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Upright and inverted rotating cone electrodes (apex half  angle 52 ~ ) have been studied using electro- 
deposition of  copper from an acid electrolyte (Sc = 1770) by means of limiting current mass transport 
techniques. The behaviour suggests that  it is appropriate to regard these electrodes as modified disc 
electrodes. The upright rotating cone electrode exhibits a flow transition at Re = 1 x 105. In laminar 
flow Sh = 4.5Re ~ and in turbulent flow Sh = O.04Re ~ The inverted rotating cone electrode 
exhibits a flow transition at Re = 6 x 104. In laminar flow Sh ~ 4.5Re ~ and in turbulent flow 
Sh -- 0.04Re ~ The data have been interpreted in terms of  a coating thickness affected by throwing 
power effects and the use of  a conical cathode cell for control of  high speed electrodeposition processes 
is indicated. 

Nomenclature 

A electrode area (cm 2) 
Cb concentration (of bulk solution) (mot cm -3) 
Ac concentration difference (mol cm-3) 
D diffusion coefficient (cm z s -l) 
f/2 friction factor 
F Faraday's constant (96485 A s mol-~ ) 
iL limiting current density (Acm -2) 
J mass transfer flux (mol s -~ cm -2) 
KL mass transfer coefficient (cm s-l) 

l slant height of the cone (cm) 
U peripheral velocity (cm s- l ) 
x local condition coordinate (cm) 
z no. of electrons 

apex half-angle of cone 
o) angular velocity (rad s- i ) 

wall shear stress (dyncm -2) 
v kinematic viscosity (cm 2 s- l ) 
Re Reynolds number = Ud/v 
Se Schmidt number = v/D 
Sh Sherwood number = K j / D  

1. Introduction 

In recent years the rotating cone electrode has received 
some limited attention partly due to the simple model 
that can be invoked for both theoretical and experi- 
mental investigations of the boundary layer charac- 
teristics. However, most studies have related to heat 
transfer from which the comparability with electro- 
chemical applications is generally thought to be direct: 
thus investigators such as Jordan et al. [1, 2] have 
exploited the heat to mass transfer analogy. On the 
other hand, investigators such as Subramaniyan 
et al. [3, 4] have extrapolated the classical Levich 
equations for a rotating disc electrode to use for a 
cone, the cone in extreme truncated form being a 
cylinder (apex angle of 0~ or a disc (apex angle of 
180~ The nomenclature being employed is shown in 
Fig. 1, the apex half angle being c~ and l the slant height 
measured from the base of the cone. 

The flow pattern of a~ rotating cone can be quite 
complex: at low rotational speed the flow is laminar all 
over the surface while at higher speeds laminar and 
turbulent flow can exist simultaneously. The laminar 

flow exists at the region where the radius of the elec- 
trode is small and the turbulent flow at the region 
where the radius is greater. However, due to changes 
in radius of the cone the flow can become very com- 
plex since the centrifugal force imparted to the adjac- 
ent liquid element depends on the distance from the 
apex of the cone, i.e. slant height or segment radius. 
Therefore, the liquid at a distance away from the apex 
will experience a greater centrifugal force and hence be 
expelled from the surface of the cone with a greater 
force than the liquid near the apex. This induces a 
tangential flow along the surface away from the apex 
which will affect the turbulent flow by reducing it for 
a given rotational speed. 

Jordan et al. [1, 2] investigated the mass transfer to 
a stationary conical micro electrode and the flow 
round it. For laminar flow the mass transfer relation- 
ship took the form: 

4 ReO. 5Sco.33 S h  = (1)  

In a comprehensive study of voltammetry at solids, 
they also constructed a conical platinum electrode 
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Fig. 1. Nomenclature and geometry for rotating cone and electrodes. (a) Inverted cone electrode, (b) ring cone eiectrode, and (c) schematic 
cell configuration. 

with a slant height of 0.04cm and a surface area of 
0.003 cm 2. At I00% current etficiency, the mass trans- 
fer flux at the electrode surface was correlated with 
limiting current such that iL oc C and iL oc U ~ 

iL = 0.77ztgACb U~176176176 (2) 

where l denotes the slant height of the cone. 
Tien [5] obtained a theoretical relationship for heat 

transfer in laminar flow at Prandtl number of 0.72, the 
mass transfer analogy being: 

Sh 0.329 (12c~ sin ~ )  ~ = - (3) 
Y 

After considering his data he incorporated Sc ~ as 
follows: 

Sh (12co sin c~) ~ 
Sc0_ 4 = 0.375 v (4a) 

The agreement between this theoretical formula and 
the data obtained for different cones by Subramanyan 
et al. [3] was fairly good. Consequently, they plotted 
Sh /Sc  ~ against (12o9 sin ~)/v and obtained an equation 
for cones with apex angle greater than 40 ~ as 

Sh ( I2(o sin c~ ~~ 
ScO 4 = 0 .345\  v- / . (4b) 

In contrast Kirowa-Eisner and Gileadi [6] adopted 
the equation for a rotating cone electrode derived by 
Newman and Mohr [7]; this gives the local mass trans- 
fer rate at the limiting current as 

J = 0.62Cb(VCo sin ~)~176 (5) 

and the overall mass transfer rate for a conical elec- 
trode of base radius r is 

( vo  ~~ Sc-O.67 
Jtot~l = 0.62Cb r2 \ s i - -~J  . (6) 

The above investigators treated the rotating cone as a 
modified rotating disc, hence the limiting current of 
the rotating cone is related to that of the rotating disc 
by 

iL(co.e) = i~di~)(sincr ~ (7) 

For conditions when the laminar-turbulent tran- 
sition is approached Kappesser et al. [8] transformed 
the mass transfer equation in laminar flow for a disc 
given by Newman 

0.62048Re~ s Sc 20.67 
Sh--~ = 1 + 0.2980Sc~ -~ + 0.t451Sc2 ~ (8) 

to that of rotating cones by substituting the appropriate 
parameters and obtained the following expression 

0.62046Re ~ Sc20.6v 
Sh---~ = 1 + 0.2980Scc 0"33 + 0.1451Sc[ r (9) 

where Sh---~. = ]l /DAC, and Reo = corl/v = (o912 sin cO/v 
and where subscripts d and c denote disc and cone, 
respectively. 

The above equation was valid for experimental 
results in the range 

0.7 < (Sc, Pr) < 2.4, 

For turbulent flow, Kreith [9] used the Reynolds 
analogy to obtain an expression for the heat transfer 
for a rotating cone at a Pr number of unity, according 
to Kappesser. The results are in good agreement with 
the experimental data for 0.7 < (Pr, Sc) < 2.4. 
However Kreith extended his work in order to deter- 
mine the heat and mass transfer for Prandtl or Schmidt 
numbers differing from unity. The final result is 

Sh~ = 0.0212(2.6)~176 8 

x 1 + ( f J 2 ) ~  + 51n(5Sc + l) - 14 

(10) 

where x denotes local condition, (fx/2) is the local 
friction factor given by r/pco~-(sm cO and ~ is the walt 
shear stress in Pa. 

Alternatively, Kappesser [8] proposed a simplified 
expression 

Shx = 0.0182Re~ Sc~ (11) 

and to account for the effect of laminar flow over 
the surface of the cone near the apex, the following 
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expression was given by the investigator 

Sh = [ShL -- Shrl --{ + S-hT (12) 

where x~ is the distance to flow transition, which can 
be obtained from the results of Kreith et aL [9], ShL is 
the laminar Sherwood number, and ShT is the tur- 
bulent Sherwood number. 

Experimental results obtained by Kappesser et al. 
[8] indicate a good agreement between theory and 
experiment. Previous applications for the rotating 
cone electrode include heat transfer probes and volt- 
ammetric analysis but in this investigation it was also 
exploited in a current density or throwing power cell, 
akin to the Hull cell, where the rotation rate provided 
solution agitation to a well-quantified degree. 

2. Experimental details 

The geometry of the cone electrodes was based on two 
design requirements. Firstly, that the electrodes would 
be used in existing rotating electrode rigs employed 
normally with cylinder and disc electrodes in appli- 
cations related to electrodeposition where currents of 
up to 10A are normally used. Secondly, that the 
geometry should be determined by the need to simu- 
late the Hull cell current distribution pattern, a con- 
cept discussed fully elsewhere [10]. Consequently, the 
small size of Jordan's voltammetric microelectrode 
[1, 2] was considered inappropriate and the cone apex 
angle was not one used hitherto although is within the 
ranges used previously. The circular cones had the 
parameters given in Table 1. 

The cones were machined from solid stainless steel 
and partially hollowed to reduce weight and rotational 
inertia. The basal disc was stopped off at all times to 
maintain electrodeposition on the curved surface only. 
Using copper as a model cathodic deposit nitric acid 
(50%) could be employed to dissolve the coating while 
the stainless steel was fully passivated and effectively 
inert - thus after many months of continual usage 
the dimensions of the stainless steel cones remained 
unaltered. 

Acid copper sulphate solution was used as a model 
electrolyte at three concentrations but especially 
0.014M and 0.07M with 0.5M sulphuric acid as 
support electrolyte. The mass transport characteristics 
of these solutions were well-established from previous 
investigations [11, 12]. Specifically, those were: v = 
1.0184 x 10 -2  cm 2 s -I, D = 5.84 x 10 -6  cm 2 s -~, 
and Sc = 1770. 

The rotating electrode rigs have been described 
in earlier papers [11, 12] and could be operated at 

Table 1. Dimensions o f  experimental cones. 

Parameters Inverted cone Upright cone 

Basal diameter (ram) 194 I28 
Slant height (ram) 77.5 69 
Apex half  angle 52 ~ 52 ~ 

up to 1000rpm (Re = 5 x 105) in a good repro- 
ducible manner. Current was supplied by a Thompson 
'Ministat' at up to 15 A under potentiostatic control, 
using a saturated mercury/mercurous sulphate (MMS) 
reference electrode (RE), via a silver-graphite brush 
system. Rotation rates were measured by a tachometer 
which was calibrated using a stroboscope. The motor 
incorporated tachometer feedback and was very stable 
in operation; using a three-point bearing and careful 
alignment of the rotor shaft eccentric rotation could 
be eliminated despite the heavy cone electrodes. 

Mass transfer was measured by the limiting current 
method using both the traditional potentiodynamic 
(sweep) techniques at 1-10 mv s -~ and the potential- 
step method, in which a potential corresponding to the 
limiting current plateau is determined in preliminary 
experiments and then applied as a potentiostatic con- 
dition. This latter technique has been shown to be 
reliable in conditions of substantial agitation [13, 14]. 
Because the main application for a conical electrode 
cell is in simulation of coating thickness variations due 
to throwing power (or secondary current distribution) 
effects the same presentation approach was used as for 
Hull cell data. This approach converts the coating 
thickness variation to an equivalent deposition cur- 
rent density at 100% cathodic efficiency and can be 
achieved either by direct coating thickness measure- 
ment or by measuring the overpotential profile on the 
electrode surface and converting i t  to an equivalent 
current density by means of the polarization curve 
obtained under those conditions of rotation. Thus, in 
this study, coating thicknesses were established by 
X-ray fluorescence analysis using a Fischerscope 
XM 1500 and the current profile obtained by placing a 
Luggin reference electrode probe at various positions 
on the slant height surface during potentiodynamic 
sweeping. In these manners an equivalent current 
density profile was determined at each rotation rate, 
typically 0, 20, 50, 80, 120, 160, 200, 250, 300, 350, 400 
etc. r.p.m.. Agreement between the two methods was 
in general good, discrepancies being attributable to 
either rough deposits developing early or low current 
efficiencies. 

3. Re~Cs 

All the mass transfer data presented here was obtained 
with the same electrolyte and at the same temperature 
so is directly comparable in that respect. For the 
inverted rotating cone electrode, limiting current den- 
sities were obtained for the whole cone using the 
reference electrode placed at different positions on the 
sloping surface. Figure 2 shows data for the RE at a 
slant height of 31 mm and exhibits three distinct 
regions. The first region of laminar flow has a slope of 
about 0.49 and the last region of turbulence a slope of 
about 1.0; the intermediate transition region has a 
gradually increasing slope as the increasing rotation 
rate results in an increasing limiting current. If other 
positions on the sloping surface are used for RE con- 
trol a broadly similar pattern was found (Fig. 3) and 
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Fig. 2. Limiting current density values on the inverted rotating cone 
electrode at slant height o f  31 mm for 0.014 M Cu 2+. 

taking an average of such data the two flow region 
slopes were slightly lower in value (0.46 and 0.79, 
respectively). Figures 4 and 5 show the coating thick- 
ness variation over the inverted cone surface, due to 
throwing power, expressed as an equivalent current 
density for a series of rotation rates. Figure 4 relates 
primarily to behaviour in the laminar flow regime 
and Fig. 5 in transition and turbulent flow (i.e. 
> 160r.p.m.). The slopes show a reasonable consist- 
ency and are typical of a larger mass of data obtained 
at that stage. 

A similar investigation was carried out for the verti- 
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Fig. 3. Limiting current/rotating rate relationship on the inverted 
rotating cone electrode at five slant heights for 0.014 M Cu =+. Slant 
heights: (n)  75, (12I) 58, to )  38, (o) 22, and (~) 5mm. 
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cal rotating cone electrode and using a RE control 
position at 38 mm slant height total current density 
values were determined (Fig. 6). The form is essen- 
tially similar to the inverted cone (Fig. 2) but the 
laminar and turbulent region slopes are approx. 0.39 
and 1.05, respectively. By again taking a series of RE 
.control positions a family of curves can be obtained 
and the reproducibility was very good (Fig. 7). The 
throwing power effect observed as deposit thickness 
variation was again studied at many rotation rates and 
the laminar and turbulent flow data shown separately 
as equivalent current density values as before (Figs 8 
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Fig. 6. Limiting current/rotation rate relationship on the upright 
for 0.014M Cu . rotating cone electrode at slant height of 38 mm 2+ 

and 9). Clearly the transition occurs in a similar 
manner and rotation rate on both conical electrodes. 

One of the purposes of this study was to examine 
and possibly exploit the current density distribution 
patterns through the consequent deposit thickness 
profiles: this is described elsewhere [10]. The mass 
transfer analysis can be related to deposit structure, 
however, and scanning electron microscopy was 
employed to characterize the surface morphology. In 
the case of copper from this type of electrolyte depo- 
sition at the limiting current density is characterized 
by a nodular growth mode developing into loose pow- 
dery deposits. Throughout this study normal charac- 
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Fig. 8. Limiting current density distribution on the upright rotating 
cone electrode at four lower rotation rates for 0.014 M Cu 2+. Rates: 
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teristics were observed but a changing nodule density 
along the conical surface was generally observed. In 
Fig. 10 scanning electron micrographs illustrate this 
observation at slant height positions of 7, 42 and 
64 mm on the inverted rotating cone electrode. While 
these structure refer to differing deposit thicknesses 
the fundamental relationship is with the equivalent 
current densities prevailing at those positions. 

4. Discussion 

It has already been pointed out that this study was not 
predominantly mass-transfer oriented and therefore 
no attempt has been made to provide a rigorous mass 
transfer correlation. In particular, no attempt has 
been made to systematically vary the physical proper- 
ties of the electrolyte such as viscosity and ion dif- 
fusion coefficient and so a dependence upon the 
Schmidt number (Sc = v/D) cannot be derived from 
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Fig. 10. SEM micrographs of the inverted rotating cone electrode surface during deposition of copper at slant heights of (a) 7, (b) 42, and 
(c) 64 mm. Magnification 5000 x. 

this work. However, the dependence of mass transfer 
upon rotation rate and the Reynolds number  (Re  = 

Ud Iv) was of  importance and was considered at length. 
As has been shown by the experimental results two 

flow regions.., together with a transition, can be seen in 
the data presented graphically. The data have been 
analysed on the basis o f  the relationships 

iL = k ~ U  ~ or Sh  = k 2 R e  ~' 

where k~ and kz are cleraty different but the index n is 
characteristic o f  the laminar and turbulent regions. 
Values of  n obtained have been averaged as follows 

Upright  cone laminar n = 0.48 +_ 0.t 

turbulent n = 0~93 +_ 0.12 

Inverted cone laminar n = 0.45 _+ 0.04 

turbulent n = 0.88 +_ 0.22 

Using the nomenclature discussed earlier this gives 
mass transfer relationships as following. 

For  the upright cone: 

laminar region S h  = 4 .5Be  ~ 

or iL = 4 . 5 z F C D a ) ~  ~ (sin~) ~ 

turbulent region Sh = 0.04Re ~ 

or iL = O.04zFCD(o~176176 (sin~z) ~ 

For  the inverted cone: 

laminar reNon Sh  = 4.0Re ~ 

or iL = 4zFCDco~ --~ (sin ~)0,45 

turbulent region Sh  = 0.04Re ~ 

or i~ = O.04zFCDo)~ -~ (sin.~) ~ 

In recent years several papers have been published 
concerning mass transfer at cones but data have been 
shown graphically in different :~brms and in the absence 
of  published numerical values t ransformation is dif- 
ficult. However,  data can be compared by repiotting 
results obtained here. For  example, Subramaniyan 
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rotating cone electrodes using format of  Subramaniyan et aL 

et. al. [3, 4] plotted their mass transfer results in two 
ways: log (Sh/Sc ~ against log (Re) and log (KL/K~) 
against log (co sin c0/v. The second approach has been 
used in Fig. 11 and the agreement on the gradient, and 
thus the indice in the laminar region, is excellent 
(Subramaniyan et al. do not have data for the tur- 
bulent region). The ratio KL/K~ :is in effect an enhance- 
ment ratio comparing limiting currents obtained 
during rotational and during stationary periods for 
the cone; it has been found to be not entirely reliable 
because natural convection at surfaces of differing 
surface condition shows considerable variability and 
therefore a low rotation rate of 50 r.p.m, has been 
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Fig. 12, Mass transfer relationship for the upright and inverted 
rotating cone electrodes using format of  Subramaniyan et al. 

'preferred to the stationary condition as a base point. 
This explains why the enhancement factors in the 
present work appear to be depressed. 

Subramaniyan et al. used an alternative graphical 
representation and data have been compared on this 
basis in Fig. 12 again only for the laminar region. 
Agreement is again reasonable the presumption being 
that the cone is a truncated disc with the approximation 
being good if the apex angle c~ > 40 ~ which it is. Thus 
thegeneral relationship is Sh/Se  ~ = 0.345Re~ 
Re(disc) = dZog/v  and Re(cone) = (12{O sin~)/v. 
Thus for cones KL/K~ = 0.169 (co sin e)/v) ~ On that 
basis, the present data gives the following relationships 

laminar region S h / S c  ~ = 0.9Re ~ 

turbulent region Sh/Se  ~ = 0.001Re ~ 

The numerical disagreement may be attributed to the 
fact that Schmidt numbers were different (Subra- 
maniyan Sc = 1100, this study Sc = 1770) and were 
not varied systematically in either case. Because the 
Schmidt number was not varied it is not possible to 
give a critical assessment of  the expression given by 
Kappesser et al. (see Equations 8 and 9) except to 
indicate that the data obtained is consistent with such 
an expression. 

The laminar/turbulent transition in the present 
studies can be seen to occur at Re ~ l0 s, in fact it is 
Re = l x 105 for the upright rotating cone and 
Re = 6 x 104 for the inverted rotating cone. This is 
similar to values reported previously, both Kreith [9] 
and Kappesser et al. [8] indicating that it varies with 
the apex angle of the cone being typically Re = 1.5 x 
10Sat~ = 60~ = 2.5 x 10Swhen~ > 90~ 
particular Kappesser et al. [8] correlated data for 
cones of apex angle 30 ~ , 60 ~ , 90 ~ , 120 ~ and 180 ~ in 
solutions of high Schmidt number using relationships 
as in Equations 8 and 10. This approach is used in 
Fig. 13 which indicates that the difference in mass 
transfer between upright and inverted cones is really 
very small (the apex angle was of course identical) and 
that the transition was essentially similar. The further 
implications of the approach of Kappesser et al. 
cannot be confirmed here, because a cone of constant 
apex angle was employed throughout, but are worth 
mentioning. They are that in the laminar region the 
gradient of the Sh/Re  graph should be independent of 
cone apex angle whereas in the turbulent region the 

Table II, Comparison o f  rotating electrodes 

Sh = const Re" 

Rotating Electrode n n Transitional 
System Laminar Turbulent Recr . 

Disc (RDE) 0.5 0.9 105 
Cylinder (RCE) 0.33 0.67 2 x t02 
Hemi-sphere 0.5 0,67 2 x 104 
Inverted cone 0.45 0.88 6 x t04 
Upright cone 0.48 0,93 t • 105 
Annular flow 0.33 0.58 2 x 103 
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slope should increase with increasing apex angle. And 
further that any increase in the apex angle should 
extend the laminar region by delaying the transition to 
higher values of Re: judging by the experimental 
evidence this effect is quite small. It is, however, worth 
reiterating that the rotating conical electrode is in 
every respect much more like the disc electrode rather 
than the cylinder electrode, thus justifying the approach 
of Kirowa-Eisner and Gileadi [6] (see Equation 7) who 
regarded the cone as a truncated disc. It may be useful 
in some contexts to regard the cone as an intermediate 
geometry when broad mass transfer behaviour is com- 
pared in a simplistic manner, typical numerical com- 
parison being given in Table 2. 

The consequence of this geometrical analogy is that 
two types of fluid mixing are observed with the rotat- 
ing cone. Firstly, the rising laminar flow characteristic 
of the rotating disc geometry. For the upright cone 
this is limited largely to the basal disc which in this 
study was always insulated and so took no part in the 
mass transport reactions. In the inverted cone it gave 
rise to an upward centrifugal pumping action which 
was clearly seen and tended to magnify 'edge' effects 
at the apex where the deposit thickness was always 
greatest. Secondly, vortex mixing with the vortices 
increasing in size with an increase in the rotation rate 
and decreasing as the slant height decreases. The con- 
sequence is that tbr the upright cone the pumping 
action is downwards - the reverse of  the inverted 
cone - creating a whirlpool effect. With these marked 
differences in flow pattern it is therefore somewhat 
surprising that the overall mass transport behaviour is 
so similar: the mass transfer data shows in fact that 

two cone configurations are quite similar in behaviour 
but that the difference can be quantitatively defined. 

The application of  this type of  cone electrode is 
primarily seen as a throwing power celt; this is dis- 
cussed in detail elsewhere [10]. However, it needs to 
be stated that the Hull cell geometry influenced the 
decision to use cones having apex half angles of 52 ~ in 
order to maintain geometric similarity. In the Hull cell 
deposit thickness variation over the cathode panel is 
expressed as an equivalent current density and the 
relationship is logarithmic. No agitation is employed. 
The importance of Figs 4, 5, 8 and 9 can now be 
appreciated because the Hull cell relationship has been 
found with the added dimension of rotation rate 
which is in effect an agitation parameter. By use of  
this agitation parameter a dynamic or agitated Hull 
cell is now feasible in order to simulate highly agitated 
industrial processes in the laboratory or to provide a 
basis for similarity studies between processes using 
differing modes of agitation. 
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