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ABSTRACT 

Even though electrochemically induced magnetohydrodynamic (MHD) convection is a 

straightforward inexpensive method for moving fluids in confined spaces as for example during 

electrodeposition, stripping voltammetry, or in microfluidics, efficient quantitative models only 

recently have begun to appear. This is traced to complex mathematics that have prevented 

development of analytical expressions, e.g., for mass-transfer limited currents in analogy to the 

well-known Levich equation for the rotating electrode. Thus, related literature expressions remain 

mainly phenomenological concerning particular cell geometries or applications. Here, using such 

reports as points of departure, we validate a computationally rigorous description of the 

magnetoelectrochemical problem and define the relative significance of all system parameters. 

For this we use a three-dimension transient numerical simulation and establish that the full 

problem is adequately described by the conservation of momentum (modified Navier-Stokes 

equation), conservation of mass, and conservation of species (Fick' s second law augmented with 

convection). These three equations are coupled by the Faradaic current given as a function of the 

flux of the redox active species to the working electrode. Computations are performed in the 

regime of milli and microelectrodes ranging from 250 J.lm in diameter to 16 mm, both with and 

without a magnetic field. Millielectrodes without a magnetic field generate diffusion-controlled 

voltammograms, and with the magnetic field vector parallel to the electrode surface, generate 

sigmoidal-shaped steady-state voltammograms. The Lorentz force was applied to the whole 

solution, but migrational current was ignored, so only in the presence of a concentration gradient 

was the Lorentz force applied. This region is in the near field of the working electrode and 

renders the placement of the counter electrode unimportant. The limiting current generated 

captures most of the experimental observations. 
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Introduction 

The earliest work on electrolysis in the magnetic field is credited to Michael 

Faraday. 1 The prevalent macroscopic phenomenon is convection (stirring) owing to 

Lorentz forces on moving charges and paramagnetic forces on magnetic dipoles in field 

gradients moving towards regions of higher field intensity. In solution, moving charges or 

dipoles collide with the solvent molecules and transfer momentum. Per unit volume 

element of the liquid that contains moving charges or paramagnetic species the Lorentz 

- -
body force density, F8 , is given by eq 1, and the field-gradient paramagnetic force, F;. 8 , 

by eq 2. Where, ] is the ionic current density, J = i I A, with i being the total current 

- - -F8 =jxB (1) 

F =2NC (gp8 )

2

(B·Y')B 
\ B A Ill 4kT (2) 

flowing through the ionic conductor, and A the cross-sectional surface area of the 

electrolytic conductor at the point where the volume element is considered), B is the 

magnetic field strength, NA is Avogadro's number, g the spectroscopic splitting factor, f.1B 

the Bohr magneton, k the Boltzmann constant, T the absolute temperature, and Cn the 

concentration of species m, which in the spirit of eq 2 is paramagnetic. It is noted further 

that there is also a third, rather controversial, paramagnetic body force, F;. c , that does 

not arise as the sum of forces on individual ions or magnetic dipoles, but is applied 

directly on volume elements that contain concentration gradients of paramagnetic 

species.2.3 1\ cis given by eq 3 and does not depend on field gradients.4
-
7 

F..= N (gJLB )2 jj2 (Y'C ) 
\ ( .I 4kT 111 

(3) 

Conservation of charge dictates that the electronic current flowing outside an 

electrochemical cell is equal to the ionic current, i, flowing inside. Electron transfer 

occurs at the electrode solution interface which is carried out utilizing a redox species, 

which generates paramagnetic species (e.g., radicals) in the vicinity of the electrode, that 

- -
give rise to F;. 8 and F;. c . 
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From a practical perspective, applications of magnetoelectrochemistry have been in: 

electrodeposition of metals, conducting polymers, stripping voltammetry and 

microfluidics, which have been designed mostly around magnetohydrodynamic (MHO) 

convection caused by F8 _s-Is The direction of the magnetic field with respect to the 

electrode surface modifies nucleation versus growth resulting in different morphologies 

for electrodeposited metal films, which in some cases enhances their corrosion-resistance 

properties. I I The primary effect through MHO is convection that increases the rate of 

mass transfer, and thus the deposition rate. Similarly, magnetic fields exert control over 

electropolymerization in terms of molecular weights, molecular ordering, film 

morphology/roughness and current efficiency. I6
-
39 MHO stirring during stripping 

voltammetry decreases the deposition time and enhances the stripping peaks, therefore 

increasing the detection limit of the method.40
-
50 In microfluidics, electrochemical MHO 

can be considered as an almost intuitive extension of analogous action in liquid metals 

(e.g., MHO circulation of liquid sodium used for cooling of nuclear reactors5 
I ·

52
) and 

ionized gases. 53 Specifically, MHO has been used for pumping, mixing and separation. 

Using magnetic fields to control t1uid t1ow on lab-on-a-chip devices circumvents the 

complexity of pumping with mechanical means, and the direction of t1ow can be reversed 

by simply changing the direction of the current (i.e., swapping the cathode for the anode) 

allowing for further miniaturization that increases portability, reducing fabrication costs 

as well as waste generation, and shortening analysis times. 54
-
67 

Understanding how to implement and control electrochemical magneto

hydrodynamics in mtcro and milli cells to perform pumping, mixing, and separating 

t1uids has been explored but mainly through experiments.68 Since current is what drives 

electrochemistry, experiments have been mostly on current measurement, however, in 

magnetohydrodynamics velocity measurements will provide further insight. The problem 

lies in the fact that in micro and milli electrode cells, while it is easy to measure current it 

is difficult to measure velocity accurately. Using dyes or colored redox radicals the 

macroscopic flow ofthe t1uid can be tracked but cannot give a microscopic description of 

the flow. Fritsch et al. have used microbeads in channels to measure velocity. 70
-
72 Bead 

size, number density of beads, buoyancy and out of plane bead motion introduce errors 

into such measurements. 
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Simulations to aid m the understanding of the electrochemical magneto

hydrodynamic problem have been completed in the past. Work done by Sen et al. showed 

that a numerical approach could describe the electrochemical magneto-hydrodynamic 

problem fully. 73 The simulations also showed that a two-dimensional approach is 

appropriate for long channels where end effects of the channels are not significant. Three

dimensional simulations would be necessary if all the features of the problem cannot be 

captured using two-dimensional simulations. 

Despite the sustained activity in the area by which the hydrodynamic problem and the 

electrochemical problem by themselves are well understood; the coupling ofthe two (and 

therefore the parameters that control electrochemical MHD) has been described only 

semi-quantitatively at best. In contrast to other well-known convective electrochemical 

systems, such as the rotating electrode or the jet-wall electrode where the electrochemical 

and hydrodynamic problems are not coupled via electrochemical reactions, the 

electrochemical MHD problem is described by a system of non-linear partial differential 

equations. Boundary conditions for the chemical species equation involved in the 

electrochemical reactions are also coupled making the problem intractable analytically. 

Willner et al. provided a 1 dimensional derivation of the limiting current and claims the 

equation takes the form of: 

( )

4/3 
. . ,.... KAS/6D8/9 -2/9 c* B'/3 
li-MHD "' V n (4) 

where K = 0.63rr116 F 413 p- 113 , p is the density, F is Faraday's constant, A the surface 

area of the electrode ( cm2
), B the magnetic field strength (Tesla), C;,utk the bulk 

concentration ofthe redox species (mol cm-3
), D its diffusion coefficient (cm2 s- 1

), v the 

kinematic viscosity of the electrolyte ( cm2 s- 1
) and n the number of electrons involved in 

the redox reaction. This equation is only valid for obtaining qualitative information on 

what the exponents are required to be, not to predict what the limiting current will 

experimentally be. This dimensional derivation compliments the experimental work 

done by Leventis et al. in the presence of a unifonn magnetic field without a 

paramagnetic redox species present in the solution.[refs] 

Experimentally on the other hand, finding limiting current for the MHD problem 

(without a paramagnetic redox species) has been addressed independently by White and 
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Leventis from two opposite perspectives: with magnetic fields perpendicular to 

microelectrodes by White, and fields parallel to millielectrodes by Leventis (Figure 1 ). 

Numerical simulations of electrochemical MHD problem provide unique advantages, and 

recent two-dimensional simulations show their potential. n 74 

~Fn 
j 

Figure I: Schematic of the Lorentz effect. The left depitcs an experimental setup with the magnetic field 
parallel to tre surface of the electrode; the direction of current flow and the magnetic field direction which 
intum causes the Lorentz force. The right shows an experimental setup and the cyclonic flow patterns the 
accompny a magnetic field oreientation that is perpendicular to the working electrode. Also shown here is 
the direction of current flow, magnetic tield, and Lorentz force. 

White's experiments generates well-documented cyclonic tlows.68 However, owing to 

their use of small area electrodes, generation of large currents and therefore observable 

MHD phenomena required high concentrations of redox-active species. Consequently, 

the resulting steady-state voltammetric currents have contributions from both natural and 

MHD convection, which are difficult to deconvolute quantitatively. 

On the other hand, Leventis' use of larger electrodes has allowed experimentation 

with low concentrations of redox-active species, and the dramatic change from a 

Randles-Sevcik peak-wave response to sigmoidal steady-state voltammetry has 

confirmed a magnetic field induced transition from diffusion-to-convention controlled 

mode of mass transfer. This is similar to current potential characteristics generated by 

rotating electrodes at ~I 00 rpm, where natural convention effects have less of an effect 

on the system. Subsequently, using a rigorous description of the magnetoelectrochemical 

problem, system parameters that should control MHD-limited currents, it-Mtm, were 

identified and varied systematically, resulting in the semi-empirical expression, eq 5, 
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. =431*103 FA 314 Bv~C4~'D -1/4 312 
1t-MHD • bulk V n (5) 

where F is Faraday's constant, A the surface area of the electrode ( cm2
), B the magnetic 

field strength (Tesla), Cbulk the bulk concentration of the redox species (mol cm-3
), D its 

diffusion coefficient (cm2 s-1
), v the kinematic viscosity of the electrolyte (cm2 s- 1

) and n 

the number of electrons involved in the redox reaction. 54 

A thorough examination of eq 5 is needed with the magnetic field oriented both 

parallel and perpendicular to the electrode surface. Experiments performed by Leventis 

and White are chosen for this. 

The parallel case will be similar to Leventis' experimental setup and the 

perpendicular case follows White's experimental setup. Many factors are considered in 

the choice of experiments including: electrode size, magnetic field orientation, redox 

species, concentration of redox species, electrochemical cell size, and geometry are just a 

few. The numerical simulation here predicts accurate voltammograms and can capture the 

flow generated by the MHO body forces that are so strongly coupled to both the 

electrochemistry and hydrodynamics which proves, not only a set of equations that fully 

define the problem with boundary conditions, but also that a numerical simulation can be 

used as a design tool to predict various system characteristics. In a general way eq 5 will 

be interrogated with unknown coefficients: 

· ( )F'AaBbCc Dd I! r z,_MHD = canst. hulk v n (6) 

In the parallel case we have been able to capture quantitatively the diffusion-to

convection transition in the shape of the voltammograms; experimental MHO-limited 

currents are reproduced within experimental error and eq 6 is validated fully by varying 

all parameters systematically. In the perpendicular case we have been able to reproduce 

qualitatively limiting currents in the absence and presence of the magnetic field, and to 

generate the observed convection patterns. As expected, the velocity field is influenced 

greatly by higher current densities, leading to larger F8 forces acting on volume elements 

close to the smaller (working) electrode. 

Not discussed here are topics of eq's 2 and 3 and limiting currents that are a result of 

eq's 2 and 3. 



Theory and Simulation 

I. Governing Equations 
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To fully describe the Electrochemical Magnetohydrodynamics coupled problem the 

following set of equations must be solved as a coupled system: 

Y'·V = 0 (7) 

DV 2- - -
p Dt =-Y'P+JLV' V+jxB+pg 

(8) 

(9) 

The derivations for these equations above can be found in supporting information, but 

these are the necessary equations that the simulation must solve. First conservation of 

mass for an incompressible fluid, conservation of momentum modified by the Lorentz 

force and finally Fick's second law modified by Nemst-Plank (without the mit,>ration 

term). Noting that the t,>ravity term, pg, causes natural convection to arise due to 

variations in density for the purposes of the present simulations density, p, is considered 

constant and the Boussineq approximation is not invoked. 

Under this formulation, when a reaction occurs at the working electrode the model 

does not account for the fact that, to preserve charge neutrality, solvent molecules of 

density different from that of the redox species must be present. Since the solvent is part 

ofthe system, it causes natural convection to occur. For a case where the redox species is 

very dilute this is insignificant and the limiting current is mostly unaffected, but for the 

cases where there is a significant amount of redox species present natural convection 

plays a major role in the limiting current. Therefore only qualitative at,>reement was found 

for the parallel case. 

II. Initial Conditions 

Since there is no inflow or outflow, the velocity of the fluid is initially zero. Applying a 

voltage to the electrodes causes Faradaic current to flow via the redox reaction, and the 

fluid is set in motion by the Lorentz force. 

Initially the concentration of all constituents is known therefore this serves as the 

initial condition for concentration for the species equation. 
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III. Boundary Conditions 

At every surface, including the working electrode, the no-slip condition is applied. This 

means that velocity at the surface is zero. The velocity normal to the surface is zero 

unless there is flow through that surface as in a porous media. The no-slip condition 

arises from the fact that viscosity causes the tangential velocity to be zero as well. 

Reynolds number is a useful non-dimensional parameter that can be used to describe flow 

regimes 

Re= pVD" 
f.1 

(10) 

For the largest velocity given by the parallel case the Reynolds number is, Re- .013 

which is <<1. Since the Reynolds number is so low the entire domain influenced by 

viscosity. It is noted, that these boundary conditions are general and allow any shaped 

domain to be considered without the need for a new set of hydrodynamic boundary 

conditions for other specific geometries (vessels). Regarding pressure, P, because of the 

small size of the electrochemical cell, and since the problem is treated as isothermal the 

pressure inside the entire domain is assumed to be constant. Note that the pressure 

f,Tfadient tenn in eq 8 will be zero for constant pressure. The solution is obtained using a 

reference pressure of 1 atm. 

The boundary condition at the working electrode must contain the balance of species 

flux which is represented below 

This equation allows the fonnulation of current on the working electrode 

f=-nFAD (Y'·C )[ 
m m normal to t/i(' dee/rode 

noting that this is total current on the working electrode. Our simulations give better 

resolution than this and current is known at all locations which allows the plotting of 

current spatially on the electrode surface. 

(11) 

(12) 

In order to solve the species equation we invoked the Butler-Volmer formulation with 

the understanding that for facile electrode kinetics the Butler-Volmer equations will 

reduce to the Nernst equation. In order to control the reaction and carry out cyclic 

voltammetry we controlled the amount of voltage via 
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O ( 1-a)nFI] 

kb = k e RT 

(13) 

where 11 is the overpotential, k0 is the standard rate constant of eq 13, a the charge 

transfer coefficient ( 0 ~a~ 1), E the formal potential of the redox couple, and R the 

universal gas constant. For our purposes, using N,N,N',N '-tetramethyl-p-phenylene 

diamine as the redox active substance, k0 was set at 0.55 em s-1, and a=0.5 as reported by 

Compton.69 The same k0 and a were used for nitrobenzene as these would only 

skew/stretch the voltammograms for the parallel cases but would not affect the limiting 

current in an appreciable way. The reaction rates are then dictated by this overpotential 

which is linearly stepped between two values of voltage. The step size of the 

overpotential will be the sweep rate at which the experimental cyclic voltammetry was 

performed. 

Numerical simulations of cells have been performed in the past. These simulations 

have comprised of 2D geometries which served as a starting point for the evaluation of 

the mathematical fonnulation herein. The 2D analysis is useful when examining the 

behavior in a long channel and a middle section of the channel were to be analyzed.76,77 

The 2D model assumes that the flow will be unaffected in the third orthogonal direction 

which is not accurate for a small container with edge effects. We have taken this one step 

further and performed the simulation in 3 dimensions. This will allow for the capture of 

3D vortices as well as other flow characteristics that occur only in 3 dimensions. 

T Shaded narrow strip on the bottom ak.Y 
~ surface represents t he electrode. 

- X 
B 

z --j x 8 

z 

Figure 2: A representation of an extruded 2D simulation by Sen et a!. A microstrip electrode is slnwn, that 
if the solution extended into ±oo in the z-direction then a 2D slice may be taken. This means that there will 
be no flow in the z-direction, which is an estimation of reality. 
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In order to solve this highly coupled problem we employed the FLUENTR software 

package (a product of ANSYS R) in combination with user-developed code referred to as 

User-Defined-Functions (UDF's) coded inC for this problem.75 Specifically, UDF's were 

written in order to: perfonn linear sweep and cyclic voltammetry, calculate the source 

term (] x B), calculate the Arrhenius rate at each potential, calculate forward and 

backward reaction rates, calculate and store the concentration brradient, integrate and 

output electrode current. The calculation steps can be seen in Figure 3 which lays out the 

flow ofthe calculations and shows where the UDF's are implemented. 7x·
79 

Begtn Loop 
Update Concentration 
Grad1ent Information 

Yes No 

Update UDF 
Overpotenhal. Source Term 

Solve Mass 
+ 

Sovle Momentum 
(Nav1er-Stokes) 

Figure 3: The flow diagram of the iteration process. The iteration begins with updating the concentraion 
gradient information from the UDF. then FLUENT" solves the mass. momentum. energy. and species 
equations. Next the UDF for linear voltammatry is updated as well as the source tenn for the Navier-Stokes 
equation. Lastly. convergence is checked and the loop is repeated as ressecary. 

The linear sweep algorithm stepped the voltage applied to the Butler-Volmer equation 

and changed the energy barrier according to the new voltage ( eq 13 ). 

Calculating the electrode current is done by UDF. This was done using eq 14 

z= ( 14) 
dcctrodc 
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where i is the total current on the working electrode, n is the number of electrons 

participating in the reaction, F is Faraday's constant, D is the diffusion coefficient of 

either species. 

The order in which this integration is performed numerically is by realizing that n, F, 

and D are all constants and therefore can be pulled outside of the integral. Next, the UDF 

will sweep across the cells on the working electrode and at every cell it will calculate the 

area of that cell and the concentration gradient for that cell. It will then sum up all of 

these discrete cell values and then multiply by n, F, and D to obtain the integrated current 

on the working electrode. This means that at every point (or cell) on the working 

electrode, a current, i, value is associated with that cell. Moreover, since the current is 

calculated for every point on the electrode this data is now available, and the surface of 

the working electrode can then be "probed" as in White's paper. 

The source term ] x B is calculated in a similar manner, but instead of integrating 

current over the surface of the working electrode the concentration gradient is found. 

Then the concentration !:,Tfadient is multiplied by n, F, D, respectively and the cross 

product of B then applied as a body force in the Navier-Stokes equation. 

Owing to the computation constraints, the geometry of the cell (Figure 1) was 

constructed by reducing the total volume of the electrochemical cells used in the 

respective experiments, but keeping the diameter of the disk working electrodes as the 

values reported ( 1.6 mm and 0.250 mm, respectively). In both cases the geometry of the 

electrochemical cell was axis-symmetric, with the counter electrode ( 1 0 times in diameter 

of the working electrode) comprising the entire bottom of the cylinder at a distance equal 

to 5 times the diameter of the working electrode and facing up towards the latter. 

Using ANSYS "' ICEM CFD™, a meshing software included in the ANSYS" CFD 

package, the space of the cylindrical cell was filled with an unstructured tetrahedral 

mesh. An unstructured mesh conforms to odd-shaped domains and allows for the size of 

the cells to vary more dramatically thus reducing the total number of cells needed. Use of 

a structured mesh was also attempted, but failed to allow the geometric flexibility needed 

to create a mesh having the required properties for good solution convergence.xo In other 

words, the structured mesh diverged with the variation in some system parameters in 

which a new mesh was needed for the particular parameter. The mesh was finer near the 
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working electrode (at the top of the cylinder), growing progressively coarser towards the 

counter electrode (Figure 4), more can be found on the mesh setup in the supporting 

information. 

X 

l ~ 

y 

z_j 

Figure 4: Mesh generation of computation cell. Top left displays the outside of the domain and overall 
surface mesh; the green solid circle is the working electrode. Top right shows the bottom of the domain 
where the counter e lectrode (black) is shown with it's surface mesh. Bottom left shows a top view of the 
working electrode arxi the progression of cells away from it. Bottom right is a side view of the working 
electrode as a ctt plane of half the working electrode. ll1is view depicts the transitjon of the mesh into the 
fluid growing coarser away from the working electrode. 
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Case Setup 

In order to implement the numerical simulation the following information is needed: 

scaling factor of geometry, gravity, magnetic field strength and orientation, concentration 

of all species (concentration must be converted into mass fractions), viscosity of all 

species, diffusion coefficients, densities, k0
, starting and ending voltage to be swept, 

sweep rate, number of electrons, and molecular weights. With this information a transient 

solution can be attained. 

To preserve consistency in running several simulations while varying a multitude of 

parameters a script was written to aid in the case setup process. This script utilized 

FLUENT's Text-User-Interface (TUI) in order to give commands to FLUENT. This was 

written in text fonnat with comments on every line that describes what was changed. This 

allowed for a visual and easy way to change parameters in FLUENT and can also be used 

as conclusive evidence that on a case-by-case pennutation the case setup was done the 

exact same way in the exact same order. 

A transient second order accuracy coupled scheme was selected, meaning that the 

descretized time component will be of second order accuracy and the momentum 

equations will be coupled to the energy/species equations. Gravity is applied in the 

negative y-direction (normal to the working electrode) for the parallel cases, but not 

applied in the parallel cases. The reason to not include gravity in the parallel cases is 

because the amount of convection that is generated in the non-MHO case. This changes 

the current numbers enough in the parallel case to cause confusion (more will be 

discussed on this later). 

The convergence criteria were left as default values, except for oxidized and reduced 

species, in which the convergence criteria needed to be stricter therefore a residual of I e-6 

was used. 

All UDF's were written and compiled utilizing Microsoft Visual Studio 20 I 0 R. The 

simulations were run on a High-Perfonnance Cluster in which each node contains 12 

CPU cores (Intel X5680 3.33GHz) and 96 GB RAM ( 1333 MHz) and was provided by 

Dr. Richard Dawes (MS&T Chemistry). In which it would take approximately 7-14 days 

to run a Cyclic Voltammagram of an MHO simulation at a sweep rate ofv=10 mV/s. 
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Results and Discussion 

System parameters were systematically varied for the parallel case setup, the simulation 

must first be validated. This is done by showing that varying only the sweep rate while 

keeping all other parameters constant reproduces the same limiting current. 

0.10 

~ 0.05 

I -= ~ t: 0.00 

= u 

-0.05 

-0.2 0 0.2 0.4 

volts vs. Ag/ AgCJ 

-0.8 -0.6 -0.4 -0.2 0 

volts vs. Ag/A~O 

0 . 0 

vo«. v._ Ag/AgCI 

0E (V) vs Ag/ AgxO 

-2.5 -2.0 -1.5 -0 .6 
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Figure 5: Evidence of simulation accw-acy. A) l0.26mM ofTMPD in CH3CN/0.5M TBAP; the blue line 
has a sweep rate of I 0 m V /s and a magnetic field ofB = I. 7 5. The red line has a sweep rate of 80 m V /s 
with B = 1.75 and the green line has a sweep rate of80 mV/s but B = 0 (no MHD effects). B) Shows 
experimental data fOr 10.89mM concentrationofTMPD CH3CN/0.5M TBAP. C) shows simulation data for 
the paralle l case witl1 cyclonic flow in 0.5M NB CH3CN/0.5M TBAP. D) The experimental data of0.5M 
NB in CH3CN/0.5M TBAP. 

In Figure SA the blue line shows no diffusional wave and is completely mass transfer 

controlled for the forward sweep but on the reverse sweep a small diffusional wave is 

present. The diffusional wave on the reverse sweep is due to the recovering of reduced 

species still in the solution whereas the forward sweep will contain no oxidized species to 

recover thus a small diffusional wave does not appear. The limiting current for the 

experiment was approximately O.OSmA and the limiting current for the simulation was 

0.0504 rnA matching within experimental error. The green line in Figure SA shows that if 
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no magnetic field is present then there will not be an enhancement of the current and in 

fact a steady-state current does not exist. Figure 5 C shows the simulation result with the 

magnetic field oriented as in Figure 1 B shows. Here cyclonic flow is generated which in 

the presence of a magnetic field still enhances limiting current. In this system a large 

portion of the solution is redox species and therefore generates a large amount of natural 

convection that is not yet captured by the simulations. 

Since accurate limiting currents are obtained in the parallel case the velocity field 

setup by the Lorentz force causes fluid to be displaced from the working electrode. In 

Figure 6A the simulation shows that the concentration of TMPD being displaced as in the 

photo of the experiment in Figure 6B which shows that the velocity field created matches 

the experimental velocity field near the working electrode. Figure 6C shows the 

streamlines if the magnetic field is oriented as in Figure 1 B. The streamlines are shown 

and the cyclonic flow is observed. The coloring of the streamlines indicates the 

concentration of the redox species; red being the reduction of NB at the electrode and 

fading through the colors to blue. Here the inner part of the vortex can be seen which 

follows the experimental data exactly. Since the counter electrode is simply there to 

complete the circuit when the vortex is fonned the center of the vortex funnels solution 

directly to the working electrode. 
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Figure 6: Pictora representation of experimental behavior. A) The numerical simulation results of the 
parallel case where the contours of TMPD can be seen and illistrates the Lorentz force in the correct 
direction, which matches the experiment in B. C) Shows the numerical simulation streamlines where the 
coloring of the streamlines shows the concentration of NB. and the direction of the streamlines confinns the 
cycloruc flow of the experiment in D. 

Now knowing that the simulation can provide accurate limiting current and flow patterns 

we varied all of the system parameters in eq 6 in order to obtain the exponents. 
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Figure 7: Varying concentration. A) Shows the simulation cyclic voltammagrams at a sweep rate of 
lOmV/s. The limiting current was then plotted inC which makes a s traight line with s lope 1.35 confirming 
the slope to be 4/3. B) shows the experimental cyclic voltamma&rrams which match the simulation. and D is 
the experiment data plotted with a slope of 1.34. 

Concentration was varied from as shown tn Figure 7 A and the limiting currents are 

plotted in Figure 7C. T he limiting currents produced a slope of 1.35 and a R2= 1. This 

proves that the dependence on concentration in eq 6 is 4/3. 
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. 
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Figure 8: Varying magneic field. A) The simulated data that follows the pattern of C. The magnetic field 
was varied by: B = 0.8, 1.25, 1.75 which are colored red, green, and blue respectively. B) The slope of the 
simulated line is 0.35 which is within experimental error confinning an exponent of 1/3. C) The 
experimental data whjch shows a slope of0.44 for 50.00mM and 0.36mM for 10.375 mM. 

Magnetic field was then varied and the cyclic vo1tammogram can be seen in Figure 8A in 

which the limiting currents are plotted and a slope of0.35 was obtained with a R2= 1. This 

cofirms the exponent in eq 6 to be 1/3. 
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Figure 9: Varying eletrode area. A) The electrode area, which due to computation accuracy and overall run 
time only two data points were plotted. The area ofthe simulations were 0.0201cm~ and 2.01cm2 

respectively which yielded a slope of0.7R. B) Shows the experimental data which contains a slope of0.75 
for both concentrations used. 

Next the area was increased to a size that was not perfonned experimentally. The motive 

for this was if the electrode is instead made smaller then radial diffusion etlects become 

more significant and this will int1uence the limiting current. The area was increased by 

two orders of magnitude which correlates to a diameter that is 400 times larger. This 

revealed a slope of0.78 and a R2=1. Confinneing the exponent in eq 6 to be :X. 
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Figure 10: Varying diffusion coefficient. A) shO\vs the simulation data for diffusion coefficients ofD ~· 
2.4e-9. 2.1e-9. 1.9e-9 m~/s and yields a slope 1.00 confinning the experimental data in B. 

Next diffusion coefficient was varied and the limiting current shows the slope to be 1.00 

with a R2=1 thus confinning eq 6 exponent to be 1. 
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Figure 11: Varying the number of electrons. Perfonnjng only the forward sweep at !OmV/s. The numbers 
of electrons varied are n = l, 2, 3 indicated by the blue, green, and red lines respectively. 

The number of electrons transferred in the redox process was increased from I to 2 and 3. 

ln the simulation we do not provide a mechanism to have the reaction take place as it 

does in experiments. Instead the simulation releases 2 or 3 electrons for every redox 

reaction. This is not how the reaction takes place experimentally but should be close 

enough to give the proper limiting currents. In previous work several methods have been 

employed to scale the results of the experiment to obtain accurate results. Here the 

simulation can calculate the limiting current without the need for scaling. Previously the 

exponent on the number of electrons was thought to be 3/2 but here the simulation 

predicts the slope and therefore exponent to be 4/3 and a R2= 1. Since the simulation is 

using first order data not derived data or data that have been scaled and the accuracy of 

the simulation thus far has been proven, we believe the exponent to be 4/3 and not 3/2 

which is in agreement with Willner et al. 

Noting that kinematic viscosity is absolute viscosity divided by density, caution 

must be given here as previous equations have fallen sort of describ ing the relationship 

between these two. Willner et al. touched on the matter but put p-113 in the constant, thus 

washing out its effects. Pulling density out of the constant and separating the kinematic 

viscosity then the total dependence on density is to the -1 /9 power, and absolute viscosity 

to the -2/9 power. Leventis et al. falls sort of quantifying the dependence of density and 

viscosity independently and instead only considers kinematic viscosity. Here through 

simulation we have obtained the dependence on viscosity and density independently. This 
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was done by graphing in 30 the viscosity, density and limiting current divided by all the 

system parameters as shown in Figure 12. 

AN 

PN 

BN 

IJ-MHD/ constants 

/ 
density 

viscosity 

Figure 12: All experimental data plotted ina 30 graph. The R2yy(x)=0.7 1. Exponents for viscosity is -0.46 
and 0.36 for density. 

The uncertainty in the 3D graph is mainly attributed to only comparing 5 data points. The 
final form of the simulated general equation is: 

. = 4 31 *I 03 F A 314 B ' / 3 c4t3 D - lt z p '' 3 4/ 3 1t- MHD • bulk J..i n (15) 

which is similar to previously stated equations but takes into account the separate effects 
of density and absolute viscosity. 
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The electrochemical cell consists of a redox species m electrolyte and platinum 

electrodes. Two cases are presented: first the parallel cases are chosen with TMPD and in 

CH3CN/0.5M TBAP, second, perpendicular cases are modeled with 0.5M Nitrobenzene 

in CH3CN/0.5M TBAP. Convection arising from the Lorentz force, F8 , causes the 

electrolyte with redox species to be displaced. The momentum equation modified by the 

Lorentz force describes the relationship between applied forces on a unit volume element 

and the resulting motion is described by Newton's second law applied to continuum and 

referred to as the Navier-Stokes equation 

DV ~- - -
p-=-\lP+ u\7-V+ jxB+pg 

Dt r · 
(8) 

where pis the density of the electrolytic solution, P the generalized pressure, Jl the 

absolute viscosity, and g the acceleration of gravity. The material derivative D!Dt 

includes the local temporal derivative (a;:) as well as the convective derivative 

( ( V · \7) V) of the velocity vector. The gravity term, pjj, causes natural convection to 

arise due to variations in density. For the purposes of the present simulations density, p, 

is considered constant, and the Boussinesq approximation is not invoked. Under this 

fonnulation, when a reaction occurs at the working electrode the model does not account 

for the fact that, to preserve charge neutrality, solvent molecules of density different from 

that ofthe redox species must be present. Since the solvent is part ofthe system, it causes 

natural convection to occur. For the Leventis case this is insignificant as the redox 

species is extremely diluted and the limiting current is mostly unaffected, but for the 

White case natural convection plays a major role in the limiting current. Theref(.1fe only 

qualitative agreement was found for Whites case. The present simulations have 

highlighted the need for accurate measurement of the velocities for more detailed 
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companson of the experiments and the simulations. The fluid is considered 

incompressible, therefore the continuity (mass conservation) equation dictates 

(7) 

S2 Electrochemistry Boundary and Initial Conditions 

The boundary conditions for the electrochemistry involves the ionic current density, 

J , that drives the MHD stirring described above which is generated by redox reactions 

that take place at the surface of the working electrode 

O+ne< > R . (S I) 

The heterogeneous electron transfer is driven by the electrode potential, E, that sets the 

surface concentrations of species 0 and R according to the appropriate boundary 

conditions. Thus, the total electrolytic current, i , flowing through the cell is controlled 

by the flux of species 0 at the electrode, ]
0

, i.e., by how fast species 0 can be supplied 

to the electrode (eq 11 ), or equivalently, by how fast R can be 

f = nFA Jo[ 
normal to the electrode 

(S2) 

removed, moderated by the kinetics of the heterogeneous electron transfer according to 

the current-potential characteristic (eq S3). 

I = A r ex -a-- - - A r ex -a -- --: Fko[c j ( nF (E £"·)] Fko[c I (I ) nF E E"·)] 
0 at electrode p ~H T R a! elecrwde p ( ~H T ( 

(S3) 

where k0 is the standard rate constant of eq S3, a the charge transfer coefficient ( 0 :<:::::a:::; 1 

), E'. the fonnal potential of the 0/R couple, and ~H the universal gas constant. For our 

purposes, using N,N,N',N'-tetramethyl-p-phenylene diamine as the redox active 

b k() -I d 0 d b 69 (} su stance, - was set at 0.55 em s , an a= .5 as reporte y Compton. The same k 

and a. were used for nitrobenzene as these would only skew/stretch the voltammO!,Tfams 

for Whites cases but would not affect the limiting current in an appreciable way. 
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In general, the flux J
111 

of any species m is described by three additive components 

arising from diffusion, migration and convection, according to the Nernst-Plank equation 

(eq S4), where Dm is the diffusion coefficient of species m, and V ¢ the electrostatic 

J =-DY'C _zmFDCY'"'+CV 
m m m ~~T m m 'f' m 

(S4) 

potential gradient at the point of interest. It can be shown that in the presence of a large 

excess of supporting electrolyte, the migration component to the ionic current can be 

neglected, hence transport of 0 or R can be described adequately by diffusion and 

convection only. Therefore, 

i = nFAD,J -\7. eli/ + V'. ( CIIIV)JI 
normal to the electrode 

(S5) 

However, since at the electrode VI = 0 (no-slip condition), eq S5 evolves into: 
at hounda1:l· 

i = -nF AD (\7 · C )I 
m Ill normal to the electrode 

(S6) 

To calculate the current, and hence the MHD force, we need to know the evolution of the 

concentration profiles, which is described by eq S6, 

XIII =-Y'·J a m 
(S7) 

and the Nemst-Plank equation is an extension of Ficks Second law, in the absence of 

migration but leaving all terms that can be operated on by the gradient or Laplacian we 

obtain 

oC/11 =Y' 2 (D C )-VV(C ) 
01 111 111 111 

(9) 

Equation 9 is solved under the initial condition C,11(x,y,z,t=O)=C, 11* where C,11 * represents 

the initial concentrations of species 0 and R. The flux balance boundary condition is 

applied 

(11) 

Clearly, the hydrodynamic problem is coupled with the electrochemical problem via the 

current expression throughout the entire electrolytic (ionic) conductor. 
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S3 Meshing the domain 

The mesh region around the working electrode is the most important region in the entire 

domain. In order to capture the concentration profile correctly the grid resolution must be 

precise. A smooth transition ofthe mesh from the working electrode into the bulk 

solution is important. If the transition is too steep then the solver diverges, while if it is 

too slow, the number of cells increases to an unmanageable level. For our purposes we 

broke the domain up into two smaller regions with different meshing characteristics. The 

first region was directly around the working electrode, the region discussed is slightly 

bigger than the working electrode diameter wide and two working electrode diameter 

long. In this region the first node was placed approximately 5 J.lm away from the working 

electrode in the normal direction. From this, a HalfCosinus2 algorithm was employed to 

vary the spacing of the nodes smoothly away from the working electrode. The 

HalfCosinus follows a spacing pattern of a half Cosine function in which the user is 

allowed to vary ratio in which the cosine function is applied. This provided the 

smoothing in order to hTfOW the cells to a maximum size set by the user such that the 

fewest number of cells are used. The total number of cell in the mesh was approximately 

900,000. At one end the spacing is much larger than that at the other end. At the end of 

the half cosine region the volume cells were set to a maximum size, meaning that the 

meshing software would fill in the rest of the domain (automated) but would not allow 

the size of the elements to be bigger than that specified. The maximum size allowed for 

this geometry was 0.8~ this may seem arbitrary but it is based off experience in how many 

cells this would create and the size needed to obtain an accurate picture of the physics. 

Notice though that no units are attached to any of the numbers mentioned, this is because 

when drawing in ANSYS R. ICEM CFD™ there are no units attached to geometry. The 

geometry and mesh are drawn using whatever means the user requires and then in the 

finite-volume software a scaling factor is applied in order to size the mesh to the 

appropriate scale. The ANSYS R. ICEM CFD™ then makes up the rest of the domain in 

order to satisfy the constraints. 

By varying the grid size and resolution, it was detennined that in order to obtain the 

correct concentration gradients and currents predicted by theory (e.g., via the Cottrell 
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equation after a potential step in the absence of convection) at least one node should be 

placed inside the diffusion layer. By using the random walk equation ( eq 7), where ~ is 

the diffusion layer thickness, and 

(S8) 

D the diffusion coefficient. It is calculated that for the integration time step used in the 

simulations (t=O.O 1 s) the diffusion layer thickness in the very first step is approximately 

7 ).lm, therefore the first node satisfies the condition above. 
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