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Glossary of symbols

b Constant

C, C, Surface and bulk concentrations
D Diffusion coefficient

d Characteristic dimension
zF Faradaic equivalence

F Shear force

f Friction factor

1 (Diffusion) current

i, (Limiting) current density
J Mass flux (see Equation 24)
K Constant

L, Length of cylinder

Al Gap between cylinder and cell bottom

M Segment length

n Index, integer

R, R, Radii of inner and outer cylinders

r Radial distance

ro/ Ky RDE roughuess factor (see Equation
4)

Printed in Great Britain. © 1974 Chapman and Hall Ltd.

Torque
Peripheral velocity (= wR)
Parameter of convenience
Distance
Densification coefficient
Velocity gradient or profile
d, Thickness of Nernst diffusion and

SR N

Prandtl hydrodynamic boundary
layers

£ Roughness dimension (see Equation
27)

f Coefficient of viscosity

p Density

v (= 5/p) Kinematic viscosity

T Shear stress

x Roughness factor (see equation 34)

w Angular velocity

Re Reynolds number, usually defined as
Re = (R,U/v)

Sc Schmidt number = v/D

Sh Sherwood number = J R,/DC,
St Stanton number = J/U C,

Gr Grashof number = (C d3x g)/ v*
Ta Taylor number (see Equation 22)
Pe Peclet number = BL?/2D

1. Introduction

In the measurement of kinetic parameters for
electrochemical reactions one of the problems of
steady state rather than transient conditions is to
eliminate random effects of free convection in
the electrolyte. Such free convection develops by
virtue of changes in temperature and density of
solution at the electrode/electrolyte interface and
can in principle be expressed, described and
analysed often in terms of the Grashof number,
Gr. However its elimination, or rather its
*Present address: Department of Materials Technology,
University of Technology, Loughborough, U.K.
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neglect relative to superimposed forced con-
vection, is relatively easy and commonplace.
The most widely used technique is to use a
Rotating Disc Electrode (RDE) in which the
electrode surface is circular and rotated in a
horizontal plane at speeds from 100~-5000 r.p.m.;
practical aspects are now well-known [1, 2] and
the hydrodynamics reasonably well understood
[3, 4]. The particular virtue of the RDE is that
laminar or streamlined flow is maintained over a
very wide range of rotation speeds and the
transition to turbulent flow occurs at Reynolds
numbers 10*<Re,,;,<10°. In laminar flow the
thickness of the diffusion layer is constant over
the whole area of the disc and the concentration
distribution is stationary except at the edge (the
ring disc eliminates this particular error). In
laminar flow the limiting current density is given

by:
+ *
i = 0-62 ch(,DG)) (%’) 1)

or in terms of dimensionless groups:
Sh = 0-62 Re?Sc? 2)

The direct relation between limiting current
density and w, D and C makes it very convenient
to use. For turbulent flow the relationships are
not so clear but an approximate relationship
would be:

Sh==0-01 Re®? S§¢?2° (3)

A more exact relation has been given by
Cornet et al. [5]:
Re,
Re

=0-0198 Re®® Sc33 &)

Where subscript ¢ refers to the critical transition
value and (r,/K ) is a roughness factor.

The Rotating Cylinder Electrode (RCE) has
been relatively little used in analytical chemistry
—a field in which the RDE is widely used—but
has found some application elsewhere.

For this electrode, reaction rates may again be
mass transport controlled, and provided the IR
drop is constant in the cell the current distribu-
tion over the electrode surface may be uniform

RC T -0-272
= —*4+.0-02 ReScH -2
Sh = Sh, Re + eSc (K) (1

)

and concentration changes may be calculated
even though the fluid flow is generally turbulent.
Cases of laminar flow are strictly limited because
in the conventional arrangement the RCE is
enclosed within a concentric cell and Re,,; =200
corresponding to rotation speeds of <10 r.p.m.
A higher critical Reynolds number results when
the outer cylinder is rotated but this may create
difficulties in construction and so is little used.
Notwithstanding the supposed instability of
turbulent motion, the RCE has found a wide
variety of applications especially when naturally
turbulent industrial processes have to be simu-
lated on a smaller scale or when mass transport
must be maximized. Such applications embrace
electrodeposition, corrosion and dissolution,
cementation, etc. By contrast the RDE is most
usefully employed when laminar flow regimes
must prevail for stability.

The mass transport relation for the RCE is
less well understood than for the RDE. Early
workers made use of rotating rods or wires and
found that i; = kU" where » varied from 0-5 to
0-9, this wide range being attributed to variations
in the degree of turbulence, geometry of the cell
and roughness factors, partial reaction control
and gas evolution as a secondary reaction.
Dimensionless group correlation was first
achieved by Eisenberg et al. [6, 7] for turbulent
flow and this has been found to describe many
other similar situations.

Rl -0-3 y ~0:644
iy = 00791 zFC,U°" (7> (I)) (5)

or
Sh = 0-0791 Re®7 Sc0356 (6)

An alternative form uses the Stanton number, St
St = 0:0791 Re~ %3 §c~0644 )

Taking a velocity dependence of the form
iy, = kU" it may be seen that in turbulent flow n
is 0-67-0-70 while for laminar flow » is 0-33 and
the correlation rather more complicated.

Much basic theory for the behaviour of fluids
in concentric cylinder cells has been obtained
from studies in other fields such as heat transfer
[8] and fluid dynamic stability [9]; in particular
the use of concentric rotating cylinders as a
viscometer for the measurement of viscosity for
either gases or liquids [10, 11].
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While the electrochemical method is a very
convenient means of continuously measuring
mass transport (flux J = iy /zF), there are severe
limitations placed on the choice of electrode
reaction [12]. The following criteria must be
applied

(i) The reaction is diffusion-controlled.

(ii) The reaction is stoichiometric and the
number of electrons, n, achieving dis-
charge is known and constant.

(iii) The current efficiency is 100%.

(iv) A limiting current density can be clearly
read from a potential-current density
polarization graph.

In practice simple reactions taking place at
electrode potentials of 0404 V (H-scale) are
used to avoid gas evolution and amongst the
most popular are the ferrocyanide/ferricyanide
redox reaction and cathodic deposition of copper
from sulphate-sulphuric acid solutions. Anodic
dissolution has been found to be hazardous as
reaction rather than diffusion may become rate-
controlling and more base metals than copper
may have hydrogen co-discharged. Chemical
dissolution and cementation have also been used
but here the electrochemical advantages may be
lost.

The technique may be used to discriminate
between charge transfer and mass transfer
controlled reactions and the contributions of each
towards total overpotential [13] but this should
be limited to reactions which are known to
satisfy all common criteria.

2. Design and construction of the RCE

Many of the early designs paid little or no
attention to the fluid dynamics of rotation and
were primarily concerned with achieving a par-
ticular rotation speed. For example, Brunner [14]
used an electrode capable of being rotated at
150 r.p.m. while Bennett [15] was able to
achieve 6000 r.p.m. while supplying 300 A to the
electrode surface (3500 A ft~2). Other similar
investigations may be found in the literature
[16-18] none of which consider the fluid dynamics
and few of which describe the cell in sufficient
detail to enable subsequent investigators to
deduce any detailed characteristic. Furthermore,

although Swalheim [19] made an important
contribution in both design and application it
was not until Eisenberg et al. [6, 7] investigated
the effects of cell geometry that any full under-
standing of the RCE could be claimed.

Design of the RCE necessarily has several
features in common with the RDE because it is
essential to be able to rotate the electrode at
both low and high speeds—ideally continuously
variable over the whole range-—and to be able to
measure that speed and maintain it constant.
Design of the bearings is important to ensure
smooth rotation and to enable centring adjust-
ments to be made to eliminate eccentricity and
‘whip’ in rotation. Means of supplying electrical
power to the electrode with minimum contact
resistance must be devised and in some applica-
tions must be capable of handling up to 500A
Design of the cell may also be of importance
although this is usually governed by electrical
and electrochemical considerations rather than
those of fluid dynamics.

The most detailed descriptions of apparatus
have been given by Swalheim [19] and Eisenberg
et al. [6, 7], but more recent innovations may be
found in many papers [12, 20-25]. Swalheim [19]
constructed many of his components from bake-
lite and Fisenberg et al. [6, 7] from lucite; present
practice would make use of perspex for the cell
and stainless steel for the rotor and cylinder/
former. Eisenberg et al. [6, 7] showed that the
cylindrical electrode itself could be machined
from blocks of chemicals such as benzoic or
cinnamic acid thereby enabling chemical disso-
lution experiments to be made. The cylinder
geometry is usually defined in terms of the length
to diameter (J/2R,) ratio which Eisenberg et al.
[6, 7] varied from 3-0 to 0-3 although most
investigations have used a fixed geometry. Both
low [26, 27] and high [19, 21} ratios have been
favoured but Robinson and Gabe [23] have
pointed out the advantages of taking a high ratio
cylinder but using only a portion of active area
and hence lower ratio. Rotation speed is
measured most simply with a tachometer [6, 7
191 but a more sensitive device would be a
stroboscope or an electronic e.m.f. tachometer
[23, 24] or counter [25].

Conventionally power may be supplied
through metal spring brushes [19] although for
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continuous high speed use effects of fretting
damage may cause increasing electrical resistance
to develop (Fig. 1). Carbon brushes [22, 25] have

speeds [6, 7, 12, 21, 24] but at higher speeds
(>1300 r.p.m.) the mercury may produce its own
vortex or spray causing poor contact [24]. There

DC Drive Motor

Power J_~Polythene Coupling
Supply 5 Contact Ring
- - Q:E ﬁBrushes
&, x
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Fig. 1. Rotating cylinder cell having ratio Ry /L =

Robinson and Gabe.)

the advantage of yielding conducting, lubricating
fretting products and the brush is slowly
‘machined’ to a precise fit on the contact rotor
collar but for high current applications silver
impregnated graphite brushes acting on a silver
plated contact collar have been found to be most
satisfactory [23, 24]. The use of a mercury
contact well has been advocated and found to
be most satisfactory for relatively low rotation

1 and incorporating carbon brush contacts. (After

is the additional hazard of liquid metal stress
corrosion by the mercury on the well metal
(Fig. 2).

Swalheim [19] placed considerable emphasis
on the design of the cell to contain the RCE and
in particular used vertical baffles to break up
vortices and ensure completely turbulent flow.
Subsequently Eisenberg et al. [6, 7] showed, by
varying the cell sizes and thereby the gap width,

.—-—’—-«———Flexible coupling
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Fig. 2. Rotating cylinder cell having ratio R;/L <1 and
incorporating mercury well contacts. (After Edwards and

Wall.)
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that the cell design has relatively little influence
on the fluid behaviour because the onset of
turbulence depends upon a Reynolds number
defined by the diameter of the rotating cylinder.
The critical value of Re is quite low (100-200)
and the influence of baffles in the cell may well be
insignificant. If the electrode gap is significant in
any way it is only so in electrochemical terms.
The power consumption of the cell may be
primarily dependent upon the voltage drop
across the electrolyte within the gap which is
therefore minimized to reduce power losses and
heating effects. The baffles would be useful if the
electrode was used in the laminar regime when it
would stop the fluid gaining its own momentum
and thereby rotating with the inner cylinder.

Analogous design considerations apply to the
concentric cylinder cells used in viscometry but
in this case rotation speeds are low and within the
laminar flow regimes and electrical contact
problems are absent and insufficient time is
allowed for the fluid to gain its own rotational
momentum. Details of construction of such a
cell may be found in the literature {28].

Details of design may be influenced by the type
of application envisaged. One such case is high-
lighted by the considerations of Swalheim [19],
and later Beard et al. [22], who were intent upon
devising a laboratory cell to simulate high speed
plating of strip. For this purpose a strip sub-
strate was wrapped around the cylinder, acting
as former, which could subsequently be removed
for further treatment or microscopic examina-
tion. Others, notably Dimon, Thwaites and
Barry [29-31], have argued that a circulating
electrolyte cell in which the cathode is incor-
porated as a planar sheet is better because the
substrate need not be flexed in any way on its
removal from the cell. The circulating cell
certainly does have advantages if variables of
electrolyte composition are being examined but
unfortunately the onset of turbulence takes place
at much higher values of Re than for the RCE
and it has been argued that this and other reasons
makes the RCE a more satisfactory simulation of
a continuous tinplate process [32]. The need to
simulate natural convection and low rates of
forced comvection in electrolytic refineries is
another field in which the RCE may prove useful
but it is not yet clear how the true pattern of flow

in a refinery can be satisfactorily expressed
[33-35].

3. Fluid behaviour in the rotating cylinder cell

The viscosity of a fluid is related to the shear
stress required to cause shear between adjacent
layers of a moving fluid and the velocity gradient
across the interface of those layers by Newton’s
law:

PNy, @®
where 5 is the coefficient of viscosity having
typical units of g ms™! (N.B. the kinematic
viscosity v is the ratio of n/p where p is the
density). Not only does Newton’s law indicate a
means of measuring viscosity but it indicates the
simplest way of expressing the velocity gradient
or profile of a moving fluid. That it is simple is
clear when we examine motion in the concentric
cylinder cell. Taking the case of a rotating inner
cylinder (radius R, angular velocity m) and a
static outer cylinder (radius R,, angular velocity
w, = 0) the velocity profiles for laminar and
turbulent flow may be as shown in Fig. 3. The
laminar flow profile is often expressed as a para-

Linear velocity

Turbulent

Laminar

R VR R,

Fig. 3. Velocity profiles in a rotating cylinder cell (inner
cylinder radius R, rotates).
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bolic relationship but the turbulent profile must
take a more complicated form. For example:

2

. y
laminar flow U = const ———— ®
(R,~Ry)?
U y
turbulent flow —— = const log —————
(eolp)* £ R,-R)

(10)

Clearly a linear profile, as is used in Newton’s
law for adjacent shearing layers, is a gross
approximation for the whole gap yet may be
appropriate for specific regions of that gap.

In considering fluid behaviour within the
cylindrical annulus we may examine two cases.
Firstly, the case of a stationary outer cylinder
and rotating inner cylinder which is most widely
used for mass transfer studies and which is the
basis of the Stormer-type viscometer, and
secondly the case of a stationary inner cylinder
and rotating outer cylinder which is less widely
used except as a McMichael-type viscometer.
Behaviour is essentially similar but the two cases
will be examined separately making different
assumptions concerning the velocity profile.

3.1. Inner rotating cylinder

If we consider an elemental cylinder of liquid at
radius » and thickness dr an angular velocity o,
will be imparted to that layer by the inner
rotating cylinder. Assuming a linear angular
velocity gradient (dw,/dr) the true velocity
gradient across the elemental cylinder will be
(see Fig. 4):

dU, d(wr) _ do,
dr ~ dr 4 dr +to

(1D

Then from Newton’s law the shearing force
across the elemental cylinder of length [/ is:

do,
= —2xn rip (r dr)

The force is negative because the angular
velocity decreases such that w = 0 at r = R,.
Therefore, the torque inducing the rotational

(12)

Fig. 4. Fluid motion for a cell in which the inner cylinder
rotates.

motion on the cylinder at radius r is

d
T = Fr = —2mqlr’ (—d—a;5> (13)

The torque applied to the inner cylinder to
produce this rotational motion over the whole
gap (R, — R;) can be found as

R2 (4]
d
—~T.[—;31 = 2myl J‘da)r
Ry @

T 1 1

2| = | = 2ml

2[1(12 Rzz] e
1 1

T = | (;r—;g—)

T (R?-R}?
@ = 3mi\R?R,?

3.2. Outer rotating cylinder

Hence
(14)
or

(15)

If we take the case of the outer cylinder rotating
at angular velocity o the velocity U, at radius r
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(Fig. 5) can be expressed as:

Fig. 5. Fluid motion for a cell in which the outer cylinder
rotates. )

-
__—_R1 R, (16)
RZ Rl
The shear stress distribution is given by
Ry r Y]
d [wR,\r R
Tp= —Wr— J—=
dr | r (R1 R2>
R; R,/]
(Ry/R)* T
1, = —2M0R,>. = (R (17)
R,
The torque 7 at ¥ = R, is given by:
T = 27[R21TR2
(18)

R,’R,’
- oo (2

Here the negative sign indicates a negative
velocity gradient otherwise the equation is as
before.

However, both of these approaches disregard
the torque on the submerged end of the cylinder.
If this ‘end correction’ is to be determined
experimentally by a calibration technique the
end disc of the cylinder may be regarded as
having an equivalent length L so that the total
length of cylinder is effectively (/+Z1). Alterna-
tively, if the clearance between end disc and cell
bottom is Al then the torque due to the disc is

_ qonR,*
Y]

(19)

and the total torque is

4l R,? R,?
— P e B R 20
YT = nonR, [(RZZ—R12)+2AI] (20)

When the rotating cylinder cell is used as a
viscometer one cylinder is rotated at constant
velocity and the torque transmitted to the other
cylinder through the fluid is measured as the
rotation in a calibrated torsion fibre/spring or as
the time taken for the cylinder to rotate through
360°. Sufficiently high rotation speeds are used
to make the effect of bearing friction negligible
yet slow enough to ensure laminar flow in the
fluid.

The onset of turbulent flow takes place at a
critical value of Reynolds number Re*. An
early consideration of Re* was given by Mallock
[36] who gave its value as 1900 when Re was
defined as:

C(’(Rz2 ~RR;)p
n

Re = (21)

In this definition it is assumed that the outer
cylinder rotates with peripheral velocity U =
@R, in which case the critical dimension em-
ployed is the gap width (R, — R,). The viscosity
term is more usually the kinematic viscosity
v (= n/p).

The case of an inner cylinder rotating has been
considered by Taylor [37-39] and subsequently
by Lin [40] and Flower ef al. [41] who showed
that instability occurs when the Taylor number
Ta = 29-3 where

o (Ry=R\
Ta = Re , Ta* = 29-3 22
<R2+R1) (22)

and

=Rw(R12 —R))
Vv

Re (21a)

An alternative expression for the critical angular
velocity w* was:

nzv(Rl + Rz)

G L, I o 23
“ T 2IRAR,—R)) 29
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where

J = 00571 [1——0-652(R Z—Rlﬂ
R,

_ ~1
+0-00056 [1——0-652<R2R Rl)] (24)

1

However, once again the critical dimension is
taken to be the gap (R, — R,) although it is now
believed that the critical dimension ought to be
R,—see the dimensionless group analysis.
Schlichting [42] has defined a modified Taylor
number Tal! as follows:

RZ'—Rl%
Ta' = Re [ 2——*
o = e (T )

1

(22a)

and using this definition the critical value is
Ta! = 41-3. Below this value normal laminar
flow exists while immediately above this value
Taylor vortices develop; these are illustrated in
Fig. 6 and may be described as cellular or

Fig. 6. Schematic diagram of the toroidal Taylor vortices.
(After Schlichting.)

toroidal vortices within an essentially laminar
regime. For Ta>400 true turbulent flow
develops.

This uncertainty of definition may well be
part of the reason why Jerrard [43] found it
difficult to formulate a criterion similar to that
of Taylor for the rotating outer cylinder and has
suggested that a set of tables rather than a
formula gives a befter formulation. With a
rotating outer cylinder centrifugal forces stabi-

lize the laminar flow regime and the value of Re*
is usually much higher than for the case of the
rotating inner cylinder where turbulence com-
mences at Re>200 as three-dimensional laminar
vortices develop [37]. It is also important to
appreciate that the Taylor analysis is strictly
restricted to the case when (R, —R,)<3(R; +R,)
and the case for large annular gaps has been
discussed by Chandrasekhar [44].

Newman [4] considers that we ought to define
three regimes of behaviour. First at low rotation
speeds the laminar regime where flow is tan-
gential; secondly, at a transition defined by the
Taylor number and

Re = U(R2 —Rl)/V

where flow remains laminar but no longer tan-
gential as Taylor vortices develop giving a super-
imposed radial and axial motion. Thirdly, at a
transition defined by

Re = UR,/v,

true turbulence develops and it is here that rates
of mass transport are markedly increased.

The laminar-turbulent transition may be
illustrated graphically [39] as in Fig. 7 which

Log (st.sc?)

~

3
W

-4 - L -

Fig. 7. The laminar-turbulent transition. Compendium of
data: )

(a) Laminar flow [39]

(b) Turbulent fiow, inner cylinder rotated [39]

(¢) Turbulent flow, outer cylinder rotated [39]

(d) Experimental line, inner cylinder rotated [45]

x % Experimental points, inner cylinder rotated [6, 7).

includes the time for laminar flow (essentially
Poiseuille behaviour) and times for turbulent
flow when the inner and outer cylinders rotate.
The experimental data of Theodorsen and
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Regier [45] suggest that the transition is not
sharp (although other factors such as roughness
could be important) and also showed that the
critical dimension was the cylinder diameter and
not the annular gap as proposed by Taylor.
Donnelly and co-workers in a series of papers
[46] have examined the stability of viscous flow
in the torsional cylinder cell and their graph of
torque against angular velocity shows a large
transition region which again provides evidence
of the discreet region where Taylor vortices are
stable.

Theodorsen and Regier [45] also measured
drag coefficients on inner rotating cylinders in
various fluids and correlated them with Re by
means of the friction factor f:

log Re = 0-1737 @) " log (é—) +0-2979

(25)

or in an alternative form:

<J;>_% = ~17-5+575 log [Re (%) } (252)

This equation has been applied in several differ-
ent ways. Eisenberg et al. [6, 7] showed that in
the turbulent regime 10° <Re <10° the relation
can be approximated to:

Zi == (00794 Re™ %3¢

)

(26)

and utilized this in the justification of their
dimensionless group analysis. Makrides and
Hackerman [47] and Kappesser ef al. [25] have
considered the way in which micro-roughness of
the rotating surface may affect roughness,
especially when the roughness increases as
dissolution proceeds, and show that by incor-
porating a roughness dimension ¢ the friction
factor becomes:

AN R
(3> _125+57610g<—8—> 27

4. Mass transport at the RCE
4.1. Empirical data

Much of the earliest work in the field of rotating

electrodes—whether anodes or cathodes—was
arbitrary and empirical and the more practical
aspects have been reviewed elsewhere [18]. Only
a few investigators made any attempt to obtain
quantitative relationships between rotation speed
and the limiting current density and in many
cases the cell geometry was sufficiently peculiar
to make the result unique. Brunner [14] and
Nernst and Merriam [48] and others [49-51]
showed that for the relationship i; = kU" the
index » had a value of 0-67-0-70 although van
Name and Edgar [52] suggested that a value as
high as 0-9 might be obtained. In general these
investigators used relatively low rotation speeds
(0-600 r.p.m.) although Bennett [15] reported
using pipes as cathodes at speeds of up to 6000
r.p.m. Eucken [53, 54] rotated the outer cylinder
using a planar inner electrode and found n = 0-5
but this is clearly a special case. Many other
investigators used the technique to examine the
properties of electrodeposits without examining
the effect of rotation speed quantitatively
[16-18, 55] but anomalies were very evident from
studies of anodic dissolution. Roald and Beck
[56] showed that for the dissolution of mag-
nesium in hydrochloric acid » = 0-71 but at
higher acid concentrations the rate was inde-
pendent of rotation speed. This they attributed
to bubbles of hydrogen causing additional
agitation and King [57] examined quantitatively
the agitative effect of bubble evolution. Earlier
work by King and co-workers [58-64] showed
that at low rotation speeds n = 0-7 but as the
rotation rate increased to above about 1000
r.p.m. the value of » — 1 and in some cases no
correlation was apparent [61]. Concurrent work
by King et al. on cementation at rotating rods
[65-67] and later work on corrosion and disso-
lution [68, 69] showed that at high rotation
speeds chemical reaction rather than mass
transport becomes rate-controlling and so
dissolution becomes independent of speed. For a
particular displacement reaction by zinc [70] the
reaction rate was found to be proportional to
velocity within the low range of 50-400 r.p.m.
and above this speed they were independent and
Ingraham er al. [71-73] have shown that the
transition values clearly depend upon the particu-
lar reaction involved. In general the correlation
of Eisenberg et al. [6, 7] is obeyed at low speeds
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within the turbulent flow regime although some
occasional dissidence may be noted [74-76].

The effects of cell geometry, e.g. cylinder
diameter, inter-cylinder gap, length/radius ratio,
etc., have been investigated on several occasions
[6, 7, 47, 61] and within certain limits can be
neglected in practice. However, Makrides and
King and Cornet et al. [25, 47, 69, 77] have
examined the effects of surface roughness on
dissolution in the critical ranges of rotation
speed and have attempted to express the effect
quantitatively.

4.2, Dimensionless group analysis

The relevance of so many variables makes it
obvious that the most convenient way of
handling the experimental data is by means of
dimensionless groups. For the RCE, four such
groups have been used:

(2) Reynolds number, Re, defining relative
flow velocity in terms of the critical
dimension.

(b) Schmidt number, Sc, defining the trans-
port properties of the fluid.

(¢) Sherwood number, Sh, a mass transfer
coefficient.

(d) Stanton number, St, a velocity dependent
mass transfer coefficient.

The first systematic correlation making use of
all the measured parameters U, d, v (= #/p), C,
D and i; was deduced by Eisenberg et al. [6] who
showed [7] (see Fig. 8) that the critical dimension
dwas in fact the diameter of the rotating cylinder
R, rather than the gap (R, — R,). They obtained
for the ferri-ferrocyanide redox reaction:

ip = 00791 zFCU®7q~03y~0344p0-6ds (78}
which expressed in terms of dimensionless

numbers is either:

St = 0:0791 Re™ %3 S¢~ 0644 29)

or

SC0-356

Sh = 0-0791 Re®” (30)

For the case of a static inner cylinder and
rotating outer cylinder Arvia and Carrozza [20]

n 20 . v r - " " T
Q
* 10l All lines slope; ~0.30 |
n\o 8:_ h/Ry ]
6f 2.9701
hmh 4} /41.990_
s S1.102]
~ -0.681
Ssop o ~~-0350
1 2 4 10 20 40 100 400
Re=husv (b= Ry~ Ry), x10°
20 — T
0
o
x 10
o 8
T 8 Slope: ~0.30
m 4 -
N
O
e 2
£l

10 20 40 100

Re = R,U/v, x10°

1 2 4 200

Fig. 8. Mass transport correlation assuming:

(R:—R) U
v

(Top) Re = ; (Below) Re = R_lv_g (After
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found for one solution (i.e. constant Sc):

R —-0-70
J = 00791 Re™ 3 <‘1i‘1) (31)

2

but this has found relatively little further
application [53, 78].

The relationship of Eisenberg et al. [6, 7] was
effectively confirmed by Robinson and Gabe
[23, 24, 79] who obtained for the cathodic
electrodeposition of copper from CuS0,-H,50,
solutions (see Fig. 9):

St = 00791 Re™%3! Sc™0%% (32

They subsequently pointed out [80] that critical
review of the literature reveals some slight
variation in the values of the power indices; for
example the indice for Re has been reported as
-0-30 [6, 7, 20], —0-31 [79], —0-333 [81] and
—0-40 [82], while for Sc indice values reported
include —0-59 [79], —0-644 [6, 7, 20, 83] and
—0-666 [82]. Others have confirmed the relation
without extensive investigation [84, 85].
Newman [4, 86] has pointed out that the ratio
of inner to outer cylinder diameters should be
incorporated in the correlation and implies that
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Fig. 9. Mass transport correlation incorporating data for copper depo-
sition [6, 7, 23, 24] and copper dissolution [24].

its effect is really on modifying Re:

- RAP7 co3ss
Sh = 0-0791 | Re R Sc (33)

2

In practice R;/R,==1 and (R,/R,)*7 — 1;
any departure from this value may be noticed as
a change in the constant. More important is the
possible effect of surface roughness on the
correlation—this affects the friction factor which
is the main variable influencing the constant.
Makrides and Hackerman [47, 77] found that,
for the relation iy = K U", n had values of
0:72-0-77, not 0-70 as reported by Eisenberg
et al. [6, 7] although in fact the //d ratios for
their cylindrical electrodes were very different—
I/R, of 1-0-1-2 compared with //R, of 3-11-6 for
Eisenberg er al. More important, however, a
mass transport equation including a roughness
factor was proposed:

. R\ 172
Iy, = zFC | 1254576 log { —
b
v —-0-644
(B) e

Where y is the average roughness ‘height’.
Kappesser et al. [25] have subsequently con-
firmed this relation for a wide range of surface
roughness preferring, however, to express it as:

Sh = (g) Re Sc%35¢ (35)

where

R -2
g_= [1-25+5-76 log (j)] (36)

In these relationships i; = K U. It is believed
that although obtained in anodic dissolution
experiments it is not due to reaction rate control
but rather to roughening of the electrode surface
as dissolution takes place.

These results described above cover the vast
range of rotation velocities encountered in
practice and which are within the turbulent
regime. However, at very low rotation speeds
(<10 r.p.m.) laminar flow is possible. Relatively
little interest in this region exists; nevertheless,
Cornet and Kappesser [81] have examined
behaviour at the critical value of Re (==200) and
found for one solution (i.e. constant value of Sc):

Re <200 Sh = 37
Re>200 Sh = 097 Re% %4

The transition is illustrated in Fig. 10.

In the laminar regime the value of 37 was
attributed to the fact that the relation is in fact:

Sh = fRe Sc* (37)

but that in this particular case /' = constant/Re
and Sc==460. Making a similar assumption
about Sc in the relation for turbulent flow their
equation is not dissimilar to the relation of
Eisenberg et al. [6, 7].

Independent data for the laminar region are
sparse. Kambara et al. [87] in a series of papers
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reported a transition in behaviour without being
too explicit about the nature of that transition,
and showed that for velocities below the critical
velocity

ipocRF It o (38)
Where R, and [ were the radius and length
respectively of the wire electrode. Above the
critical velocity the relation was:

(39)

Doubt about the nature of this transition exists
because Wilke et al. [88, 89] have reported that
for free convection at vertical plate electrodes a
correlation of the following form is found:

. . i
iLcR ¥ I o*

Sh = 066 (Sc Gr)* (40)

where the Grashof number Gr may be thought
to be analogous to the Reynolds number as a
velocity term. A semi-rigorous theoretical
approach to mass transfer in the laminar regime
[90, 91] indicates that i; Re? thereby suggesting
that the critical velocity of Kambara ez al. [87]
in fact refers to a transition between free and
laminar forced convection.

Some consideration has been given to incor-
porating a free convection term in the equation
for mass transfer under forced convection
although in practice it is a negligible contribu-
tion. Culbertson and Rutkowski [74] drew the
analogy between mass and heat transfer in finid
flow but mistakenly analysed the redox reaction
Ce*+/Ce*+ in terms of the anodic current

efficiency which increased from a finite static
value under the influence of electrode rotation
(0-5000 r.p.m.):

(ACE),o = (ACE)y +bU* QY

For cementation of copper by iron, Rickard and
Fuerstenau [76] determined the rate of depo-
sition for 0-800 r.p.m. rotation speed as an
equivalent current:

i= K1 +K2U%

In both these equations there is effectively a free
and forced convective term, Analysis of the free
convective term is primarily of interest to
electroanalytical chemists and various treatments
may be found [1, 92, 93]. The ‘free convective’
diffusion current at a cylindrical wire electrode,
radius R, is often given as [I]:

RO I o TR )y
iy = zFADC, EI 7-'5?(;%-'-7_4 p +,0 | (42)
where ¢ = Dt/R,* and ¢ is the transient time of
current decay after initial switching on. Various
approximations may be made for this general
equation depending upon conditions prevailing
and when R, =01 cm and 7>10 s the first
term only of the expansion may be adequate.
Brown [94] gives a less specific approximation
as:

Iy = 4nzFDC,R, [1+R,(zD)™%]  (422)

4.3. Theoretical analysis

The problem of deriving a mass transport
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equation for the RCE is to a large extent a matter
of defining a model and justifying the velocity/
distance profile across the annular gap which is
assumed. In laminar flow the velocity distribu-
tion equation is usually taken to be parabolic in
form; approximation to a linear relation may be
good near the rotating cylinder but less satis-
factory nearer the static cylinder (see Fig. 3). For
turbulent flow any single equation must neces-
sarily be complicated and its range of applica-
bility limited by the stability of flow as discussed
earlier (Section 3).

4.3.1. Laminar flow. Three analyses of mass
transport in laminar flow have been published
[90, 91, 95], the two earliest of which assume a
linear velocity profile f (= U/y) near the inner
rotating cylinder and consider behaviour at a
segment length M of the cylinder such that
M<«2nR,; the segment may be considered
planar with a tangential velocity axis x. Implicit
in the analysis is the assumption of non-rota-
tional flow of the fluid. The later analysis of
Mohr and Newman [95] treats steady state
‘Couette’ flow, where the fluid rotates under its
own developed momentum, using a more com-
plex velocity profile and makes allowance for
surface curvature at the segment M.

Following the treatment of Gabe and Robin-
son [90] the boundary conditions at the inner
cylinder radius R, are that C = C, as y —»
and C = C at y = 0. By using a dimensionless
parameter X = y (B/9Dx)* the diffusion equa-
tion may be expressed as:

x
1
C—Cy = —— -Xx3
C, 0.893J'6Xp( X*)dXx 43)
Q
The diffusion current density is defined as:
dC
i, = zFJ = zFD [—] (44)
dy y=0

By substituting and integrating the current for
the whole surface M from 0 to 2zR,:

. _ 1 2ZFD(C=C)[ B %}4 g
L= M 0893 op| 4¥ ¢

= 0-807 zFD* (C,— COM ~3p* (45)

A velocity profile equation for the whole
annulus (R, — R,) was taken from Levich [3] and
Bird et al. [96] as:

1 r R12 -t
et T

which on substitution for 8 over the whole gap
yields:

ip = 0807 zFD¥C,— COM *w?*

1+R?[RATH
[Fra] @

By using dimensionless groups this equation
becomes:

R, ([1+R*RAO
Sh = 0-64] Re S¢c —tJ- 1T 1 (72
h =0 [ e CM{I—Rlz/RZZ (48)

If the whole cylindrical surface is used as elec-
trode M = 2nR, and the length L should be
included. Kimla and Strafelda [91] used a some-
what different velocity profile and obtained a
value for the current on the segment:

1 = 048 zFC,LM*D%o,* (1-R,%/R,%)™F (49)

or

R.T*
Sh = 038 [ Re Se 1] (50)

A-RZRHM

Comparison with Equations 47 and 48 shows
that the geometrical factors and constant are
different but the dependence of Sh on Re and Sc
remains the same. This dependence has been
verified by Ibl et al. [97] for a rotating wire but
the results of Kambara ef al. [87] and Cornet
and Kappesser [81] are at some variance. These
last authors correlated results for one solution
at one temperature (Sc constant) and obtained a
relation:

Sh = f Re Sc* (37)

which for Sc = 460 and f = constant/Re gave a
value of Sh = 37. Thus the experimental results
apparently show that Sh is constant for the
range 5<Re<200 suggesting that the fluid is
probably rotating with the inner cylinder and
therefore not contributing significantly to en-
hancement of the mass transfer rate (see Fig. 11).

Mohr and Newman [95] have attempted to
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Fig. 11. Model of turbulent flow showing a concentration
distribution over three zones [80].

treat this case and instead of using static car-
tesian co-ordinates used rotating cylindrical
co-ordinates and incorporated corrections for
ellipticity of the diffusion layer at leading and
trailing edges of the segment, curvature of the
electrode surface and non-linearity of the velocity
profile. By using a similar approach to Gabe and
Robinson, but making use of some special
solutions obtained elsewhere by Newman, the
mass transport equatioh was given as

L 3
Sh = 1-0174 Pe? [1+0'1966 (R—>Pe“3

1

L 2
+0618 Pe™* +{0'009949 (E—)

1

——0-1548}Pe‘3‘+. . :l (51)
where the Peclet number Pe = L2/2D

Comparison with Equations 48 and 50 shows
that the first terms are essentially similar but
thereafter the ‘correction’ terms are different.
Mohr and Newman [95] point out that the
higher order terms ought to be considered
although the correction incurred represents at
the most 6-7% error. However, more funda-
mentally, the treatment still does not account for
the experimental value of Sh = 37 obtained by
Cornet and Kappesser [81].

4.3.2. Turbulent flow. The case of turbulent
flow has also been treated by Gabe and Robinson

[80] who assumed a velocity profile illustrated in
Fig. 3 and used a model based on the three-zone
concept of Prandtl and van Karman (Fig. 11).
An expression for the turbulent diffusion
coefficient was obtained by assuming an ‘appar-
ent’ eddy viscosity component in turbulent
regimes whose values have been given by
Diessler [98]. Thus for zone III:

Dy = n?yU arc tan (a}—':—) (52)

1

where 7 and g are constant, and for zone I1:

2
Dy = n?yU [l—exp (_n ::U):I

arc tan (al—f—) (53)

1

When R, >y we can approximate this equation
to

(54)

where b is a constant (= an*). This equation is
extrapolated to the I/II zone boundary and we
may also use

JR;[1 1
=G +2-b—r[5— 72]
Where ¢, is the hydrodynamic boundary layer
thickness and J is the mass transport flux. By
applying Fick’s law in zone I (the diffusion
layer) we may obtain that

(55)

DR, ]?
d = 56
[bUf:l (56)
and in terms of a current density
i = b32ZFU DY 3R, "X C,—C)  (57)

Substituting U, = oR, and using dimensionless
groups
St = (2b)*Re™*Sc™* (58)
or
Sh = (2b)*Re?Sc* (59)
This treatment cannot yield a value for the

constant (2b)* which depends on cell geometry
and particularly friction or drag caused by
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roughness effects. However, using the relation of
Theodorsen and Regier [45] as in Equation 26
the constant is found to be 0-079 and this has also
been found experimentally [6, 7, 20, 79]. Cornet
and Kappesser [81] have obtained a relation (at
constant Sc = 460) of

Sh = 0-97 Re®%* (60)

Assuming a dependence of Sc? this yields a
constant of 0-126 which is of the same order of
magnitude. It may be noted that if such a
dependence of Sc can be assumed Robinson and
Gabe [23] obtained:

Sh = 0169 Re?66 §c032 (61)

showing that in a data correlation small changes
in indice may cause large changes in the empirical
value of the constant.

The theoretical treatments described can at
best be described as semi-rigorous and incor-
porate approximations and simplifications of
what might be a very complex model. However,
the agreement between the equations derived
and the experimental correlations is good
suggesting that the approach is probably correct
and the model adequate for most purposes.

5. Applications of the RCE
5.1. Electroanalysis

The relation between the RCE and the RDE was
considered in the introduction but in fact the
RCE has found relatively little use in the field of
electroanalysis. Adams [1] has reviewed this
field and has emphasized that rotating wire
electrodes do have a role. Although initiated by
Nernst and Merriam [48] it was later workers
who placed the RCE technique on a sound
footing [87, 97, 99, 100] using a 0-5 mm platinum
wire projecting 5-10 mm from the end of a
rotating glass stirring rod. The normal mode is
vertical; horizontal electrodes have been used
but are less satisfactory because of inconvenience
in mounting and porrer stability for convective
flow [101]. The importance of a free convective
diffusion term has been emphasized by Brown
[94] who discusses applications in the determina-
tion of D and z for a diffusion-controlled
electrode reaction.

B

The vertical platinum wire electrodes has
also been used in a vibrating rather than rotating
mode [1] and may be powered by the voice coil
of a loudspeaker [102] at audio frequencies
(20-10 000 Hz). Harris and Lindsey [103-105]
have shown that at low frequencies (<40 Hz) the
limiting c.d. is proportional to frequency but at
higher values they are virtually independent.
The case of a vertical wire electrode vibrating
perpendicular to its axis has been considered by
Grafov [106] who has attempted a dimensional
analysis for this case.

5.2. Electrodeposition

Early work on electrodeposition has been
reviewed by Narasimham and Udupa [18] and
is essentially qualitative making use of the
motion to increase rates of electrowinning and
improve surface finish of protective plated
coatings. The use of cathodic copper deposition
as a reaction to study mass transfer at the RCE
has already been described and some of this work
has been extended to a discussion of electro-
deposit structure and the incidence of diffusion-
controlled nodular and dendritic growths [23,
107-109]. (In this application the presence of
uniform current over a large area is of particular
importance as extensive microscopical examina-
tion is required). This approach is important in
the development of high-speed electrodeposition
processes and the RCE has been used to simulate
continuous strip coating processes [19, 22] and
might well also be used for continuous wire
coating processes [110-113].

One application likely to be of considerable
importance in the future is the electrowinning of
metals from waste effluent and dilute leach or
pickle liquors. Surfleet and Crowle [114] have
discussed the competitive position of the RCE
in relation to other processes such as fluidized
bed electrodes, annular and parallel plate
electrode configurations, etc., the specific re-
quirement being the ability to recover metal
from increasingly dilute solutions. This applica-
tion may not have been envisaged by Edwards
and Wall [21], nevertheless their considerations
of power consumption while using the rotating
cylinder cell are of relevance in this context. The
electrochemical approach to effluent treatment
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has obvious attractions [115] but commercial
processes are at present limited to zinc, tin, gold
and silver [116] with other metals such as nickel
and copper likely to be treated similarly in the
very near future. One particular problem in this
field is the need to electrodeposit at high efficiency
from very dilute solutions; that this problem is
not insuperable is clear from the commercial
success of recovering silver from waste photo-
graphic solutions using the RCE [117] (300 such
units are reported to be in operation in the U.K.
alone [118] at the end of 1973).

5.3. Cementation

Agitation can only have a beneficial effect on a
cementation-type of reaction when it is con-
trolled by ion diffusion through solution. This
has been found for a number of cases and both
the RDE and RCE have been used [119, 120].
Much work has been reported for systems where
the geometry is irregular and the degree of
agitation uncertain and in some cases the RDE
has been preferred owing to the independence of
diffusion flux and position [119].

The RCE has been used by King and co-
workers [65-67] and Ingraham and co-workers
[71-73] to examine rates of cementation-dis-
placement for a variety of metals. The speed of
rotation must be carefully chosen to ensure that
diffusion is rate-controlling because at higher
speeds chemical reaction becomes controlling
[65, 71], the critical speed varying from one
chemical system to another. In most cases the
rate of deposition increased with rotation speed
but Von Hahn and Ingraham [71, 72] have
described two alkaline cyanide solutions for
silver-copper and silver-zinc where the rate of
cementation is decreased by increased rotation
speed. Strickland and Lawson [119, 120] have
pointed out that there is a significant roughness
effect in terms of increased surface area for
reaction and this has not always been adequately
considered.

5.4. Corrosion and dissolution
Much of the earlier work involving the RCE was

carried out for corrosion reactions but because
of the marked tendency for chemical reaction to

become rate-controlling there is a fair amount of
confusion in the literature. Atlow rotation speeds
(<1000 r.p.m.) the rate of corrosion was found
to depend upon w°7 while at speeds in excess of
500 r.p.m. it was often found to be independent
of the speed [58-64, 68, 69]. At intermediate
rotation speeds the power index was found to
have values of 0-7-1-0 as partial control was
exercised. Other factors were recognized; for
example, Roald and Beck [56] found that at low
acidity the rate of dissolution of magnesium in
hydrochloric acid was proportional to w®7* but
if the acidity was > 1-4 M then were independent
because of interference by the evolution of
hydrogen bubbles.

The effects of solution flow on rates of
corrosion have generally been examined by flow
rigs but Heitz [121] has pointed out that disc
and cylinders are much more convenient for
laboratory testing. On this basis the RCE has
been used to investigate effects of dissolved
oxygen [122] and chlorides [123, 124] on rates of
corrosion, efficacy of inhibitors in controlling
corrosion [65] and cathodic protection in flowing
conditions [68, 85]. Makrides [47, 77, 125] has
attempted to introduce a roughness factor into
the mass transport equation pointing out that a
surface generally becomes rougher as dissolution
takes place whereupon the rate becomes directly
proportional to rotation speed.

Non-faradaic dissolution of benzoic and
cinnamic acids was investigated by Eisenberg
et al. [6, 7] and others [126] and recently Holman
and Ashar [127] have attempted to distinguish
between reacting and non-reacting dissolution
in aqueous alkaline solutions containing gly-
cerol. They obtained correlations of the type

Sh = a Sc® Re® (62)

For non-reacting dissolution a = 93, b = 0-33,
¢ = 0-425 and for reacting dissolution a = 882,
b = 0-33, ¢ = 0-492. The fact that the values of
a and ¢ depart so markedly from those found
previously suggests that the dissolution was not
completely diffusion-controlled and that as
found elsewhere for alkaline solutions [71, 72]
some other mechanism assumes importance—
perhaps amphoteric complex formation.

More recently the RCE has been used to
examine transport behaviour in liquid metals
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and fused salts. For dissolution of metals in
liquid metals the Eisenberg correlation has been
used as a criterion for diffusion control in view
of the marked departures observed [128-130],
although in the case of carbon steel dissolving
into a melt of an essentially similar alloy the
departure was relatively small [131]. It is clear
that in such applications complex solution
chemistry involving solute-solute or solvent-
solute interaction are much more likely to be
rate-controlling, However, the analytical control
of such processes by voltammetry at the RCE
may well prove to be feasible as a continuous
monitor [132].
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