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1. Introduction 

The systems in which an electrode immersed in a solution causes a chemical reaction have 
been studied for over a hundred years. It has long been known that the behavior of these 
systems is determined by two main factors: the rate with which the substance comes into 
contact with the electrode and the rate of the electrochemical reactions at the electrode. 
During the first four decades of the twentieth century, many works were devoted to this 
subject; however, most of them were experimental works. Those works found that the 
limiting current increases with increasing the rate of stirring (Bircumshaw & Riddiford, 
1952). Usually, the results were expressed by means of a power relation of the form: 

 lim
aj   (1) 

where limj  is the limiting current,   is the rotation speed and a  is the power such that 

0 1a  .  
The earliest theoretical studies of electrochemical cells with a rotating disk were reported by 
Nernst (Nernst, 1904; Nernst & Merriam, 1905). In that works, Nernst introduced the 
concept of diffusion layer. According to Nernst, the thickness of the diffusion layer is 
extremely small and the movement of fluid within it may be neglected.  
In 1932, Eucken (Eucken, 1932) presented another theoretical study of electrochemical cells. 
The aim of that work was to provide an exact hydrodynamics theory of the diffusion 
towards a plane electrode submerged in a solution moving with a relatively high velocity.  
Following a similar approach to that employed by Eucken, Levich (Levich, 1942) presented a 
theory describing accurately the hydrodynamics generated by an electrode with the shape of 
a flat disk of a sufficiently large area, rotating about an axis perpendicular to the plane of the 
disc with a constant angular velocity. The theory of Levich is restricted to the case of 
sufficiently small Reynolds numbers, so that the motion of the fluid might be considered as 
laminar. Levich used the transformation proposed by von Kármán (von Kármán, 1921), 
which allows writing the Navier-Stokes equations as a system of ordinary differential 
equations. Levich also used the solution proposed by Cochran (Cochran, 1934) to the 
resulting system of ordinary differential equations. 
Although the theory developed by Levich was in a good agreement with most experimental 
results reported previously, at the end of his work Levich pointed out that: “… a precise 
experimental study of the phenomena of concentration polarization in a wide range of 
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Reynolds numbers and simple geometrical conditions, allowing to establish decisively the 
quantitative agreement between the theory and the experiment, is highly desirable” (Levich, 
1942). 
Several authors have analyzed experimentally some of the geometrical features of systems 
typically used in electrochemical studies in order to verify if these systems meet the basic 
theoretical requirements of the Levich theory.  
The electrode shape, the electrode immersion depth and the cell volume were considered 
among the main sources of discrepancy between ideal and existent experimental systems. In 
accordance with Riddiford (Riddiford, 1966), a cylindrical shape for the electrode promotes 
an adverse fluid flow pattern and other electrode shapes should be used instead. Azim and 
Riddiford (Azim & Riddiford, 1962) recommended conical or bell-shaped electrode designs. 
The effect of the electrode shape upon the rate of mass transfer was widely analyzed by 
Blurton and Riddiford (Blurton & Riddiford, 1965) and by Prater and Adams (Prater & 
Adams, 1966). However, in accordance with Prater and Adams: “... the difficulty of 
fabricating the bell-shaped electrode probably outweighs its advantages...”. 
Prater and Adams (Prater & Adams, 1966) also studied the effect of electrode immersion 
depth upon limiting currents, but only a bell-shaped electrode was employed. In accordance 
with these authors: “... identical results may be obtained whether the electrode is immersed 
to a depth of 1.85 cm. or barely touching the solution...”. 
An accurate experimental determination of the velocity field near the electrode becomes 
difficult due to cell geometry and electrode dimensions. This task is hard to accomplish even 
using modern non-intrusive techniques such as Particle Imaging Velocimetry (PIV). 
Nevertheless, recently the flow field inside a confined electrochemical cell configuration was 
measured through Laser Doppler Anemometry (Mandin, Pauporte, Fanouillere, & Lincot, 
2004). 
Another alternative to obtain an accurate approximation of the velocity and pressure 
profiles due to a rotating disk electrode is to use the Computer Fluid Dynamics (CFD) 
technique in which, the three-dimensional Navier-Stokes equations are solved 
numerically.  
The aim of this chapter is to review some of the works recently published in which the CFD 
technique has been used to characterize the hydrodynamic behavior of the liquid inside 
electrochemical cells with a rotating disk electrode (RDE). This chapter also discusses the 
assumptions stated in the revised works as well as the accurateness of their results. In 
addition, this paper discusses some of the implications of the results obtained with the CFD 
technique on the geometric characteristics of the electrochemical cell, the electrode geometry 
and the operating conditions. 
This chapter is organized as follows. The properties as well as the main features of the ideal 
system considered in the theory developed by Levich (Levich, 1942) are discussed in Section 
2. This section also presents a comparison between two approximate solutions to the 
problem stated by von Kármán (von Kármán, 1921). The main features of several works 
recently published in which the CFD technique has been used to characterize the 
hydrodynamics of electrochemical cells with a RDE are presented in Section 3. Based on the 
results obtained with CFD technique, Section 4 discusses some simple modifications that can 
be implemented in electrochemical cells that can significantly improve the accuracy of 
measurements made on these devices. 
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Fig. 1. Typical fluid flow pattern of the ideal system. 

2. Ideal system model 

2.1 System description 
In the model of the ideal system considered by Levich (Levich, 1942), the analytical 
expressions describing the hydrodynamic behavior of the fluid in the vicinity of the 
electrode active surface is in accordance with the behavior described by von Kármán (von 
Kármán, 1921). Levich considered that the fluid velocity field inside the cell can be modeled 
as the steady-state motion of an incompressible Newtonian viscous fluid due to an infinite 
rotating plane disk whose thickness is equal to zero. A system like this was originally 
proposed by von Kármán (von Kármán, 1921). This model assumes that the fluid density 
and viscosity remain constant. Additionally, the fluid is infinite in extent and is located 
above the disc.  
Figure 1 shows the typical fluid flow pattern of the ideal system. To create this figure, a 
small value for the electrode rotation speed was employed. Several stream lines were 
included in this figure. The stream lines were colored in accordance with its radius value. 
Given that the rotating disc acts as a centrifugal fan, the fluid moves radially outwards near 
the disc. Therefore, to preserve continuity, an axial motion towards the lamina is generated 
(Cochran, 1934). Figure 1 shows that far from the disk the radial and angular velocity 
components are zero. On the contrary, near the disk, the behaviour of the fluid resembles 
logarithmic spirals. Figure 2 shows the fluid velocity field on a plane parallel to the disk. 
This figure also shows that a stagnation point is formed at the center of the disk. 
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Fig. 2. Fluid velocity field on a plane parallel to the disk which resembles logarithmic 
spirals. 

2.2 Mathematical equations 
The mathematical equations of the ideal model are the continuity and the Navier-Stokes 
equations in cylindrical coordinates at the steady-state: 
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This model assumes that the fluid flow pattern is axisymmetric respect the axial axis.  In this 
equations, r  and z  are the radial and axial coordinates, p  is the pressure, ρ is the density 
of the fluid and ν is the kinematic viscosity of the fluid. In (2) and (3), u , v  and w  are the 
radial, the angular and the axial velocity components respectively. This model also assumes 
that the flow regime is laminar. 
The boundary conditions for (2) and (3) are as follows: At the disc surface  0z  , a non-slip 
condition is assumed, that is, 0u  , 0w   and v r , where   is the electrode rotation 
speed. Far from the disc  z  , it is assumed that there is no flow in the radial and the 
angular directions, which can be expressed as 0u   and 0v  . In addition, the axial 
velocity reaches its limiting velocity 

0U , that is, 
0w U . 
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2.3 Approximate solutions 
von Kármán (von Kármán, 1921), introduced the following dimensionless independent 
(Equation 4) and dependent variables (Equation 5): 

 z



  (4) 

 ( )
u

F
r




 ,  ( )
v

G
r




 ,  ( )
w

H 
 

   and  ( )
p

P 
 

  (5) 

After applying the variable change, Equations (2) and (3) can be rewritten as a set of four 
ordinary differential equations: 

 2 ' 0F H   (6) 

 2 2" ' 0F HF F G     (7) 

 " ' 2 0G HG FG    (8) 

 '' ' ' 0H HH P    (9) 

The boundary conditions for the system are: 

 0H F P   ,  1G    at  0  , (10) 

and 

 0F G    at      (11) 

Several authors have developed approximate solutions to the equations system (6)-(8) 
subject to boundary conditions given by Equations (10) and (11). The most famous 
approximate solution was obtained by Cochran (Cochran, 1934), which is composed by two 
infinite series, one a power series near the disk and the other a series in exponential 
functions away from the disk. 
The first set of equations is valid only near the disk  0  : 

 2 31

2 3

b
F a       (12) 

 31
1

3
G b a      (13) 

 2 3 41

3 6

b
H a        (14) 

The second set is valid far from the disk    : 
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Where in both sets, a , b , A , B  and   are constants. 
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Fig. 3. Comparison of the solutions developed by Cochran and Ariel for the radial velocity 
component. 

Contrary to the approach stated by Cochran, Ackroyd (Ackroyd, 1978) developed a solution 
composed by only one set of infinite series of exponential terms with negative exponents. 
Following Arckroy approach, Ariel (Ariel, 1996) presented an approximate solution in 
which is possible to obtain better results than that obtained with other approximate 
methods. The solution developed by Ariel is given by the following equations: 

    2 22 1 4 1 1
2 ln

8 3 2

e
F e e e e

 
             

         
 (18) 
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    2 21 4 1 1
4 ln 2 3

8 3 2

e
H e e e e

 
             

          
 (20) 
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Where   is defined as in Equation (4) and 0.9130294741  . The main advantage of the 
solution proposed by Ariel over that obtained by Cochran is that Equations (18)-(20) can be 
evaluated for any value of   such that 0    . 
Figures 3, 4 and 5 show a comparison of the solutions obtained by Cochran and Ariel for the 
radial, angular and axial velocity components, respectively. Roughly speaking, these figures 
show that the first of functions of the solution proposed by Cochran are valid when 1  . 
These figures also shows that the trend of the two sets of functions that comprises the 
solution proposed by Cochran are completely distinct for 1.5  .  
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Fig. 4. Comparison of the solutions developed by Cochran and Ariel for the angular velocity 
component. 
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Fig. 5. Comparison of the solutions developed by Cochran and Ariel for the axial velocity 
component. 

www.intechopen.com



 
Computational Simulations and Applications 

 

416 

Figures 3, 4 and 5 show that the results of the approximate solutions developed by Cochran 
and by Ariel are very similar.  Volgin and Davydov (Volgin & Davydov, 2007) shown that 
the error associated to the available approximate equations to calculate the velocity field 
range from 1 to 0.01%. In addition, they found that to provide an accuracy of about 0.1%, the 
length of computational region should be approximately twice the diffusion layer thickness. 
To reach higher accuracy, the extension of the computational region must be increased. 

3. Simulation with CFD 

Computational Fluid Dynamics (CFD) is a technique that allows generating fluid flow 
simulations with by means of computers. CFD solves numerically the governing laws of 
fluid dynamics. The set of partial differential equations associated with the system under 
study are solved in a geometrical domain divided into small volumes, commonly known as 
a mesh (or grid). The accuracy and validity of simulation results depends on the choice of 
the CFD model, the physical features incorporated in the governing equations and the 
boundary conditions (Ferziger & Peric, 1996; Tu, Yeoh, & Liu, 2008).  

3.1 Two-dimensional models 
Almost all the numerical simulations of the hydrodynamic behavior inside electrochemical 
cells with a RDE have used axisymmetric two-dimensional models, but there are significant 
differences in the extent of the electrochemical cell volume of the systems reported in 
literature. The entire cell volume was simulated by Mandin et al. (Mandin, et al., 2004) 
whereas only a small amount of liquid below a rotating disc ring electrode was considered 
by Dong et al. (Dong, Santhanagopalan, & White, 2007). In those works, only the electrode 
active face is in contact with the fluid. Nevertheless, a common practice of submerge the 
working electrode into the cell liquid was not considered in those works. Mandin et al. 
(Mandin, Fabian, & Lincot, 2006) show the significance of the submerged electrode side wall 
by means of two-dimensional numerical simulations of an electrochemical cell with a 
rotating cylinder electrode.  
Dong et al. (Dong, Santhanagopalan, & White, 2008) carried out two-dimensional 
axisymmetric numerical simulations of a entire electrochemical cell with a RDE, where the 
electrode is partially submerged into the electrolyte. To include the existence of an air-liquid 
interface present in actual electrochemical cells, a slip wall was employed as boundary 
condition for the cell upper wall to represent numerically this interface. The system modeled 
by Dong et al. (Dong, et al., 2008) is schematically represented in Figure 6. In accordance 
with these authors, the simulated fluid velocity field and that obtained with the theoretical 
model proposed by von Kármán (von Kármán, 1921) and Cochran (Cochran, 1934) are in 
good agreement. 
Mandin et al. (Mandin, et al., 2004) also carried out two-dimensional axisymmetric 
numerical simulations of a entire electrochemical cell with a RDE. The system studied by 
these authors is schematically represented in Figure 7. Their results were compared with the 
fluid flow pattern calculated with the analytical expressions obtained by Cochran (Cochran, 
1934). These authors found that the velocity profiles calculated with these expressions are in 
accordance with their numerical simulations only in a narrow region close to the electrode 
active face. However, apparently these authors only made use of one of the two sets of 
equations that comprises the solution obtained by Cochran.  
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Fig. 6. Schematic representation of the cell simulated by Dong et al. (Dong, et al., 2008). The 
line in blue represents a slip wall. The line in red represents symmetry axis. 

 

 
Fig. 7. Schematic representation of the cell simulated by Mandin et al. (Mandin, et al., 2004). 
The line in red represents symmetry axis. The line in black represents the electroactive zone. 

3.2 Three-dimensional models 
All the two-dimensional mathematical models of electrochemical cells with a RDE assumed 
that the fluid velocity field is axisymmetric. Nevertheless, the asymmetry of the fluid flow 
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was observed in informal experiments reported by Adams (Adams, 1969) (see Figure 4-3 in 
that work). Despite the asymmetry is evident, no comments regarding this fact were raised; 
maybe because in accordance with the author, those experiments were done only to 
illustrate the general behavior of an electrochemical cell with a RDE. 
Due to the size and inner geometry of most of the electrochemical cells, scarce 
measurements of the liquid velocities inside the cell are reported. However, measurements 
of liquid velocities inside a cell with a rotating disc electrode through the Doppler Laser 
Anemometry (DLA) technique were performed by Mandin, et al. (Mandin, et al., 2004). In 
that work, reproducible high amplitude oscillations that increased substantially with the 
electrode rotation speed were observed. These authors also compared their experimental 
measurements with the results of a two-dimensional axisymmetric mathematical model, but 
liquid velocities oscillations were not reproduced. 
By using a three-dimensional model, the symmetry constraint can be avoided and therefore, 
it is possible to reproduce the hydrodynamic behavior of the internal flow of electrochemical 
cells under more realistic conditions. The correctness of this assumption can be evaluated by 
comparing the results of the numerical simulations against the physical experiments 
measurements.  
Real, et al. (Real, et al., 2008) characterized the hydrodynamics inside electrochemical cells 
with several geometric features using three-dimensional models. These authors studied how 
the fluid flow pattern is affected by the electrode rotation speed, the cell volume, the 
electrode submergence depth and the distance between the electrode active face and the cell 
bottom wall. In that work, the authors found that the fluid flow pattern inside the 
electrochemical cell is not symmetric. Nonetheless, the asymmetry grade strongly depends 
on the geometrical configuration of the system.  
 

 
Fig. 8. Example of the biphasic three-dimensional models employed by Gonzalez, et al. 
(Gonzalez, Real, Hoyos, Miranda, & Cervantes, 2011), Real-Ramirez, et al. (Real-Ramirez, 
Miranda-Tello, Hoyos-Reyes, & Gonzalez-Trejo, 2010) and Real, et al. (Real, et al., 2008). 
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In the work of Real, et al. (Real, et al., 2008) only the hydrodynamic behavior of the 
electrolyte inside the cell was simulated. This means that the effect of the interface 
electrolyte-air in actual electrochemical cells is neglected. However, the significance of the 
free surface on the flow pattern inside a stationary cylinder with a rotating bottom has been 
recognized by several authors (Brøns, Shen, Sørensen, & Zhu, 2007). By comparing the flow 
inside two different container geometries, one with a rigid cover and the other with a free 
surface, significant differences in the resulting behavior were observed experimentally 
(Spohn, Mory, & Hopfinger, 1998). This result was reproduced numerically through three-
dimensional numerical simulations (Serre & Bontoux, 2007). 
The effect of the liquid phase free surface on the flow pattern inside the electrochemical cell 
with a RDE has been studied recently by Real, et al. (Real, et al., 2008), Real-Ramirez, et al. 
(Real-Ramirez, et al., 2010) and Gonzalez, et al. (Gonzalez, et al., 2011). These works 
conducted several three-dimensional unsteady-state numerical simulations using biphasic 
systems. An example of the biphasic three-dimensional models employed in those works is 
presented in Figure 8. In this example, the volume occupied by the electrolyte was colored 
in blue and the electrode was colored in grey. The electrode submergence depth is equal to 
the electrode external diameter. The distance between the electrode active face and the cell 
bottom wall is equal to four times the electrode external diameter. 
 

 
Fig. 9. Liquid velocity vectors near and below the electrode. A section of the liquid free-
surface  colored in blue is also presented.  

Through the biphasic three-dimensional numerical simulations, the authors found that the 
fluid flow pattern inside the electrochemical cell is not symmetric respect the electrode 
rotation axis. Figure 9 presents the liquid velocity vectors near and below the electrode. This 
figure also shows a section of the liquid free-surface, which is colored in blue. A big value 
for the electrode rotation speed was employed to generate the results shown in Figure 9.  
By comparing Figures 1 and 9 it is clear that there is a difference between the behaviors of 
an actual electrochemical cell and the ideal model stated by von Kármán (von Kármán, 
1921).  
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The asymmetry of the fluid flow pattern about the axis of rotation of the electrode causes a 
displacement of the stagnation point on the electrode active face. This displacement is 
shown in Figure 10.  
 

 
Fig. 10. Displacement of the stagnation point on the electrode active face originated by the 
asymmetry of the fluid flow pattern. The red circle denotes the centre of the electrode. 

The biphasic three-dimensional numerical simulations confirm that the asymmetry 
grade strongly depends on the geometrical configuration of the system. By analyzing 
the results of several physical and numerical simulations at different electrode rotation 
speeds and several cell sizes, those works found that there exist a synergetic effect of 
the cell internal walls, the submerged electrode side wall and the liquid free surface 
(Real-Ramirez, et al., 2010). Their numerical simulations showed that the asymmetry of 
the electrochemical cell flow pattern is intensified by the free surface asymmetry, which 
depends directly on the electrode rotation speed and the electrode submergence depth 
(Gonzalez, et al., 2011). 
Several fluid stream lines below the electrode for two distinct values of the distance between 
the electrode active face and the cell bottom wall are shown in Figures 11 and 12. This 
distance for the cell shown in Figure 11 is small, whereas a large value for the distance 
between the electrode active face and the cell bottom wall was employed for the cell shown 
in Figure 12. The same value of the electrode rotation speed was used for the simulations 
shown in Figures 12 and 13.  
Figures 11 and 12 clearly show that the offset from the center of the electrode of the 
stagnation point depends strongly on the distance between the electrode active face and the 
cell bottom wall. Based on the results of their numerical simulations, Real-Ramirez, et al. 
(Real-Ramirez, et al., 2010) stated as rule of thumb that the distance between the electrode 
active face and the cell bottom wall must be at least three times the electrode external 
diameter.  
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Fig. 11. Fluid stream lines below the electrode when the distance between the electrode 
active face and the cell bottom wall is small. The blue circle defines the centre of the 
electrode. 

 

 
Fig. 12. Fluid stream lines below the electrode when the distance between the electrode 
active face and the cell bottom wall is large. The blue line coincides with the axis of rotation 
of the electrode. 
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3.3 Comparison between mathematical and physical experiments 
Based on the results of their numerical simulations and following the functional form of the 
solutions proposed by Ackroyd (Ackroyd, 1978) and Ariel (Ariel, 1996), Gonzalez, et al. 
(Gonzalez, et al., 2011) argued that the fluid velocity component orthogonal to the electrode 
active face decreases almost exponentially with the square root of the electrode rotation 
speed. Gonzalez, et al. (Gonzalez, et al., 2011) proposed an empirical correction to the Levich 
equation as follows: 

 
1/21/2

Li e      (21) 

where 0   has the usual interpretation and   is a constant such that 0 1  . The 
smaller the value of  , the closer will be the system to the ideal one. The previous equation 
implies that 0

L
i   as 1/2

0  , nevertheless, the value of   cannot be as large as desired 
because beyond a certain threshold, the Levich equation is no longer valid. 
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Fig. 13. Koutecky-Levich plot of data reported by Unguresan & Gligor (Unguresan & Gligor, 
2009) for a concentration of NADH of 1.2 mM. 

Gonzalez, et al. evaluated the validity of Equation (21) using the experimental results  
reported by Unguresan & Gligor (Unguresan & Gligor, 2009). The experiments correspond 
with the electrocatalytic NADH oxidation process taking place at graphite electrodes 
modified with a polymer of phenothiazine formaldehyde at various concentrations of 
NADH and for an electrolyte pH value of 6.0. 
Figure 13 shows the traditional Koutecky-Levich plot of data reported by Unguresan & 
Gligor for a concentration of NADH of 1.2 mM. Figure 14 shows the fitting of the same 
experimental data by using Equation (21). The equations of the linear adjustment was 
included these figures. Similar values for the Levich constants   are obtained with the 
model proposed by Gonzalez, et al. (Gonzalez, et al., 2011) and the Koutecky-Levich 
equation, but the goodness of the fit is significantly improved.  
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Fig. 14. Fitting of the experimental data reported by Unguresan & Gligor (Unguresan & 
Gligor, 2009) for a concentration of NADH of 1.2 mM by using Equation (21). 

The same analysis to that previously described but now for a concentration of NADH of 1.6 
mM is presented in Figures 15 and 16. As in the as in the previous case, the goodness of the 
fit is superior by using the model proposed by Gonzalez, et al. (Gonzalez, et al., 2011). 

4. Effect of the electrode shape and future trends 

The importance of electrode shape on the behavior of the electrochemical cell has been 
recognized for a long time. For instance, the inaccuracies caused by the geometry of the 
electrode are discussed in detail in Section 6 of the Levich work (Levich, 1942). 
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Fig. 15. Koutecky-Levich plot of data reported by Unguresan & Gligor (Unguresan & Gligor, 
2009) for a concentration of NADH of 1.6 mM. 
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Fig. 16. Fitting of the experimental data reported by Unguresan & Gligor (Unguresan & 
Gligor, 2009) for a concentration of NADH of 1.6 mM by using Equation (21). 

By analyzing the results of biphasic three-dimensional numerical simulations of an 
electrochemical cell with a cylindrical electrode, several authors found that the submerged 
electrode side wall along with its right angle shape induces that the liquid velocities in the 
vicinity of the electrode active face were lower than that predicted with the ideal model 
(Gonzalez, et al., 2011; Real-Ramirez, et al., 2010). To obtain a liquid velocities field as close 
as possible to the ideal one, those authors suggest using electrodes with rounded border 
shape. 
The cylindrical electrodes are the ones mostly used for the characterization of 
electrochemical reactions. However, some authors still using bell-shaped electrodes. 
According to the authors of this chapter, the results of numerical simulations suggest that 
this type of electrodes may have a better performance than the cylindrical electrodes. 
Therefore, it is strongly recommended to conduct numerical simulations to characterize the 
hydrodynamics of an electrochemical cell with a bell-shaped electrode. 
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