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Mass Transfer in AC Electrolysis

Part I: Theoretical Analysis Using a Film Model for Sinusoidal Current on

a Rotating Hemispherical Electrode

A film model is presented for the analysis of mass transfer to a rotating hemi-

C. Y. CHENG and D-T. CHIN

spherical electrode when sinusoidal alternating current (AC) together with direct
current (DC) are flowing across the electrode surface. The concentration of a dif-
fusing ion is separated into two independent components: a constant DC compo-
nent and a periodic AC component. The DC concentration is obtained by solving
the steady-state convective mass transport equation with the perturbation method.
The periodic AC concentration distribution is analyzed by the solution to the
one-dimensional transient diffusion equation based on the concept of Nernst dif-
fusion layer. The limiting AC current densities corresponding to a zero surface
concentration of a reactive ion are investigated for various DC current densities
and AC frequencies. The resulting periodic concentration overpotential wave and
its phase shift with respect to the applied AC are examined. A comparison with
a previous rigorous:model indicates that the film model is a good approximation
to the mass transfer calculation in the regimes of a dimensionless AC frequency
K = (w/Q)Scl/3 greater than 2 and less than 0.01.

SCOPE

Department of Chemical Engineering
Clarkson University
Potsdam, NY 13676

Electrolysis with a direct current superimposed with a peri-
odically alternating current component has been long used in
pulse plating, in electrodissolution to increase anode corrosion,
in AC anodizing to improve color and dye penetration, and in
the AC corrosion processes (Venkatesh, 1979), AC can enhance
the kinetics of electrochemical reactions, change the morphol-
ogy of electrodeposits, and cause the pitting corrosion of passive

AIChE Journal (Vol. 30, No. 5)

metals. AC also improves the mass transfer rate by producing
a pulsating concentration boundary layer of reactive ions near
the electrode surface, and a very large AC of an order of 10-100
times greater than the DC-limitng current density can be used
for electrolysis without affecting the coulombic efficiency of
the electrode reaction.

This work examines the mass transfer to a rotating hemi-
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spherical electrode (RHE) when a sinusoidal AC and a DC
current are flowing across the electrode/electrolyte interface.
The system is galvanostatically controlled, and a periodical flux
of reactive ion of a constant amplitude would prevail at the
electrode surface. The present analysis assumes that the con-
centration of reactive ion consists of a steady-state DC con-
centration component corresonding to the DC current density,
and a periodic AC concentration component corresponding to
the superimposed AC current density. The convective diffusion
equation for the DC concentration component in laminar flow
is solved with a perturbation technique. The thickness of the
steady-state Nernst diffusion layer is then determined from the
profile of the DC concentration component.

For the periodic AC concentration component, a stationary
film model is used for the solution of the nonsteady-state dif-
fusion equation. The film model assumes that the periodic
concentration fluctuations occur essentially within the
steady-state Nernst diffusion layer, where the magnitude of

convective mass flux terms is negligibly small compared to the
diffusional flux. The fluid flow of the electrolyte simply plays
the role of determining the diffusion layer thickness and thus
affects the overall rate of mass transfer to the electrode surface.
This assumption greatly simplifies the mathematical compli-
cation of the nonsteady-state convective diffusion equation, The
assumption has been shown to be reasonably good for AC
electrolysis at large AC frequencies and high Schmidt numbers
(Silver, 1960; Hale, 1963; Chin, 1980, 1981). In this way, the
limiting AC current density corresponding to an instantaneous
zero surface concentration of reactive ion has been numerically
evaluated for various DC levels and AC frequencies. The
waveform of the periodic surface AC concentration component
and the resulting periodic concentration overpotentials are
analyzed and compared to a rigorous mathematical model
{Chin, 1980) to determine the applicable frequency ranges of
the film model.

CONCLUSIONS AND SIGNIFICANCE

A film model is presented for the concentration distribution
of a diffusing ion near a rotating hemispherical electrode when
both sinusoidal AC and DC are flowing to the electrode surface.
The limiting AC current density corresponding to a zero con-
centration at the electrode surface is found to increase with AC
frequency and to decrease with DC current. A comparison with
the results of a rigorous model indicates that the film model is
a good approximation to the mass transfer calculation in the
regimes of a dimensionless frequency K = (w/{2)Sc1/3 greater
than 2 and less than 0.01. Within the intermediate frequency
regime of 0.01 < K < 2, the maximum deviation between the
two models is approximately 10% at K = 0.4. The periodic AC

surface concentration diminishes with increasing AC
frequencies. The phase shift between the concentration wave
and the applied sinusoidal AC current increases with AC fre-
quency and asymptotically approaches to —45° at large AC
frequencies. The effect of ohmic potential drop on the mea-
surement of the concentration overpotential in AC mass transfer
experiments has been examined. The results indicate that the
experimental error due to the ohmic potential drop will be rather
significant at high AC frequencies, and provisions should be
made to locate the reference probe as close to the working
electrode as possible in the experimental measurements.

INTRODUCTION

Alternating current electrolysis has been used extensively in
electroplating, electrodissolution and AC anodizing (Venkatesh,
1979). AC shifts the corrosion potential and accelerates the corro-
sion rate of metals (Chin, 1979a, 1979b, 1981). Extremely high AC
current densities can be applied for electrolysis because of an im-
provement in mass transfer rate by AC(Ibl, 1978; Chin, 1982b,
1983). Also, AC improves the properties of electrodeposits by re-
tarding dendrite formation, increasing ductility, and reducing the
need for levelling agents (Ibl, 1978, 1980; Pavlovic, 1978; Chin,
1982a; McBreen, 1983).

This work is concerned with the mass transfer process with a
sinusoidal AC modulation onto a rotating hemispherical electrode
(RHE). The RHE has been used as a supplementary tool to the
rotating disk electrode (RDE) because of its advantage of having
a more uniform current distribution below the limiting current
density, and its versatility for the study of high-rate corrosion and
dissolution reactions (Chin, 1971a, 1971b, 1973, 1979b). Chin has
made an analysis of the sinusoidal AC modulation onto the RHE
in laminar flow (Chin, 1980). The present work attempts to ex-
amine the concentration changes of a reacting species when a si-
nusoidal AC together with a DC component are flowing across the
electrode/electrolyte interface. The concentration profile is split
into a steady-state DC component and a periodic AC component.
The DC concentration component is obtained by solving the con-
vective diffusion equation with constant flux. A film model is used
to determine the AC concentration component. Numerical results
are presented for the limiting AC current densities corresponding
to a zero concentration on the electrode surface. The resulting
concentration overpotential fluctuations, and the phase shift be-
tween the AC current and the AC potential are examined and
compared to the predictions of a rigorous model (Chin, 1980).
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MATHEMATICAL MODELING

Convective Mass Transfer Equations

Consider a redox reaction of the type
Ox + ne~ = Red (L

taking place at the surface of a rotating hemispherical electrode,
The objective of this analysis is to determine the concentration
distribution of the Ox species when the electrode is galvanostically
polarized with a DC superimposed with a sinusoidal AC. To sim-
plify the analysis, we small make the following assumptions:

(1) The bulk concentration of Red (reduced) species is much
larger than that of Ox species, such that the concentration over-
potential is only related to convective diffusion of Ox species.

(2) There is an excess of a supporting electrolyte so that the
electric migrational effect is negligible.

(3) The Schmidt number of the electrolytic system is so large
that the Nernst diffusion layer lies within a thin region inside the
momentum boundary layer.

(4) The concentration fluctuations occur essentially within the
Nernst diffusion layer such that a stationary film model can be used
for the analysis of the AC concentration component (Chin, 1981,
1983; Venkatesh, 1982; Sethi, 1984).

(5) The current distribution on the RHE is uniform.

(6) The flow is laminar and the system has constant physical
properties.

(7) The double layer effect is neglected in the system.

Assuming axial symmetry, the governing equation for the
analysis of mass transfer to a RHE in laminar flow can be sum-
marized in spherical polar coordinates as:

9C  dC  V,0C _ _d%C

bt+ 'br+___

a Of or? @
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with the boundary conditions:

at

t = 0 (beginning of current pulse) C=Cs
# = 0 (axis of rotation) °C_ 0

o8

. (3)
r = a (electrode surface) —D— = ift)

or nF

r — o (bulk of the electrolyte) C=Cs

When an AC component, i, is superimposed onto a DC component,
1, the controlled input current density is equal to

W) =1+ i) 4)

For a sinusoidal AC, 7 is related to the amplitude of the AC current
density i, by

i = ipelot (5)

where j = v/ —1 and w is the AC frequency in rad/s. Accordingly,
the concentration C can be assumed to be:

C(r,0,t) =C(r,0) + C(r,0,t) (6)

where C is the steady-state DC concentration component, and C
is the periodic AC concentration component. Substituting Egs. 4-6
into Egs. 2-3, one obtains two sets of differential equations, one
for the DC concentration component C, and the other for AC
concentration C. _
The differential equations for the DC concentration, C, is:
dC  V49C _ _d2C

209% _po* 7
br+a00 Dbrz @

with the boundary conditions:

14

at _
oC
=0 — =90
0
oC _ i (8)
r=a _or nF
r— @ C=C.

The equations for the AC concentration € can be expressed
as:
oC o€ V€ _  2%C

— =D—-— 9
ot T " or T g of or? ©)
with the boundary conditions:
at -
aC
6 =0 —_
of
t=0 C=0
(10
o€ i el
= _D bl - AN
roe or nF
r— ® C=0

Using assumption 4, one can simplify Eqs. 9-10 with a film model
(Chin, 1981, 1982b, 1983; Nernst, 1904; Silver, 1960; Venkatesh,
1982; Sethi, 1984) by droping the convective flux terms V,oC/dr
and V/adC/ 28, and Egs. 9-10 may be reduced to

oC 22C
—=D— 11
ot or? (1)
at
t=0 C=0
oC
b ) of
) (12)
r=a + 6(6) q= 0
oC  iyelwt
= D=2
rea b or nF
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This assumption implies that the rate of concentration changes
occurs essentially within the Nernst diffusion layer where the
magnitude of the convective fluxes may be assumed to be negli-
gibly small. This has been proven by Siver (1960), Hale (1963) and
Chin et al. (Chin, 1980, 1981; Venkatesh, 1982, Sethi, 1984) to be
a reasonable assumption for AC modulation at reasonably high
frequencies.

Normalization

Equations 7-8 and 11-12 can be normalized by using the fol-
lowing dimensionless parameters and variables:
af)?

Reynolds Number Re = > (13a)
Schmidt Number ~ Sc == (13b)
D
Q\1/2
Dimensionless distance Z = (r — a) (——) Scl/3 (13c)
from the electrode v
- (C- 1/2
Dimensionless DC P = (—CC-M (—Q) ! Scl/8  (18d)
concentration i v
component
o 1/2
Dimensionless AC $= CnFD (—Q) / Scl/3 (13e)
concentration o Y
component
Dimensionless AC K= s Sc1/38 (13f)
frequency 0
- i -1/2
Dimensionless DC = (2) Sc—1/3 (13g)
current density nFDC. \ v
Dimensionl ( ) Y2513 (13h)
imensionless
amplitude of AC "F D Co
current density
V.
Dimensionless radial H =-—-— 18i
velocity ()2 18
Dimensionless F= Yo (13j)
meridional velocity aQ
Dimensionless time T=wt (13k)
1/2
Dimensionless 0*=4 (Q) / Scl/8 {(131)
boundary layer v
thickness
The normalized equations can be rearranged as
0% 2P 2%
HScl/3— 4 F—— =8¢ 1/3 — 14
oz T8 T e 14)
with the boundary conditions as:
2P
0 =0 —_—=
200
2Q (14a)
Z=0 S
oz
y A F=0
and
2
Qi;i = 1 0% $ 15)
or K 072
with the boundary conditions:
7=0 =0
= ¥ =
Z=9o bg 0 (15a)
Z=0 — =—el"
0.
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Solution for the DC Concentration Component, [ ]

The present electrolytic system is galvanostatically controlled,
and there is a constant mass flux of the Ox species on the electrode
surface. Previous works on the analysis of convective mass transfer
to the RHE (Chin, 1971, 1672) have all been concerned with the
condition of a constant surface concentration. No work has been
reported in the literature for a constant mass flux to the RHE.

Following the perturbation procedures illustrated in Chin’s work
(1972), the DC concentration component, ®, with a constant mass
flux can be expressed in a power series of § and an asymptotic series
expansion of Sc~1/3 as:

B =d,,(2) + Sc V3D y(Z) + Sc™2/3P3(Z) + ---
+ 02(D3(Z) + ScV/3P3(Z) + Sc™/3Pg3(Z) + --) + - -
(16)
The velocity profile required for the solution of P in Eq. 14 can

be found from the works by Cochran (1934), Rogers (1960), and
Banks (1965) as:

H = H\(Z) + 62Hy(Z) + ------~- (17a)
F =0Fy(z) + O3Fs(Z) + -------- (17b)
with
Fi=aS8¢~1/3Z — (1/2)S¢—2/3Z2 + (—b/3)Sc—1Z3
+ (=b2/12)Sc=4/3Z4 + ---- (17c)
H,=-a;8¢™2/372 + (1/3)Sc~1Z3 + (b/6)Sc™4/3Z4 4 - --
(17d)
Fy = fSc™V/5Z + (1/8)Sc~2/3Z2 + (b — 2g)Sc—'Z3/6 + - - - -
(17¢)
Hs = (a,/6 — 2)Sc=%/322 — (1/2)S¢™Z3 + ---- (17f)
where
a; =0.51023
= —0.61592
f=-0.22129
g = 0.24765

Substituting Egs. 17a-17f to Eqgs. 14-14a and rearranging the
differential equations for the same order of § and Sc—1/3 one

has

2
dT(ZI);—‘ + 0.5102322 ‘-1% =0 (18a)
d2®,y d®y _ d®;;
—dz—z‘ + 0.51023 Z2—dz— = 1/3 ZS—EZ—-' (18b)
and
d2¢13 zd‘Plg _ 3d¢12
e+ 05102322510 = 1373 1
—0.10265 24 %1—1 (18¢)
d2®g 2 d%Ps1
772 + 051023 Z -—dz 1.02046 Z®3;
= 0.52762 Z2 % (18d)
d2®y, 5 d%Ps2
dz2 + 0.51023 Z __dZ 1.02046 ZP3o
d®ye ddn d®s
=05 2412 573221 3823104
05276222 2 ~05 23 1 + 1/828 = 1220y
(18¢)
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d2®g ,dPas _ ,d®1s
a72 + 0.51023 Z iz 1.02046 Z P33 = 0.52762 Z 3z
d@lg dq)n dq)32
— [ il 4222 F il
052 27 + 0.20231 Z 7z +1/32 1z
d®g;

—0.10265 Z* iz —Z2P3y + 0.41062 Z3P5, (18f)

with boundary conditions:

at
_ dé, _
Z=0 o 1
d®y _d®is _ d®s _dPs _dPas _ 0 (18g)
dz dz dz dZ dz
A &y, = Py =0 wherei = 1,23

The solutions to Eqs. 18a-18c are summarized as:

VA
&, = 16117 — j; exp(~0.5102378/3)dZ  (19)

®), = 0.48031 +
Zz
fo (—1/12 Z4) exp(—0.52023 2%/3)dZ  (19b)
@13 = (.23393

z
+ j; (0.020531 Z5 — 1/288 Z8) exp(—0.51023 Z3/3) dZ {19¢)

These equations are the same as those on a rotating disk electrode,
and the properties of ®};, 5, P13 have been discussed by Chin
(1972). On the other hand, the quantities ®g), Pgg, P33, for the
constant flux have not been previously reported and Eqs. 18d-18e
have been integrated numerically in the present work. The results
are shown in Figure 1. It has been found that when Z is greater than
4, the values of ®g), P35 and Pyg become negligibly small.

The surface concentration for DC component can be obtained
by setting Z = 0

P, = 1.6117 + 0.48031 Sc~1/3 + 0.023393 Sc~%/3
+ (0.2435 + 0.0455 Sc—1/3 —0.00454 Sc=2/3)§2  (20)

The Nernst boundary layer thickness, 6(#), may be expressed as:

5=C="GCs 3 (g)-l/z o1/ 21)

14

-9.1 J_LLII_IIAIIJIJIALlLIAXI_]Ill

e 1 2 3 4 s
FA

Figure 1. Dimenslonless DC concentration components, ®34, ®5, and ®;5
on the rotating hemispherical electrode at constant flux.
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For large Schmidt numbers, Eq. 20 can be simplified to
P, = 1.6117 + 0.2435 62 (22)

AC Concentration Component, )

Using the method of separation of variables, the steady-state
periodical AC concentration, &, may be expressed as

$ =g, i0+2) (23)
where
P, = Vel + o) + a)/K (23a)
A= tan~! (w) _— (23b)
105 —~ (aiy
_ _ cosh(B,) cos(31)
a= cos?((3,) + sinh2(3,) (230)
_ _—sinh(B,) sin(8,)
2= cos?(8;) + sinh%(8,) (23d)
g = sinh(fB2) cos(Bs) (23e)
oty = cosh(By) sin(Bg) (23f)
and ’
R L i (239)

B = (&, — Z)(K/2V2= (5 -1 + a) (%)”2 (23h)

The periodic AC concentration component at the surface may be
obtained from Eqs. 23-23h by letting Z = 0

_ sinh?(20;) + sin(26,) A
% - (1/2K1/2)( cos?(f,) + sinh?(B,) elirrid) (24a)
where
ey [sin@BD) Y
A, =tan™! (—_——sinh @ 51)) /4 (24b)

Thus, the AC concentration component is a function of distance
from the surface Z, AC frequency, K, and meridional angle 8. As
K approaches infinity, SI’S becomes zero, and the phase shift be-
tween the applied AC, 1, and the periodic surface concentration,
&, asymptotically approaches to ~7 /4. The root mean square of
the periodic surface concentration is

fzw @f dr
- 0

q)s‘fms = T (25)

For a sinusoidal wave, the root mean square value is equal to 0.707
of the amplitude of the surface AC concentration component.

Concentration Overpotential and Limlting AC Current Density

The resulting concentration overpotential can be expressed by
the Nernst equation as:

nF ., Co+ Cit)

None = ﬁ Neonc = In Ca In(1+ 17*5‘; + ‘i';,&s(T))

(26)

The DC component of the concentration overpotential can be
obtained by taking the time-average of Eq. 26 over one period of
time

1 27
ﬁ;onc =5 n‘conc dt (27)
21 Jo

and the root mean square of 7%, is evaluated by

dr (28)

2 * e 2
‘I; (nmnc_ Tlconc)
ﬂ;onc,rms = \/

P4 o
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Equation 26 indicates that the applied AC has a maximum limit
upon which the instantaneous surface concentration becomes
zero:

. +cc“—8(t°) =1+ 8%, + ;8,10 =0 (20)

and 7%, becomes infinitely large. The quantities to and 7¢ in Eq.
29 refer to the time at which the surface concentration becomes
zero. This maximum amplitude of AC is called limiting AC current
density, i pim, For the rotating hemispherical electrode, it has been
found that the zero surface concentration occurs first at a location
corresponding to # = 90° (i.e. at the equator). Thus one may
evaluate iy, for RHE from the following equation:

e = iglim Q —1/23 ~1/8 = —___1 —2*63 30
plim nFDC» (v) ¢ &,(19) lo=rs2 (30)

RESULTS AND DISCUSSION

Fiim Model vs. Rigorous Mode!

Chin (1980) has developed a rigorous mathematical model for
sinusoidal AC modulation onto the RHE by solving a set of com-
plete convective transport equations. He calculated the periodic
concentration changes for the case of a zero DC current. In the
present work, a film model is used for the superimposition of AC
onto a DC component on the RHE. A comparison between the two
models would give an insight into the accuracy of the film model
for the prediction of the concentration changes and the limiting
AC current densities in AC electrolysis.

Figure 2 shows the root mean square of the dimensionless AC
frequency K at three different 8 locations. The dashed lines in the
figure are the numerical results from Chin’s rigorous model. The
results for the film model are given as the solid lines. The root mean
square of the surface Ac concentration, ®; ., decreases with in-
creasing K. At 6 = 0°, the two models are in good agreement; the
maximum deviation which occurs at K = 0.8 is less than 5%. The
agreement becomes worse as § increases. At § = 90°, the maximum
deviation between the two models is 9% at K = 0.4. According to
Eq. 2 the contribution of the convective mass flux consists of two
terms: one is related to the radial velocity component and the other
is due to the meridional velocity component. Using the velocity
profile shown in Egs. 17a-17f and the dimensionless parameters
shown in Eqs. 13a-13k, this convective mass flux near the electrode
surface can be arranged as:

i [Qpe 20,20
=0, & rzl-z22 4 0 1
Neony oslozsnF(V) Se z( z+ ae) @1)

This equation indicates that for small Z and small 8, the value of
N conv approaches zero. The contribution of Neoq, increases with

2.8
I Sine-Wave j

0° Film Model ——

1.6
N Rigorous Model —.

©
o
lltrlllllll‘

]
2.0 EREETIT R SRR It BE U I SER S RETI IR RTHH

1972 197! 1 18 102 12
K
Figure 2. Root mean square of the AC surface concentration component
as a function of AC frequenicy at f = 0°, 45°,90°.

3
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Figure 3. Phase shift between the applied AC and perlodic concentration
overpotentlal at # = 0°, 80°,

19 19

increasing 0 and consequently the discrepancy between the present
results and Chin’s work is larger at 8 = 90°. The figure also indi-
cates that the film model is a good approximation to the mass
transfer calculation in the regimes of a dimensionless AC frequency
K greater than 2 and less than 0.01. For K larger than 2, the surface
concentration is independent of 6.

Figure 3 shows the phase shift A, between the applied AC and
the surface AC concentration as a function of K at § = 0°, 90°. The
results indicate that as K becomes larger than 10, the phése shift
asymptotically approaches to —45° independent of § and K. The
trend for the discrepancy between the film and the rigorous models
is the same as that of ‘I’s,ms. The maximum difference is found to
be 5.9% at K = 2 for § = 0° and 10.6% at K = 2 for 6 = 90°.

Concentration Overpotential and Limiting AC Current Density

Figuire 4 shows the shape of the concentration overpotential wave
for K = 10 at various superimposed AC levels (at i = 0). The con-
centration overpotential is dependent on the magnitude of the AC
levels. At very small 4, 1%, shows a sinusoidal form. At large i,,, the
waveform is distorted from the sinusoidal form. However, judging
from the shape of the curves in the figure, the phase shift of the
concentration overpotential is independent of ,,.

Figure 5 shows the root mean square of %, for the superim-
position of sinusoidal AC onto various DC current densities for K
= 10. The results indicate that with increasing DC current density,
1, the value of #oqc,rms increases. The figure also shows that there
is a maximum limit for 4, for which the value of 73, ;ms becomes
infinitely large. The maximum i, is called the limiting AC current
density, i,jim.

Figure 4. Concentration overpotential wave for }, = 0.226, 0.452, 0.904,
1.808, 2.26, at K = 10 and /* = 0.
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Figure 5. Root mean square of the periodic concentration overpotential as

a function of peak AC current density (K = 10) for 7*
0.2712, 0.3618.

=0, 0.0804, 0.1808,

Figure 6 shows that{ f51m is a function of AC frequency, K, and
DC current density, 1. The limiting AC current density increases
with increasing K; however, it decreases with increasing DC cur-
rent density.

Effect of Ohmic Potential Drop on Overpotential Response

According to electrokinetics, there are three components re-
sponsible for the potential change during an electrochemical re-
action. They are the concentration overpotential, 7)conc, the surface
overpotential, ,, and the ochmic potential drop, ohm- For a mass
transfer controlled electrochemical system, one may assume a linear
polarization for the surface overpotential, and the total overpo-
tential can be estimated by:

Ntotal = Neonc + s+ Nohm

iRT
+ ipl

P (32a)

——ln(l+1 F, + i) + S
and

n:ota] = (32b)

. nF
Nhtotal BT
Equations 32a-32b indicate that in AC electrolysis, the resulting
overpotential and its waveform depend on both the total current
density, i, and the position of the reference electrode, L.

A sample calculation has been made for the reduction of ferri-
cyanide ion to ferrocyanide ion in the presence of a NaOH sup-
porting electrolyte. This system has been extensively used in
electrochemical mass transfer measurements. The concentrations
of the electrolyte chosen for the calculation are: 0.01 M Fe(CN)g?
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Figure 6. Dimensioniess limiting AC current density as a function of AC
frequency for /* = 0, 0.0904, 0.1808, 0.2712, 0.3616.
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Figure 7.  Effect of ohmic overpotential drop on the total overpotential profile
atf = 0; 1= 0; and [, = 0.452. The distance of the reference probe from the
electrode surface are: 0 mm for curve a; 1 mm for curve b; 5 mm for curve c;
10 mm for curve d; and 20 mm for curve e. The superimposed AC frequencies
are: K = 100 for Figure a; K = 1 for Figure b; and KX = 0.01 for Figure c.

0.1 M Fe(CN)z*and 1 M NaOH, for which the exchange current
density ig and the specific resistance have been found to be 30.5
mA/cm?2 and 3.7 € cm, respectively (Tanaka, 1964). The results
are shown in Figure 7. The curves indicate that with increasing
distance of the reference probe, I, the waveform of the total ov-
erpotential 7y, is distorted, and there is a change of the local

AIChE Journal (Vol. 30, No. 5)

maximum and minimum on the waveform. The distortion in-
creases with increasing dimensionless frequency K. The results
indicate that if one attempts to make experimental measurements
of the concentration overpotential for the AC mass transfer pro-
cesses, the effect of the ohmic potential drop on the phase shift and
the magnitude will be rather significant at high frequencies. Pro-
visions should be made to locate the reference probe as close to the
working electrode as possible to reduce experimental errors.
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NOTATION

= radius of rotating hemispherical electrode, m
0.51023
—0.61592
concentration of reacting species, kmol/m3
= surface concentration, kmol/m?3
= bulk concentration, kmol/m3
= DC concentration component, kmol/m3
= AC concentration component, kmol/m3
diffusivity, m2/s
electron
—0.22129
Faraday constant, 9.65 X 107 C/kg equiv.
= dimensionless radial velocity, defined in Eq. 13i
= dimensionless radial velocity, defined in Eq. 17a
= (.24765
= dimensionless meridional velocity in Eq. 13j
dimensionless meridional velocity in Eq. 17b
applied current density, A/m2
applied DC current density, A/m?2
= applied AC current density, A/m2
dimensionless DC current density
= amplitude of AC current density, A/m?
= dimensionless amplitude of AC current density
= limiting AC current density, A/m?2
= dimensionless limiting AC current density
= imaginary number, v/ —1
= dimensionless AC frequency in Eq. 13f
= distance between the working and reference electrode,
m
number of electrons, kg equiv. /kmol
convective mass flux, kmol/m-s in Eq. 30
radial component, m
gas constant, ] /kmol-K
e = Reynolds number in Eq. 13a
Sc = Schmidt number in Eq. 13b
t = time, s
to = time at which the surface concentration becomes zero,
s
v, = radial velocity, m/s
Vs = meridional velocity, m-rad/s
Z = dimensionless distance from the electrode surface in Eq.
13c
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Greek Letters

ay = dimensionless parameters in Egs. 23c-23f, i =
1,2,3,4

B, = dimensionless parameters in Egs. 23g-23h, i = 1,2

0 = Nernst boundary layer thickness, m

o* = dimensionless boundary layer thickness

A = phase shift between AC and &, rad

A = phase shift between AC and ®;, rad

Tcone = concentration overpotential, V
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Noone = dimensionless concentration overpotential

Neone = dimensionless DC component of the concentration
overpotential

Nionc.rms = root mean square of Ngone

Nohm = ohmic potential drop, V

s = surface overpotential, V

Ttotal = total overpotential, V

Neotal = dimensionless total overpotential

v = kinematic viscosity, m2/s

p = resistivity of electrolyte, (-cm

T = dimensionless time in Eq. 13k

To = dimensionless time at zero surface concentration

[:] *= dimensionless DC concentration component in Eq,
13d

d = dimensionless AC concentration component in Eq.
13e

P = dimensionless amplitude of AC concentration

5? = dimensionless surface DC concentration component

d, = dimensionless surface AC concentration component

&, ,ms = root mean square of P,

®, = dimensionless DC concentration component in Eq.
16

w = AC frequency, rad/s

Q = rotating speed, rad/s

Subscripts

ms = root mean square

s = surface value

P = amplitude

© = bulk value

Superscript

* = dimensionless value

Other Symbols

= DC component
= AC component

~
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