JOURNAL OF APPLIED ELECTROCHEMISTRY 9 (1979) 567—572

Mass transfer between rough surfaces and solutions
containing drag-reducing polymers
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Rates of electrochemical mass transfer were measured between finned rotating cylinders and solutions
containing drag-reducing polymers. Variables studied were: Reynolds number, polymer concentration
and fin height. Polyox and carboxymethyl cellulose (CMC) were used as drag-reducing polymers with
concentrations ranging from 10~100 ppm for polyox and from 10-500 ppm for CMC. Cylinders with
longitudinal fins of e/d ranging from 0-0185-0-075 were used. Reynolds number was varied between
1000-10 000. It was found that the presence of fins on the cylinder surface reduces the adverse effect
of the polymer on the rate of mass transfer, the higher the fin height the lower is the ability of the
polymer to reduce the rate of mass transfer. Mass transfer data for solutions containing polyox were
correlated by the equation:

(81) = 0765 (Re)™%38(Sc) =% % (e/d)* 38
Mass transfer data for solutions containing CMC were correlated by the equation:
(St) = 1704 (Re)™>*(Se)™" ™ (efa)**'S

List of symbols 1. Introduction
I, limiting current density based on the Some of the most important features of recent
projected area of the electrode (A cm~2) technology concern the attempt to reduce energy
K mass transfer coefficient (cms™') consumption in order to conserve the limited
Z number of electrons involved in the supply of energy available to man. A useful tool
electrode reaction for saving power in processes involving turbulent
C ferricyanide concentration (mol cm™3) transport of fluids is the use of drag-reducing
F Faraday’s constant additives which gives rise to a considerable reduc-
u dynamic viscosity (gcm™! s71) tion in friction with a parallel decrease in the
p solution density (gcm™?) pumping costs. The theory and mechanism of the
w angular velocity (rads™1) action of drag-reducing additives are discussed
V' peripheral velocity (cms™!) elsewhere [1]. While drag-reducing additives affect
D diffusion coefficient of ferricyanide ion beneficially the rate of momentum transfer, they
(ecm?s™1) adversely affect the rate of heat and mass transfer.
d cylinder diameter (cm) Some work has been done to determine the extent
e fin height (cm) to which rates of mass transfer are decreased in
(S¢) = u/(pD), Schmidt number drag-reducing solutions [2-11]. So far, only
(Re) = pvd/u, Reynolds number smooth transfer surfaces have been used in the
(St) = K/V, Stanton number study of mass transfer in drag-reducing fluids.
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Rough transfer surfaces are frequently encountered
in practice, and in electrochemistry, surface rough-
ness has been suggested as a means of enhancing
the rate of mass transfer for diffusion-controlled
reactions [12, 13]. Additionally, surface rough-
ness may develop during the electrochemical
reaction, for instance in the electrodeposition of
metals or in electrochemical machining. The aim of
the present work is to study the combined effect
of surface roughness and drag-reducing additives

on the rate of mass transfer in diffusion-controlled
electrochemical reactions, this would assist in
assessing the feasibility of applying drag-reducing
agents to diffusion-controlled electrochemical
processes conducted under turbulent flow
conditions.

2. Experimental technique

The cell used consisted of two concentric cylinders
made of nickel-plated copper and placed in a one
litre cylindrical glass container. The outer cylinder
which had a diameter of 1 cm and an active height
12 ¢cm was the anode. The inner cylinder which
had a diameter, d, of 1 cm and an active height

of 9 ¢cm served as a rotating cathode. The cathode
was driven by a variable speed motor which gave

a maximum speed of 2000 revmin~! without
vibration or eccentric rotation. An electronic
‘tachometer was used to measure the speed of
rotation. Six cathodes were used in the study, one
smooth and five rough. Roughness was made by
cutting longitudinal rectangular grooves in the
cylinder. The roughness elements had peak-to-
valley height (e) of 0-0185, 0026, 0-053, 0-059
and 0-075 cm giving e/d ratios of 0-0185, 0-026
0-053, 0-059 and 0-075, respectively. In all cases
about 28 grooves were cut in each cylinder, the
groove width being 0-5 mm. The electrical circuit
used consisted of a 6 V d.c. power supply with a
voltage regulator, a multi-range ammeter and the
cell.

The limiting current of the cathodic reduction
of K3 Fe(CN), was determined from polarization
data which was obtained by increasing step-wise
the applied potential and measuring the steady-
state cathode potential against a reference
electrode composed of a nickel wire placed in the
cup of a Luggin tube filled with the same solution
as that in the cell; the tip of the capillary end of

the Luggin tube was placed 0-5-1 mm from the
rotating cylinder. The potential difference between
the cathode and the reference electrode was
measured by a high impedence voltmeter. The
mass transfer coefficient was calculated from the
limiting current using the equation:

I./ZF = KC.

Two polymers were used in the present study,
polyethylene oxide (polyox WSR 301), a product
of the Union Carbide Chemical Co., and
carboxymethyl cellulose (CMC, 7H) a product of
Hercules Powder Corporation. In view of the
limited solubility of polyox in the electrolyte used,
only three concentrations were used: 10, 50 and
100 ppm. Five concentrations of CMC were used:
10, 50, 100, 200 and 500 ppm. In all cases the
electrolyte also contained:

0-025 M K3 Fe(CN)g + 0-025 M K4 Fe(CN)g
+ 1M NaOH.

The viscosity and density of the solutions were
measured by Ostwald’s viscometer and a density
bottle, respectively. The diffusivity of K3 Fe(CN)4
in different solutions was determined using the
rotating disc technique [14].

Before each run, dissolved oxygen was removed
by bubbling nitrogen gas through the electrolyte.
Cathodes were degreased with trichloroethylene,
then washed with alcohol and distilled water. The
flat end of the cathode was insulated by poly-
styrene lacquer.

3. Results and discussions

Figs. 1 and 2 show the dependence of the mass
transfer coefficient on the degree of surface
roughness (e/d) for solutions containing polyox,
and CMC of different concentrations. The mass
transfer coefficient increases with increasing e/d

in both polymer-free and polymer-containing
solutions. Figs. 3 and 4 show that the ability of
the polymer to reduce the mass transfer coefficient
decreases with increasing e/d and is independent
of (Re). The present finding that surface roughness
reduces the effectiveness of drag-reducing poly-
mers is in agreement with that of other authors
who studied the effect of surface roughness on
heat and momentum transfer to drag-reducing
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fluids using different geometries of transfer
surface [15-20].

The decrease in the effectiveness of the drag-
reducing polymer at rough surface was ascribed
by Debrule and Saberesky [15] to mechanical
degradation of the polymer caused by the high
shear stress at the rough wall. However Spangler
[17] showed that the loss of effectiveness was not
due to polymer degradation since the friction was

transfer coefficient for different
polyox concentrations.

reduced in smooth pipe sections both upstream
and downstream of the roughened area.

The decrease in polymer effectiveness at rough
surfaces may, however, be explained in terms of
the effect of the polymer on the turbulence
structure.

Drag-reducing polymers damp only small-scale
high frequency eddies [21-25] which prevail
outside the laminar sub-layer of the turbulent
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Fig. 2. Effect of e/d on the mass transfer coefficient for different CMC concentrations.
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Fig. 3. Percentage reduction in K versus (Re) for solutions containing polyox at electrodes of different degrees of
roughness.
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Fig. 4. Percentage reduction in K versus (Re) for solutions containing CMC at electrodes of different degrees of
roughness.
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Fig. 5. Overall mass transfer correlation for solutions containing polyox at electrodes of different degrees of roughness.

hydrodynamic boundary layer. The presence of scale eddies remain unaffected [25] and

roughness elements extending outside the laminar ~ penetrate the laminar sub-layer leading to an
sub-layer gives rise to boundary layer separation enhancement in the rate of mass transfer. This

and the formation of eddies of different scales compensates for the adverse effect of the polymer
and different frequencies [14]. Of these eddies molecules. In the present case where surface rough-
only the small-scale high frequency eddies are ness is in the form of longitudinal fins, large

damped by the polymer molecules while the large-  vortices are formed in the fin space [26-29].
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Fig. 6. Overall mass transfer correlation for solutions containing CMC at electrodes of different degrees of roughness.
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These vortices escape the damping effect of
polymer molecules by virtue of their size and
enhance the rate of mass transfer in the fin space.
In conclusion, it can be said that surface roughness
and drag-reducing additives act in opposite direc-
tions on the rate of mass transfer. While drag-
reducing additives tend to decrease the rate of
mass transfer through damping small-scale high
frequency eddies, surface roughness tends to
increase the rate of mass transfer through the
formation of large-scale eddies. In the present
study it was found that the effect of surface
roughness is predominant. Mass transfer data was
correlated in terms of the dimensionless groups
(S1), (Sc) and (Re); Fig. 5 shows that for solutions
containing polyox, the data fit the following
equation with an average deviation of 4-9%:

(S5) = 0765(Re)™ % (Sc) ™% (e/d)**.

For solutions containing CMC, the data was cor-
related with an average deviation of 7% by the
equation:

(S1) = 1704(Re) " (Sc) 0™ (e/d)*-31°

In polymer-free solutions, mass transfer data at
rotating finned cylinders was correlated by the
equation [13]

(5) = 0714(Re)™"* (Sc)™* % (e/d)’

References

[1] J.W.Hoyt, Trans. Amer. Soc. Mech. Engrs. 94D
(1972) 258.

[2] G. H. Sedahmed and R. G. Griskey, A. I. Ch. E. J.
18 (1972) 138.

[3] G.H. Sedahmed, A. M. Al-Taweel and
A. Abdel-Khalik, Trans. Inst. Chem. Engrs.
53 (1975) 191.

[4] G.H. Sedahmed, B. A. Abd-El-Naby and
A. Abdel-Khalik, J. Appl. Electrochem. 7
(1976) 355.

[5] G.H. Sedahmed, B. A. Abd-El-Naby and
A. Abdel-Khalik, Corros. Sci. 17 (1977) 865.

[6] G.H. Sedahmed, B. A. Abd-Ei-Naby and
A. Abdel-Khalik, J. Appl. Electrochem. 8
(1978) 473.

[7]1 A.M. Al-Taweel, G. H. Sedahmed, H. A. Farag and
A. Abdel-Khalik, Chem, Eng. J., 15 (1978) 81.

[8] C. Deslouis, 1. Epelboin, B. Tribollet and L. Viet,
Electrochem. Acta 20 (1975) 909.

[9] 1J.Buston and D. H. Glass, International Conference
on drag reduction BHRA, Cranfield (1974)
Paper A3-41.

P. S. Virk and T. Suraiya, International Conference
on drag reduction BHRA , Cambridge (1977)
Paper G341.

G. A. McConaghy and T. J. Hanratty, 4. I. Ch.

E. J. 23 (1977) 493.

G. H. Sedahmed and L. W. Shemilt, Lett. Heat
Mass Trans. 3 (1976) 499.

G. H. Sedahmed, A. Abdel-Khalik, A. M. Abdallah
and M. M. Farahat, J. Appl. Electrochem, to be
published.

V. G. Levich, ‘Physicochemical Hydrodynamics’,
Prentice-Hall Inc., New York (1962).

P. M. Debrule and R, H. Sabersky, Int. J. Heat
Mass Trans. 17 (1974) 529.

M. Poreh, Naval undersea research and development
center TP 222 (1971).

1. G. Spangler, ‘Viscous drag reduction’ (edited by
C. S. Wells) Plenum Press, New York (1969)

p. 131.
H. Brandt, A. T. McDonald and F. W. Boyle, ibid
p. 159.
G. 1. Barenblatt, V. A. Corodtsov and
V. N. Kala Shinkov, Heat Trans. Sov. Res. 1
(1969) 102.
[20] W.R. Amfilokhiev and A. M. Ferguson,
Proceedings of the 12th Intemational Towing
Tank conference, Rome (1969).

[21] G. Fortuna and T. J. Hanratty, Chem. Eng. Prog.
Symp. Ser. 67 (1971) 111, 90.

[10]

[11]
[12]
[13]

[14]
[15]
[16]
(171

[18]
[19]

[22] E. M. Greshilov, A. V. Evtushenko, L. M. Lyamshev
and N. L. Shirokova, J. Eng. Phys. (USSR)
25 (1973) 1493.

[23] G. A.McConaghy, PhD thesis, University of
Illinois (1974).

[24] R.]J.Pirih and W. M. Swanson, Canad. J. Chem.
Eng. 50 (1972) 221.

[25] A.R. Taylor and S. Middleman, A. I. Ch. E. J. 20
(1974) 454.

[26] S.K. Stynes and J. E. Myers, ibid 10 (1964) 4, 37.

[27] J.G.Knudsen and D. L. Katz, Chem. Eng. Progr.
46 (1950) 490.

[28] D.J.Maull and L. F. East, J. Fluid Mech. 16
(1963) 620.

[29] R. A. Seban and J. Fox, Proceedings of 1961—62

Heat Transfer Conference, New York (1963).



