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Abstract

Electrochemical method is applied to study coherent structures in a complex three-dimensional flow generated by a
rotating magnetic rod. In order to detect these structures, the power spectral density (PSD) analysis of the limiting
diffusion current fluctuations is provided. This analysis reveals the existence of resonance frequencies when the probe is
located in the very vicinity of the stirrer. The main resonance is related to the mechanical excitation frequency. The
detailed analysis of the PSD curves points out some mechanisms of development of turbulence as sub-harmonics and
non-linear interactions. For different locations of the probe and different angular rates of the stirrer 2, a similarity of
the energy repartition is obtained when the PSD is plotted versus the adimensional frequency f/Q. Flow visualization
by laser tomography is also provided and the local secondary flow past the electrode probe is sketched. The laser
Doppler velocimetry (LDV) at a given location in a horizontal z-plane indicates a tornado wise mean flow struc-

ture. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Electrochemical measurements are used to charac-
terize the flow and the mass transfer in the vicinity of the
stagnation region of a tornado wise flow supplied by a
rotating magnetic rod. Such a device, as well as different
types of turbines, is widely used in order to enhance heat
and mass transfer in small chemical reactors. Flow
stirring in batch reactors gives rise to a complex three-
dimensional vortex structure. Many authors have in-
vestigated the influence of mixing on heat and mass
transfer in agitated tanks, mainly with respect to mean
characteristics. Some papers [1-4] deal with the bulk
turbulence parameters: intensity, turbulent kinetic
energy, local energy dissipation rate and energy spectra.
Authors aimed in this way to determine the influence of
turbulence on mixing performances as well as on mass
transfer properties of a reactor. Data measurements
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were conducted with various techniques: constant tem-
perature anemometer with a split-film probe [5], laser
Doppler velocimetry (LDV) [3,4], 2D-LDV [1]. Ac-
cording to Wu et al. [4], fluctuations of the measured
velocity in the vicinity of the impeller tip contain a large
proportion of periodic components due to the periodic
disturbance of the vortices generated by the impeller
blades. Michelet et al. [1] determined the convection
velocity and the scales of the turbulent structures on
the base of space-time correlations. Ogawa and Mori
[2] used electrochemical method to scale up industrial
agitated tank by studying the size effect on the spec-
trum of turbulent energy. Khomchenko et al. [14-16]
reported the electrochemical flow measurements in stir-
ring electrochemical cell with complex geometry. The
authors provided these studies in order to investi-
gate the influence of turbulence on the kinetics of
electrochemical processes. No particularities concern-
ing the power spectral density of electrochemical cur-
rent fluctuations were reported. Till to our knowledge,
the use of electrochemical diagnostics for study of co-
herent structures in agitated tanks are rather scarcely
known item. The present paper emphasizes the following
points:
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Nomenclature

A electrode section area 4 = nd”/4 (m?)

b diameter of the magnetic rod (m)

7 diffusion coefficient (m? s~!)

d diameter of circular microelectrode (m)

dy internal diameter of the reactor (m)

F Faraday number F = 96500 (C mol ™)

f1 = fres resonance frequency (Hz)

b second independent frequency (Hz)

C concentration of electroactive  species
(mol m™?)

Co concentration of electroactive species at the

interface (Cy = 0 for limiting diffusion cur-
rent conditions) (mol m ™)

Cy bulk concentration of electroactive species
(mol m™?)

1 limiting diffusion current (A)

i’ fluctuation of the limiting diffusion current

(A)

average mass transfer coefficient (m s™')
length of the magnetic rod (m)

rotation rate of the magnetic rod (rps)
number of electrons transferred in the redox
reaction

S = ~x

r radial co-ordinate (m)
ri,r2, 13 radial locations: r/L =0.48; ry/L = 0.96;
rs/L = 1.44 (m)

X,y longitudinal and normal co-ordinate related
to the electrode (m)

Ve length scale of the viscous layer = v(r/p)fo'5
(m)

Zo vertical distance from the bottom of the

reactor = 0.24L (m)

Dimensionless group

d* Microelectrode diameter scale=d/y,

Sc Schmidt number =v/2

Sh Sherwood number = Kd/Z = d/dx

Greek symbols

Q angular rate (rad s™")

ON diffusion layer thickness (Nernst assump-
tion) (m)

T longitudinal shear stress at the interface
(Pa)

u dynamic viscosity (Pa s)

v kinematic viscosity = u/p (m? s7')

(1) Sensitivity. Can the electrochemical measurements
be sensitive to coherent structures arising in complex
three-dimensional turbulent flows?

(it) Turbulent mechanisms. What kind of information
concerning turbulent mechanisms in agitated tanks
could be obtained by means of power spectral den-
sity (PSD) analysis of the limiting diffusion current
fluctuations?

2. Experimental facility
2.1. Electrochemical method

Although formerly known in its principle [12,13],
electrochemical method is more and more used for flow
diagnostics [6-8]. The method is based on the limiting
diffusion current measurements of fast oxydo-reduction
electrochemical reactions. In our experiments we use
a system of 0.005 M equimolar aqueous solution of
K;Fe(CN), and K4Fe(CN),, with a 0.3 M of K,SOy as
the supporting electrolyte. The Schmidt number for this
electrochemical system is about 1360 at 298 K. The re-
action at the cathode is then

Fe(CN);” +e — Fe(CN)¢~

The limiting diffusion current is directly connected to
mass flux at the cathode surface, so, the electrode works
as a mass flux-meter.

Both mean and fluctuating current characteris-
tics were measured. Data acquisition is supplied by a
TEAC RD-125T digital recorder. The Fourier spec-
tra are achieved by DIFA 100 software. The data ac-
quisition frequency was 200 Hz for time duration of
10.24 s.

The study was carried out in a baffleless small reac-
tor (Fig. 1) of dy = 85 mm internal diameter. The flow
was generated by means of a magnetic rod (b = 6 mm
in diameter and L = 25 mm in length) rotating at slow
and moderate angular rates Q. The aspect ratio is
dy/L = 3.4. The working electrode cathode was a plati-
num wire of 0.5 mm diameter flush mounted and elec-
trically isolated in a 5 mm external diameter steel sheath
(anode). This electrode system is directly submerged in
the reactor till the cathode reaches zy = 8 mm (zo/b =
1.33) from the bottom. Then the probe can be moved in
different locations in the z, plane along a radius from
the reactor vertical axis. Four different locations were
studied (2r/L =~ 0; ~0.48; ~0.96; ~1.44), (Fig. 1). It is
to be noticed that for the locations 1 and 2, the cathode
is very close to the rotating rod. It is not the case for the
two other locations of the probe.
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Fig. 1. Laser visualization sketches: (a) tank without probe; (b) flow past the probe; three-dimensional wake downstream the cylinder.

2.2. Flow visualization

The laser visualization was carried out in the flow
without the electrochemical probe (a), and with the
probe submerged in the flow (b). The results are sket-
ched in Fig. 1. Rotation of the magnetic rod induces
three-dimensional eddies. These eddies are modified by
the probe to create complex vortex structures. The ca-
pability for the electrochemical diagnostics to detect
these vortices, is one of the goal of the present study.

Without the probe (Fig. 1(a)) a central depression
develops on the free surface and a vertical vortex line
oscillates at its tail-end. The depth of the depression
zone increases with the rotation rate Q.

In the presence of the probe, the central depression
decreases (Fig. 1(b)) and the vertical vortex line becomes
less visible. Streamlines in a z-plane are weakly disturbed,
particularly in the central region. Seeding particles tend
to accumulate at the central core. Downstream the
probe, streamlines are disturbed as Von Karman eddies
shed in the vertical plane.

LDV was used to measure simultaneously the vertical
and the tangential velocity components (Fig. 2). In the
local cylindrical co-ordinates (r, 0,z), the vertical z-axis
coincides with the axis of the reactor. The tangential
(azimuthal) velocity component (¥) is negative when the

flow crosses the vertical measurement (r,z)-plane in
clock-wise direction. The vertical component (W) is
negative in downward direction. The profiles shown in
Fig. 2 correspond to the location 1 for two cases: with the
probe submerged or not. The tangential velocity profile
V is linear for small r in the core of the flow. Beyond
a maximum value, the V-component decreases as (1/r).
These flow characteristics can be associated with a rigid
body rotation of the flow core. So, the main flow may be
considered as a tornado wise flow which is axially
pumped downwards by the stirrer and impinges at the
bottom of the reactor. The liquid moves axisymmetri-
cally towards the tank wall and is recycled up along the
wall. In this region the vertical velocity component W
becomes positive (Fig. 2). The velocity field is obviously
disturbed when the electrode probe is submerged in the
flow; for example the azimuthal velocity is very reduced.

3. Results and discussions
3.1. Time-averaged parameters
The influence of hydrodynamics on the time-aver-

aged mass transfer values is presented in Table 1. The
mean current / allows one to obtain the mean mass
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Fig. 2. Influence of the probe on the velocity profiles at the location 1. Vertical () and azimuthal (V) velocity components. An-
gular rate of the magnetic rod Q = 63 rad s~!. Measurement stations lay on a radius tangent to the probe cylinder in the zy/b ~ 0.3

plane.

transfer rate K on the electrode and the corresponding

Sherwood number S/ and to evaluate the Nernst diffu-

sion layer thickness dx:

T 1/4 7
nFCy,

In these relations, d is the cathode diameter and & is the

molecular diffusion coefficient.

As expected, the diffusion layer thickness oy de-
creases when the rotation rate Q increases, while the
values of K vary inversely. For a given angular rate,
the mass transfer rate K takes a maximum value for
the locations 1 and 2. So does the Sherwood number.
This maximum value is about 1.3 times the rate ob-
tained near the axis (location 0) and at 2r/L ~ 1.44
(location 4). _

The measurements of the turbulence intensity Ve /1
related to the fluctuations of the limiting diffusion cur-
rent give the values between 0.11 and 0.20. These values
are larger than 0.10 commonly retained for two-dimen-
sional flows [6]. These results may be explained by the
influence of large eddies generated ever by the magnetic
rod or the Karman vortices. These eddies reach the
electrode surface and give rise to the strong fluctuations
of the limiting diffusion current. In presence of large
flow perturbations, the interpretation of mass transfer
measurements by means of the well-known Levéque’s
equation 7 ~ 7'/> may be questionable. Nevertheless, in
Table 1 we just use Levéque’s equation as a guide ref-
erence for estimation of the mean wall shear stress T
and the associated parameters (friction length y, and

Sh=Kd/9, ox=2/K. (1)

friction velocity u.). The turbulence intensity V1t”/7
concerning the fluctuations of the wall shear stress may
then be evaluated from the measurements of V' 7 /I by a
linear approximation of the Levéque equation: V'1” /7 ~
3V 17 /1. The values of turbulence intensity which where

obtained in our experiments at the location 1 and at the
location 2 are surprisingly very close to the results re-
ported by Mao and Hanratty [7,8] in the flow under
sinusoidal oscillations.

3.2. Energy input: resonance peaks

The fluctuations of the limiting diffusion current at
the location 2 are depicted in Fig. 3. These results cor-
respond to flow excitation by the magnetic rod with the
rotation frequency Q ~ 67 rad s~'. A large number of
oscillations is obtained. The PSD of the limiting diffu-
sion current fluctuations confirms indeed the existence of
many frequency peaks (Fig. 4). The resonance response
of the diffusion layer to the hydrodynamical excitation is
clearly shown by the most intense peak at f = f.s. The
dependence of the resonance frequency of the diffusion
layer on the hydrodynamical excitation frequency is
represented in Table 2. It can be noted that at the lo-
cation 1 (2r;/L = 0.48) the resonance peak f.s coincides
with the excitation frequency Q. At the location 2 near
the tip of the rod (2r,/L =0.96), the resonance fre-
quency is equal to Q/2 for Q = 63 and 82 Hz. These
results tend to prove that:

(1) Coherent hydrodynamical structures generated by
the stirrer in the bulk of the flow reach the near elec-
trode region and excite the diffusion layer. As the re-
sult, the resonance peaks appear in the power
spectrum density (PSD) of the current fluctuations.

(ii) Excitation frequency of the coherent hydrodynami-
cal structures is correlated to the rotation frequency
of the mechanical device. Depending on the diffu-
sion layer conditions, the resonance in the mass
transfer rate occurs either on the excitation fre-
quency or on its sub-harmonics.



Table 1

Order of magnitude of the mean values of variables

Dimensional Non-dimen-

Friction

Wall friction, ©

(Nm™)

Fluctuation

Nernst layer,

Sherwood

Mass transfer
coeflicient,

Angular rate,

Q

Non-dimensional
location, 2r;/L

sional electrode

diameter

y-co-ordinate

scale

velocity,

rate of current

number, Sh 0-Nernst (m)
intensity,

=2nN

u; (ms™)

K (ms™)

(rad s7')

d* =d/y
11.32
18.99
23.35

v/u, (m)

Y=
441E — 05
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0.023

0.51
1.44
2.18

0.20
0.19
0.19

1.04E — 05

48.16

37 7.08E — 05

63

0 (axis)

2.63E — 05

0.038

7.35E — 06

67.99
78.03

9.99E — 05

2.14E - 05

0.047

6.41E — 06

1.15E — 04

82

17.54
28.02
32.44

0.035 2.85E — 05

1.23
3.14
4.21

0.13
0.13
0.13

7.75E — 06

64.48

9.48E — 05

37
63

Location 1, 0.48

1.78E — 05

0.056

5.68E — 06

88.1

1.30E — 04

1.54E — 05

0.065

5.15E — 06

97.15

1.43E — 04

82

16.35
29.88

3.06E — 05

0.033
0.06

1.07
3.57
4.79

0.11
0.12
0.12

8.13E — 06

61.54
91.98

9.05E — 05

37
63

Location 1, 0.96

1.67E — 05

5.44E — 06

1.35E — 04

34.62

1.44E — 05

0.069

101.46 4.93E — 06

1.49E — 04

82

11.3
20.12

4.42E — 05

0.023
0.04

5.11
1.62
2.41

0.17
0.16
0.15

1.04E — 05

48.11

7.07E — 05

37
63

Location 3, 1.44

2.48E — 05

7.08E — 06

70.66
80.71

1.04E — 04

24.56

2.04E — 05

0.049

6.20E — 06

1.19E — 04

82

3.3. Energy repartition: analysis of the PSD and identi-
fication of the peaks

Many resonance frequencies can be observed when
plotting the PSD against the frequency co-ordinate for
the location 1 (Fig. 5). Such a situation may depict some
superimposed mechanisms. Taking the resonance fre-
quency f; (fi stands for f.s) as a reference, we have
succeeded to identify in this spectrum the existence of
the frequencies 1/2f;,1/4f1, ..., which represent its sub-
harmonics. The existence of the odd harmonics of each
of these frequencies is clearly noticeable: 3f1/2,5f1/2,...
and 3f1,/4,5f1/4,7f1/4. These frequencies may corre-
spond to a non-linear sub-harmonic mechanism. Be-
sides, a second frequency f> = 6.25 Hz, which does not
fit in the former mechanism, can be detected. This fre-
quency is independent from f; and can be induced by the
secondary flow past the probe, but further investiga-
tions should be provided to confirm this hypothesis.
Thus, we deal with a two-frequency process. Many fre-
quencies involving f> are detected: f; £ f3,2f1 + f>,1/2
fi £ /2,3/ 2f1 + f3, ... They are supplied by a non-linear
interaction mechanism. These interconnected mecha-
nisms generate period doublings and make the signal
definitely more complex. The results at location 2 lead to
the similar conclusion.

In addition, Fig. 5 indicates an exponential dam-
ping of the energy base line. Davoust et al. [10] have
reported a similar behavior in magneto-hydrodynamic
flows. According to the authors [10,11], the exponential
damping mechanism is strongly controlled by the aspect
ratio of the system. Exponential damping (or increase)
rates of instabilities are rather commonly reported in
linear theories for transition to turbulence.

3.4. Influence of the rotation rate and of the probe location

For a given location, the peaks progressively disap-
pear from the PSD curve of the current fluctuations
when Q varies from 37 to 82 rad s~!, Fig. 6. In the
meanwhile the base line of PSD increases significantly as
Q is increased. Only the excitation peak and its first sub-
harmonic remain significant. This behavior is typical for
the development of flow turbulence [9].

When the probe is moved from the location 1 to the
location 3 without changing the rate of mechanical ex-
citation, a complete disappearance of the sub-harmonics
f1/4 and its odd harmonics is noticed. The same phe-
nomenon occurs for some other peaks resulting from
the interaction between f; and f;. The remaining peaks
spread out. We can conclude that at the location 3,
almost all the frequencies are absorbed by the base line.
Only the frequency peak f, remains significant at the
location 3. This shows that the frequency f> is inde-
pendent from the phenomenon related to the frequency
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Fig. 3. Limiting diffusion current fluctuations at the location 2. Angular rate Q = 67 rad s™'.
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Fig. 4. PSD of the limiting diffusion current signal at location 2. Resonance frequencies. Angular rate Q = 67 rad s~ (curve 1);

Q =82rad s~ (curve 2).

/1 (vortex generated by the stirrer). This is an additional
confirmation that the frequency f is related to the sec-
ondary flow generated by the probe.

The re-organization of the flow is very important
from one location to the other. At the locations 1 and 2
the working electrode is very close to the stirrer and the
influence of the coherent structures on mass transfer is
important. At the location 3 the distance between the
working electrode and the stirrer is about the stirrer
length, only. But it is enough for an important devel-
opment of the turbulence which results in ‘““stochastic”
characters of the PSD-curves. These conclusions are

Table 2
Resonance frequencies

Location 1, 2r /L = 0.48,

Location 2, 2r,/L = 0.96,

fres ~Q fres ~0.5Q

Excitation  Resonance Excitation = Resonance

Q (Hz) Jres (Hz) Q (Hz) Jres (Hz)

37 35.4 37 17.7 (or 35.2 ?)
63 67.0 63 33.6

82 81.4 82 40.6

similar to the results of Michelet et al. [1]. These authors
have investigated the variation of the macro-length scale
(L4). The macro-length represents the length over which
the coherent structures persist. The parameter L, was
calculated at different stations along an axis 4 tangent to
the turbine disc. According to their results [1], L, in-
creases until a dimensionless parameter, equivalent to
2r/d, in the present paper, reaches 0.7. Then L, rapidly
decreases. That is also in agreement with the investiga-
tions of Wu et al. [4] who found that the periodic fluc-
tuations dominate the turbulence field close to the
impeller in an agitated tank, but rapidly diminish away
from the tip region. At 2r/L ~ 1.5, the authors found
that the periodic structures are reduced to about 20% of
the total energy of the fluctuations. This phenomenon
characterizes the development of the bulk turbulence.

3.5. Similarity of the energy repartition

In the paragraph 3.2 it was noted that the input of
the mechanical energy to the system could be related to
the onset of a resonance peak f;.;. PSD curves obtained
for different excitation frequencies Q show some simi-
larity in the energy distribution. For example, in Fig. 7,
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Fig. 6. Development of turbulence by increasing the rotation rate at the location 1.

the PSD curves are plotted against the dimensionless
frequency f/f.s for different Q at the location 1. One
can see that all these curves coincide. A cut-off point
is obtained at (f/fws), = 3. The same similarity in
the energy repartition is obtained for the location 2.
For this latter case, the cut-off point is obtained at
(f/fres)s ~ 6.

Previously, we have obtained (Table 2) that the res-
onance frequencies are: (fes), = Q and (fr.s), = 2/2. So,
for both locations a critical cut-off frequency is given by
the ratio f/Q =~ 3. Therefore it is worthy to plot PSD
against f/Q co-ordinate. The resulting similarity in the
energy repartition is given in Fig. 8 corresponding to the
two locations. A change in the damping of the energy
can be noticed for critical frequency f/Q ~ 3. The ex-
ponential damping described in Section 3.3 is valid in
the range 0.5<f/Q<3. For higher frequency range

(f/Q > 3), the energy damping seems to be governed by
an asymptotic power law: [f/Q]", where m ~ —3 (Fig.
8). The same asymptotic law was reported in [15]. In this
reference, the PSD of the limiting diffusion current was
obtained in electrochemical cell with complex geometry
agitated by an impeller.

4. Conclusions

Limiting diffusion current measurements were carried
out in a small tank, agitated by a magnetic rod. The
configuration with a submerged cylinder as a counter
electrode, containing the small working electrode, was
used. Mass transfer on the working electrode and flow
structure in the vicinity of the stagnation region was
studied.
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The PSD analysis of the fluctuations of the limiting
diffusion current reveals the existence of resonance
peaks. These peaks are related to the influence of large
eddies generated by the stirrer. Indeed, for a given lo-
cation of the probe, the most important resonant peak
fres coincides either with the agitator’s rate (it means
with mechanical excitation frequency Q) or with its sub-
harmonics Q/2. Tt was also noted the existence of an-
other resonance frequency f, independent from Q and
from the probe position. It seems that this frequency is
related to the secondary flow past the cylinder. So, the
electrochemical measurements are sensitive to detect by
means of PSD analysis the coherent structures arising in
complex 3D turbulent flows.

The use of PSD analysis allows to describe some
mechanisms of development of turbulence in the agi-
tated tank:

e A sub-harmonic cascade, down to at least 1/4f., is
detected in the spectrum when the probe locations
are chosen in the very vicinity of the magnetic rod.
Odd harmonics of resonant frequency are also de-
tected.

e The observed peaks disappear quickly when the
probe is moved away from the excitation source.
The peaks also disappear when the rotation rate is in-
creased. That proves a rather fast development of the
turbulence in agitated tank.

e Independent frequencies, f; and f;, generate non-lin-
ear interaction frequencies n,f £ n,f, which fill up
the spectrum.

It is shown that a similarity in the energy repartition
exists if PSD is presented with respect to f/Q co-ordi-
nate. A non-dimensional frequency cut-off appears at
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f/Q ~ 3. In the low frequency range, 0.05 < f/Q <3,
the spectra are found to verify an exponential damping
law. For higher frequency range, f/Q > 3, the energy
damping seems to be governed by a asymptotic power
law [f/Q]", where m ~ —3.
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