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Cylindrical electrodes have been roughened by machining groove patterns, pyramidal knurling, and 
superimposing wires and meshes for which the degree of roughness has been calculated. By rotating 
the electrodes in a turbulent regime, mass transfer for cathodic copper electrodeposition has been 
measured and the degree of consequent enhancement (relative to an equivalent smooth cylinder) 
calculated. Typically, the surface area has been increased by 10 40% and the mass transfer rate by 
100-300% for turbulent flow defined by 7000 < Re < 80000. 

Nomenclature 

A (AR) area of cathodic (rough) cylinder 
(cm 2) 

C exponent 
CB metal ion concentration in bulk solu- 

tion (tool cm -3) 
ds (dR) diameter of smooth (rough) cylinders 

(era) 
D diffusion coefficient of metal ion 

(cm 2 s 1) 
F Faraday's constant. 
IL limiting current density (mA cm -2) 
J0 dimensionless mass transfer factor 

(= shsc  c) 
kL mass transfer coefficient (= IL/zFCB) 
k~, kR k L values for smooth and rough 

cylinders 
m, n exponents 
P pitch, or roughness element spacing 

(cm) 
Re Reynolds number (= Ud/v) 
Re' dR UR/v 
Re~ dUJv 
Sc Schmidt number (= v/D) 
Sh Sherwood number (= kLd/D) 
St Stanton number (= kL/U) 
U~ ((JR) peripheral velocity at smooth (rough) 

cylinders (cms 1) 

u0 
w 
z 

v 

Z 

'friction' velocity (cm s -~) 
width of wire mesh opening (cm) 
valency change, number of electrons 
groove depth (cm) 
kinematic viscosity (cm 2 s- 1) 
groove width 

1. Introduction 

Increase in mass transport for an electrochemi- 
cal process can be achieved by modifying either 
the solution parameters (concentration, dif- 
fusion coefficient, viscosity, etc.) or the electrode 
physical and geometrical parameters (surface 
area, ratio of area to volume, etc.). A particu- 
larly effective method is to roughen the electrode 
surface to provide increased area and if this is 
combined with agitation and fluid flow, further 
enhancement occurs. This technique is well 
established [1-3] for both mass and heat trans- 
fer, but is generally used in an empirical manner 
because until recently the specific contribution 
of increased area and increased agitation during 
electrodeposition have not been adequately 
separated because the roughness is continuously 
changing as powder deposits form. 

In earlier studies the rotating cylinder elec- 
trode (RCE) has been used to explore turbulent 
mass transfer effects in metal electrodeposition 
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Table 1. Attached wire elements 

Electrode Base Wire Pitch or Estimated Roughness 
symbol diameter diameter width of  total surface factor 

(dR) (cm) opening area (A R) (A R/A~ ) 
(era) (era) (cm 2) 

Wire winding 

WR1 3.05 0.005 0.2 63.39 1.068 
WR2 3.05 0.01 0.4 63.39 t .068 
WR3 3.05 0.0125 0.5 63.39 1.068 
Weave screen 
WWl 3.05 0.0132 0.0185 199.85 3.366 
WW2 3.05 0.0173 0.0621 136.16 2.293 
WW3 3.05 0.0234 0.1036 125.24 2.109 

[4, 5], and the effects of  roughness have been 
recognized and exploited in the ECOCELL 
process [5-8]. Most recently, the effects of sur- 
face roughness as a means of enhancing mass 
transfer have been studied, particularly for 
dilute solutions where rates of electrodeposition 
are slowest [9, 10], and by means of artificially 
roughened electrodes the relative effects of area 
enlargement and friction have been measured 
[111. 

In this investigation, a wide range of cylinders 
has been roughened by knurling machining and 
superimposing wires; their physical character- 
istics of area and roughness have been defined 
and the consequent mass transport rates 
measured and correlated. By comparison with 
the equivalent smooth electrodes, degrees of 
enhancement have been calculated and preferred 
types of roughness recognized. 

2. Experimental details 

Experiments were conducted using a rotating 
electrode rig which has been described in detail 
elsewhere [9]. The vertical rotating shaft was 
driven by a stabilized d.c. motor and was con- 
trolled to within 1.5% of a selected speed which 
was typically in the range 200-1800 r.p.m. The 
reference electrode was a mercury-mercurous 
sulphate (MMS) electrode connected via neo- 
prene tubing to a 1.0 M Na2SO 4 salt bridge solu- 
tion, the sulphate ions from the bridge being 
compatible with the supporting electrolyte of 
sulphuric acid. The methods employed for the 

production of artificially roughened electrodes, 
detailed in Table !, are described below. 

2.1. Knurling 

The knurling tools exhibited two main charac- 
teristic patterns, straight and spiral. The tool 
holders were of two types; one held three pairs 
of tools on a revolving head, and with the other 
type, it was possible to interchange single tools 
by removing and then replacing a metal pin. The 
knurling tools which were fitted onto the single- 
head tool holder produced two-dimensional 
90 ~ triangular grooves. On the other hand, a pair 
of left- and right-hand spiral tools, available on 
the more robust holder provided a checkered 
three-dimensional pattern. Each pattern con- 
stituted three standard cut-sizes, namely fine 
(0.635mm pitch), medium (1.0ram pitch) and 
coarse (1.45 mm pitch). 

The knurling process adopted has been des- 
cribed previously [11]. At the start, a length of 
stainless steel cylindrical rod was machined on a 
lathe to a diameter of 3.0 cm, as represented by 
smooth electrode $3. By applying discrete 
amounts of pressure on the tool holder against a 
smooth cylinder whilst the tool travelled to 
and fro along its length, troughs subtending 90 ~ 
angles were created. In this way, sharp-crested 
longitudinal (PL), spiral (PS) and also pyramid- 
type (PP) knurled cylinders were obtained. For 
the special cases of truncated pyramids (elec- 
trodes TP1 to TP3), as was the case with trunc- 
ated 'V' grooves (TL1 to TL6), the knurling 
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Fig. 1. Photograph of knurled and grooved cylinders. 

process was terminated before the cutting teeth 
had gone down to the maximum depth. 

The maximum external diameter of each of  
the knurled electrodes was carefully measured 
using a vernier caliper. When the roughness 
elements were not perfectly formed, i.e. those 
with truncated profiles, the roughness height 
was determined with the aid of a travelling micro- 
scope and the average value was calculated. 

2.2. Screw cutting 

In order to produce circumferentially grooved 
electrodes (PC) a tool-bit was fashioned to 
provide a 90 ~ blade. The approximate number of 
grooves per inch corresponding to fine, medium 
and coarse pitches was determined and by observ- 
ing the grooves as they were being formed, under 
a magnifying glass, it was possible to note when 
sharp crests had been created. 

From each of  the rough cylinder electrodes 
machined, a disc sample featuring the roughness 
pattern was taken from its lower end (Fig. 1) 
before the standard length of 6.3 cm was fixed. 
Prior to an experimental run each electrode was 
fitted with a pair of inert PTFE caps. 

2.3. Weave-covered foil 

A piece of stainless steel, plain weave material 
was wrapped around a stainless steel cylindrical 
foil which had been welded beforehand. The new 
weave seam was superimposed onto the welded 
joint and the assembly was placed within the 
welding jig constructed especially for this pur- 
pose. Using an electron-beam welding machine, 
a rough non-integral foil electrode was obtained. 
This foil was then fitted onto a perfectly matched 

Fig. 2. Photograph of weave-covered cylinders. 

stainless steel former which was equipped with a 
pair of PTFE end-caps (see Fig. 2). 

2.4. Wire winding 

It was difficult to establish a method of  wrapping 
stainless steel wire elements longitudinally around 
cylindrical foils. The first step involved the 
provision of tiny notches of known pitch at 
either end of a stainless steel cylindrical foil. 
Three relatively fine wire sizes (Table 1) 
provided satisfactorily close wire foil contact. 
PTFE tape was wrapped around the foil edges 
and a tight surface contact was ensured length- 
wise with the aid of overlapping PTFE caps. 

Area calculations for the rough electrodes 
were made by the method described in much 
detail elsewhere [11, 12]. Full electrode specifi- 
cations are provided in Table 2. 

2.5. Limiting-current measurements 

The electrolyte employed in this study was a 
0.014M CuSO4; 1.5 M H2SO 4 solution. Details 
of the experimental technique and procedure 
have been described [13]; this involved the deter- 
mination of a 'limiting' overpotential, EL, which 
corresponded to limiting current conditions. In 
the case of smooth cylinders, EL had a value of  
- 9 1 0  + 10mV (versus MMS), but for the 
artificially roughened electrodes considered, a 
value of - 1 0 0 0  -L-_ 10mV (versus MMS) was 
usual. During each run a potential step was 
applied for a period of 90 s after the desired 
rotational speed had been set. A current- t ime 
plot was obtained on a chart recorder while the 
overpotential applied to the working electrode 
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Table 2. Machined roughness elements 

Electrode Diameter Roughness Effective 
symbol (do) height diameter 

(cm) (e) (d o - 2~) 
(cm) (cm) 

Roughness Number of Effective Roughness 
pitch roughness surface factor 
(P) elements area (A R/As ) 
(cm) (N) (AR) (cm 2) 

Longitudinal 'V' grooves ~ 
TL 1 3.0 0.0174 2.965 
TL2 3.0 0.0262 1.948 
TL3 3.0 0.0404 2.919 
TL4 3.0 0.0540 2.892 
TL5 3.0 0.0216 2.957 
TL6 3.0 0.0335 2.933 
PL1 3.033 0.03175 2.9695 
PL2 3.049 0.05 2.949 
PL3 3.069 0.0725 2.924 
Circumferential 'V" grooves a 
PC1 3.0 0,03175 2.9365 
PC2 3.0 0.0518 2.8964 
PC3 3.0 0.0725 2.855 
Spiral "V' grooves ~ 
PSI 3,020 0.03175 2.9565 
PS2 3,059 0.05 2.958 
PS3 3.072 0.0725 2,927 
PyramidaP 
TP1 3,015 0.0231 2.9688 
TP2 3.035 0.0332 2.9686 
TP3 3.031 0.0498 2.9314 
PP1 3.032 0.03175 2.9685 
PP2 3.040 0.05 2,940 
PP3 3.067 0.0725 2.922 

0.1496 63 65.091 1.096 
0.1496 63 68.029 1,146 
0.1496 63 72.633 1,223 
0.1496 63 77.078 1.298 
0.1024 92 69.668 1.173 
0.1024 92 75.464 1.271 
0.0635 145 82.032 1,381 
0.10 91 81.065 1.365 
0.145 63 81.365 1.370 

0.0635 98 81.184 1,367 
0.1036 60 79.991 1.347 
0.145 43 79.062 1.331 

0.0635 124 82.400 1.388 
0.10 78 81,616 1.374 
0.145 53 80.40I 1,354 

0.0635 ~ 12480 76.445 1.287 
0.10 ~4970  74.179 1.249 
0.145 ~2330  74.278 1.251 
0.0635 ~ 12480 83.094 1.399 
0.10 ~4970  82.890 1.386 
0.145 ~ 2330 81.775 1.377 

Length = 6.30cm. 

was monitored, using a potential pick-up brush 
situated in its vicinity, on a high-impedance 
digital voltmeter. 

The rotational speed was varied from 200 to 
1800r.p.m. for cylinders of  all diameters (see 
Tables 1 and 2) while the electrolyte composition 
was maintained constant by employing a con- 
centric soluble copper anode, 8.0 cm in diameter: 
the cell was thus concentric and undivided. The 
solution temperature was set at 22 __ 0.2 ~ C. 

3. Results 

The rate of mass transfer to the surface of a 
typical rotating cylinder electrode was deter- 
mined by the evaluation of  a mass transfer coef- 
ficient, kL, from the following relation: 

kL --  (1) 
AzFCB 

where kL = kR, given by 

IL 
ka - (2) 

ARzFCB 

for rough RCEs, and employed in the calcu- 
lation of modified dimensionless numbers, 
namely either 

Sh' - kRdR 
D (3) 

where dR represents roughness-root diameter or 
an equivalent diameter, or 

S t ' -  kR (4) u. 

both measured at the corresponding values of 
modified Reynolds number, namely 

dRUR 
R e  x - -  (5)  
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Fig. 3. Relationship of current and time for rough cylinders 
at - 1000 mV (versus MMS)at (a) 200 r.p.m; (b) 500 r.p.m; 
(c) 800 r.p.m; (d) 1200 r.p.m; (e) 1500 r.p.m. (a) Longitudinal 
'V' grooved cylinder TL3; (b) pyramidal knnrled cylinder 
TPI; (c) pyramidal knurled cylinder PP1. 

A mass transfer enhancement factor (EF) has 
been defined as follows, 

StR kR Us 
EF - - (6) 

St~ UR ks 

and is evaluated at the corresponding value of 
Res = Usd/v, where the smooth electrode 
dimension, d, represents the projected diameter 
of  a comparable rough electrode. EF denotes the 
relative mass transfer performance of a rough 
RCE with respect to an equivalent smooth 
cylinder. 

For  the electrolyte composition considered, 
the diffusion coefficient, D, was evaluated from 
the expression obtained by Quickenden and 
Jiang [t4]. The value of  the kinematic viscosity, 
v, was taken from the plot of  v against tem- 
perature reported by Robinson [15]. 

The mass transfer results obtained with 
smooth electrode $3 have already been pub- 
lished [11]. Such data represented the basis of  
comparison, at comparable Reynolds numbers, 
for the array of rough electrodes studied (Tables 
1 and 2). F rom the experiments, sample tracings 
of  IL against time are shown in Fig. 3a-c .  The 
data for each set of  rough electrodes have been 
plotted as modified Sherwood number  (Sh') 
against modified Reynolds number  (Re'). In this 
way, the Reynolds number  index n, as represen- 
ted in a mass transfer correlation of the form 

Sh = const Ren Sc m (7) 

can be determined. At all times Sc was not con- 
sidered to be a systematic variable and m was 
assumed constant at 0.356 [13]. 

A comparison of the performances of  the 
most effective mass transfer enhancers from 
each group of  roughness elements is presented as 
a plot of  StR/St~ against Re'. 

4. Discussion 

In this section the mass transfer behaviour of  
each type of  roughness element investigated is 
discussed under a separate heading. At the close, 
comparative performances are summarized. The 
Reynolds number has, typically, been varied 
between 8000 and 70000 while the Schmidt 
number was held constant at 1825. 

4.1. Longitudinally grooved roughness elements 

4.1.1. Effect of roughness height; constant pitch. 
This study can be considered a direct successor 
to that reported earlier [11]. TL1 to TL4 were 
machined to exhibit truncated 'V'  grooves with 
pie ratios of  8.33, 5.53, 3.59 and 2.69, respect- 
ively. Using a similar coarse-pitched (p = 
1.45mm) knurling tool, electrode PL3 was 
produced with a p/a ratio of  2.0 (Table 1) and 
thus represented the minimum ratio possible for 
a 90 ~ groove angle. A combined plot of  modified 
Sherwood number  versus modified Reynolds 
number for all five electrodes of  this group is 
shown in Fig. 4. Electrode TL1 provided the 
lowes~ mass transfer enhancement, especially for 
8000 < Re < 2000. Presumably, the roughness 
troughs were so shallow that in this lower 
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for longitudinally grooved cylin- 
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Reynolds number range an unsteady eddy 
action was predominant. The apparent similar- 
•ty in the performances of electrodes TL 1 to TL3 
for Re > 20 000 may be attributed to sustained 
eddying within the troughs. In effect, within the 
bounded walls of a typical longitudinal groove, 
the scale of motion of surface eddies was prob- 
ably comparable to the groove depth, e. In a 
separate study, which dealt with mass transfer 
from large rectangular cavities at a planar sur- 
face, Jarrett and Sweeney [16] proposed that 
such behaviour be described as 'captured' vortex 
or eddies within a cavity during transverse tur- 
bulent flow. 

During such 'quasi-smooth' boundary flow, 
as hypothesized above, it may be expected that 
the magnitude of the mass transfer coefficient 
ought to be fixed for similar roughness elements 
on the basis of equivalent surface area. How- 
ever, electrode TL4 showed an improvement of 
about 20% above the mean value obtained for 
electrodes TLI to TL3 in the high Reynolds 
number range. A possible explanation for this 
pattern of behaviour could be the relative close- 

ness of adjacent grooves, i.e. the width of a crest, 
which might have encouraged the beginning of 
wake-interference between formerly indepen- 
dent enclaves [17]. For Re > 20000, electrode 
PL3 provided an enhancement factor ranging 
from 2.6 to 2.44; electrode PL3 may thus appear 
to have exhibited maximum benefit from 'wake- 
interference' whereas, for truncated groove.,;, 
most of the wake effect seems to have been 
dissipated in the free stream. Similar deductions 
could be advocated for the relative performance 
of electrode PL2 in relation to another pair of 
electrodes, i.e. TL5 and TL6, each of which 
possessed a similar pitch dimension. 

The foregoing interpretation can be extended 
to describe the relative performances of elec- 
trodes TL3 and TL5 for which the roughness 
pitch measurements were 0.149 and 0.1ram, 
respectively. Although electrode TL3 had the 
greater groove depth, it was still outperformed 
by the latter by up to 15%. This illustration 
will tend to emphasize the significance of crest 
width with regard to possible wake-interference 
between adjacent groove elements. 
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for longitudinally grooved cylin- 
ders PL1 to PL3 compared to 
smooth cylinder $3. e, $3; o, 
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4.1.2. Constant pie ratio; varying roughness height. 
The constancy of pie ratios for the same type of 
roughness elements implies geometric similarity. 
Electrodes PL 1, PL2 and PL3, all with a p/e ratio 
of 2.0, could be classified in this way. It is evident 
from Fig. 5 that, despite the variation in rough- 
ness height, the modified plot indicates an 
apparent similarity in performance. On average 
they produced an enhancement factor of between 
2.6 and 2.4; the reduction in EF is attributable to 
a Reynolds number dependency in the region 
of 0.6 compared with 0.7 for a smooth RCE, 
i.e. a diminishing marginal enhancement with 
increase in Reynolds number. From Table 1, the 
n-exponents obtained using a least-squares 
method in the stated Reynolds number ranges 
refer to the mass transfer correlation expression 
of Equation 7. The notion of a wake-inter- 
fence effect between adjacent regions would 
seem justified in the light of the variation in EF 
between these electrodes. For all three elec- 
trodes, crest width was virtually zero while 
roughness pitch varied between 0.635 and 

1.45ram. A further comparison between the 
modified performances of electrodes PL1, TL3 
and TL5, all with comparable groove depths, 
gives greater credence to the above supposition 
concerning surface flow. Electrode PL1, which 
had perfectly formed 'V'-shaped roughness 
elements, was easily the most effective promoter 
amongst this latter group of electrodes. 

4.2. Circumferentially grooved cylinders 

From a hydrodynamic viewpoint this was prob- 
ably the least complex roughness type investi- 
gated. This observation is supported through a 
comparison of the three curves in Fig. 6 in rela- 
tion to the plot representing the performance of 
smooth electrode $3. To a degree, the rough 
electrode curves are almost parallel to the latter. 
It is seen that the correlation exponents, n, for 
electrodes PC 1 and PC2, 0.688 and 0.179 respect- 
ively, are comparable to the 0.702 obtained for 
electrode $3. Presumably, the radial rechannel- 
ling of the interface flow within the surface 
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troughs had little effect on the basic flow pattern. 
In other words, very little eddying occurred at 
this boundary. It may be expected that the 
greatest shearing action would be in the vicinity 
of the triangular crests where the lower resis- 
tance to diffusion would coincide with the local 
peak transfer coefficient values at the electrode 
surface. This effect must have accounted for a 
large proportion of the average 70% enhance- 
ment in transfer rate exhibited by the three 
electrodes. 

The modified plot shows that for Re > 15 000, 
mass transfer performance was independent of 
roughness height. However, electrode PC3, 
which represented the largest roughness pitch, 
seemed to undergo a marginal decline in per- 
formance for Re > 40 000. For this reason, the 
curve representing electrode PC3 in Fig. 6 may 
be better correlated in two parts. A possible 
explanation for this drop in effectiveness at high 
Reynolds numbers may relate to the size of the 
pitch. Merely the girth of the groove may have 
resulted in a lower level of turbulence intensity 
within the grooves compared, for example with 

the situation at the surface of electrode PC.1 
where more sustainable eddying might have 
been achieved. 

4.3. Spirally grooved cylinders 

The roughness characteristics of electrodes PS 1 
to PS3 were similar to those described for the 
other two sets of grooved electrodes except that 
the roughness elements were machined 60 ~ to the 
horizontal. The n-exponent varied from 0.541 to 
0.587 thus indicating a lower Reynolds number 
dependency with increase in Reynotds number. 
When compared with electrodes PC1 to PC3, the 
intensity of eddy action within the grooves was 
bound to be more pronounced due to the groove 
inclination with regard to flow direction than 
was the case for circumferentially grooved elec- 
trodes. The combination of the above effect with 
the local peaks in current density expected at 
roughness crests ensured that the rate improve- 
ment at these surfaces was considerably higher. 

Electrode PS2 (e = 0.50mm) performed in 
excess of PS1, but there was little difference 
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between the former and electrode PS3. For  
17000 < Re < 72000 (Fig. 7) the mass trans- 
fer enhancement shown by PS2 varied from 
approximately 190 to 140%. Hence, more than 
double the rate improvement at PC-electrodes 
was achieved mainly due to hydrodynamic 
roughness effects in the form of higher shear. 

A comparison between electrodes PL1 to PL3 
and PS 1 to PS3 indicates almost a duplication in 
terms of  relative performances. Considering the 
fact that a typical spiral groove was inclined 60 ~ 
to the horizontal, the similarity between the two 
sets of results and the distinct departure from 
circumferentially grooved electrode results does 
not overstate the significance of the orientation 
of  a two-dimensional roughness element to fluid 
flow direction. 

4.4. Pyramid-knurled cylinders 

4.4.1. Effect of roughness height," constant pitch. 
Firstly, the pyramid-type roughness elements 
were more numerous than grooved elements. 

Furthermore, the three-dimensional character- 
istic provided a different form of interstitial flow 
pattern across the electrode surface. It is thus 
important to compare the results obtained with 
a truncated pyramidal element, representing 
each of the three roughness pitches, with the 
data which resulted from its perfectly formed 
opposite. 

Electrodes TP1, TP2 and TP3 were knurled to 
give p/e ratios of 2.75, 3.01 and 2.9l, respect- 
ively. These figures compared with a ratio of 
2.77 for the truncated, longitudinally grooved 
electrode, TL4. The p/e value for electrodes PP 1, 
PP2 and PP3 was the same, i.e. 2.0. Turning to 
Fig. 8 it is obvious that the performance of 
electrode TP3 was in no way less effective than 
that of PP3. In fact, above a value of Re 
30 000, TP3 surpassed the latter in terms of  mass 
transfer enhancement by an average 6%. This 
was in contrast to the 15% margin which 
separated the performances of electrodes PL3 
and TL4 (both coarse pitched), the former 
having the advantage. On comparing the data 
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obtained with electrodes TP2 and PP2 a similar 
deduction to that noted above applied, with the 
electrode that projected truncated elements 
providing about 3.5% marginal improvement. 
Again, the converse was true between electrodes 
PL2 and TL6. Such improvements are believed 
to be significant. 

An interpretation of the above results has 
been based on possible flow patterns at electrode 
surfaces. As was mentioned earlier, flow eddies 
are probably 'captured' within triangular 
grooves at high Reynolds numbers. On the other 
hand, the flow stream would be expected to 
traverse paths of  least resistance along the inter- 
stices, between and across pyramidal elements. 
Hence, the predominant type of  surface promo- 
tion resulted from what have been described 
as 'horseshoe' eddies [18] which are generated 
between roughness elements and possibIy 
around individual elements. As a consequence, 
whether truncated or not, the three-dimensional 
shape of these elements ensured that these 
'horseshoe' eddies always exist with the same 

level of intensity at comparable Reynolds 
numbers. 

Just beyond Re = 12 000, electrodes TP1 and 
PP1 showed a distinct transition in performance 
level which was not in evidence for the other two 
pairs of electrodes. The initial steep increase in 
transfer coefficient prior to this transition stage 
may have been caused by what could be described 
as a %maller' eddying action at the surfaces of 
TP1 and PP1. Due to the relatively small rough- 
ness heights (0.0231 and 0.03175 cm), turbulence 
intensity around the elements may have been 
weaker than it later became a higher velocities. 
On the whole the margin of variation in relative 
performances between pyramid-knurled elec- 
trodes above Re = 12 000 was low enough to be 
considered as having been caused by analytical 
error and the assumptions made in the evalua- 
tion of  effective surface area. 

4.4.2. Constant p/e ratio," varying roughness 
height. Three electrodes which fitted the above 
description have already been mentioned in the 
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preceding subsection. They were designated as 
PPI ,  PP2 and PP3. Apar t  f rom the first phase of  
the curve representing electrode PP1 in Fig. 9, 
i.e. below R e - - 1 2 0 0 0 ,  all three electrodes 
provided relatively steady increments in transfer 
coefficient up to about  Re = 40000. Mass 
transfer enhancement, which was established in 
the higher velocity range, varied from above 
200% to a minimum of approximately 170% for 
these three electrodes. However,  above Re = 

40000 a definite deterioration in effectiveness 
was noticeable which corresponded to a very 
rapid decline in enhancement factor with increase 
in Reynolds number. 

4.5. Wire-wound cylinders 

It  was also important to compare results reported 
for longitudinally grooved electrodes and those 
obtained at longitudinally wound wire elec- 
trodes, WR1 to WR3. The former represented 
an integrated, serrated macroprofile compared 

with the finer and more discrete nature of  wire 
elements. 

A simple correlation, taking the form of 
Equation 7, was performed for all the electrodes 
investigated. For  the finest wire (d = 0.05 ram) 
the n-exponent was close to unity (n -- 0.991). 
In the case of  the other wire sizes there was a 
perceptible shift in curve gradient at about  Re = 

42000 to a value closer to 0.8 (Fig. 10). This 
implied that the marginal increment in transfer 
coefficient continued to rise steadily as the 
Reynolds number was increased, at least in the 
range investigated. Indeed, the enhancement 
factor for WR1 increased from barely 1.10 at Re 

= 8470 to just over 2.0 at Re = 76 000. This type 
of  behaviour was explained by Sheriff and 
Gumley [19] as indicating the need for the wire 
element to penetrate both the laminar sublayer 
and the buffer region sufficiently, by extending 
into the turbulent core, in order to be fully effec- 
tive as a promoter.  Electrode WR3 (d = 
0.125 ram) was the most effective, registering an 
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WRI to WR3 compared to 
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enhancement factor of about 2.20 at R e  = 

76 000. 
On the basis of relative size and flow hydro- 

dynamics, wire elements differ sharply from 
longitudinal grooves. For all its discreteness, a 
typical wire element produced an enhancement 
which belied its size; EF values approached 
those recorded with larger roughness elements at 
higher Reynolds numbers. Evidently, there 
exists a dissimilarity in the mechanism of tur- 
bulence promotion between a wire and a groove 
element. Storck and Hutin [20] inferred from 
their mass transfer distribution measurements 
across single and multiple wire elements that a 
maximum local transfer coefficient occurred just 
under each wire element. At higher speeds, a 
second and smaller peak appeared beyond the 
wire, this being attributed to a secondary wake- 
effect which extended some distance along the 
path between successive wire elements. This 
profile provides a good pictorial description of 
aspects of  surface promotion which could not 
have been obtained from average mass transfer 
measurements. 

4.6. W e a v e - c o v e r e d  cy l inders  

An example of a weave pattern is illustrated in 
Fig. 2. In order to give a definitive appraisal of 
surface promoters, it is customary to specify 
parameters such as roughness pitch and rough- 
ness height. However, the unusual structural 
form depicted in Fig. 2 does not satisfy these 
roughness definitions. Wire diameter expressed 
as ~ would ignore the double wire joints while 
width of opening, w, plus ~ as roughness pitch 
would not account for the bulge where a shoot 
wire passes under a weft wire. The geometrical 
measurements are given in Table 1. 

Mass transfer data from three weave-covered 
electrodes, WW1, WW2 and WW3, in order of 
increasing wire diameter, were reduced by 
dimensional analysis and a mass transfer corre- 
lation was attempted where tinearity was detec- 
ted from the curves shown in Fig. I I. Clearly, 
the curve representing electrode WWl was 
anomalous in many respects when compared 
with the other two curves because at the !owest 
Reynolds number, WW1 was less effective than 
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a smooth electrode. A similar performance pat- 
tern was also approached towards Re = 76 000. 
In between these limits some enhancement was 
achieved up to about  Re = 25 400, following 
which marginal improvement  declined sharply. 
At no point was the enhancement factor greater 
than 1.60. A possible explanation for this rough- 
ness behaviour relates to the relatively narrow 
constriction formed between wire elements at 
the surface of electrode WW1. At very low 
velocities the fluid probably skimmed over the 
weave surface, hence the low transfer coefficient 
measurements.  As angular velocity was raised, 
the intensity of  surface turbulence was increased 
thus leading to higher mass transfer coefficients. 

The other electrodes in this group provided 
correlation patterns which were different to that 
described above. Although the wire sizes were in 
the ratio 1 : 1.30 : 1.77, the width opening, w, 
ratio was more diverse, namely 1.3 : 3.35 : 5.59. 
The relatively large size of the wire openings in 
the latter two cases would explain why such high 
enhancement factors were obtained at low 

Reynolds numbers. Unlike electrode WWl ,  
hydrodynamic flow may not have been restricted 
in the manner  described earlier; instead, local 
transfer rates were more pronounced. For elec- 
trode WW2 the first discernible linear region was 
for 12700 < Re < 38000, with n = 0.46; the 
second, extending up to Re = 76 000 gave n = 
0.22. An almost identical pattern was shown by 
electrode WW3, although the first linear range 
covered only as far as Re = 25 400. As was the 
case with electrode WWl ,  in the second half of  
the Reynolds number span, the enhancement 
factor dropped sharply. For instance, with 
WW2 the enhancement factor was above 3.0 at 
Re = 15 000 but this had dropped to below 1.80 
in the higher velocity range. 

It  will be recalled that a similar drop in perfor- 
mance occurred at approximately Re = 40 000 
for the entire group of pyramid-knurled elec- 
trodes. A common property shared by these 
electrodes and those used in the present study 
was the three-dimensional nature of  their rough- 
ness characteristics, and it was probable  that  the 
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level of turbulence intensity attained through 
eddying at low Reynolds numbers was not 
sustained as the angular velocity was increased. 
Through 'leakages', the surface eddies had short 
residence times within roughness crevices where 
they were most effective, and rapid fluid exchange 
with the bulk may have occurred because of 
adverse pressure differentials during rotation. 
This picture contrasts with the surface situation 
at spirally and longitudinally grooved electrode 
surfaces which were described earlier as perhaps 
becoming 'quasi-smooth' at higher velocities in 
conjunction with the concept of 'captured' 
eddies. 

4.7. Summary of  roughness effects on mass 
transfer rates 

It was apparent that the quality of data analysis 
was improved through the introduction of 
roughness area factors, i.e. mass transfer 
enhancement less area enlargement contribu- 
tion. As such, all the augmentation recorded 
accrued from the same source, namely surface 
promotion which represented the real measure 
of effectiveness. Implicit in the definition of 
enhancement factor, therefore, is its possible 
adoption as a directly comparable analytical 
quantity. 

Seven electrodes, one each from the trio con- 
stituting every major type of roughness element 
investigated, are compared in Fig. 12. They were 
selected on the basis of being the most effective 
within their respective groups, but inevitably 
such a judgement was subjective in certain cases. 
Taken over the entire Reynolds number span 

there was sometimes only a marginal difference 
in performance between electrodes. The first 
conclusion which can be drawn from Fig. 12 is 
that effectiveness is selectively dependent on 
Reynolds number. It can also be deduced that 
three-dimensional elements were the best pro- 
motets, but only in the low Reynolds number 
ranges. These electrodes included PP2, TP2 and 
WW3, the wire-wound electrode WR3 providing 
the least improvement in this velocity range. 
While it must be borne in mind that neither 
WW3 nor WR3 could be judged with certainty 
to have represented optimum dimensions for 
mass transfer enhancement for their roughness 
types, it is nevertheless clear that whilst enhance- 
ment factor continued to decline for electrode 
PP2, TP2 and WW3 at higher Reynolds numbers, 
the opposite was observed with WR3. Hence, at 
sufficiently high velocities, electrode WR3 might 
produce an enhancement factor approaching 3.0 
or even higher but less 'efficiently' than the other 
three electrodes. 

Electrodes PL2, PS2 and PC1, on the other 
hand, gave signifcantly more consistent per- 
formances for 8000 < Re < 70000. This was 
best evidenced by electrode PC1 with an 
enhancement factor averaging 1.80, i.e. an 
enhancement of 80%. However, this improve- 
ment was 80-100% below that produced by 
both PL2 and PS2, the latter two electrodes 
exhibiting almost identical enhancement capa- 
bilities. Hence, it is obvious that aligning 
two-dimensional roughness elements at an 
angle, 0, to the flow direction can provide 
improved mass transfer. However, the criticaI 
value of 0 was not determined. From available 
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evidence, mass-transfer enhancement would be 

independent of 0 for 30 ~ < 0 < 90 ~ 

5. Conclusions 

I. Artificial roughness elements located at an 
electrode surface can be expected to generate 
high levels of mass transfer enhancement in a 
turbulent regime. However, it is essential that 
the size of a roughness element be several order 
of magnitudes greater than the diffusion sub- 
layer thickness. 

2. Mass transfer enhancement was found to 
be independent of roughness height for geo- 
metrically similar roughness elements, i.e. those 
with similar roughness pitch to roughness height 
ratios, but its magnitude was a function of 
roughness type. 

3. Roughness elements with three-dimensional 
character were superior to two-dimensional 
types, but only at the lower Reynolds number 
ranges. A maximum enhancement of 275% was 
recorded with a weave-covered RCE at R e  = 

12 700. 

4. With the exception of wire-wound elec- 
trodes, for which the Reynolds number expon- 
ent was consistently higher than 0.7 (as for a 
smooth RCE), the marginal increment in mass 
transfer coefficient for all other rough RCEs 
invariably declined at higher Reynolds number. 
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