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Experimental comparison of electrochemical and dot-
paint methods for the study of decaying swirling flow
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Swirling decaying flow in an annular cell fitted with a tangential inlet equal in diameter to the gap
width was experimentally investigated. The attention was focused on the local flow field on both cylin-
ders, the structure of which was determined using two experimental techniques: wall shear stress
measurements achieved by means of the limiting electrodiffusional current on microelectrodes and
a wall visualization method, the so-called dot-paint method which was used in order to determine
the flow direction. This study showed the complex structure of the flow field just downstream of
the tangential inlet, where a recirculation zone is set up, the effects of which are more sensitive on the inner
cylinder, and the flow structure can be considered as three-dimensional in the whole entrance section.

List of symbols

microcathode surface area (m?)

potassium ferricyanide concentration (mol m™?)
microelectrode diameter (m)

ferricyanide ion diffusion coefficient in the mix-
ture (rn2 s_l)

e thickness of the annular gap, R, — R; (m)

F  Faraday constant (96487 Cmol ™)

I}, limiting diffusional current (A)

k  local momentum transfer coefficient (ms™")

I, entrance length on the outer cylinder (m)

R; external radius of the inner cylinder (m)

R, internal radius of the outer cylinder (m)

Re Reynolds number, 2eU,, /v

s velocity gradient (s™')

S swirl number

s.x  velocity gradient obtained in fully developed
axial flow (s™1)

TRON

1. Introduction

Swirling flows result from the application of a tangen-
tial velocity component to the main axial movement
of a fluid. Such flows can be classified into two differ-
ent types according to the techmique employed to
induce the rotation of the fluid [1]: (i) continuous
swirl, which persists along the flow path, can be
achieved by twisted tapes [2] or coiled wires [3]; (ii)
swirling decaying flows, induced by tangential inlets,
helical inserts, inclined vanes, etc. [1], for which the
swirling effect is generated at the entrance section
and thereafter decays freely along the flow path.
This second kind of swirling motion, induced by tan-
gential inlets, because of the beneficient effects of the
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sqr velocity gradient measured in developing axial
flow (s7)

s, velocity gradient on the inner cylinder (s™)

Sout velocity gradient on the outer cylinder (s_l)

T time average resulting velocity (m s_l)

U time average axial velocity component (m s7h

U,, mean axial velocity in the annular gap (ms™)

W time average tangential velocity component
(ms™)

x  axial distance from the tangential inlet (m)

Greek letters

¢, diameter of the tangential inlet (m)

v kinematic viscosity of the working solution
(m?s™")

p  density of the working solution (kgm™)

1 angle with respect to the tangential inlet axis
(degree)

#  angle of the streamline with respect to the hori-
zontal (degree)

circumferential velocity component, easy mainte-
nance and simple design, is used in several engineer-
ing devices such as heat exchangers [4], providing
economy in space and enhancement in heat transfer
in comparison with that obtained in axial pipe flow.
Another area of application deals with the improve-
ment of electrochemical metal removal from dilute
solutions [5].

In previous work [6, 7], we have measured the over-
all mass transfer on the inner core of an annulus fitted
with a tangential inlet of various diameter, ¢,, with
respect to the annular gap thickness, e. According to
the value of the ratio ¢./e, we distinguished three
kinds of swirling motions which differ hydrodynami-
cally: (i) so-called pure swirl flow, which has been
extensively investigated by Legentilhomme and
Legrand [6], when ¢./e = 1. Overall mass transfer
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coefficients have been found to decrease along the flow
path, because of the decay in swirl intensity, and to
increase with both the axial Reynolds number, Re, and
the initial swirl intensity. Enhancement in mass transfer
up to 500%, in comparison with fully developed axial
flow, can be achieved using such a swirling motion; (ii)
when ¢./e > 1 (contraction swirl flow), overall mass
transfer coefficients decrease with an increase in ¢, for
identical axial location and Reynolds number, due to a
decrease in initial swirl intensity [7]; (iii) in the expansion
swirl flow, ¢./e < 1, a recirculation zone is set up just
downstream of the tangential inlet [7].

Despite the fact that backflows cannot be detected in
pure and contraction swirling motions, using our over-
all mass transfer measurements, we have predicted this
flow pattern numerically employing an implicit finite
difference algorithm in order to solve the Navier—
Stokes and convection-diffusion equations previously
reduced using boundary layer hypothesis [8]. In the
range of geometric and hydrodynamic parameters of
the experimental configurations [6, 7], the simulation
showed negative axial velocity component near both
cylinders just downstream of the tangential inlet. Local
measurements of velocity gradients on the outer
cylinder [10], achieved by means of the limiting
electrodiffusional current on circular microelectrodes,
do not support this hypothesis.

Because of this apparent contradiction, the present
study is dedicated to a deeper investigation of the flow
patterns on both cylinders of a cell fitted with a tan-
gential inlet equal in diameter to the annular gap
(pure swirl flow). Two experimental methods are
employed: (i) the electrochemical method is used to
measure wall shear stress on microelectrodes
embedded axially along both cylinders; (ii) a visualiza-
tion technique, the so-called dot-paint method, allow-
ing a comparison with velocity gradient data.

2. Experimental details
2.1. General setup

A schematic flow diagram is shown in [7]. The annular

test section was made from an Altuglas outer tube
with 25mm internal radius, R,. The inner cylinder
had an external radius, R;, of 18 mm. The electroche-
mical cell used for wall shear stress measurements was
600 mm long. The inner cylinder was made of different
parts, one of them supporting the microelectrodes (see
Section 2.2 and Fig. 1(b)), another acting as anode.
For the flow visualization experiments, the cell was
390 mm long, the inner cylinder consisting of a single
PVC element. These two cells were fitted with a 7mm
tangential inlet in order to produce a pure swirling
motion (¢, = e).

2.2. Wall shear stress measurements

“To measure the velocity gradients, nickel micro-
cathodes were placed on both cylinders of the annu-
lar cell. Embedded axially along the outer cylinder
were 23 microclectrodes; six were placed on a
100mm long PVC element which could be moved
along the inner core of the annulus. The locations of
the microcathodes on both cylinders are given in
Fig. 1. Each microelectrode consisted of the cross-
sectional area of a nickel wire 0.4 mm in diameter. The
local electrochemical measurements were carried out
using a polarographic method involving the reduc-
tion of ferricyanide ions at the nickel microcathodes.
More details of this technique can be found in [7].
The working liquid was a mixture of 0.5M sodium
hydroxide, acting as supporting electrolyte,
2 x 107> M potassium ferricyanide and 5 x 1072 M
potassium ferrocyanide. The experiments were
carried out at a constant temperature of 30°C; the
electrolyte density was p = 1030kgm™, its kine-
matic viscosity » = 8.73 x 107 m?s ™" and the diffu-
sion coefficient of the ferricyanide ions in the
mixture D = 6.95 x 107°m?s™!. The experimental
facility, including an electronic circuit with a multi-
plexer and a potentiostat, was the same as that used
by Legrand et al. [9] to investigate wall shear stress
on the outer cylinder. The mean limiting current, I,
measured at each microcathode, working in inert
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wall, led to a local momentum transfer coefficient, kg.
Reiss and Hanratty [10] have shown that kg and the
velocity gradient, s, on a circular microelectrode of
diameter d, are related by the following equation:

5 \I/3
L =0.862<—Dd—s) (1)

~ FAC,
where 4 is the microcathode surface area, F is Fara-
day’s constant and C; is the potassium ferricyanide
concentration in the solution.
The microelectrodes were first calibrated under
developed laminar axial flow conditions, for which s
can be calculated from the Poiseuille velocity profile.

ki

2.3. Flow visualization experiments

In order to test the flow patterns detected using wall
shear stress measurements, a wall flow visualization
technique was used, the so-called dot-paint method.
This technique is intended to enable the nature of
the flow over the surface of both cylinders of the annu-
lar cell to be investigated. The surface of both cylin-
ders was coated with white paint (++ +105
Titanium White PW6/PW4) at regularly spaced
points (see Fig. 2). A suitable oil medium (Velocity 3
from Mobil Oil), mixed with a certain amount of dis-
persing agent (Rembrand Painting Medium 0.83), was
used as working liquid. The fluid flowing over the sur-
face carries the oil with it and a streaky deposit of
paint remains to mark the direction of the flow. The
patterns made by the streaks indicate the mean local
directions of flow on both cylinders of the annular
gap. The disposition of the paint spots are given in
Fig. 2. In order to investigate the general flow struc-
ture in the three-dimensional field, paint spots were
located axially at different angles, 1, with respect to
the axis of tangential inlet (see Fig. 2). ¢ was equal
to 0, 7/2 and 37/2 on the inner cylinder and 0, 7
and 3x/2 on the outer one. The flow patterns were
photographed using an Olympus 101 camera allow-
ing the measurement of the angle of the steamlines
for different axial locations and Reynolds numbers.

3. Flow pattern on the outer cylinder
3.1. Wall shear stress results

The measurements of velocity gradients, s,,, on the
outer cylinder have been extensively analysed in [9]
for both laminar and turbulent swirling flow
regimes. The experimental domain covered by
Legrand et al. [9] was defined by: 90< Re<<3 780
and 0.7<x/2e<35, x being the axial location of the
microcathodes from the tangential inlet. In Fig. 3,
the data are shown in terms of s..:/s, as a function
of x/2e. s, is the developed axial velocity gradient
calculated using the developed axial velocity profiles
given by Ross and Wragg [11] in both laminar and tur-
bulent flow regimes.

In Fig. 3, two kinds of wall shear stress develop-
ment are seen according to the value of the dimension-
less axial distance. For x/2e<13,5,,/5.x decreases
very sharply with x/2e, due to the combination of
two phenomena: (i) the decay in swirl intensity; (ii)
the entrance effects. For x/2e > 13, the velocity gradi-
ent decrease is weaker and can only be related to the
final decay of the swirling motion. In [9], the experi-
mental data have been correlated, in laminar swirling
flow regime (Re < 1000), by the following relations:

For x/2e< 13:

Sout

_ 0.54( X\ 714
= 6.30Re (—26) @)
For x/2e > 13:
Sout 0.05( X\~L0
= 98.7Re (—28) (3)

For x/2e <13, the values of the velocity gradients in
swirling decaying flow are significantly higher than
those obtained in developed axial flow (Fig. 3). The
real increase in the momentum transfer due to the tan-
gential velocity component has been evaluated in [9],
calculating the ratio of the swirl and the developing
axial, sqr, wall velocity gradients. The following
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equation for x/2e< 13 was obtained:

Sout 028 ( X 7!
== =16.50R —
ot = 16.50Re () (4)

Using Equation 3, the entrance length, /,,;, may be
calculated in order to obtain a velocity gradient in
swirling flow equal to 90% of the developed axial
value (Squt/Sax = 0.9). loy is given by

lout . 0.05
5o =109.7Re (5)

3.2 Flow visualization results

To express the decrease in swirling intensity along the
flow path, the angle, 8, of the streamlines on the outer
cylinder, with respect to the horizontal, was measured
as a function of the reduced axial location, x/2e. The
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range covered by the experimental parameters was
1.1<x/2e<<25.5 and 100<Re<2000. Figure 4
shows the variation of 4 as a function of x/2e for dif-
ferent values of the Reynolds number for ¢ = 0. Two
zones are apparent, according to the value of x/2e, for
which the flow pattern appears very different: (i) near
the tangential inlet (for x/2e<13), the streamline
angles do not increase monotically. A periodic beha-
viour occurs for which 8 sharply increases and there-
after decreases; this reveals secondary vortices at the
lower end of the cell. This region, where the swirl
decay is not monotonic, was also observed during
wall shear stress experiments (see Fig. 3(2) and (b)),
for which the evolution of s, presents extrema dur-
ing the decrease. The differences in the location of
the extrema for angle and s,,; measurements can be
attributed to non-coincidence of the measurement
points circumferentially with the two experimental
methods. (i) for x/2e > 13, # increases mono-
tonically towards 90° when the flow becomes mainly
axial at the end of the cell. On Fig. 4, for a given axial
location, @ tends more rapidly towards 90° for smaller
values of Re, due to the decrease in initial swirl inten-
sity [7, 9]. This fact is in good agreement with velocity
gradient data.

In Fig. 5, 6 is plotted, as a function of x/2e, for
Re = 1990, and the three values of the angle ¢ with
respect to the tangential inlet axis. At the lower end
of the annulus, # strongly depends on the circumferen-
tial position, which reflects the three-dimensional flow
field downstream of the tangential inlet. This flow pat-
tern has previously been observed by Hay and West
[12] for swirling decaying flow in a pipe induced by
a tangential rectangular inlet and by Yukawa and
Hashimoto [13] in an annular cell fitted with the
same type of swirl generator. As the liquid reaches
the top of the cell, the flow field becomes axisym-
metric (for x/2e>17 in Fig. 5). The axial position
for which we can consider that the swirling motion
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has lost its three-dimensional character increases with
an increase in Reynolds number, due to the larger
initial swirl intensity. The angle 8, measured on the
outer cylinder, is always positive whatever x/2e, Re
and . This fact is in apparent disagreement with
our simulation of such a flow, for which a recircula-
tion zone, characterized by negative axial velocities
on both cylinders, just downstream of the tangential
inlet was predicted [8]. It seems possible that these
backflows only occur, on the outer cylinder, in the
immediate vicinity of the swirl generator, where it is
difficult to employ the dot-paint method successfully
to investigate the flow field.

To determine the hydrodynamic entrance length,
lout, for which 0 is equal to 90% of its value in axial
flow (65 = 90°), experimental values of @ have been
correlated as a function of Re and x/2e, the latter
parameter expressing the incidence of the decaying
swirl intensity. To set up this correlation, only data
points for which 8 can be considered to increase
monotonically and independent of the tangential posi-
tion ¢ are included. For 420 experimental points, the
following correlation was obtained using a multilinear
regression algorithm:

0 _o4a { X\ 087
— =0.6 Ll
g, = 0-60Re (Ze) (6)
from which
lout _ 1 goRens (7)

2e
Equation 7 is very different from that giving [, in
terms of wall velocity gradient (Equation 5). This
fact points out the interest of using two different
experimental methods to study the local flow field:
the measured velocity gradient is characteristic of
the resulting velocity gradient on the outer cylinder
(a combination of the axial and tangential velocity
components), whereas the dot-paint method allows
the determination of the direction of the flow. Thus
we can measure a velocity gradient very close to that

obtained in developed axial flow whereas the flow
field remains dominated by the tangential velocity
component. This was previously shown in [8]; the
axial wall velocity gradient in the monotonic swirling
decaying flow may be smaller than that obtained in
developed axial flow. But the resulting velocity gradi-
ent may be equal or greater due to the tangential velo-
city component.

In decaying swirl flow, the degree of swirl is often
characterized by the swirl number, S, which is a
dimensionless parameter defined by the ratio of the
axial flux of swirl momentum, Gy, to the product of
axial flux of axial momentum, G,, by the equivalent
tube radius, R (Gupta et al. [1]). Taking R;, the
radius of the inner cylinder, as R, S is given by

JRz UWrdr
&, Ry U?rdr

(8)
U and W being the time average axial and tangential
velocity components, respectively.

Edwards et al. [14] found that U and W can be writ-
ten as a function of # and of the resulting velocity, 7,
as follows:

U=Tsinf 9)
W = Tcosf (10)

Assuming that 7 may be considered as independent of
r in the region where 6 increases monotonically along
the flow path, and taking into account that 6, U and
W are related by U/W = tanf, Equation 8 can be
integrated to give

sin 260 (R3 — R3)

S= 11
3sin? 0 (R — R)R, (an

The hypothesis of the constancy of T can only be
used to first approximation, but it is supported by
the fact that s,y /s, =2 1 when 6 increases monotoni-
cally, which means that the resulting velocity, govern-
ing the wall gradient, is nearly constant. Using
Equation 11, S has been determined for the 420
experimental data used to set up Relation 6.

Hay and West [12] found that the decrease in .S with
x is predicted by the empirical relation
S = aexp (—bx). This experimental result was con-
firmed by the theoretical work of Benisek ef al. [15,
16] in the laminar flow regime and that of Kito and
Kato [17] in turbulent swirling flow. Thus S has

been correlated by the following relation:
_ 0.56 _ X
S = 0.13Re"* exp (~0.08 Ze) (12)

Equation 12 is given with a mean square error of 20%
which is mainly due to the higher values of
Re (Re>=1200) for which 6 only increases monotoni-
cally towards 90° for the last few axial locations.

4. Flow pattern on the inner cylinder

4.1. Wall shear stress results

In Fig. 6, the ratio of the velocity gradient measured in
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swirling flow on the inner core of the annulus, s, to
that obtained in fully developed axial flow, s, [11],
is plotted as a function of the reduced location of
the microcathodes, x/2e. One can see that the evolu-
tion of s;,/s.x along the flow path is more chaotic
than that observed on the outer cylinder (Fig. 3).
The velocity gradient does not decrease monotoni-
cally, but exhibits maxima and minima which are
more pronounced in the laminar swirling flow regime
(Fig. 6(a)). This evolution of s;,/s,, means that the
resulting velocity, 7, on the inner cylinder is not con-
stant in magnitude and direction along the flow path.
Some secondary vortices may appear on the inner
cylinder which are not detected on the outer one
using wall shear stress measurements. This flow struc-
ture is in keeping with the simulation [8]. In Fig. 6,
there are many axial positions for which s;,/s,, < 1,
thus T is lower in magnitude than the corresponding
axial velocity in fully developed axial flow. The flow
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Fig. 7. Variation of the streamline angle, 6, as a function of x/2e, for
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988 and (Q) 1994.

pattern on the inner cylinder will be more fully inves-
tigated using correlation and spectrum analysis to
characterize the phenomena detected in the present
study.

4.2. Flow visualization results

In Fig. 7, 6, measured on the inner cylinder, as a func-
tion of x/2e, for ¢ = 0 and different values of Re in
the laminar swirling flow regime is plotted. The evolu-
tion of 6 is seen to be very chaotic at the lower end of
the cell: 6 can be either positive or negative, which
means that recirculation regions exist which persist
higher up the cell when Re is increased. These obser-
vations are in keeping with wall shear stress data
plotted in Fig. 6. Thus the flow pattern on the inner
cylinder is very different from that on the outer one.
Figure 8 illustrates the influence of ¢, the angle with
respect to the tangential inlet axis, on # for Re = 1500.
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This graph clearly shows the three-dimensional struc-
ture of the flow field on the inner cylinder.

5. Conclusion

This first attempt to investigate the local flow field on
both cylinders of an electrochemical cell fitted with a
tangential inlet, equal in diameter to the gap thick-
ness, has revealed some hydrodynamic characteristics
of such a configuration:

(i) at the bottom of the cell, the flow field is strongly
three-dimensional on both cylinders;

(ii) monotonic swirl flow is obtained farther from the
entrance on the inner cylinder than on the outer one;
and

(iii) the flow field on the inner cylinder appears to be
very complex with recirculation zones.

This experimental study will be followed by a fuller
investigation and analysis of flow characteristics in
order to determine the location and the size of the
recirculating flows using multisegmented electro-
chemical probes coupled with the dot-paint method.
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