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Abstract
Integrals relating surface-concentration to surface flux for
the diffusion layer onva rotatiﬁg disk are used to’e?aluate collection
efficiencies for a ring-disk system and to assess the error involved
in using this system as a sectioned electrode to measure the current
distribution. .Experimental results are reported which confirm these
predictions at the limiting current. Below the limiting current, a

nonuniform current distribution is obtained..
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fhg Diffusion Layer on a Rotating Disk

Equations relating to the diffusion layer on a rotating disk
ére'used to rederive in-é_new way Albery and Bruckenstein's formula1 for
the colleéfibn efficiencylof é rbtétiﬁglring-disk system. .The same:
method is'fheh used to.assess'the accurécy of usiné'a ring-disk electrode
as a Qecfiohed eiecffode-fbr the'direct méasuremeﬁt.of the current |
distfibufibnvon a dgsk electrodé;

Sfeady‘éransfef‘of a_éolute species obeys the equafion of

convective diffusion
v-Yc, = D,Vc. - "7(11

if, for one reason or another, electric migration.of this species can be

ignored. This condition applies to a neutral solute and to a minor

ionic solute in a solution with an excess of inert, supporting electrolyte.

The eQﬁation'also}applies to.é solution of a siﬁg1§ electrolyte where the
, migratién terms cén be eliminated byfmeaﬁéiof thélelectrdhéutrality
conditioﬁf2-4v In this c;se, D, is re?lacéd by the diffusion coefficient
ofvthe é1ectro1yfé.

B ._The appropriate.form of this equatidn for the.difquion iayer

on a‘rotdting disk is

| ac.  ac.\  a%
1/2f °7i i) i
gxﬂ(ﬂ/v) (-—5; - yfgy) = D.1 g;f . (2)

The radial diffusion terms are neglected on the basis of the thinness of

‘the diffusion layer, compared'té the radius offthe electrode. We treat

*
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' the neglect of these terms in a separate paper.S For large values of

the Schmidf number Sc = v/Di, as encountered in electrolytic solutions,
fhe diffusion layer is also much thinner than the hydrodynamic boundary
layer, and‘it is apprbpfiate\to approximate the normal and radial compon-
ents vy and Yr of the Qelbcity by the first termé of their power-series
expanSions in the normalvdistance y from the disk. This introduces the
rofation Speed 2, the kinematic viscosity v, énd the dimensioniess
constant a from the solution of the hydrodynamic:vproblem,()'8 where it
ié assumed that the mass-transfer process does not influence the fluid
motion. |

Equation 2 forms, in essence, the basis éf the derivation of

3,4

the limiting'current at a disk electrode. It is also the starting

" point for‘Newman's analysis of the current distribution on a disk

"electrode below the limiting current9 and for Albery and Bruckenstein's

analysis of the collection efficiency of a ring-disk system.1 It is

convénient to introduce the dimensionless distance from the disk
1/3 1/2
t= y@ayspt® @wmt’? o, | (3)

so that equation 2 becomes

o Bcii vaci azci ‘
,z.;rgr-cM = — . , : (4)
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The boundary conditions foi equation 4 will normally include

[

c. = ¢ at L = « and 8ci/8r =Q0Qatr =20 ' : '(S)
as well ‘as a specification of the concentration co or -the concentration
derivative‘aéi/sc or a combination of these -on the surface of the disk
at ¢ = 0. Tﬁe problem can.be solved formally to yield.either the

L . S . : .. 10
derivative ‘at the surface in terms of the surface concentration

" 3dc. L ' T .dc-

¢ Oy { of  arr " (6)
3T {z=0 ~ T(4/3) dr Jr=r' 3 3173 »
3z ;_ 0~ T3 JCEN L SN NS VA
or vice versall
: . 1 T Bci £ty
c (r) - ¢ = w7573 1R I R v
. ® ] _ 7. ' 7
o - r2/3). fo 9 =0 (31 3y2/3 - M

These equations are analogous to those integral équations-commonly used
to relate the surface concentration and the normal derivative of con-
centration for problems involving unsteady, 1inearvdiffusion in a

'stagnant medium. Equation’6 should ‘be regarded as a Stieltjes integral.

Ros'nerllo-’12 has discussed the épplipation’of these equations

to certain aspects of the ring-disk system and to other geometries (see
also Chambré!® and Chambré and Acrivosl4).~ Analogous expressions have
been deri?ed for heatltransfervproblems_by Tribus and Klein.15 Appendix

2 treats other geometries at high S¢hmidt_numberé.
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| At the limiting current, the concentration of the reactant
is zero over the entire surface of the disk electrode. In equation 6,
oA is regarded in this case to change discontinuously from ¢ to O at
T =»O, ahd dco/dr is zero over the remainder of the electrode. This

equation then yields

e, C,
3T lg=0 T T(@/3) ‘ (8)

the result of Levich.3

Riﬁg and Disk Electrodes
“The integrals in equations 6 and 7 can be applied to evaluate
the collection efficiency of a ring-disk system and to treat the limiting
current dn a sectioned disk electrode. We wish to treat three cases.
'I. .In most applications of rotating ring-disk electrodes,
an unstable intermediate is generated on the disk and detected on the

ring. The appropriate boundary conditions on the surface are

(on the disk) c_=c,.

fo <r <7 (on the insulating annulus) Bci/ac'= 0. L (9

| T frirm, (on the ring) - ¢ =0.

Here ¢, is the concentration of this species on the disk, where it is

produced. Normally the bulk value is c¢_ = 0. It should be pointed out

"that the condition of uniform concentration on the disk surface is,



r, = 0}25'cm, v = 0.01 cmz/sec, and Di =_10'5 cm2/sec, the value of

1/6

this ratio is (SDi/QArg) = 0.093.

The fifth boundary condition‘means that fadiai diffusion again
becomes negligible far dbwnstream in the diffusion.layer on the insuiator.
This condition can be stated more explicitly by obtaining the asymptotic
solution.fbr large X. Seek a similarity solution of equation 10 with the

term 326/8X2 neglected and subject to the boundary conditions 1 and 4.
o @/ @) as x>0, a2

where

£ = v/omt/3 o | - (13)
The function f is found to satisfy the ordinary differential equation
YN ;ngf - 3Ef = 0 | (1%)
with the boundary éonditions

f' =0at&=0 , £f+&% as £ » o s ) (15)

and the solution
. 3 ]
-£ .3
- € 3E -X
f=£+ T3y " F(Z/S)_[g xe ©dx . (161

To effect a numerical solution of the problem for O, we used

parabolic coordinates in order to avoid infinite derivatives at the



Table 1. Values of ¢, and cd'forithe various cases.

case : 4 C.
i;'JCQllgction‘efficieﬁcies <4 0
II. Sectioned disk | o Co

III. Ring only ' c, : o

R On the disk, the surface flux is given by equation 6.

ac. | . Cw"Cq '
o TTEzy @0 @

On the insulating annulus, the surface flux is zero. Hence, equation 7

can be used to determine the surface concentration, the surface flux on

the disk being given‘by'equation 12.

T
o}

c -.c Pt ridr} ( lus) (13)
= T TaITET3) —3 3373 annulu .
o o _P(ZIS)F(4 3), o (r3_r,3)2 3
In appendix 1 it is shown how to evaluate this integral. With that result,

equation 13 can be expressed as

ey T 1 . -1f28-1 1 (1+e)3 |
S, = 4 * TTIITETE) - + = tan —;gj + g 1n -Izgg—_ , (14)
where
8 - r3./r(3) 1. __ (15)

On the ring electrode, the surface concentration is zero,

and the sufface'fldx can bevobtained from equation 6, the surface



concentration on the disk being given by 4 and the surface concentration

on the annulus being given by equation 13 or 14.

o

3¢y _ -r 1% % . Jfl iig} dr' _ coﬁrl) - (16)
. oC c=0 T(4/3 T ar | _ . (r3_r,3)1/3 (rs._ri)l/s ,
o .
From equation 14,
dco CuCyq ri B - o '
I T TR/TAS) 3 3.2/3 (annulus), (17)
. T(r -ro) ,
and edﬁétion»lé‘becomes
. ., ‘ Cre (r,)
4. 1 . fo} 1
TE) 55| = Cw- €y * —xmrrrx
37 9z r=0 | d (r3_ri)l/3
T
- 1 2
) Cu Sy f | rrodr' ‘
T (2/3)T (473) | (r,s_rg 273 3 173 o as)
) : v

Let us evaluate a quantity jr’ proportional to the total

flow_of_fhe species to the ring:

rdr . - (19)




Jp ® 2r(i/3) ;(?w'cd)(fé'ri) * Co(rl)(r 1)2/3
(cm;cd)ri 1 (rg-r's)z/3 - (ri-r' )"/3 dr
" TR/3TAT3) : 337273 Y (20)
%) @)
o]

In appendix 1 it is shown how to evaluate integrals of the type involved

here. Similarly, let

, .
0 dcC.

Y Giae
Ja © 3C
(o]

In order to avoid writing complicated expressions more than

Cm'C
d_,2 | (21)

rdr=mr

£=0

once, let us define N as the following function of the geometric ratios

rz/ro and rl/r0

3.3 2/3 - o P
N = (r ) °©  rrgr ._ I, - &4
ror(z/s)r(4/3) 0" (ri_r,s)z/s rg
‘ (r3_r'-3)2/3 _ (rs_r.'s)z/s
1 . 2 1 dr'
NN TE] f PRI T 5
. . r?
3 2/3 V3 l+63 3 -1 (29_1 3
=(A B7)" - Iln ————3 - 5= tan | v >

. 1A w + 3 tan! <?A¢-1) .1

+ -— In
AT (eap)® L /3

- A2 [—/—3- 1n 1, %r' tan-.1 (_____211)—1) + %—] R ' (22)

47 (1""1))3 /3—



-10-
where

A= rz/ro, "B =r/r ,

(23)
3 .3\1/3

3 1/3 - 1f{A"-B

e=(B—1)/,.w=K(3,

: B"-1

Then we can write
: 3 3.2/3 3 3.2/3
- C-C c (r5-r7) e (r,-r7)

d 2 21 . 271 (24)

J.r T §TTZ7§T roN * 2T'(4/3) T JdN ' 2T'(4/3)

If no other reactions occur, the ratio of the total ring:
current to the total disk current for the first case in table 1 is found

to be
“i/ig =N , : (25)

since in this caSe c, =0 and‘all the active intermediate which reacts on
fhe ring is produced at the disk. Then, N ié called the collection
efficiency, and équation 22 agrees exactly with the expression derived
by Albery and Bruckenstein1 by another method. These authors have.
tabulétea vé1ues of N forigiven:values of 'rl/r0 éndnrz/rl. The analytic
forh,of the résult ﬁékes it easy to evaiuate N nUmerically for values of
rl/roﬂand rz/r1 oﬁtside those tabulated.v

For case III, where there is no disk electrode, €4 = o

and the total flow to the ring reduces to

3 3.2/3
(rz-r1

.jr = ‘coo W s (26)
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a result first obtained by Levich16 and later by Ibl17 and Rosner.10
The gebmetric quantity N can also be measured with a ring-
disk system where both electrodes are operated at the limiting current

for the same reaction. Equations 21 and 24 then yield for the ratio of

the total ring current to the total disk current, since cy = 0 (case II
in table 1),
3 3.2/3
i, (1 _
o~ = ————— - N , 27)
Ja r2
0

in agreément'with the result of Bruckensteih._l8

Therrotating ring-disk electfode system is usually used as
a pdlarégrépﬁic instrument;'species which are generated at the disk are
defected'on the ring. The presence of unstable intermediates can be
detected in this way, but it is difficui; to treat quantitatively the
kinetics because of uncertainty in.fhe relative importance of ohmic
potential drop and concenfration and surface overpotentials. On the
ring, the influence of surfacevoverpotential and ohmic potential drop
is negligible when it is operated at the limiting current. The kinetics
of_generation’of the.éctive intermediate on the disk is less wellvknown,'-
however, because of the nonuniformity 6f the current distribution on
the disk. The assumptiqn of a uniform surface concentratibn on. the
disk'ﬁurface is queSfiqnable for case 1 of table 1.
| When the ring-disk system is used for plating-type applica-:
itions, the 'same reaction would:occur on both electrodes, and they would

normally be operated at the same potential. If both are operated below

t
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thedlimiting_current, the nonuniform eurreﬁt distribution on the disk
again makes it difficulf to analyze the electrochemieal'kinetics.- How-
ever, it»is;jaSt’because of the nonuaiform current distribution that a
'rihg would be'used with the disk. The rlng -disk system might be used to
determlne the current dlstrlbutlon or the ring mlght be included to
make-the eurrent dlstrlbutlon more nearly uniform on the disk. Since
the nonuﬁifdrmities are7greatest oﬁvthe odter edge of a disk, the ring
fmight be'viewed as ﬁsoaking upﬁ the ndﬁﬂniformities. The justification
; for use of the ring foreeither purpose must come frpm-an analysis qf the
current Oﬁ.a ring as cempared to thevcurrentrover'an equivalent area of
a diék electrode. | |
d’Since’seCtioned:eleetrodes are commdnly deed'te measure the
curreﬁt}distributieh on an eieetrede, freduently ar the iimiring current,
T it would be valuable to assess the error introduced by "the nonzero thickness
of the 1nsu1ator One standard of comparison would be the ring current
divided by the'curreﬁt denSify on the disk and the area ofbthe ring

electrode. From equation 24, this ratio is given by

S _ (rz-r )2/3 - riN; » . : ,
g - R — | _ (28)
: . r.2 - rl o L

andvie'raﬁﬁlated initable 2._dDeparturesrof this ratio from unity show
- by hqw mﬁéh tﬁe aVerage currentbdeﬁsitj on the ring exceeds the current
~density on the disk.' Since limiting currents are being considered- thisv
'current den51ty on the disk is the approprlate standard since it would

preva11 everywhere 1f the 1nsu1at1ng annulus were of zero thickness.
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Table 2. Total ring current divided by the current density on the disk
and the area of the ring -(from equation 28) for the case where both the
ring and the disk are at limiting current for the same reaction.

r2/r0 1.1 1.2 - 1.5 2 3

2 2

17 %

2 2

270

0.05 1.0388 1.0390 1.0395 1.0401 1.0409
0.1 1.0720 o 1.0724 1.0735: 1.0749 1.0767
0.2 - 1.1304 1.1313 1.1336 ’ 1.1366 1.1400
0.5 1.2713 1.2736 1.2795 - 1.2860 1.2928
1 1.4497 1.4540 R 1.4641 1.4746 1.4846
2 - 1.7112 1.7181 1.7337 1.7491 1.7628
5 v 2.2156 2.2269 2.2514 2.2744 2.2940

10 2.7431 2.7584 ' 2.7910 2.8209 2.8459

20 : 3.4247 3.4446 3.4869 3.5252 3.5569
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As a second standard of comparison, we take the ring current

divided'by the current denéityvon the disk and the area of both thevring

S

electrode and the insulating annulus. This ratio is given by

(r3_r3)2/3 - er
£ = 271 0 (29)
2 2 2 4

and is;faﬁplated in table 3. Again, departures of this ratio from‘unity
shbweby”hqw much the averége eurrént density_on the ring and annulus is
less than the current density on the disk.
For thin’insulatoré or wide rings, bofh of these ratios L
approechvunity. For a ring electrode whose area is ten times the area
of the ipsulator, the error represented by the ratio f2 can be expected
to be less than 3 pereent while»fhat represented by f1 can be greater than
7 perceﬁt. These ratios thus provide a basis for the design of ring-
disk‘syStems for current-distribution studies. Similar considerations
apPly to the design of sectioned eleeffodes for other geometries when
mass-transfer limitations determine the current‘distribution (see
appehdix>2).
The ratio f2 depends most strongly on the ratio of tﬂe area
vbf the insulatof t0vthe area of the ring electrode.' Consequehtly, we
“have used this for one of the geometric parameters in tables 2 and 3.
With avstroﬁg dependence on this parameter, the choice of the other
parameter becomes less important; we chose fz/ro, thevratio of the outer
radius of the ring to the radius of the diskvelectrode.‘ These geometric

parameters replace the ratios rl/rO and rz/rl.
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Table 3. Total ring current divided by the current density on the disk
and the area of both the ring and the annulus (from equation 29) for the
case where both the ring and the disk are at limiting current for the
same reaction.

r, /T, 1.1 1.2 1.5 2 3
2_.2
r1 0
1'2-1'2
2711
0.05 0.9894 0.9895 0.9900 0.9906 0.9914
0.1 0.9746 ~  0.9749 0.9759 0.9772 0.9788
0.2 0.9420 0.9427 0.9447 0.9471 0.9500
0.5 0.8475 0.8491 0.8530 0.8574 0.8619
1 0.7248 0.7270 0.7320 0.7373 0.7423
2 10.5704 0.5727 0.5779 1 0.5830 0.5876
5 0.3693 0.3712  0.3752 0.3791 0.3823
10 1 0.2494°  0.2508 0.2537 0.2564 0.2587

20 " 0.1631 0.1640 0.1660 0.1679 0.1694



-16-

Experiméntal Determination of Current Distributions

The.ekperimental investigation of these pfedictions was divided
intb two pafté. The first dbjective was to investigate whether or not
equatibn=29 Qas obeyéd at‘limitiﬁg currént. The secohd part was to
investigate the departure from this equation below the limiting current,
159;’ to determine whether or not a nonuniform current distribution could
He observed.

The'electrolytic solutions used were composed of KNOS,

_ KFe (N
and'KSFe(CN)6. The concentration 6f KNO3 was always 1 molar, and the |
concentrations of-thevothér two Cbmponents were varied but their ratio
Qas'always 1! Fresh, filtered soiutidns were used for the determinations
because it was found that the solutions decompose slowly upon exposure
toxlight'and.air. The measurements wéfé made at about 23°C.

The rotating ring—diéks.Were coﬁstru;ted of platinum‘with epoxy
insulation.  The relevantvdimeﬂsions 6f the assemblies were: ring-disk

l(RDl),.ro = 0.441 cm, r, = 0.502 cm, r, = 0.620 cm and overall radius

1 2

1,27 cm; ring-disk 2(RD2), r, = 0.322 cm, r, = 0.478 cm, T

and ov§r311 radius 1.27 cm; ring-disk 3(RD3), r, = 0.441 cm, T

, = 0.633 cm,

1= 0.498 cm,

r, = 0.616 cm, and overall radius 1.27 cm. The ring-disks were polished

2
'béfofe.éach run -on a mefallographic wheel with 0.05u alumina.

"The ring-disks werevoperated fotentiostatically wi{h a Wenkingb
pptentiostat. Both were opérated anodically. One output from the
potentioétat was taken to a parallel circuit in one leg of which was a

precision resistor and the connection to the disk, and in the other leg was

a variable resistor and the connection to the ring. For measurements at the
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limiting current, the potential drop across each resistor was measured, and
the current was calculated from this and the measured resistance of each
resistor. 'For measurements below the limiting current, the potential
across the resistors was matched fo within 0.05 mV. From this and the
measured resistance, the current through each resistor was calculated.
These potential drops were measured with a Honeywell potentiometric strip
chart recorder.

The reference electrode was a strip of platinum partially
immersed in a side arm compartment filled with the solution being investi-
gated. The side compartment was connected through a Luggin capillary to
the mainvsolution. The capillary ‘tip was positiQned in the plane of the
disk surface at 2.27 cm from the center of the ring—disk assembly.'

The anodic limiting current was attained with overpotentials
between +400 mV and +800 mV. In the limiting current region, both the ring
current and disk current were constant with potential. In table 4 is
listed the.ratio of ring current to disk current, in the limiting current
region, for each solution used_and at several rotation speeds. The results
are the average of sevéral runs, and the percent of average deviation is
also given} Also givenvis this ratio multiplied by the ratio of disk
area\to»the area of insulating annulus plus ring electrode. This may be
compared to the value of f2’ also listed, calculated from equation 29 .

The experimental»results agree with the predictions of équation

29 to better than 1 percent. Also, there is ﬁo dependence on concentra-
tion or rotation speed, which is also consistent with equation 29 . The
deviafion from f2 (theory) is considered to be within experimental error.

The largest error was probably the measurement of the electrode dimensions.
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Table 4. Sectioned-electrode measurements at limiting current.
All solutions were 1 M in KNO Solutions I, II, and III were 0.005, 0.01,

and 0.05 M, respectively, in goth KyFe (CN) ¢ and KSFe(CN)6.

Ring—disk Solution Rofation ‘ Ir ' Ir rg o f2
assembly _ speed T W) theory
(rpm) d d r,-T
' RD1 I 1550 0.858+0.15% 0.879 0.871
11 1550 0.852%0. 9% 0.872
111 1550 0.852£0.1% 0.872
111 2500 | 0.847%0.1% 0.867
11 750 0.855%0.15% 0.876
RD2 I 1550 2.300%0.1% 0.801 . 0.798
o 1550 2.308+0. 2% 0.804
111 1550 2.312¢0.2%  0.805
111 2500 2.305%0.15% 0.803
1 750 2.295£0.5% 0.800
RD3  IIT 750 0.832%0.02% 0.875 0.879
111 1550 0.833%0. 3% - 0.876
111 2500 0.831%0.03% 0.874
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The second part of the investigation, i.e., sectioned
electrode measurements below the limiting currént, would be expected to
reveal a higher value of f2 (meas.) than predicted by equation 29. This
is the result‘oﬁtained, as shown in figures 1 and 2. A is the deviation
of the measured results from predictions of equation 29, plotted in figure
1 as a function of the fraction of limiting current on the disk plus ring.
A is zero at limiting current, and increases with decreasing importance
of the coﬁ;énfration overpotential and the increasing importance of
ohmic potential drop as the current is decreased below the limiting
current. .

Curves A and B of figure 1 were obtained for RD2 and RD3 at
the same rotation speed in solutions of the same composition. The dif-
ference between the two curves is due to the different gap widths of the
two assemblies.

Since the outer radii of RD2 and RD3 are approximately equal,
curves A and B were obtained with the same value of the dimensionless
rotation speed, N, of Newman's theorygb(not to be confused with the

collection efficiency N). This parameter is defined as

ZFrolim

*
The values of N for curves A and B are 5.84 and 5.89, respectively. The

parameter is a measure of the relative importance of the ohmic potential

*
The values of N were calculated from the limiting current density and the

-1

=]

conductivity of 1 M KNO,, i.e.,Kk, = 0.1 ohm lem
) !
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0.4}
0.3 |
O.l +
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Fraction of Hrnhing current to the ring pMs<ﬁsk
XBL7012-43I3
Figure 1. A as a function of fhe fréction of limiting current.

‘M K4F3(CN)g.

Curve ‘A-RD3, 1550 rpm, 1 M KNOS, 0.05 M K3Fe(CN)6, 0.
M K4Fe (CN)¢.
5

05
Curve B-RD2, 1550 rpm, 1 M KNO3Z, 0.05 M KzFe(CN)g, 0.05
Curve C-RD3, 1550 rpm, 1 M KNOg, 0.005 M KzFe(CN)g, 0.00
I.- indicates standard deviatipn.‘ o

M K4Fe(CN)6.

A‘A‘ 46',,,_. B et
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0.4} 0.24 .
0.47
0.68
0.2 -
0.85 o
.__ .
9] ] 1 L 1
8 10 12 |4 16
| 1/2 -
9] (sec™!/?)
XBL7012- 4312
A as a function of rotation speed.. Numbers on the curves

indicate the fraction of limiting current on ring plus
disk. RD3 - 1 M KNO,, 0.05 M K3Fe(CN)6, 0.05 M K Fe(CN)
I - indicates standard deviation.
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~drop és compared to thebéoﬁcentratioh overpotential at a particular
fraction of limiting éurrent. 

The éffect of changing N waé measured in two waYs. First, the
composition.of the solution was changed from 0.05 M in both ferrocyanide
and ferficyanide to 0.005 M in both ferrocyanide and ferriéyanide; With
this solution, the value of N is ¥ 0.595'for‘RDS,-and curve C of figure
1 was obtained. These results may be compared.to curve A. Thus, by reduc-
ing the‘concentration'of ferrq-ferricyanide,IOne reduces the importance
of the ohmic pqtentiél drop, at a pérticulaf fraction of limiting current,
and the current becomes more uniform.

N was also cﬁaﬁged by-ﬁarying thé rotafion speed, witH the
fesﬁltsbshown in figure 2.  The increase of rotation speéd increases N
and thué,the importance of the ohmic drop, producing a less uniform'éurrent

distribution.

Conclusions
It has been possible to determine the error involved in using
the ringrdiék system as a sectioned electrodé. The predictions. for
operation at limiting current were verified by experimeht within one
per cent: When operated below the limiting current, a nonuniform éurrent
_distfibution is observed. The average éurrent density on th¢ ring 1is

highér than the aVerage current density on the disk - an observation . -

which is consistent with Newman's_theory;9

* ' .
-See footnote on p.19
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Bruckenstein and Miller21 recently reported measurements

similar to those here but with a NaBr - HC10, system. Their measurements

4

also revealed a nonuniform current distribution. They found that an

increase in conductivity (thué reducing N) made the current distribution
more uniform. They do not report values of the important parameters for
their system, nor even the location of the reference electrode, so a
more direct comparison with the present results is not possible. It is
surprising, however, that the ratio of ring current density to disk cur-
rent density, which they measure, is constant fér various fractions of
limiting current (which fractions they do not specify). This should be
contrasted with the data reported here, in figure 1. The explanation for
this behavior is not clear, but it may be related to the kinetic complica-
tions of the NaBr-HClO4 system.22

The diffusion coefficient for the ferrocyanide ion in the
systems used here has been calculated from the measured anodic limiting

currents, and the equa.tions’9

LM e /311202153, 1/6
lim ~ T(4/73) '
In making the calculations, the viscosity of water and the density of
1 _I@_KNO3 were used. The viscosity of 1 M.KN03: 0.05 M ferrocyanide,

0.05 M ferricyanide was found to be the same as that for water (within

5 percent) at the same temperature. The results are:

(a) 1MKNO,, 0.05 M K.Fe(CN),, 0.05 M KFe(CN),
rotation speeds of 750, 1550, and 2500 rpm
Di = 0.567 x 10_5 cmz/sec with a standard deviation of
0.0166 x 10> cm®/sec.
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(b) 1 M_KNOS, 0.01 M'Ksﬁe(CN)6,'O.01 M K4Fe(CN)6

rotatidn speed of 1550 rpm -

Di'= 0.599 x 10_S cmz/sec'with a standard deviation of 0.007 x 107°
cmz/seb.

(c) 1 M KNO,, 0.005 M K Fe(CN), 0.005 M K,Fe(CN)
rotation speed of 1550 rpm

D, = 0.577 x 107>

cmz/sec with a standafd deviation of
OTOISvX 10-5 cmz/sec.

The value of Di = 0.606 x lo—sbcmaéec is predicted-from the
correlation of Gordon, Newman, and Tobias.23 ‘This compares favorably with
that repofted here.

| | -The theoretical results fér sectioned electrodes can be

extended to a variety of geometries involving forced, laminar convection,

as shown in appendix 2.

.
W,

s
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Appendix 1.

First let us evaluate the integral

1 1
xdx o _ xdx - xdx ' (30)
z; 525 " ) 123 ) 13y

In the first integral, make the substitution y = xs; in the second, make

the substitution
8> = 1/x" -1 . (31)
Then we have

xdx

=.lj dy. _I do
3y2/3 7 3 ] 73 (1 5y273 1. 53

8 6
1..2.-,1, 1 de 1 2 -8
B'F(i)r('f)'ifl+e‘§f =z o %
’ o] o]

6 -0+ 1
2.4 1 1 2 1 -1 28-118
=TI -sIn 1+ + =1n (6 - 6 + 1) - —tan = ——
3 3 3 . 6 /3 /37 .
20 4. 1 1+0° 1. 1201 o«
IPrE) + gln ———5 - —tan’" —— - — . (32)
(1 + 9) V3 VI 6/3

Next we want to evaluate the integral

X 3 3.2/3
I— (_) dX' R
[ eyt e )
1 (X -1)
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where A Z_x»>'1.. Let

w = x?/(xé-i). | | (34)
Then |
| 2 223 : -
A (Bw-1)7 "dy dw dw
I = — = - (l—B)f ) (35)
3 .i; ‘w(@—l) w(gurl)lzs m'.(w-l)(Bw'l)l]3
where
B=1-1/A" . | (36)

P . . . 3
In the first integral, let y3 = Bw - 1; in the second integral, let y =

(Bw-1)/(1-B). Then we have

I - AZfziy_s. .o, (37)
v 1+y AV 1+y
where
3__3\1/3
Y = (Bw—l)l/3 =»%(é§‘i‘> S (38)
x -1 :

The integrals here can now be evaluated in a manner used above for the

first integral:
e Ay Y

I = (Az—l)! )’dé'&f ‘yd?; - Azf ydy
o} 1+y o 1y Jo 1 3

= Al nre/nres/s)

- 3.3 .
. é-ln 1+A7Y -+ RPN (2A¢-1> L T
(1+Ap)° V3 /3 6
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3
A I L gy (2‘”‘1) . : (39)
‘ (1+y) V3 V3 6v3 _
Note that
T'(2/3)T(4/3) = 2w/3/3 (40)

and that

tan~t (E£:1> = %—- tan"! (ELE;L . (41)
V3 V3
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Appendix 2. Diffusion layers in laminar forced convection at high Schmidt

numbers

Beééuse fhe diffusion'céefficieﬁt is so small in eiectrolytic
sdlutions,,the-diffusion layei generally lies very close to the electrode
surface and it is appropriéte:to~approximaté the Veldcity components By the
fifstvtefmsvin their power-series expanéions in tBe normal distance from

19,20

the surface. The Lighthill transformation is useful for treating

such diffusion layers. The diffusion-layer form of equation 1 then is

2 |
ocC. ac. 9 c.
. .‘_1--1— 2 me)l 1_ i :
Yeux "2 TR 5y - D3 ol (42).

where the coordinate system is indicated in'figure 3, B(x) is the velocity
derivative Bvx/ay'at'y'= 0, and for an axisymmetric body #(x) is the
distance of the surface from the axis of symmetry. For two-dimensional

diffusion_layerS,?(

1. Outside‘the diffusion layer, at y = =, the

concentration is cy c

00"

- We solve the problem first for the boundary conditions on the

surface

o -
1l

. C,at y= 0, x < x

b (43)
g = 0 aty =‘0f';vz_xo. '

_ In terms of the similarity variable

g . 1/3 | |
g=y RB/[D, | R/RB dx] , SNCI N
o «

o

the solution is (for x > xo)‘

g S

A_.._A_m(‘iu,_,_“‘
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Figure 3.

XBL7012- 4314

An electrode on an axisymmetric body with axisymmetric flow.
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?=e(g)=ﬂ—&73—)-f e dx ., - (45)
o

which gives for the concentration derivative at the wall

8ci | waig y 1/3
Jy ly=0 ~ T(@73) gDidex ’ - we
X
' (o]

The aboye'solutipn can be used to tfeat'the case of a varying -
surface concentration by superposition of results for appropriate changes

in the surface concentration at many points X, along the surface:

ac.
X
-y

| . X de - dx
= @ ' 0 0 ‘
y=0 = = 1"(/3)/ Tx]x=xo X 173 un
- [%D%]‘-ﬂViB di} :
‘. . x
: o ‘

By means of the coordinate transformation

| X o X 1/3 ‘

r3 = f R/RB dx and ¢ = )’&E/I}Diff@ dx] R - (48)
. . o .

. . o , . .

equation 47 becomes

e

ac. | de . ‘ o
1' __-T ol - dr'
! ' =t . -

14 r=0 I'(4/3) j dr jr=r T 3075 (49)

(r=-r"™)

which is the same as equation 6. The codrdinate transformation 48 also

reduces equation 42-to equation 4.

(V.|
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Equation 49 should have the same inverse 7 as equation 6.
We can derive'this in a more straightforward manner than that used in
reference 11 by following Tribus and Klein,15 p. 215. Write equation

49 as

T : .
9cy _ - dey, dx (50)
or |g=0 ~ T(4/3) drir=x ’
r=r' o) ' (r's-xs)l/3
. 3 _,3.-2/3 . .
Multiply by (r"-r'") 3r'dr' and integrate from O to r.
r ’ T T!
Sfaci r'dr' _ [ 3r'2 dco dx dr' (51)
3C|L=0 T I'(473) dr|r=x
5 (3p13)2/3 o A 333 (33323
Interchange the order of integration on the right.
r .
3 aci r'dr' T dco 3r'2dr' dx . (52)
J ST =0 3.2/3 T(473) dr|r=x LIRS VAP 7K
0 (r -x'7) | o}
In the inner integral, let
3 3 3.3
y = (' -x")x"-x7)
so that
3r'“dr' dy 1, .2 2m
e = =T@rE@ == - (53)
AP BN VA PRI ,{yl/3(1-y)2/3 I =

Then we have
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T dc T ac
(o] dx = ¢ (I‘) - e = -1 i r'dr.l .
dr lr=x o o~ T(2/3) oc|z=0 (rs—r‘3)273 ’ (54)
0 o} :

in agreement. with equation 7. The inverse of equation 47 can thus be

written, expressing the surface concentration as an integral over the

flux:r
RGIVE AN 2R (x )dx,
o)== - o7y [ Thyly=0 X VIE (55)
_ o X=X_ jw dx
XO

With these. results we can now work, fof various geometries,
the same problems as outlined in table 1. The collection efficiency
problem may‘ﬁhenfnof be realistic sinoe we have ho justification for
éssuming'tﬂat the sorféce-concentfation is'uniform on the first electrode
(unless the.fifst electrode is at limiting current for the reaction which
producesvthe_octive intermediate);‘.The third problem is trivial since
we worked it out before the superposition (see equation 46).

Let us have two electrodes given by

<
O<r f_ro and r1 <r f_rz,
with an insulator between (ro <rc< rl). On the first electrode, cy = td’
and equation 12 gives the flux. 'On the insulator, Bci/BC'= 0 at ¢ = 0,
and the surface concentration is given by equation 13 or 14. On the

second electrode, ¢, = 0, and the flux is given by equation'iS.

Note that
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! e, | D.\1/3 *2 dey
Jr =f —5—5 Z;:'—O rdr = =3 f “é‘)‘l‘ y=0 —ﬁdx (56)
. rl . Xl

and is proportional to the total flow to the second electrode. Similarly,
jd is proportional to the total flow to the first electrode, and equations

21 and 24 apply.

Furthermore, for sectioned electrodes at the limiting current,

2

f1 is the current to the second electrode divided by the current which

would flow to the area of the second electrode if the insulator were an

f1 anf f, have the meaning originally intended (but not stated explicitly).

electrode. f2 is the current to the second electrode divided by the
current which would flow to the combined area of the second electrode
and the insulator if the.insulafor were an electrode.

Consider the special case of sectioned electrodes in the

wall of a flow channel (or a tube or an annulus). B8 = Bo, a constant,

and R is a constant. Then, according to equation 48,

o = xﬂ@; ) (57)
Tables 2 and 3 still apply, but A = r/r_ = (x,/x )1/3 and B =r /r =

’ 2’70 AN 1"7o
(xl/xo)l/s, and the parameters on those tables are

2 2
T x.\1/3 r.-r
2 _ 2 1 0 _ 71 o
T ° (——) and 55 = . (58)
' 271
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Nomenclature
a = 0,51023. |
A= rz/rbl
B = rl/rs. | |
;- concentration of the species of interest (mole/cms).
o ~ surface concentration of the species of interest (mole/cms).
¢, - concentration of the species of interest outside the diffusion layer

‘V(mole/cms).
cq - unifbrm concentration of the species of interest near the surface

of the disk electrode (mole/cms).

Di - diffusion coefficient of the species of interest (cmz/sec).
£, - sée edﬁation 28.

f2 - sée»eduation 29.

ilim - limiting current density on disk electrode (A/cmz).

I - see equation 33.

jd‘- proportional to the total mass-transfer rate to disk electrode
(mole/cm).

N - dimensionless limiting current density for disk electrode (see

réference'g).'

- proportional to total mass-transfer rate to ring electrode (mole/cm);
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N - collection efficiency for ring-disk system.

r - radial distance from the axis of the disk.

T, - radius of disk electrode (cm).
Ty - inner radius of ring electrode (cm).
T, - outer radius of ring electrode (cm).

R - distance of axisymmetric surface from axis of symmetry (cm).

S¢c = v/Di, the Schmidt number.

v - fluidlﬁelocity (cm/sec).

X - distaﬂce along electrode (cm).

y - normal distance from the electrode surface (cm).

B - velocity derivative at the wall (sec_l).

I - gamma~function.

z - dimensionless normal distance for the diffusion layer (see also

- equation 48).

0 = (r3/rg—l)1/3.

6 = (85113,

K, - Solution conductivity outside the diffusion layer (mho/cm).
Vv - kinematic viscosity (cmz/sec). |

& - see equation 44,

Y - see equation 23,

{¢ -~ rotation spéed (radian/sec).
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