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The effect of polyox and CMC drag-reducing polymers on the rate of mass transfer in a parallel-plate 
flow cell was studied by measuring the limiting current for the cathodic reduction of potassium ferri- 
cyanide in alkaline medium. Reynolds number and polymer concentration were varied over the range 
3500-21000 and 10-200 ppm respectively. Under these conditions it was found that polyox and CMC 
reduce the rate of mass transfer by a maximum of 42% and 35% respectively. 

Nomenclature 

a a constant 
C concentration of ferricyanide ion 

(g mol cm -3) 
D diffusivity of ferricyanide ion (cm 2 S -I) 
de equivalent diameter of the cell 

(4 x cross-sectional area/wetted perimeter) 
F Faraday's constant (96 487 C mo1-1) 
I limiting current density (A cm -2) 
K mass transfer coefficient (cm s -I)  
L electrode height (cm) 
(Re) Reynolds number (pVde/u) 
(Sc) Schmidt number (u/pD) 
(Sh) Sherwood number (Kde/D) 
u solution viscosity (poise) 
v flow rate of the solution (cm s -1) 
Z number of electrons involved in the reaction 
p solution density (g cm -3) 

1. Introduction 

Previous studies of the effect of drag-reducing 
polymers on electrochemical mass transfer have 
dealt with the rotating-cylinder electrode [1-5], 
the rotating-disc electrode [6] and the tubular 

electrode [7-9]. Despite the importance of the 
parallel-plate cell in practice, no studies have been 
reported of the effect of drag-reducing polymers 
on the rate of mass transfer in such cells. Previous 
studies [10] of the effect of drag-reducing 
polymers on momentum transfer have shown that 
the geometry of the solid surface has a profound 
effect on the performance of the polymer. The 
object of the present work is to study the effect of 
polyox and CMC drag-reducing polymers on the 
rate of mass transfer in parallel-plate flow cells 
under turbulent flow conditions. The study will 
assist in assessing the feasibility of applying the 
phenomenon of drag reduction to electrochemical 
processes to cut down the pumping power require- 
ment. 

2. Experimental technique 

The apparatus used (Fig. 1) consisted of a 24 dm 3 
plexiglass storage tank, a stainless steel centrifugal 
pump and a vertical parallel-plate rectangular cell. 
The cell consisted of three sections, the inlet 
section, the working section and the outlet 
section. The inlet section had a height of 250 cm 
(63de), this being sufficient to give fully developed 
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Fig. 1. Experimental apparatus. (A) Entrance section, (B) 
working section, (C) outlet section. 

flow in the working section [l 1 ]. The outlet sec- 
tion had a height of 30 cm. The working section 
(electrolysis cell) had a height of 25 cm and con- 
sisted of two fiat nickel-plated copper electrodes: 
each electrode was fixed in position through 
grooves cut in the walls of the working section and 
the surface of each was flush with the walls of the 
inlet and outlet sections. The electrodes were 
25 cm in height and 6 cm wide; electrode 
separation was 3 cm. The electrical circuit 
consisted of a 6 V d.c. power supply with a voltage 
regulator, and a multi-range ammeter connected in 
series with the cell. 

Before and during each run, dissolved oxygen 
was removed from the storage tank by bubbling 
nitrogen gas through it. Polarization curves were 
constructed under different conditions by increas- 
ing the applied current stepwise and measuring the 
corresponding steady-state cathode potential 
against a reference electrode made of a nickel wire 
dipped into the cup of a Luggin tube (not shown 
in Fig. 1). The Luggin tube penetrates the top of 
the outlet section through a tight rubber stopper; 
the capillary end of the Luggin is positioned 
0.5-1 mm from the cathode surface. Limiting 
currents were determined from the polarization 
curves and used to calculate the mass transfer 
coefficients from the equation: 

I / Z F  = KC. ( 1 ) 

Solutions used were composed of a blank solution 
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Fig. 2. Overall mass transfer correlation for the cathodic 
reduction of potassium ferricyanide in solution free of 
polymer (blank). 

and a few ppm of polyethylene oxide (polyox 
WSR 301, a product of Union Carbide) or carboxy- 
methyl cellulose (CMC-7H, a produce of Hercules 
Chemical Company). The blank solution consisted 
of 0.025 M K3Fe(CN)6 + 0.025M K~Ve (CN)6 + 
1 M NaOH. All solutions were prepared from AR- 
grade chemicals and distilled water. Polymer solu- 
tions were prepared by digesting the required 
weight of the polymer in water for 12 hours. After 
polymer swelling the polymer solution was mixed 
with a solution containing KaFe(CN)6, K4Fe(CN)6 
and NaOH to give the required concentration. 
Polymer concentration ranged from 10 to 
200 ppm. All solutions were found by rheological 
measurements to be Newtonian. Within the con- 
centration range used here, polymer addition was 
found to have a negligible effect on the physical 
properties of the solution. Diffusivity of ferri- 
cyanide ion was calculated from the formula of 
Gordon e taL  [12]. 
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Fig. 3. LogK versus log (Re) for the cathodic reduction of  
potassium ferricyanide in solution containing polyox. 
Concentration of polyox (in ppm): o, blank; • 10; A, 20; 
a, 50; e, 100; D, 200. 

3. Results and discussions 

Fig. 2 shows that the mass transfer data in the 
fully hydrodynamic flow region can be correlated 
under turbulent flow conditions for the blank 
solution by the equation: 

(Sh) = 0.114(Sc)l/3(Re)~ -~ (2) 

with an average deviation of 2.3%. In obtaining the 
above equation the exponents of (Sc) and (L/de)  

were assumed to be �89 and --0.2 respectively. The 
present data for the blank solution agree with the 
equation obtained by Pickett and Ong [13] under 
similar conditions: 

(Sh) = O.125(Sc)l/3(Re)~ -~ (3) 

with an average deviation of--6.8%. 
Figs. 3 and 4 show the effect of Reynolds num- 

ber on the mass transfer coefficient in solutions 
containing different concentrations of polyox and 
CMC respectively. The data can be represented by 
the following equations: 
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Fig. 4. Log K versus log (Re) for the cathodic reduction of 
potassium ferficyanide in solutions containing CMC. Con- 
centration of CMC (in ppm): o, blank; • 10; A 20; G 50; 
o, 100; ~, 200. 

K = a(Re)  ~ blank (4) 

K = a (Re)  ~ polyox (5) 

K = a(Re)  ~ CMC. (6) 

The constant a in the above equations decreases 
with increasing polymer concentration. 

Figs. 5 and 6 show that the percentage 
reduction in the mass transfer coefficient ranges 
from 6 to 41 and from 15 to 36 for polyox and 
CMC respectively. The higher the polymer concen- 
tration, the higher the percentage reduction in the 
mass transfer coefficient. The percentage reduc- 
tion in the mass transfer coefficient increases with 
Reynolds number until it reaches a maximum and 
then starts to decrease with further increase in 
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Fig. 5. Effect of Reynolds number and polyox concen- 
tration on the percentage reduction in the mass transfer 
coefficient of the cathodic reduction of potassium ferri- 
cyanide. Concentration of polyox (in ppm): X, 10; ~,, 20; 
z~, 50; e, 100; ~, 200. 

Reynolds number. The initial increase may be 
attributed to the increased degree of stretching of 
the polymer molecules with increasing Reynolds 
number. The higher the degree of polymer expan- 
sion the higher its ability to dampen turbulent 
eddies [14]. The decrease in the percentage reduc- 
tion of mass transfer coefficient at relatively high 
Reynolds number may be attributed to degrada- 
tion of the polymer molecules by the high shear 
stress exerted on them at high Reynolds number. 
The decrease in polymer effectiveness at relatively 
high Reynolds number was also observed in 
momentum transfer studies. Levy and Davis [15] 
measured the drag between a flat plate and a solu- 
tion containing 15 ppm polyox; they obtained a 
maximum drag reduction of 65% at a Reynolds 
number of 7 x 106 and at higher Reynolds number 
the percentage drag reduction tended to decrease. 
Hoyt and Fabula [16] measured the drag between 
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Fig. 6. Effect of Reynolds number and CIVIC concen- 
tration on the percentage reduction in the mass transfer 
coefficient of the cathodic reduction of potassium ferri- 
cyanide. Concentration of CMC (in ppm): X, 10; A, 20; 
z~, 50; o, 100; ~, 200. 

a tube wall and a solution containing polyox; they 
found that for 30 ppm polyox the percentage drag 
reduction reaches a maximum of 75% at a 
Reynolds number of 55 000 and that a further 
increase of Reynolds number reduced the percent- 
age drag reduction. 

In agreement with a previous study [1 ] using 
a rotating cylinder, Figs. 5 and 6 show that, in 
general, polyox is more effective than CMC in 
reducing the rate of mass transfer. This is also con- 
sistent with the fact that polyox is a more 
effective drag-reducing polymer than CMC because 
of its higher molecular weight and higher flexi- 
bility [10]. A comparison between the mass trans- 
fer characteristics of the rotating-cylinder 
electrode in drag-reducing solutions and the 
present results indicates that, contrary to the 
present finding, the percentage reduction in the 
mass transfer coefficient shows little dependence 
on Reynolds number and polymer concentration 
in the case of the rotating cylinder. Since polymer 
molecules damp only small-scale, high4ntensity 
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eddies prevailing in the buffer layer of  the hydro- 
dynamic boundary layer [10], the difference in 
behaviour between the two geometries may be 
attributed to the fact that the proportion of  such 
eddies in the turbulence spectrum and its 
dependence on Reynolds number is different at 
the two geometries. In the case of  the rectangular 
duct, the hydrodynamic situation is complicated 
by the presence of  a transverse mean flow super- 
imposed upon the axial mean flow [17]. This 
transverse flow, commonly known as secondary 
flow, interacts with the axial flow and turbulence 
structure in a complex manner. 

Unfortunately no comprehensive study was 
made of  the flow behaviour of  drag-reducing fluids 
in rectangular ducts. Only few data can be 
obtained from the literature for the purpose of  
comparison with the present results. Reischman 
and Tiederman [18], who studied mainly velocity 
distribution in drag-reducing channel flows, 
reported 35.3% drag reduction for a solution con- 
taining 100 ppm polyox at a Reynolds number of  
52 400. The data o f  Clark and Rodriguez [19] on 
the flow of  drag-reducing fluids in rectangular 
ducts show that for Reynolds numbers of  11200 
and 14 800 the percentage drag reduction for a 
solution containing 100 ppm polyox is 52.9 and 
56.9 respectively. A comparison of  the percentage 
reduction in the mass transfer coefficient obtained 
in the present work (Fig. 5) with the percentage 
drag reduction obtained by Clark and Rodriguez 
shows that for the same Reynolds number the per- 
centage reduction in mass transfer is less than the 
percentage reduction in drag. In view of  this it can 
be concluded that in the case of  parallel-plate cells, 
application of  the phenomenon of  drag reduction 
to diffusion-controlled electrochemical processes 
may be economical, i.e. the saving in the pumping 
power requirement may outweigh the adverse 
effect of  the decrease in the rate of  production. 
For charge-transfer controlled processes conducted 
under turbulent flow, e.g. electrochemical 
machining, application of  the phenomenon of  drag 
reduction would be of  greater economic value. 
However, two problems remain to be solved if the 
phenomenon of  drag reduction is to be applied to 
electrochemical processes, namely (a) chemical 
and mechanical stability of  the polymer in the 

electrolyte and (b) polymer solubility in the 
electrolyte. Recent studies have shown that these 
problems can by bypassed by using solid drag- 
reducing agents such as dilute suspensions of, for 
example, asbestos, glass fibres or synthetic fibres 
[20-271. 
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