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Liquid-solid mass transfer behaviour of rotating screen discs
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Abstract

Rates of mass transfer at rotating single horizontal screen disc and rotating stacks of closely packed and separated screens were studied by
measuring the limiting current for the cathodic reduction of ferricyanide ions. Variables studied were screen rotation speed, mesh number
of the screen, physical properties of the solution, number of screens per stack, screen separation and the effect of superimposed axial flow.
Mass transfer data at single rotating screen disk were correlated by the following equation which is based on the surface renewal model

J = 0.26 Re−0.5
(

r

dw

)0.5

.

Mass transfer rates at rotating closely packed screen bed were found to decrease below the single screen value by an amount ranging from
20 to 43.6% depending on rotation speed, mesh number and number of screens per bed. Superimposed axial flow was found to increase
the rate of mass transfer at rotating screens especially at Ref >1095. Implications of the present results for the design of high space time
yield electrochemical reactors and catalytic reactors were noted. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The use of screens and expanded metals in building elec-
trochemical and catalytic reactors used to conduct diffusion
controlled heterogeneous reactions is receiving a growing in-
terest in view of their high turbulence promoting ability and
their high specific area. Previous studies on enhancing the
rate of mass transfer at screens have included single phase
flow [1–4], two phase flow [5], gas sparging [6,7], counter-
electrode gas stirring [8] and vibration [9,10]. The object of
the present work is to study the rate of mass transfer at hor-
izontal rotating screen disc. To this end, the electrochemical
technique which involves measuring the limiting current of
the cathodic reduction of ferricyanide ion was used [11]. The
technique has the advantage that the screen surface remains
unaltered during measurements.

A continuous electrochemical reactor employing and ar-
ray of solid rotating discs mounted on a rotating vertical
shaft as a working electrode has been recently studied and
found promising [12–14]. It is hoped that the performance
of such a reactor could be improved by replacing the rotat-
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ing discs by rotating screens. Also rotating screens could be
used in building catalytic reactors where the catalyst is de-
posited on the screen surface. Although no previous studies
on rotating screen disc have been reported, some work has
been reported on solid rotating disc. Levich [15] derived the
following equation for a rotating disc under laminar flow
conditions in an infinite medium.

Sh= 0.62 Sc0.33 Re0.5 (1)

The data obtained by Lehmkuhl and Hudson [16] for a disc
rotating in a cylindrical cavity under laminar flow by using
the dissolution of cinamic acid in water could be correlated
by the equation [17],

Sh= 0.43 Re0.5 Sc0.33 (2)

Langlois et al. [17] who studied the rate of mass transfer at a
disc rotating in a small diameter cylindrical container under
laminar flow conditions using the electrochemical technique
correlated their data by the equation

Sh= 0.47 Re0.5 Sc0.33 (3)
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For turbulent flow, mass transfer data at rotating discs were
correlated for the range 2.7×105<Re<1.5×106 by the equa-
tion [11]

Sh= 0.0007 Re0.9 Sc0.33 (4)

2. Experimental technique

The apparatus (Fig. 1) consisted of the cell and electrical
circuit. The cell consisted of a plexiglass cylinder of 5.5 cm
diameter and 30 cm height. The cathode was 5 cm diameter
nickel plated stainless single screen or number of screens
fixed horizontally at the center to a vertical stainless steel
stem of 3 mm diameter. The stem which acted as a screen
holder and current feeder was isolated by epoxy except at
the contact with the screen. The upper end of the stem was
connected to the shaft of a variable speed motor through a
plastic sleeve. The lower end of the stem resided in a smooth
cylindrical cavity of 3.5 mm diameter machined in a teflon
disc fixed at the cell bottom where the stem can rotate freely
in the cavity. A stainless steel cylindrical sheet of 30 cm
height lining the cell wall was used as anode. The anode
area was higher than the highest cathode area, the ratio be-
tween anode area and cathode area ranged from 1.85 to 15.4
depending on the number of screens per cathode and screen
mesh number and wire diameter. The high anode/cathode
area ratio assured that the limiting current would be reached
first at the cathode and no oxygen evolution would take place
at the anode.

Fig. 1. Apparatus: 1, rotating screen cathode; 2, cylindrical stainless steel
anode; 3, plexiglass column; 4, dc power supply; 5, potentiometer; 6,
plexiglass storage tank; 7, plastic centrifugal pump; 8, by pass; 9, plastic
sleeve; 10, Luggin tube with a reference electrode; 11, screen holder and
current feeder; 12, fixed Teflon disc with a central cavity.

To test the effect of solution flow, the cell was fitted with
a plexiglass solution inlet tube and a solution outlet tube
at its bottom and top respectively. Solution was circulated
between 20 l plexiglass storage tank and the cell by means
of a plastic centrifugal pump.

The electrical circuit consisted of 10 V d.c. power supply
with a voltage regulator, a multirange ammeter and the cell.
Polarization curves from which the limiting current was ob-
tained were plotted by increasing the current stepwise and
measuring the corresponding cathode potential against a ref-
erence electrode by means of a high impedance voltmeter,
the reference electrode consisted of a nickel wire dipped
in the cup of a Luggin tube filled with identical solution
to that used in the cell. The tip of the Luggin tube was
placed 0.5–1 mm from the cathode surface. Before each run
N2 gas was bubbled in the solution to eliminate dissolved
oxygen. Solution used were made of equimolar amounts of
K3Fe(CN)6 and K4Fe(CN)6 dissolved in 2N NaOH. Fer-
ricyanide concentrations used were 0.025 M, 0.05 M and
0.1 M. Concentrations of ferricyanide and ferrocyanide were
checked by iodometry and KMnO4 titration respectively
[18]. All solutions were prepared using distilled water and
A.R. grade chemical. All experiments were carried out at
25±1◦C. Each experiment was carried out twice, the aver-
age deviation in the limiting current between the two ex-
periments was about 3.5%. Solution density and viscosity
needed for data correlation were determined using a density
bottle and an Ostwald viscometer, respectively [19]. The dif-
fusivity of ferricyanide ion was obtained from the literature
[11,20].

During each run the rotation speed of the motor and the
cathode was controlled by a variac and was measured by an
optical tachometer. During runs with superimposed solution
flow, solution velocity was controlled by means of a by pass
and was measured by a graduated cylinder and a stopwatch.
The characteristics of the screens used as cathode are shown
in Table 1. For the present square-weave wire mesh, the in-
terfacial area per unit volume of the screen (specific surface
area) is given by [21–23]

a0 = 2πm2dwL

δ
(5)

where

L =
(

d2
w

4
+ 1

m2

)0.5

(6)

Table 1
Specifications of screens used in the present work

Mesh number, wire/inch 10 14 20 30

Wire diameter (cm) 0.071 0.049 0.039 0.027
Aperture (cm) 0.186 0.132 0.088 0.059
Screen thickness (cm) 0.142 0.098 0.078 0.054
Specific surface area (cm−1) 12.48 17.48 25.04 37.61
Area of single screen
cathode,A, (cm2) 34.3 33.6 38.3 39.8
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The cathode areaA was obtained by multiplying the screen
volume bya0. The screen volume is equal to the projected
screen area multiplied by the screen thickness. Single screen
thickness was taken twice the wire diameter [21–23].

Stainless steel screens were coated with a thin layer of
nickel as described elsewhere [24]. Nickel was deposited
on stainless steel screens from a solution containing 240 g/l
nickel chloride and 86 cm3 conc. HCl (Sp. gravity=1.18)
under the following conditions:

Current density=3A/dm3; temperature=25◦C; time=5
min. Before plating, the stainless steel screen was immersed
in the plating solution for 15 min without current to remove
the oxide film. Nickel plating for 5 min had a negligible
effect on wire diameter and other screen properties as
revealed by the microscope.

3. Results and discussions

Polarization curves with a well defined limiting current
plateau were obtained under different conditions. The limit-
ing current obtained from these polarization curves was used
to calculate the mass transfer coefficient according to the
equation

K = I

ZFAC
(7)

Fig. 2 shows the effect of rotation speed on the mass transfer
coefficient at rotating screens of different mesh number. The
mass transfer coefficient increases with the rotational speed
to a power which agrees well with the value 0.5 found in
case of solid rotating discs, the higher the mesh number the
higher the rate of mass transfer at the rotating screen disc.

Fig. 3 shows a comparison between the present data
and previous data obtained using solid rotating discs in the

Fig. 2. Effect of screen rotation speed on the mass transfer coefficient
ferricyanide concentration=0.1 M (Sc=2383) Screen mesh number: 10
(∇); 14 (m); 20 (h); 30 (d).

Fig. 3. Effect of Re on Sh at different rotating screens in comparison
with the rotating disc electrode Sc=2290. Screen mesh number: 10 (1);
14 (2); 20 (3); 30 (4); Rotating disc [15] (- - -); rotating disc [17] (–·–);
rotating disc [17] (···); rotating disc under turbulent flow [11] (–··–).

laminar flow regime (Re<2×105) [25]. Fig. 3 shows that
for a given rotational Reynolds number the rate of mass
transfer at rotating screen discs is much higher than that
at rotating discs whether rotating in infinite medium [15]
or rotating in a limited space [16,17] under laminar flow
conditions. Fig. 3 also shows a comparison between the
present data and turbulent flow mass transfer data at solid
rotating disc [11]. Fig. 3 shows that the magnitude of Sh
calculated from the equation representing turbulent flow
at solid rotating disc (Eq. (4)) lies within the range of the
present data i.e turbulent flow and thus enhanced transport
can be achieved at lower Re at rotating screen disc than the
traditional solid rotating disc.

In order to assist in explaining the mass transfer behaviour
of rotating screen disc, visual observation of the flow pat-
tern at rotating screen disc was carried out using polystyrene
granules as a tracer. Observations revealed the presence of
rotational (swirl) motion of the solution and an axial flow
toward the rotating screen disc. The axial flow is diverted in
the radial direction at the surface of the rotating screen disc
by virtue of the centrifugal force developed by the surface
drag. It seems that the overall flow pattern at rotating screens
is similar to that at discs rotating in a limited space [16]. The
high mass transfer coefficient at rotating screens compared
to rotating discs may be attributed to the turbulence pro-
moting ability of the rotating screen. Turbulence is probably
generated as the radial flow moves past the screen wires per-
pendicular to the flow. Turbulence could also be generated
when the wires of the rotating screen move through the so-
lution as a result of boundary layer separation in the wakes
of the moving wires. The higher rate of mass transfer at
rotating screens compared to rotating discs may also be at-
tributed to the successive buildup and decay of the boundary
layer formed as the radially flowing solution moves past the
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Fig. 4. Overall mass transfer correlation at rotating screens. Sc: 2290 (×); 2383 (4); 2653 (s).

screen wires; i.e the average hydrodynamic boundary layer
and diffusion layers thickness in case of rotating screens
are much less than their counterparts at rotating discs where
the hydrodynamic boundary layer and diffusion layer extend
over the disc radius.

The increase in the mass transfer coefficient with increas-
ing the mesh number of the rotating screen may be attributed
to the increase in the number of turbulence promoting ele-
ments.

3.1. Data correlation using the surface renewal model

Higbie’s surface renewal theory [26] assumes that mass
transfer takes place through the movement of a packet of
solution with initial concentrationC from the bulk to the
mass transfer surface. After an interfacial residence timeto
during which the concentration of the reactant in the packet
decreases, it returns to the solution bulk. Mass transfer from
the packet to the mass transfer surface takes place by un-
steady state diffusion. For a sufficiently short timeto the
mass transfer coefficient is given by

K = 2

(
D

πt0

)0.5

(8)

Ruckenstein [27] extended the surface renewal model to tur-
bulent flow mass transfer. He interpreted the surface renewal
mechanism as a laminar flow of a packet of the solution for
a short distancex0 along the mass transfer surface followed
by mixing with the solution bulk. The process is repeated
after each lengthx0. For high Sc Ruckenstein derived the
equation

K ∝ D

(
V

νx0

)0.5 ( v

D

)0.33
(9)

In case of rotating screens the repeated growth and decay
of the hydrodynamic boundary layer as the solution flows
radially past the screen wires suggests applying the Ruck-
enstein model. It is reasonable to assume thatx0 is equal to

the screen wire diameter (dw); the linear velocityV of the
solution at the rotating screen surface is given by

V = ωr (10)

Substituting forV andx0 in Eq. (9) byωr anddw, respec-
tively, then multiplying both sides of the equation byr we
get the equation

Sh= a Re0.5 Sc0.33
(

r

dw

)0.5

(11)

Dividing both sides by (Re Sc0.33)

J = a Re−0.5
(

r

dw

)0.5

(12)

Fig. 4 shows that the present data for the conditions
52 500<Re<340 000; 2290<Sc<2650 and 35.7<r/dw<92.6
fit the equation:

J = 0.26 Re−0.5
(

r

dw

)0.5

(13)

with an average deviation of±12.4%. Attempts to obtain
an empirical correlation in terms of other screen parameters
such as the hydraulic radius did not produce a better corre-
lation.

Fig. 5 shows the mass transfer behaviour of rotating
fixed bed of closely packed horizontal screens, the num-
ber of screens ranged from 1 to 7; the data shows that the
mass transfer coefficient decreases below the single screen
value by an amount ranging from 20 to 43.6% depending
on rotation speed, bed thickness and mesh number. The
decrease is probably caused by the local decrease of reac-
tant concentration and eddy damping inside the bed, and
the decrease in the active area of the screens as a result
of the contact between the screens forming the bed. A
similar decrease was observed in case of stationary screen
beds stirred by single phase flow [23] and gas sparging
[7].
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Fig. 5. Effect of number of closely packed screens per rotating array (rpm)
on the mass transfer coefficient at different rotation speeds. Ferricyanide
concentration=0.025 M (Sc=2290). Screen mesh number=20: 1040 (.);
930 (s); 830 (5 ); 730 (s); 540 (h); 450 (d); 370 (j); 250 (×); 160
( ).

Fig. 6 shows the effect of screen separation on the
mass transfer coefficient at an array of two spaced rotat-
ing screens, the mass transfer coefficient decreases with
decreasing screen separation probably because of the un-
favourable interaction of the flow induced by the upper
and lower rotating screens which diminishes the radial flow
velocity at the lower surface of the upper screen and the
upper surface of the lower screen.

Fig. 7 shows the effect of superimposed solution
flow on the rate of mass transfer at a single rotating
screen, the flow velocities ranged from 0.4 to 5.7 cm/s
(180<Ref <25 000. At low solution velocities in the range
0.4–2 cm/s (180<Ref <893), the mass transfer coefficient
increases slightly over the rotating screen value with in-
creasing Ref according to the equation:

Sh= al Re0.135
f (14)

The contribution of superimposed flow becomes more pro-
nounced at Ref =1095. It seems that superimposed flow con-

Fig. 6. Effect of screen spacing on the mass transfer coefficient at a
rotating array (rpm) composed of two separated screens. Ferricynanide
concentration=0.025 M (Sc=2290). Screen mesh number=30: 1040 (s);
830 (4); 630 (h); 450 (×); 250 (d).

Fig. 7. Effect of superimposed axial flow on the rate of mass transfer
at a single rotating screen (rpm). Ferricyanide concentration=0.025 M
(Sc=2290); Screen mesh number=10: 1040 (×); 830 (h); 630 (j;; 450
(d); 250 (4).

tributes to enhancing the rate of mass transfer at the rotat-
ing screen via eddy generation downstream of the rotating
screen [28,29] and the local increase in solution velocity (jet
like flow) as the solution passes through the screen open-
ings. For Ref >1095, Sh increases with Ref at a given screen
rotation speed according to the equation:

Sh= a2Re0.38
f (15)

The exponent 0.38 is in a good agreement with the values
0.358 and 0.373 obtained by authors who studied the effect
of solution flow on the rate of mass transfer at horizontal
stationary screens [30].

The high mass transfer rates observed in the present work
at rotating screens along with their high specific area qualify
them for building high space time yield catalytic and elec-
trochemical reactors suitable for conducting diffusion con-
trolled reactions, e.g. electrosynthesis and recovery of heavy
metals from industrial waste water. The continuous opera-
tion of such reactor at low feed rates would give a high de-
gree of conversion per pass in view of the high residence
time and the high rate of mass transfer. The reactor can be
extended vertically by increasing the number of separated
screens or arrays of closely packed screens mounted on the
rotating shaft with a consequent decrease in floor space and
capital costs. The reactor can be used as undivided or divided
electrochemical reactor by using porous diaphragm or ion
exchange membrane. The mass transfer coefficient needed
for the design and operation of the reactor could be approxi-
mately calculated from the single screen equation (Eq. (13))
with due allowance to the deviation from the single screen
behaviour as a result of using electrodes made of closely
spaced screens.

4. Nomenclature

a0 screen specific surface area
a1, a2 constants
A surface area of the cathode
C ferricyanide concentration
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dw screen wire diameter
d diameter of the cell container
D diffusivity of ferricyanide ion.
F Faraday’s constant
IL limiting current
K mass transfer coefficient
L defined by Eq. (6)
m mesh number (wires/cm)
V linear velocity of the rotating disc (V=ωr).
Vf superimposed solution velocity
r disc radius
rps revolutions per second
Z number of electrons involved in the reaction
J mass transferJ factor (J=St. Sc0.66)
Re Reynolds number of rotating screen(ρωr2/m)
Ref Reynolds number of superimposed flow(rVf d/m)
Sc Schmidt number (m/rD)
Sh Sherwood number (Kr/D)
St Stanton number (K/vr)
µ solution viscosity
ρ solution density
ω angular velocity of the screen [ω=2p(rps)]
δ screen thickness
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