. |

8. The large ohmic drop essentially overshadoued the”plateau on
the current- voltage curve due to the concentration polarization. This

Jed to the development of a limiting speed technique rather than :

]




limiting current measurements. The current was held constant and the

rotating speed'was decreased until the potentiai showed a largevincrease7

corresponding to a zero concentration of the reacting ion at the elec-
trode surface. " In this way the ohmic potential drop vas held constant '

‘and did not obscure the concentration polarization effects.

In conclusion, the effects of the variation of physical properties

in mass transfer to a roteting disk electrode are important in a

| concentrated solution. It is not recommended to use the rotating disk

electrode for the electrode kinetic study in a low conductivity electro-

lyte where the ohmic resistance dominates the total-overpotential.
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- APPENDIX A. ' SOME BASIC RETATIONS FOR BINARf ELECTROLYTES o
An electroly'tic solution containing only one kind of cation. and
one kind of anion in additlon to the solvent 1s called a binary elec-
trolyte. So:ne basic relations which have been used for deriving most
of the fundamental equations in this paper may be summarized as follows:‘

Let the electrode reaction at a reference electrode be

z, z_ -
S+Q+ + S_Q_‘ + SoQo - ne

c,C Abev concentration of cation, énion, 'a;ld'_ solﬁnt‘

vV be number of ca’.cions' and anions prodﬁced by diss.c;‘-
ciation of one mélecule of electroiyte.

’ The following rélations hold for binary electrplytes. We pi'es_ent

"them withou£ proof.

vz + vz =0 | o (a)
c c .
+ - o : .
v =7 =C : |  (a-2)
: + - _ ) : :
S+z+ +8 z_=-n : o (A-3)
CM = pon : . ' o .
+ + + _ (A—‘h)-
CM = o :
M, = VM o+ VM - | (A-5)
He = VM + VM
= (v+{riz_')_RT WM om , o (A-6)
QO = U.)+ + LD_

4
i

% (C+M+v+ C-M.) . o - | (A-T)




ST

Finally,.:at constant temperature and pressure, the Gibbs-Duhem
relation for a binary electrolyte is
- o v o C_+Vu+ + C_VH_' ?‘Covp'o =0 (A:B) ( '
or L W == C W e
" APPENDIX B. COMPUTER PROGRAM
The original computer program wr’itt'er'x for the nume'rical solution
of velocity and concentration profiles has seveml slight differences
. in the definitions of the dimensionless quantities.
I . The dimensionless distance was defined as (cf. Equatfon (2-10))
" © and the velocity components were _ ' L e
Vo = 1{7{3(;) _‘ - | : : | (B-2)
A
. where { and # are related to £ and Hby T
. _ 0 O M dg . ) .
and SRR ' gy | o o | e
: 'H.=-‘-f—-9—-9 # - ‘ v (B-4)
P .
* © BDased on the definition of Equations (B-1) and (B-2) the dimen~
¥ ' -~ sglonless e@ua‘_ti_ons of motion and continuity to be solved with the |
computer were (cf. Equations (‘2-1‘1&) and (2-15))
> 2 wp d /pu N
I <..__ ) |
| S T At e ug ) .
da ' .
t = L BNrT)
v2FG +RG' T 5T <p T .G-)
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where primes’ refer to differentiation with respect to C. The dimen- -

- sionless equation of convection diffusion becomes (cf. Equs.tion (2-22))

L (e >T T(upT e

The dimensionless current was defined as

M‘s iz , o
VQ ) z, V. F \/9“5“’ o ' (=-8)
It is related to I by
‘ . : . : opo _]_.__ﬂ. , | T | | (B_g)

V+M+99
are at c =0, F=0, G=1, = =
_ o 5
ws = mzero
2 av
d = mst
-at - ; =-“:°°, F=0 G:O? : a)s=ww,

y For the concentrs.tion polarization, the. equs.tion corresponding to '

Equation (S-h) becomes

F¢§éo) z, va;sp J f (_ _ )dg (v +v )'\/;(n;,) (t+ ) l)‘%. |

m

The program was written in FORTRAN II; it consisted of the ma.in
progra.m DISK and three subroutines FLUID CALC, and INFSC.

‘DISK 18 the overall control program. It read the ir_xput data and

_wrote the output. It calculated the cor_xceri_tra.tion polarization and

converted the old definitions of dimensionless quantities {, # and




LABEL-

DECKS
FORTRAN

. FUNCTION CAPPA(YW)

CAPPA=042179%W##0,78957
RETURN

* %

END , ‘ .

LABEL
DECKS
FORTRAN

FUNCTION RHO(W)
RHO = 04%9669+0. 0769F1’Wf*4 R+0 TLHTT1%M+N, 80718*W**1 5

RETURN

e s R ETORN S

X<

END

LABEL

DECKS

FORTRAN :

FUNCTION TM (W)

TM = 0.597N63+3. 57880r”-8 21099*H*w1 5

xS Bl e T

END
LAREL

FORTRAN

CDECKS Ll e s

FUNCTION TP (W)

>

L

TPE =30 5T8E9F I 2o 7IVZEHIRFOLS —

‘RETURN

END
LAREL

DECKS

FORTRAN

FONCTION ST ~
DM=0a207%EXPF (=294 O¥WH%N o5 ) +0e b3 — DebuO*WH**0 .
RHO =009967 +0s0269%WH#0 5404747 T#W+0 8072*«**1 .5

© S=DM¥RHO#%2/(0.8937%0.99708) /104 %3

RETURM
END '

CABEL:
DECKS
FORTRAN

FUNCTION. VIS(W)
.RH = 0.9967+0. ﬂ?éQ*W**O 540 7477*w+0 80T72#WH%1.5

=N4AB865+0 4336 TSHUXKN,5+11,33B2KWHN 14 5+4, 99107“w**2 ;

p<d

N

VIS =RH /0, 99708*U/O 8937
RETURN

END

LABEL

DECKS-

FORTRAN

— — s

B T

FUNCTTON VISP () . ' ' '
VISP= (o1 7077/ WH%045+N, 6735+]8 4048*W**O H5+11% 10784*W+?1 529%8*” *7

0 5+384652053%WkR2+14eINNTR¥UKER245)/(N0e8937H#04 99708)

RETURN
END

B e T LE T S T P PSR S e S PRV VO A P S N e

%

HEEE

FORTRAN

FUNCTION CONC(”) , ' '

CONC= =NaH27NAXLOGF (W) +9, 4576*W*Y0 aE) 70.3455*W+43 qqa1*“**1 5
~NA e HRTHIWHID2HL]1835,50K6 H\]-‘(-%? 5—13? ?9’48 %‘;H('*'%'*? %/}8 )5 6\\]'3('-)‘3.‘-) .

-ty o - o A <n 2
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RETURN
~END'

LABEL
-DFCKS ‘ s
.FOQT?AK-'f fﬂ;f-
SURRCUTYNE CACC ' ,
. DIMENSION :(]001)96(10ﬁ1)sH(1 IN1Y .Y (lﬂﬁl)gV(lOﬂl)9VP(1001)9R(1001)
1 +DUMES005)
COMMON .‘"If\st\s\l"ﬂ. s DY s AMP L GNUP » Tt*lO)VINF;HINF9‘N9F969H9V9VPQBQDUMQ
WZERO R : ‘ : s
CTPINF= TRPIWINF) - - - - R
WAT)= Ce0
Sl='5(wZEROL. . )
ADD1= (AMPHTP({WZERO) + H(1))/S1
DO 3 J=2,.N i
S2= S(wW(Jy)
- ADDZE TTAMP Tﬁ(W(JWW"v H(J))/QZ
BlJy= BlJ=-1) + DY/2.0%(ADD1 + ADD2) . '
WLJY= WlJ=1) + DY/2«0%(EXPF(B(J)) /52 + CXPF(B(J l))/Sl)
. ADDI= ADD2 '
. ﬁ_ 2 - S51= 52 ' ‘ ’
A n rONST—(HT“F*W7¢RO)/(W(ﬁ)—FXP:(D(N))/(AMD*TPIRF A+ HTNF)) : :
I T e DL TTTEITN T e
o4 WlJ)Y=E CONSTHW(J) + WZERD
o CAMP= = CONST/TMO/ (1«0—-WZERO)
“H{1)Y= GNUP*AMP
VI1)=VIS(W(l)y)
_VP(1)~VIQP(’(1))/CONST/w(U(1))
. NP=N-1
DO 5 J=2sNP
VI =VIS{W(IJI))Y . ' .
5 'VP(J)—VISP(A(J))”(W(J+1)*W(J 1))/(7-*DY)
VINYI=VISIWINY) , : : K ‘
) VP(N)~VISP(d(ﬁ))*(W(N)-#(N 1))/DY T : S ST g
RETORN o . i —— -
END

B e

(228

P AT S

- 'LAREL:
. DECKS
.FORTRAN
_UPN@UTTV““ﬂWﬁRT‘*”
SURROUT INF EOR ORTAINING THE “TRST TERMS OF. THr INNFR FKPAN%ION&
OF THE VELOCITIES FOR.HIGH SEHMIDT NUMBERS FOR' A ROTATING DISK -
WITH ACCOUNT. BEING TAKEN OF PROPERTY VAPIATIONS AND A FINITF‘
_ CINTERFACTAL VELOCITY I
L ‘ DIMENSION. F(10J1),G<1001),H(1001),W(1 01>,V(1001) ' St e
ST of o] Yo\ i FINr“m;wwr:ﬁV“KMU;GNHP,Two,vINF,HINF,A,F,G;H,V““"”“*ff*"”“”*"“
- CONST= 0.51023%DY/2. O*SORTF(VINF) - _ , A
F{l)= 040 : _ R R
G(ly= 1.0 o ' , . : o ST
DO "1 J=2,N - o o R T
GlJ)= 1.0 - S o o ‘ .

L

'M,_.,.

N ONN

T T T Y E T IS Y T F T CONS TV TITTF CONST/VIIETY
: 1 H(J)= HlJ=1) = DY%(F(J) + F(J=1))
RETURN R .
END




CABEL
SYMBOL TARLF
DECKS
FORTRAN

SURRQUTINF.-FLUID
DIMENSION F( 1031)sG(100])aH(lOOl)sd(lOO])sV(lOOl)9VP(1001)9FF(1001,ﬂ

S GGL1Y= 0.0

)9FG(1001)9F?710q])9GG(1001)-HF(l“Ol)auG(1001)

CCOMMON WINF oNaNM1 4DY s AMP s GNUP s THO s VINF oHINF o w,r,G,H,v,VP,'

FF,FGQFFyfr,HraHG
GPS= 0.5/DY*(G(3) ~ G(1)) , ‘
FPS= 045/DY#{F(3) = F(l)) '

FF(1

GF(1
FGU1

HF(1
HG(1
NDO 1

oo
=
-

‘e [ ] [ * L ] [ ]

|

;_\)OOOOO

o
H
b

GP= GPS
FP= FPS
GPS= N.5/DY#(G(J+2) = G(J))
FPS= 0e5/DY%(F(J+2) = F(J))
Hl= DY + DY*FF(J=1) - HF (J=1)
H2= DY#FG(J-1) = HG(J-1)

A= T(V(JY7DY = 0.5%(VP(JY = HTJTTYI/7DY :
Cl= — 240D%(V(J)/DY/DY + F(J)) + A%GG(J=1). + H2%GP

C2= = 240%G(J) + A®GF(J-1) + HL1#*GP
R= = (VIIY/DY + 0D.5%(VP(J) = H(J)))/DY

RG=GP# (H(J=1)=DY*F (J=1)=H(J)) = 2.0%F(J)*G(J) = A%G {(J-1)

T C3= 2.0%G(J) + A¥FG(J-1) + H2¥FP

o= T OR(VTIT /DYDY F FUJ) ) FRFFFTUSTT F T*FP’

RF= FPH¥(H(J-1)=-DY#*#F(J=1)-H(J)) — FULJY*F(J) + G(J)*G(J) é'A*F(J-I)

DET= C1%C4 ~ (C3%C2 . ' o B
FG(J)= = C3%R/DET

GG(J)= C4%R/DET

FE(J)= CLl#R/DET » |
GF(J)= = C2%R/DET e e e o i

FeJy= (C1#RF -~ C3%#RG)/DET
G(Jy= (C4*¥RGC ~ C2#RF)I/DET

HF(J)= = HI#FF(J) = H2%GF(J)
HGIJ)= = HI#FG(J) = H2%GG(J) :
1 H(J)Y= HJ=1) = HI¥F(J) = H2%G(J) = DY*F(J-1} ,
DO T K=1,10 - - : - - T
C3= 2.0%VINF/HINF -
Cl= (C3-DY)/(C3+4DY) = GG(NM1)
C2= (C3=-DY)/(C3+DY) — FF (NM1)
DET= C1%C2 — GF(NM1)#FG(NML1)
RS _ F(N)= (FG(NM1)#G(NM1) + Cl*F(NMl))/DFT
TR N = (GE RN FETRMIY + CRRG (MM /DET e T
3 HINF= H{NM1) + C3%#F(NM1)+(HG( RM1)+C3%FG(N11))*G(N) +(HF(N=1)+C3%
. : FFONMY) JitF (NYy ' S
THINY= MINF = Ca%*F(N)’
DO 2 K=2sMM1
* J= N - K + 1
GUIYEG(IY "+ GG(J)*G(J+1) FUGFUIVRE(IFT) ' T I
FlJ)y=s FUJ) + FOGINI®GLJI+1) + FFIJIRF(J+1)
2 Medys HiJ) & HMGUIIRGIJI+1) + HE(JY#RF(J+1)

RETURN
END

et e 1t e A



* CABEL™

* SYMBOL TABLF'. .

* DECKS . . ;

# .. -FORTRAN: et -

C2n1s K ST - ST e -

C PROGRAM FOR MASS  TRANSFFR TO ROTATING DISKa RINARY SOLUTION S
BYMENSTON FUT00T V-G UTANT Y SHTTADT T TranT) s VETEATY ssUM(7onTy ™7 77 770

()

b b s
5D
W N

(@]
o

COMMON WINF o NsNML aDY s AMFE JGNUP s TMO s VINF o HINF s s F'aGaHsVeDUM WZERO

FORMAT- INFINITE SCHMIDT

FORMAT .

(/7. 12Xs 25H
(1541P4E144)
FORMAT (5E8e4s4X9514) "
FORMAT (55H1 AMP

~

WINF

NUMBER 1S5 ASSUMED)

DY T Tin

7?6

107

)

__READ INPUT TAPE 2,103,

FORMAT

FORMAT ™

JI3XSEL3 43 2F 723527 8. 4//4940“‘H1NF’ “RAB
GPO/2F9.5s 2E12. F2.5//56HN J
G L H/(1501P4EIL b))
(32HO CONCENTRATION
PEl4es/ TH WZERO=, 1PE16H.6)
FORMAT (14 //)
T1H1+8Xs 244 DIMENSIONLFqS 'CURRENT =
17H HH AT INFINITY =, Fl2.4/ 73HO0  J
_ F G HH
{155 1P5El4.4) B
= .0.384

fey

88X

FORMAT
HINF=
PY

OVERPOTENTIAL 1S,

s E12.4 7

°

TRV

1P514o4;'v6H'~pLU$%fllf iy

X1 R
) .

N= 201

NM1= 200

DO 6 J=1sN

VIiJ)y= 1.0 :

G(Jy= Oe OOS*FLOATF(N J)
DO 7 J=1s5

“CALL FLUID ' ' ' .
READ INPUT TAPE 791039NIKF,W7:R09ERR GNUP;CONST;N;MoNS;IKr9 D

VINF= VISIWINF)
TMO = TM(WZERO)
NM1= N -1 '
DO 2 J=1sN

- AMP=

W(JY= 060
De0

AMP
HINF

AQ=
HNO=

T CALL CALC

GO TO (11s12)9INF

11

12

13
L

R DIV, PP

GO TO

CALL FLUID
GO TO 13
CALL INFSC S
IF. (AQ%F(HIN: - HNO) —,~R?) bGolysd
TF (ARBS F(A4P “AOQ) - FRR¥ARSFE(AMPY)
GPO= (G(2) = G(l))/DY/(1.0+0 S*DY*H(I))

59593 ’

RAR= = GNUPH (WINF=WZERO) /THA/ (1 O~UZERDY
AKW = = THO#*AMP / (WINF=WZERN)¥* (1 4N=WZERO)
RV:' O-O . . ’
{14 915).s INF

RVz = H(1)/GPO

WRITE OUTPUT TAPE 3,104,-

Gﬁmg(J9h(J)9F(J),G(J)9F stJ 1-10)"
GO TO (8B+9) 4ND -
GO TO (1T7+16) 4 INF

WRITE QUTPUT TAPE 3,101

/\MP 9\\.’If\F 9DY9GNUP;TM0’HINF9RA‘39/\K"\!9QV9




L]

WRITE OQUTPUT TAPE 3,106

17 N e
S WRITE QUTPUT TAPE 3510725 (JSWTIIT s FTI T sGUIT»HTIT » J=T NG M) e
"9 IF (W(1l)) 151,18 : : :
18 ETAC1=0.0
. CAPINF=CAPPA{WINF) , L S
DO 24 J=1,10 . o L S
CAPPAI=CAPPA(W(J) ) *¥RHO(W(J)) : o
. CAPPAZ=CAPPA W (JFITT*RITTTWTIFITY . o T T T T
) 24 1fTACl ETACI+DY%(10/(CAPPA2-CAPPAL)#LOGF (CAPPA2/CAPPAL)=1. O/CAPIN
$ 0e5/RHO(W(J))+0e5/RHO(W(J+1)))) : . -
DO 19 J=12sN
19 ETAC1=ETAC]+WY (N B/CAPPA(”(J—]))/RHO(V(J 1)1+0. S/CAPPA(W(J))/RHO(
' S W(J))=1a0/CAPINF#*(N5/RHO(M(J=1))+0. 5/RHO(W(J))))
ETACIS CONSTRANVPRETACT T ‘ - o
ETAC2= CONC(WINF)=CONC(W (1))
WRITE OUTPUT TAPE 3,105, ETACl,FTAC?,WZFRO
S SUM=0,.0 '
X1=040
RINF=RHO(YWINF)
T T T COEFE =R INF Y GO/ SARTE IVINFY T )
CURREN=1N/SARTF (VINF ) %AMP
HHINF=1e0/SQRTF (VINF ) #HINF ,
WRITE OUTPUT TAPE 35107 CURRENSHHINF
DO 22 J=1NS ' :
HH=COEFF/RHO(W(J)Y)*H(J)
TTIFT(J-1Y 21521520 - o -
22 SUM=SUM+DY# (N, %/RHO(W(J 1)Y)+Na 5/RHO(W(J)))
XI=COEFF*SUM
IE (J=41) 21+21.22
23 MM=(J=1) /M
JI=MMEM+]
- 7 (J=JJV 22521522 T o ' , T
21 WRITE OUTPUT TAPE 35108y (JsXIsW(J)sF(J)sG(J)sHH) .
22 CONTINUE . ‘ ' L

GO TO 1 ' -

~END

P —— s 1 43R 4 T S o o i .06 SR e
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- to the definitions used in this paper, €, Hand I by Equations (B-3),

(B-h) and (B-9), respectively.

FLUID is the subroutine which carries out the numerical solution‘of
the three ‘velocity components F, G and ¥ at each mesh point.
numerical method has been given in section 2.l |

" INFSC 18 the subroutine for calculating the velocity}components

F, G, and H by a singular pertufbation method when an infinite Sehmidt

number is assumed.

CAILC handles the concentration profile by golving Equation (B-?)
Ei{ght functional programs were designed for evaluating the physical

properties and other necessary dimensionless groups of copper sulfate

solution at 25°C, they are

1.

2.

3. .

6.

T.

8.

Two data cards are required, they are

. a fen -\
VISP da)"""pu-o)

CAPPA e.x
RHO -~ = p
™ =t
at
+
™ =z
 é Db?.
: quO
VIS = _g ﬁ :
oo

CONC _;\/\((m)“_ (£° - :Q %

Card Ij

DY 1is mesh size ueed in solving the linearized ofdinsry d1fferential

| ?ﬁff’

The detailed
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equatiohs. “The total mesh number is 1001,'the mesh éize_should nbt'*.’
"be smaller than 0.0l in order to have an accuraﬁe caléulétion of |
the fluid velocity. Otherwise the range of ¢ covered will not include;Vl
enough of thé hydrodynamic boundary layer. )
Card TI |

l. WINF - 1is bulk éoncentration‘of solution in terms of masébfractfgn.
2. 'WZEROk is the concentration at 1nterface in terms of mass fraction.

' 3. ERR is error tolerance in calculating.normél éompdnent VEIociiy.
H’. J.O.5 is recomhend_ed for this program.

v,

M 3

4. GNUP 1is

z+V+F2uopo
RT M
s

5. CONST 1is

6. N | '1s total number of mesh points to be used. The'@gximum -mf—’~
 storage is 1001. | _ |
_'T. _M 3 1s the interval of mesh points to be printed out.‘-‘
8. NS 18 the number offmesh.éoinﬁs to be bfintéd out.
9. INF 18 a seiector. | |
CINF = 1 subroutine FLUID being:used.for éalcuiaﬁing
| velocity profile. ,< |
| INF = 2 subroutine INFSC being used.
 10#1 NO* f 18 output selector. | o
N0'=”1 program printeﬁ‘outf
- megh number,.q%, F, G,?i-
v NOv=_2 program.printed OQt

mesh number, £, @, F, G, H.
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NOMENCLATURE

concentration of binary electrolyte.
concentration of species i (moles/cm3)
diameter of disk.

diameter of disk electrode.

‘- molecuiar diffusion coefficlent of binary electrolyte.

symbol for electron.

radial’ dimensionless velocity component (2-11).

Faraday's constant (coulomb/equiv). |

tangential dimensionless velocity component (2-11)

mesh size for numerical solution of differential equation.
normal dimensionless yelocity ¢component (2-11).

normal dimensionless velocity component (3-2).

acceleration of gravity (cm/seoe).

current density.(amp/cmg).

exchange current density (amp/cm?).

: dimensionless current density.

' dimensionless current density.

_vmolality.

‘molecular weight of speciesvi.

. molecular welght of salt.

_number of electrons 1n equation for electrode reaction.'d

: molsr flux of ‘species i (moles/cm -gec).

mass flux of species {1 (g/Cm -sec).
pressure‘(dyne/cmg)

dimensionless pressure.
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Schmidt number . Se =

I'C'-

.symbol for the chemical formula of species 1.

radius of disk.

radius of disk electrode.
univ_exl'sal‘ ge.s consté.nt .

total resistance of solution.

d np

e,

stolchiometric coefficient in equation for electrode reaction.

gl<

transference number with respect to mass average velocity at species 1.

FRC)

(nass average) fluid velocity (cm/sec)

,pm'

o

©0

=

“valence or charge number of species i.

transfer coefficient in polarization equation.

mean mdlal éctivity coefficient.

- the Kronecker delta

°1y.

%3

1 4f 1=3

=0 1f 1 # J.

diffusivity pertu:bationvparametera,

density perturbation parameter.‘-

‘dimensionless distance (B-1).

specific conductivity ohm-lcm-l.
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N --_dimenéionless distdnce betwveen reference electrbde and rotating

disk electrode.-

M - chemical potential of salt in binary electrolyte.

e . , ,

v - kinematic viscosity (cm=/sec).

v ,v - number of cations and anions produced by diésociatioh of one

molecule of electrolyte..‘

3 . - dimensjonless distance from the rotating disk (2-10).
p =~ dersity of solution. |
T - stress tensor (2-2).
2 - agtivatidn (chemical) overpotenﬁial.
2. ' _ concentration (d1ffusion) overpotential.
¢oﬁm ’-.ohmic resistancebo#erpdtential.
s -»méss.fractibn of salt in bingry electrolyte.
Q - rotating speed‘pf‘disk electrode (radians/sec).

: Subscrigﬁe |

+5=50 - cation, aﬁ;on, and solvent in binary electrolyte.
o0 '.-_1n the bglk‘of golution. | ‘

5 .-v'sav.lt. ' _ : o S

1im - denotésvlimiting current.

‘zero - at the interface of electrode and solufidn,
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