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ABSTRACT

Mass transfer enhancement by rectangular rod shaped non-conducting
obstacles attéched to a planar electrode was investigated in a flow
cell of 5x5 mm cross-section and 508 mm length, in the range of 80 <
Re < 3200. Effectiveness was evaluated for three different rod
heights (0.25-1.6 mm) as a function of obstacle spacing by measuring
both the pressure drop and the limiting current for the reduction of
ferri-cyanide.

Recirculation flow patterns were visualized by a hydrogen bubble
stream generated upstream from an obstacle. In the laminar flow
regime, up to four-fold increase of mass transfer rate was obtained
with a power demand for pumping that was as little as one-hundredth
of that required for achieving the same transport rate in the
unobstructed channel. Optimally spaced flow obstacles not only
greatly enhance transport rates, they also prevent the progressive
increase in mass transfer boundary layer thickness in the direction

of flow.



INTRODUCTION

When the rate of an electrode process is controlled by mass
transfer to the electrode surface, such as when the concentration of
the reacting species is low, flow obstacles can enhance the rate of
convective diffusion at a fraction of the power demand for pumping
the electrolyte faster, in the absence of obstructions (1-10).
Improving transport rates (limiting currents) by increasing the rate
of pumping between parallel planar electrodes is quite inefficient;
in laminar flow the power requirement increases with the sixth power
of the limiting current, while in turbulent flow the required power
increases with approximately I 3'5.

Previous investigations have largely been focused on systems.
in which the obstacles were cdmparab]e in size to the interelectrode
gap, or the inter-obstacle spacing was small. Interferometric
observations in this laboratory have clearly demonstrated that
obstacles with diameters much smaller than the interelectrode gap may
cause considerable thinning of the mass transfer boundary layer over
extended distances downstream [11,12]. Close spacing of obstacles
such as in the Swiss Roll Cell [7,8] may therefore reduce the
effectiveness of the secondary convection following an obstacle.
Close spacing also results in excessive shielding of the electrode.

The question arises then: how close should obstacles be
placed for maximum enhancement of transport rates, along with minimal

coverage of the electrode surface, and what is the resulting pressure



drop (or required pumping power)? In the following, experimental
results are reported for rectangular prism-shaped rods with large

spacing, attached to the cathode, in a channel-type electrolytic

cell, in which the gap/obstacle height ratio ranged from 3 to 20.

APPARATUS AND EXPERIMENTAL PROCEDURE

A diagram of the flow system is presented in Fig. 1.
Electrolyte flow through the channel was di'iven from the holding tank
by gravity or by positive nitrogen pressure. The piping was
constructed of black polypropylene tubing. A needle valve was used
to adjust the flow rate, which was measured by a rotameter. The
unobstructed flow channel had a.5x5 mm cross-section with parallel
nickel electrodes (approximately 50.8 cm in length) forming the upper
and lower walls. The side walls were constructed of acrylic resin.

To evaluate the cumulative effect of regularly spaced
obstacles on the average mass transfer coefficient, the 1imiting current
technique [13] was employed for the cathodic reduction of ferri-cyanide on

the upper nickel electrode. The electrolyte was 0.01 M K Fe(CN), and 0.05

3
M K4Fe(CN)6 in a 0.30 M NaOH supporting electrolyte solution. A PAR 371
potentiostat was used for control of the applied potential and a Data
Precision Model 1455 ammeter monitored the current passing through a
cell. The diffusivity of the reacting Fe(CN)63' ion was calculated

using the correlation by Gordon [14]. The pressure drop was measured

between two pressure taps machined into a side wall of the cell



hal fway between the electrodes at the leading and trailing edges. A
diaphragm type pressure transducer (Validyne DP103) was used to

monitor the pressure differences between these two sampling points.
The flow obstacles were cut out of acrylic resin and attached
with an adhesive directly to the cathode extending fully across the
width.of the channel. Figure 2 shows the geometric relationship
between the electrode gap and obstacle size. The majority of the
ekperiments were performed with the 0.76 and 1.6 cm size obstacles in
the Reynolds numbers range of 80 to 3,200. The total number of
equally spaced obstacles attached to the 50.8 cm long electrode
ranged from 1 to 49 with none located at the leading or trailing edge
of the electrode. Data on channel geometry are summarized in Table
[; results are presented using the number of obstacles as the
parameter. Further details on the experimental procedures have been

reported elsewhere [15].
RESULTS

The results and conclusions presented in this paper have been
largely derived from measurements involving 1.6 and 0.76 mm
obstacles, for which the majority of pressure drop and limiting
current data were obtained. Because of the much more limited scope
of experiments with the smallest obstacles (0.25 mm) only tentative
conclusions can be offered related to these.

The total current at Re = 691 as it depends on the number of



1.6x1.6x5 mm obstacles and applied voltage is shown in Figs. 3.
Figure 4 shows the effect of the number of obstacles and flow rate on

the limiting current, IL. ‘A dramatic increase due to the presence of
obstacles is clearly evident. It is also quite apparent that
a]though increasing the frequency of obstacles enhances the average
mass transfer rate to the electrode surface, once the rods are placed
relatively close together, further crowding brings about no
beneficial effect. While in the case of 1.6 mm rods, 15 of these
causes a greater increase in Il_than 31, using 0.76 m rods the
optimal number is much higher (31 vs. 15) indicatihg that the optimal
spacing is related to the cross-section of the rods employed.
Although the maximum mass transfer enhancement observed is
approximately the same for these two sizes, the smaller obstacles
present less resistance to fluid flow (lower pressure drop) and
provide therefore a greater overall benefit. In the case of fhe
smallest (0.25 mm) rods, the pressure drop is further reduced,
however, along with a more than broportionate decrease in transport
enhancement.

Tﬁe dependence of I on the Reynolds number and on obstacle spacing
(Fig. 4) clearly shows that the relative enhancement increases with
Re in the laminar regime. A dimensionless plot of the Sherwood
number as it depends on Reynolds and Schmidt numbers, and on the

ratio of hydraulic diameter of the duct (D_ ) to the electrode length

e)

(L) is shown in Fig. 5. The analytic correlation in the laminar flow

regime in an unobstructed channel is also shown for comparison [16].
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For a given rod spacing, the mass transfer rate enhancement increases
with Re until the region of incipient turbulence is reached. This

-condition is reached at lower Re as the obstacle size is increased.

With fifteen 1.6 mm obstacles incipient turbulence is evident already
at Re = 400. At higher flow rates bulk turbulence develops and the
relative contribution of obstacles to mass transfer enhancement
diminishes. Results of pressure drop measurements, shown in Fig. 6,
allow the evaluation of the power required for pumping as it depends
on rod size and spacing. Although at low flow rates the addition of
obstacles do not significantly increase the pressure drop, at higher
flow rates exponential dependence on velocity is observed and the
pressure drop sharply increases upon the addition of obstacles. This
effect, along with a lack of proportionate increase in mass transfer
enhancement upon closer spacing of obstacles, leads to the conclusion
that an optimum spacing exists, which depends on rod size. Using 1.6
mm rods, fifteen of ;hese spaced at 23.4 times diameter, produced the
most beneficial enhancement. For fhe 0.76 mm rods the optimal
spacing was 21 times rod diameter, corresponding to 31 rods spaced
evenly over 50 cm. At Re = 100 the mass transfer rate is
approximately doubled without appreciably affecting the pressure
drop. A four-fold increase of I| occurs at Re = 1000 along with only
a four-fold increase in pressure drop relative to the open channel.
The dependence of the Fanning friction factor on the Reyno1ds

number in the presence of flow obstacles is shown in Fig. 7. The

line for laminar flow without obstacles is shown for comparison [18].



HYDRODYNAMICS

It is evident that the addition of obstacles enhances mass
transfer by changing the flow pattern near the electrode surface.
Such patterns for the 0.16x0.16x0.50 cm obstacles were observed and
photographed using a stream of small hydrogen bubbles generated
upstream on a wire or mesh electrode. In Fig. 8, the gradual
extension of the recirculation zone with increase in Reynolds number
is shown downstream from an obstacle. Recirculation zones have been
observed and described ear]ier in relation to an investigacion
concerning the nature of flow downstream from a step [19,20] or
obstacle [9,10] in a channel.

| The length of the recirculation zone increases with increasing
flow rate. The elongation contfnues to increase with f]ow’velocity
until bulk turbulence is produced. Smaller obstacles produce a
disturbance that extends over a shorter length downstream, with bulk
turbulence occurring at a higher flow rate. Further visualization
experiments were performed to observe the effect of obstacle spacing.
With 31 (0.076x0.076x0.5cm) obstacles attached to the electrode the
recirculation zone almost reached -the next downstream obstacle. With
49 obstacles, the recirculation zone extended over the entire
inter-obstacle distance and interacted with the next downstream
obstacle. Before incibient bulk turbulence was observed in all the

arrangements, the flow in the bulk was essentially laminar, while

close to the wall behind the obstacle extensive mixing was produced
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by the swirling recirculation zone. These results are consistent
with previous investigations where the maximum elongation of the

recirculation zone in the laminar regime was believed to be
approximately 15 times the obstacle height [10].

Subsequent to the experimental study described above, the
Navier Stokes equations describing flow for the two dimensional case
of flow paét an obstacle in a channel of infinite width had been
solved numerically. The solution was obtained by using the finite
element code POLYFLOW [21] developed at the Universite Catholique in
Louvain-Ta-Neuve, Belgium. The dimensions were chosen to te
geometrically equivalent to the obstacles used in the experimental
study. The solution is only valid for the laminar flow regime and
cannot be used to prédict or describe the turbulent transition. The
numerically generated stream]inesAare presented in Fig. 9 for various
Reynolds numbers. These streamlines agree qualitatively with those

observed in the flow visualization experiments.
DISCUSSION

An analysis of benefits derived from the use of small flow

“obstacles has to be based on the pumping power requirement rather

than on the pressure drop alone. The specific pumping power
requirement per unit cathode area is a product of the volumetric flow

rate times the pressure drop divided by the electrode area. The

specific power as a function of achieved mass transfer rate (limiting



current density) is shown in Fig. 10 for the unobstructed and
multiple obstacle cases. When higher currents (mass transfer rates)

must be achieved in the unobstructed channel, the required power for

pumping increases proportionally to I, in the laminar regime, and

3.5
IL

approximately 18 mA (shown in Fig. 3) corresponding to mass transfer
1

L

with in turbulent flow. In order to obtain total currents over

coefficients larger than 0.8x10~! cm cec™! a large increase of the
required pumping power in the unobstructed channel is required
because the bulk flow must be turbulent.

In Fig. 10, the enhancemgnt effect provided by an optimal
number of 0.76 mm obstacles is compared to the highest enhancement
effect found for 1.6 mm obstacles. In the presence of 31 evenly
spaced 0.76 mm obstacles, the pumping power required to achieve a K =

7x]0—4 cm/sec (I,= 0.7 mA/cmZ) is only approximately one hundredth of

L
that required for achieving the same mass transfer rate in the

absence of obstacles. A limiting current of 3 mA/cm2 could be
achieved in the open channel only in turbulent bulk flow; however,

when the channel is obstructed by 31 0.76 obstacles the same limiting
current can be achieved (in laminar bulk flow), at a power

requirement that is eleven times lower. It is interesting to note
thatlin this regime the power demand for pumping in the channel
obstructed with either the 0.76 or 1.6 mm obstacles increases with IL4‘3,

At lower flow rates, (below K = 10'3 cm/sec), the dependence of
power demand on limiting current, with or without obstacles, is

similar or approximately proportional to IL6.
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CONCLUSIONS

Attached small obstacles have been shown to increase the rate
of mass transfer to the walls of a flow channel. Reducing the
spacing between the obstacles produces increased mass transfer
enhancement; however, when the spacing is too close, effectiveness is
decreased. For rectangular rod-shaped obstacles, the optimum spacing
is approximately 15-25 times the obstacle height; this corresponds to
the maximum elongation of the downstream recirculation zone.

Compared to the unobstructed channel, the obstacles provide a more
uniform curreht distribution and a considerable reduction in the
pumping power required to achieve a given average rate of mass
transfer. The advantage of flow obstacles diminishes in bulk
turbulent flow because of the loss of benefit derived from
recirculation type mixing close to the wall when the bulk fluid

itself is turbulent.
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Table I. Channel Geometry

Obstacle  Number of Ratio of Obstacle Ratio of Obstacle Active
Size Obstacles Spacing to Obstacle Spacing to Hydraulic Electrod
(mm) Height Diameter Area (cm™)
- 0 - - 24.2
0.25x0.25 15 125 6.9 23.6
x5 :
3 166.67 27.6 24.1
15 41.67 6.9 23.6
0.76x0.76
X5 31 20.73 3.4 23.0
49 13.39 2.2 22.3
1 ' 158.75 55.2 24.1
3 79.37 27.6 24.0
7 39.69 13.8 23.7
1.6x1.6
x5 15 23.44 6.9 23.1

31 9.87 3.4 22.0
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FIGURE CAPTIONS
Schematic of flow system.
Geometric relations between obstacles and electrode gap.
Limiting current curves for the 0.16 cm obstacles Re = 691. 25 mV
increments applied every 15 seconds. Curves smoothed by illustrator.
Limiting current as a function of flow rate. Note that increasing the
number of obstacles from 15 to 31 does not increase the limiting
current. |
Dimensionless plot of mass transfer rates. Note that the analytic
solution [16] for the unobstructed duct is only valid for the laminar
regime.
Pressure drop as a function of flow rate and number of obstacles.
Linear relationship for laminar flow in the unobstructed duct indicated
by solid line [18].
Dependence of the measured friction factor on Reynolds number. Solid
Tine depicts the analytic solution for the Taminar flow regime in a
square.
Flow patterns downstream/from 1.6x1.6 mm obstacles. Hydrogen bubbles
tracing the flow paths were generated upstream from the obstacle.
Numerically generated streamlines around an obstacle for two different
Raynolds numbers.
Specific power requirement for fifteen 1.6x1.6 mm of thirty-one
0.76x0.76 mm obstacles as a function of limiting current density of
mass transfer coefficient. Solid lines describe behavior in the

absence of obstacles.
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