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The growing need for cleaner fuels requires the development of better deep fuel
desulfurization methods. The current study presents a reaction model for the
mechanism of dibenzothiophene oxidization by dissolved oxygen occurring in a
corona discharge microreactor.
In the present work, a Finite Volume Method model of the reactor is created and
several possible reaction pathways investigated. The finite volume method model is
first implemented in MATLAB and optimized to compute data efficiently. Without
significant loss of precision, the FVM model implemented is between 50 and 400
times faster than COMSOL.
Following model implementation, transport and reaction mechanism studies of 5
alternatives based on Reactions 1 through 6 below were investigated and results
compared with existing experimental data for the reactor.
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Reaction 1
k2
2 O . + e −  → O 2 + e −
Reaction 2
D B T + O .  → D B T O
Reaction 3
D B T O  → D B T + O .
Reaction 4
5
D B T O + O .  K→
DBTO2
Reaction 5
6
D B T O 2 + D B T O 2  K→
2 D B T O + 2O .
Reaction 6
The results indicate that:
1 - Transport in the microreactor is not the limiting factor, and
2 - The corona discharge reaction most likely involves a second order reverse reaction
that converts DBTO2 to DBTO and a first order reverse reaction that converts DBTO
to DBT.
The performance of the reactor is therefore restricted by a high rate of reverse
reaction(s) when high concentrations of DBTO and DBTO2 are present.
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Finite Volume Method Modeling of Corona Discharge
Microreactor Oxidization of Dibenzothiophene

1. Introduction
1.1 Desulfurization of Fossil Fuels
Removing sulfur from fossil fuels has long been a focus of chemical engineers.
Because fossil fuels are generated from ancient organic matter, they naturally
contain large amounts of sulfur. After the fossil fuel is combusted, the sulfur
contained is be oxidized to SO2 which is a notorious chemical that causes acid
rain. Furthermore, as indicated by the US EPA, high levels of sulfur containing
compounds in the fossil fuels damage the emission control equipment for removal
of NOx and particulate matter (PMs) installed in vehicles and must therefore be
minimized.1
To alleviate these issues, strict regulations of the admissible concentrations of
sulfur bearing compounds in diesel fuels have been implemented by US EPA. 1
These regulations require that sulfur contents in diesel fuel for highway vehicles
be below 15 part per million (PPM).
Dibenzothiophene (DBT) is one of the most recalcitrant species in diesel. 2 Due to
its aromatic structure, it is difficult to remove DBT sulfur by reduction through
conventional hydrodesulfurization (hydrogen treating). An alternative way to
remove DBT is by using oxidative desulfurization methods, which first oxidize
DBT into dibenzothiophene sulfoxide (DBTO) and then to dibenzothiophene
sulfone (DBTO2), followed by removal of the oxidized DBT from the fossil fuel
by liquid-liquid extraction due to the high polarity of these oxidized species.

1.2 Why corona discharge microreactor
Using a corona discharge microreactor is one novel idea for chemical reaction
activation. Corona discharge is the process by which a current flows from a high
electric field gradient area into a neutral fluid. Accompanying this process, the
neutral fluid is ionized, and a non-thermal plasma is formed.3
This process forms large amounts of highly reactive free radicals which can then
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participate in various reactions. Because of the nature of free radicals, numerous
reactions can happen, making prediction and modeling of corona discharge
process very difficult. 4, 5, 6
By implementing the process in a microreactor, the process can more easily be
characterized. Microreactors are devices with characteristic dimensions below 1
mm and where chemical reactions take place. 7 Because of the small lateral
dimension, low Reynolds numbers are observed which results in well
characterized laminar fluid flows and consequently well characterized mass
transfer. Heat transfer is also vastly increased, resulting in an almost
homogeneous temperature in the microreactor, enabling better measurements of
reaction kinetic data.

1.3 Goal of this project
The goal of this project is to construct several mathematical models of a reactor in
which the corona discharge activated oxidation of DBT by dissolved oxygen
occurs and of reasonable alternatives of reaction mechanisms, and to use those
models to fit previously collected experimental data to identify the most
appropriate reaction mechanism for the process. 8
By providing insights into the mechanism of corona discharge oxidization of DBT,
prediction of the products of other corona discharge oxidization reactions can be
made and further research into corona discharge reactor design is enabled.
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2 Background
2.1 Corona discharge
When a conductor with high electric potential is surrounded by neutral fluid, the
high electric potential in the conductor will electrically energize nearby neutral
fluid, and forms a thin layer of plasma near the conductor, so that current can
pass through that plasma. 3 This effect will create a wider conductor, hence
lowered the electrical potential at that point.
There are both positive and negative corona discharges, caused by either negative
or positive potential. However, in practice, positive corona discharge deserves
much higher attention from researchers, especially chemical engineers. The
electrons in corona discharge have much higher energy than the negative corona
discharge, and can initiate a series of radical reactions.
The positive corona discharge is initiated through exogenous ionization of fluid
molecules. 3 This is a rare event that may be cause by photons, cosmic rays, or
other environmental incidences. The electrons generated from those ionization
events are then dragged to the high potential area, while the ions produced are
repelled. Those charged particles will create an electron avalanche, by colliding
with other molecules and generate more electron/ion pairs.
The electron density in a positive corona discharge area is relatively low
comparing with negative corona discharge, and those electrons are almost all
concentrated near the conductor, which initiate the discharge process. Therefore,
the electrons in the positive corona discharge process are highly energetic,
enabling chemical reactions that require high activation energy.
Utilization of corona discharge has long being a focus of chemical engineers. 6 ,9
In the current process, the oxidizing agent is assumed to be O2 dissolved in
decane. Under condition of corona discharge, the electrons collide with oxygen
molecules and dissociate the oxygen molecules, forming oxygen radicals. Those
oxygen radial are highly reactive and can oxidize various organic molecules.
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2.2 free radical reactions under condition of corona
discharge
The main product of dissociation of oxygen under condition of corona discharge
is oxygen radicals.
The radical reactions are very complicated due to the highly reactive nature of
free radicals. The oxygen radical, for instance, can either recombine with other
oxygen radical to form oxygen, collide with oxygen molecule (and other
auxiliary molecule, typically nitrogen) to form ozone (O3), or react with water to
form hydroxyl radicals (OH.) and hydro peroxide radicals (HO2.). 10
Free radical reactions occurring in the gas phase has been widely explored by
many researchers. 11 By contrast, free radical reactions under water or organic
solvent are rarely reported. Till now, no research paper is reported regarding the
kinetic data under condition of organic solvents. Therefore, all kinetic data that is
involved in current study are taken from gas phase data.
Kinetic data taken from gas phase is different from data in organic solvent phase.
According to Mayo Frank and Wallington et al, under condition of organic
solvent phase, the solvent may form a cage (“cage effect”), around the recently
formed radical and inhibit its diffusion. 10, 11 Furthermore, organic solvents may
act as a reagent and bring additional complexity to the reactor system.
Despite the vastly different conditions between gas phase and liquid phase, the
kinetic data between the two different phases are not unacceptable. 12 13 Kinetic
data used as seed values in this work were obtained from atmospheric chemistry
data. 12 Later numerical experiment also showed that the kinetic data in gas phase
and decane phase are roughly in the same magnitude.

2.3 desulfurization technique
Various desulfurization techniques have been devised to tackle the increasing
demands of diesel desulfurization.
Because the hazardous effect of sulfur contained in diesel, numerous
desulfurization techniques were developed. 14, 15 Till now, hydro-desulfurization
(HDS) is the most convenient one and has already being widely applied in
industrial application.
Hydrodesulphurization is a catalytic chemical process that uses hydrogen to
reduce sulfur compounds to hydrogen sulfide. 16, 17 The hydrodesulphurization
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reactions can be expressed as following reactions, using ethanethiol as an
example:
Ethanethiol + Hydrogen → Ethane + Hydrogen sulfide
However, HDS has several serious draw-backs. It requires high temperature and
pressure to react, it consumes large amounts of hydrogen during the process, and
it cannot achieve ultra-low concentrations of sulfur, which is essential for better
protection of the environment. 15
One alternative desulfurization method is the oxidative desulfurization methods.
Typically, it is combined with HDS methods to enhance the economics of it and
provide deeper desulfurization. Oxidative desulfurization methods uses oxidizing
reagents to oxidize recalcitrant sulfur bearing compounds like dibenzothiophene,
2,4-dimethy-dibenzothiophene, etc. After oxidation, those recalcitrant sulfur
bearing compounds have increased polarity, making it easier to be separated from
diesel through liquid-liquid separation. 2, 10

2.4 Microreactor
Microreactor is one recent technique devised to alleviate diffusion and hear
transfer obstacles exist in macro-reactors.
2.4.1 Increased mass and heat transfer rate
The main benefit of microreactor comes from its high surface-volume ratio.
Because of a high surface-volume ratio, diffusive heat and mass transfer is very
fast, thus facilitate chemical reactions.
Those benefits were highly meaningful for exothermic reactions, where the
accumulation of heat may inhibit further reactions significantly. Moreover,
because the increased diffusion rate in microreactor, the utilization of catalyst
would be enhanced, many diffusion limited reactions can react quickly, for
instance, the bio-diesel synthesis reaction.
2.4.2. Increased safety
Because the small scale of a microreactor, these devices increase the safety of the
reaction. Toxic, flammable, or explosive reagent exists in the reactor in tiny
scales, and accidental failure of the reactor would not result in security
catastrophe, rendering it not as harmful as what they are at macro scale.

6
Therefore, micoreactor is especially suited for processing of toxic, explosive or
flammable reagent.
2.4.3. Shortened reaction time
The microreactors are normally operated continuously. Because the high mass
and energy transfer rate in micro scale, and the low volumes of the microreactor,
reactions occurred in a microreactor do not need a high residence time.
The residence time needed for typical microreactor is between several seconds to
at most several minutes, which is an order of magnitude faster than typical macro
reactors.
2.4.4. Better control
Using of microreactor allows researcher to investigate kinetics of a reaction more
accurately. The high energy and mass transfer rate in the microreactor result in
nearly gradientless concentration and temperature profile, making the
measurement of concentration profile and temperature profile highly accurate.
Further, due to the high heat and mass transfer rate, controlling the temperature
of the micro-reactor is very efficient, which means adding of external heat source
would give almost immediate response from the system, making controlling of
experimental parameters extremely precise.
2.4.5. Drawback of microreactor
The most notable drawback of microreactor is that it does not tolerate particles.
Particles that are either inputted into the reactor or formed during the reaction
process would result into clogging of the reactor and destroy the whole reactor.
The clogging problem is being identified by most microreactor researcher as the
biggest problem that hurdle the industrial application of microreactor. 7
Other noteworthy drawback of microreactor is the pumping problem. Due to the
limitations of mechanical pump, there are always small pulses in the flow, which
would affect the operation of microreactor. 7 There are ways to generate pulseless
flow, but they have not being widely applied.
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2.5 Finite volume method
The finite volume method is a numerical method for solving PDEs (partial
differential equations). It is similar to the finite element method (FEM) and the
finite difference method (FDM. 19, 20 All of them evaluate limited amount of
function values at fixed grid points. Naturally, finer grid would give a better
solution. The main differences between the three methods are that they have
different way of mesh generation and evaluation.
2.5.1 Comparison with finite difference methods and finite element methods
The finite difference method is very simple. Functions are approximated at
fixed point. The approximation of the function at each point is based on values
from its neighboring points, with a Taylor expansion polynomial used to derive the
approximation formula. The FDM schema can be either 1st order accuracy or 2nd
order accuracy depending on the discretization schema used . 20 After the function
is discretized, a linear equation system solver be applied to the resulting linear
equation system, and a solution vector will be attained.
The finite element is the most complicated one among three of them. It uses
variational methods (the calculus of variations) to minimize an error function and
produce a stable solution. 21 Several numerical software are produced using finite
element methods are available . 22
2.5.2 Finite difference discretization
The Finite Volume Method is very similar to finite difference method. However, it
does not discretize the original PDEs, instead, the integral form of the PDE is
discretized, with the discretization of boundary conditions used in the
mathematical modeling part.
For instance to solve the PDE shown in Eqn.3.5.2.1:


∇ ⋅( j) = R

Eqn.2.5.2.1

It can be first integrated over the finite volume ΔV.

∫

△v


∇ ⋅ ( j )dv =

∫

Rdv

Eqn.2.5.2.2

△v

The left side of Eqn.2.5.2.2 can be transformed into surface integral using the
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divergence theorem.

∫

 

∇ ⋅ ( j )dv = ∫ n ⋅ jdA

△v

Eqn.2.5.2.3

A

In the right hand side of Eqn.2.5.2.2, R, is independent of the spatial location;
therefore, it is possible to rewrite the equation in as follows:

 
∫ n ⋅ jdA = R *△ x *△ y

Eqn.2.5.2.4

A

Discretization of Eqn.2.5.2.4 is quite easy in a rectangular grid, since the direction
vector


n

is merely x direction unit vector or y direction unit vector.

The discretized form of Eqn.2.5.2.4 in a rectangular grid can be given by





j pe *△ y − j pw *△ y + j pn *△ y − j ps *△ y = R *△ x *△ y

Eqn.2.5.2.5

2.5.3 Benefit of finite volume method
The most significant benefit from finite volume methods is that it is conservative.
Because the finite volume methods discretize PDEs in integral form, the flux
entering the control volume and the flux leaving the volume are strictly the same.
In other words, one cell's loss is another cell's gain. 19, 21
The finite volume method can be easily generalized to complicated geometries
using meshes with either triangle or polygonal shaped control volumes. By
contrast, finite difference methods will find difficulties to approximate irregular
shaped geometries.

2.6 solving nonlinear systems of equations
2.6.1 Newton-Raphson method (Newton’s method)
Solving of linear problems is simple: discretize the problem, create a matrix
representation of the problem then solve the linear system using either iterative
methods or direct methods. One well-posed linear problem always has a fixed
solution [ 20].
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Nonlinear problems are much more complicated than linear problems. This kind
of problem in most cases cannot be solved directly. Instead, iterative methods
must be employed to attain a numerical solution, such as Newton Raphson
method.
Furthermore, nonlinear problem has multiply solution. For instance, the simple
nonlinear equation:

f ( x) = ( x − 1)*( x + 2)*( x − 2)
Eqn.2.6.1.1
has 3 root(zero points), namely 1, -2 and 2.
Because that nonlinear problem has multiple possible solutions, it is highly likely
that Newton’s method solver would converge to an physically meaningless
solution, such as a negative species concentration value [ 23]. One way to mend
this problem is by discard those non-realistic solutions, and restarts the iterative
process from a different initial guess.
2.6.2 Linear system solvers
For each iteration in Newton’s method, one linear systems of equation has to be
solved. Therefore, the speed of the linear solver employed in the Newton’s
method is pivotal for the performance of the Newton’s method solver.
There are basically two types of linear system solvers: Direct methods and
iterative methods.
Direct methods, like the Gaussian elimination method, solve the linear system in
one step and the result it attains is very accurate.
Iterative methods, like generalized minimum residue methods (GMRES),
bi-conjugate gradient (BiCG) methods and successive over relaxation methods
iteratively approach the true solution. Many iterative steps have to be taken in
order to attain an accurate precision. The most popular iterative methods are
the Krylov subspace methods, like GMRES and BiCG. In most circumstances,
combined with appropriate preconditioner, the iterative methods are much faster
and far more memory saving than direct methods like Gaussian elimination [ 20
23].
Preconditioner is required for iterative methods. There are two types of
precondioners, the left preconditioner and the left precondioner. The left
preconditioner is:
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Eqn.2.6.2.1
The right preconditoner is:
Eqn.2.6.2.2
Where P is the preconditioning matrix. The most common preconditioner is
Incomplete Lower-Upper Decomposition(ILU) precondtioner.
Due to the high impotence of linear system solvers, many researches were
conducted in this area. Several efficient solvers were being constructed. One
particular impotent solver is the PARDISO solver . 24 PARDISO stand for
parallel direct sparse solver interface. It uses direct methods (instead of iterative
methods) to solve large sparse linear systems of equations.

2.7 parallel computing
Moore’s law governs the development of the semi-conductor industry . 25 Every
18 month, the amount of transistors in the CPU per square inch will double. The
trend if CPU transistors change with time is shown in figure 2.1.
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Figure 2. 1
Increasing in the frequencies of the CPU is limited by heat dissipation and power
consumption. After the year 2005, most desktop CPU is dual cores or quad core
CPU.
Most contemporary CPUs are either double core or quad core. To make full use
of those multi-core CPU computing resource, parallel programming is required.
COMSOL is only partially parallel. The linear system solver (PARDISO) it uses
contains parallel parts. 26 However, from my test, the CPU usage of COMSOL is
only around 45 percent, indicating that some core is still idle.
MATLAB offers spmd commands, which allows parallel programming. In
current program, the spmd command is used to run the final model parallelly and
accelerate the model running speed.
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3. Physical model
To better understand the inherent mechanisms behind the observed experimental
data, several finite volume method models of the corona discharge reactor was
constructed.
Corona discharge is a complicated reaction process involving large amount of
different radical reactions, several researchers had conducted similar corona
simulation, involving over 30 reactions. 6, 27, 28 However, because the current
study is not focused on the detailed chemistry pathways involved in corona
discharge but rather on modeling the overall conversion kinetics, only several
major reactions are taken into account.
Previous publications made by other researchers have not incorporate the reactor
mixing problem into account, instead, they assume that the reactor is
homogeneous inside. 6

Below listed all major physical elements of this model
 Laminar fluid flow
 Convection and diffusion mass transfer
 Reactions

3.1 Laminar fluid flow
3.1.1 Governing equations
Fluid flow in microreactor is always laminar, since the hydraulic diameter of a
microreactor is narrow.
In condition of laminar flow, the Navier-Stokes equation can be used to model the
fluid flow.

∂ux
∂ux
∂ux
∂ux
∂p
∂ 2ux ∂ 2ux ∂ 2ux
ρ(
+ ux
+ uy
+ uz
) = − + µ[ 2 + 2 + 2 ] + ρg x
∂t
∂x
∂y
∂z
∂x
∂x
∂y
∂z
∂u y

∂u y

∂u y

∂u y

∂ 2u y ∂ 2u y ∂ 2u y
∂p
ρ(
+ ux
+ uy
+ uz
) = − + µ[ 2 + 2 + 2 ] + ρg y
∂t
∂x
∂y
∂z
∂y
∂x
∂y
∂z
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ρ(

∂uz
∂u
∂u
∂u
∂p
∂ 2u ∂ 2u ∂ 2u
+ ux z + u y z + uz z ) = − + µ[ 2z + 2z + 2z ] + ρg z
∂t
∂x
∂y
∂z
∂z
∂x
∂y
∂z

Eqn.3.1.1.1
The Navior-Stokes equation is a very complicated partial differential equation,
and in most cases does not have analytical solutions.
However, in this research, the flow condition is very simple, and an analytical
solution can be easily attained.
Boundary conditions:
Eqn.3.1.1.2
v = 0@ y = 0, y = d
d is the channel width
Mass conservation equation:
dv
=0
Eqn.3.1.1.3
dx
Below is the obtained velocity profile
dp
( )
Eqn.3.1.1.4
v ( y ) = dx y (d − y )
2µ
y =distance from one side of the wall in m
d = channel width in m
μ= dynamic viscosity in Pa*s
dp
= pressure the drop per meter pa/m
dx
Figure 3.2 shows the velocity profile between two parallel plate.

29
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Figure 3.2 laminar flow velocity profile
3.1.2 Laminar fluid implementation in the FVM model
The laminar flow is implemented in the MATLAB FVM model as below:

v( x) = (d − x).* x *1.5* averagevelocity / ((d / 2)2 );

Eqn.3.1.2.1

x =distance from one side of the wall in m
d = channel width in m
Average velocity= reactor length/residence time

3.2 Mass transfer
One main advantage of using microreactor is because it has a tremendously
enhanced diffusive mass transfer rate.
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3.2.1 Characteristic time study of the model
Characteristic diffusion time and convection time is the simple explanation of the
greatly increased diffusion mass transfer rate. Computing those three
characteristic times can greatly benefit the reactor optimization process.

Characteristic diffusion time =

మ

Eqn.3.2.1.1

భమ

l is the diffusion length, D12 is the diffusion rate of species 1 over species 2.


Characteristic convection time = ;

Eqn.3.2.1.2

௩

l is the convective transport length, v is the bulk flow rate.
௧ ௧௧

Characteristic reaction time =

௧ ௧

;

Eqn.3.2.1.3

As indicated by equations above, the characteristic diffusion time is proportion to
the square of diffusion length, while the characteristic convection time is only first
order with respect to the characteristic convective transport length. Therefore, in
very small dimensions, like in the case of micro-reactor the diffusion process
would become the primary way of species transportation, and species distribution
across the reactor is nearly even.
Below is the convection-diffusion equation for dilute species transport, which
governs the mass transfer process.

∂c
∂2c
∂ 2c ∂(cvx )
=D 2 +D 2 +
+R
∂t
∂x
∂y
∂x

Eqn.3.2.1.4

∂(cvx )
are the convection term, v is the velocity(flow in x direction only)
∂x

∂2c
∂2c
D 2 + D 2 are the diffusion term, D is the diffusion coefficient.
∂x
∂y
Seeing from the equation, the convection term is related to the bulk flow rate,
which is controlled by the velocity profile. This is the reason that velocity profile
was first computed in this model.
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3.2.2 Diffusion coefficient
The diffusion coefficient governs the rate at which the molecules travel by
diffusion. Higher diffusion coefficient means a faster travelling rate at which the
solute molecule transferred through the solvent. It is complicated coefficient
governed by properties of both the solute and solvent.
Wilke-Chang et al proposed an approximation for predicting the diffusion
coefficient 30
T
D12 = 7.4*10−12 *
* (C * M 2 )0.5 *V1−0.6
mu
Eqn.3.2.2.1

In this equation,
T = temperature (K).
Mu = dynamic viscosity of solvent 2 (m*Pa* s)
M2 = Molecular weight of solvent 2
V1 = Molar volume of solute 1 at NBP (cm3/mol)
C = association factor of solvent 2 as listed below:
C = 2.6 for water
C = 1.9 for methanol
C = 1.5 for Ethanol
C = 1.0 for non-polar solvents.
Wilke-Chang equation is a highly useful equation in cases where an
experimentally measured diffusion coefficient is not available.
The diffusion coefficient for DBT, DBTO and DBTO2 are attained from Jones’s
thesis. 31 In the thesis, both experimentally measure diffusion coefficient and
calculated diffusion coefficient using Wilke- Chang equation was presented. There
are only minor differences between experimental diffusion coefficient and
predicted diffusion coefficient. In current thesis, only the experimentally
measured diffusion coefficient was used.
The COMSOL model also requires the diffusion rate constant data for free radicals.
Nevertheless, due to the extremely short life time of the radicals, their diffusive
transfer is negligible. Therefore, they were assigned a default value of 1e-9 m2/s,
those value do not affect the final output of the reactor. The finite volume method
model do not require diffusion rate for oxygen radicals.

17

3.3 Reactions
The reactions involved in this model are highly complicated due to the nature of
corona plasma reactions. Corona discharge forms a thin layer of non-thermal
plasma, where chemical species like oxygen are dissociated through colliding
with electron and forms free radicals. Those free radicals are highly reactive and
short lived, and can react with many different species.
Chemical reactions in the corona discharge region are highly complicated.
Previous work made by chemist uses over 40 reactions to simulate corona plasma
reactions, their result is fairly successful. 28, 32 Nevertheless, it is not possible to
incorporate those many reactions into this model due to the complexity of the
model.
Many oxidative species exist in corona discharge reactor, and can react with DBT
to form DBTO and DBTO2. Most common oxidizers in a corona discharge
reactor are: Hydroxide racial (OH radical), hydroperoxide radical (HO2 radical),
atomic oxygen (O radical) and ozone. 5
According to Occam’s razor theory, if one want to properly describe one
phenomenon with a model, one should never resort to a more complicated model,
unless the increased complexity can be traded off with more explanatory power.
33
In current circumstances, only one species, O radical, are considered as the
oxidizer, while other oxidizers like OH radical and HO2 radical or O3 is not
considered in the model. Even though ozone may contribute to the oxidization
process, taking ozone into the account do not result in much more explanatory
power, hence it is omitted. Since there is no water in the corona discharge reactor,
and decane do not decompose easily, HO radical and HO2 radical should not
exist in large amount in the corona discharge reactor.
Below listed some possible radical reactions that may happen in the reactor: 4, 5,
11, 28

O.+O2+M→O3
O.+O3→2O2
O2+O3→2O2+O.
O+H2O→2HO
HO+HO→H2O+O
HO+CH4→H2O+CH3
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HO+C2H6→H2O+C2H5
HO+C3H8→H2O+C3H7
O+CH4→HO+CH3
O+CH3→HCHO+H

Eqn.3.3.1
Since incorporating ozone and HO radical into account will make the whole
model over-complicated, only 6 reactions are taken into account.
Below listed the all the reactions ODEs for the final model.

d (CO2 )
dt

= −k1 * CO2 + k2 * CO.2 + k6 * CDBTO2 2

d (CO )
= 2* k1 * CO2 − 2* k2 * CO − k5 * CDBTO * CO − k3 * CDBT * CO + k4 * CDBTO
dt
d (CDBT )
= − k3 * CDBT * CO. + k4 * CDBTO
dt
d (CDBTO )
= k3 * CDBT * CO. − k4 * CDBTO + 2 * k6 * CDBTO 2 2 − k5 * CDBTO * CO.
dt

d (CDBTO2 )
dt

= k5 * CO.CDBTO − 2* k6 * CDBTO2 2

Eqn.3.3.2

3.4 Modeling reaction mechanisms
3.4.1 Simple model without reverse reaction (Model 1)
The first model to be constructed is rather simple. It contains only 2 positive
reactions, no negative reactions are considered in this model. It cannot explain all
the experimental data.
Below listed all reactions considered in this model:
Model #1
k1

→ 2O. + e −
O2 + e − ←

k2
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k3
DBT + O. 
→ DBTO

K5
DBTO + O. 
→ DBTO2

3.4.2 Model including a first order reverse reaction (model 2)
To fully explain all the experimental data, two reverse reactions were added to the
model, and a more complicated model was constructed.
All reactions considered in the model are listed below:
Model #2

→ 2O. + e −
O2 + e − ←

k1

k2

k3
DBT + O. 
→ DBTO
K4
DBTO 
→ DBT + O.
K5
DBTO + O. 
→ DBTO2
K6
DBTO2 
→ DBTO + O.

3.4.3 Models including second order reverse reactions (models 3 through 6)
Since the first order reverse reaction model is not sufficient to explain all the
experimental data, a more complicated model is constructed.
Gregory et al mentioned several possible mechanisms for the decomposition of
DBTO: 12
1
DBTO 
→ DBT + O2
2
Or
DBTO + DBTO 
→ 2 DBT + O2

And, their experiment favors the first order mechanism.
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However, in current experiment, with the increasing of influent DBT
concentration, outflow DBTO2 ratio drops so dramatically that a first order
reverse reaction mechanism cannot fully explain it.
Therefore, several second order reverse reaction mechanisms was proposed.
Below is all the reactions considered in this model
Model #3
Reaction 1
Reaction 2
Reaction 3
Reaction 4
Reaction 5
Reaction 6

Model #4
Reaction 1
Reaction 2
Reaction 3
Reaction 4
Reaction 5
Reaction 6

Model #5
Reaction 1

k1
O2 +e −
→2O. +e −
k2
2O. +e −
→O2 +e −
k3
DBT + O. 
→ DBTO

K4
DBTO + DBTO 
→2DBT + 2O.
K5
DBTO + O. 
→ DBTO2
K6
DBTO2 
→ DBTO + O.

k1
O2 +e −
→2O. +e −
k2
2O. +e −
→O2 +e −
k3
DBT + O. 
→ DBTO
K4
DBTO 
→ DBT + O.
K5
DBTO + O. 
→ DBTO2
K6
DBTO2 + DBTO2 
→ 2DBTO + 2O.

k1
O2 +e −
→2O. +e −
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Reaction 2
Reaction 3
Reaction 4
Reaction 5
Reaction 6

k2
2O. +e −
→O2 +e −
k3
DBT + O. 
→ DBTO
K4
DBTO + DBTO →
2 DBT + O2
K5
DBTO + O. 
→ DBTO2
K6
DBTO2 + DBTO2 
→ 2 DBTO + O2
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4. Construction of finite volume methods model
4.1 partial differential equation systems to be
discretized
Below listed the convection diffusion equation in vector form


∂c
= ∇ ⋅ ( D∇c ) − ∇ ⋅ (vc ) + R
∂t

Eq.4.1.1

Below is the conservative form (divergence form) of the above equation:


∂c
+ ∇ ⋅( j) = R
∂t



j = − D∇c + vc

Eq. 4.1.2

Eq.4.1.3

R is the reaction terms:

RDBT = −k3 * CDBT * CO. + k4 * CDBTO
RO2 = k 6 * CDBTO2 2 − k1 * CO 2 + k2 * CO .2
RDBTO2 = −2 * k 6 * C DBTO2 2 + k5 * C DBTO * CO .
RDBTO = k3 * C DBT * CO . − k4 * C DBTO + 2 * k6 * CDBTO 2 2 − k5 * C DBTO * CO .
RO = 2 * k1 * CO2 − 2 * k2 * CO .2 − k5 * C DBTO * CO . − k3 * C DBT * CO . + k 4 * CDBTO

Eqn. 4.1.4

23

4.2 discretization of the problem
4.2.1 Discretization of the PDEs
The PDE system is first rewritten in conservative form, Eq.4.1.2.
Since the problem is at steady state, the time dependent part goes to 0;

∂c
=0
∂t

Eqn.4.2.1.1


And therefore ∇ ⋅ ( j ) = R

Eqn.4.2.1.2

Integrating Eqn.4.2.1.2 over the control volume yield:

∫

△v


∇ ⋅ ( j ) dv =

∫

Rdv

Eqn.4.2.1.3

△v

Using Gaussian divergence theorem:

∫

△v

 

∇ ⋅ ( j )dv = ∫ n ⋅ jdA

Eqn.4.2.1.4

A

The detailed control volume structure is shown in Figure 4.2.1.1. The central
node is denoted by point P, the node next to the right side boundary is denoted by
E, meaning eastern node. The node next to the left side boundary is being
denoted w, meaning western node. The node next to the top boundary is denoted
N, meaning northern node, and the node next to the southern boundary is denoted
S, meaning the southern node.
Figure 4.2.1.1 Control volue
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Figure 4.3 illustration of the control volume

∂c

∫ ( D ∂x )dA

left

left

−

∫

right

D

∂c
∂c
∂c
dAright + ∫ ( D + vc)dAtop − ∫ ( D + vc)dAbottom = ∫ Rdxdy
∂x
∂y
∂y
top
bottom
∆v

Eqn.4.2.1.5
Here, the bulk flow velocity is unidirectional, from top to bottom, so that there is
no convection term in x direction.

∂c
∂c
∂c
|left ⋅△ y − D |right ⋅△ y + ( D + vc) |top ⋅△ x..........
∂x
∂x
∂y
∂c
−( D + vc) |bottom ⋅△ x = R ⋅△ x ⋅△ y
∂y
D

Eqn.4.2.1.6

D

∂c
1
∂c
1
∂c
1
∂c
1
|left ⋅ − D |right ⋅ + ( D + vc |top ) ⋅
− ( D + vc) |bottom ⋅
=R
∂x
△x
∂x
△x
∂y
△y
∂y
△y

Eqn4.2.1.7
Continue discretize the diffusion flux using centered schema:
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D(

c p − cwest
2δ xwp

+( D(

) |left ⋅

c p − cnorth
2δ ynp

ceast − c p
1
1
− D(
) |right ⋅ .......
△x
2δ xep
△x

) + vcnorth ) |top ⋅

csouth − c p
1
1
− ( D(
) + vc p ) |bottom ⋅
=R
△y
2δ ysp
△y

Eqn.4.2.1.8

△ y,△ x

Here,

means the distance x or y length of control volume.

δ xlp , δ xrp , δ ytp , δ ybp stand for distance between left control volume to center
control volume, right control volume to center control volume, top control
volume to center control volume, bottom control volume to center control
volume respectively.

4.2.2 Boundary conditions and boundary volume element
In the boundary, the condition is a bit different.
Below is a equation shows the condition of the west boundary:

D(

c p − cwest
2δ xwp

+( D(

) |left ⋅

c p − cnorth
2δ ynp

ceast − c p
1
1
− D(
) |right ⋅ .......
△x
2δ xep
△x

) + vcnorth ) |top ⋅

csouth − c p
1
1
− ( D(
) + vc p ) |bottom ⋅
=R
△y
2δ ysp
△y

Eqn.4.2.2.1
Table 4.1 shows the general strategy for dealing with different kind of boundary
condition in FVM:
Table 4.1 Boundary condition implementation
Boundary
type
Dirichlet
Neumann

Condition Partial
equation

differential Implementation

ܥ = ܥ

߲ܥ
| =N
߲ ݔ

ܥ = ܥ
ܥି ܥ
=N
ݔି ݔ
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Robin

߲ܥ
| ∗A+B∗C=D
߲ ݔ

ܥ = ܰ(ݔି ݔ ) /ܥ
ܥି ܥ
A + B ∗ ܥ = D
ݔି ݔ
ܥ = ൬D +

Outflow interpolation

ܥ = C
Equivalently, One can
wrote it as
߲ܥ
| =0
߲ ݔ

ܥ

ݔି ݔ

A൰ /(B +

ܥ = C

The general strategies are to solve the value of ܥ at the boundary from the
discretization formula.
Out flow boundary condition is basically an interpolation from internal point, so
it is necessarily inaccurate. This inaccuracy does not significantly affect the
quality of the solution.
Figure 4.4 shows the structure of the meshes generated.

1

ݔି ݔ

A)
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Figure 4.4
4.2.3 Reaction terms
The reaction terms in the convection-diffusion-reaction equation are nonlinear,
therefore, it cannot be incorporated into the convection-diffusion matrix.
It is instead treated separately as a vector function, and is being considered in the
Jacobian matrix.

4.3 Construct the Jacobian matrix
Below is the definition of Jacobian matrix, it is used in the newton iterations:

Eqn.4.3.1
Below is the definition of function F.

 F1   A1
F  
A2
 2 
 F3  = 
  
 F4  
 F5  

  c1   R1 
 c   R 
  2  2
 ⋅  c3  +  R3 
A3
    
A4
 c4   R4 
empty   c5   R5 

Eqn.4.3.2
The corresponding Jacobian matrix is

28

 A1

A2

Jacobian = 




 ∂R1
 ∂c
1
 
  ∂R2
  ∂c1
+
A3
  ...
A4
  ...
empty  
 ∂R5

 ∂c1

∂R1
∂c2
∂R2
∂c2
...
...

∂R1 
∂c5 


... ...





∂R5 

∂c5 
... ...

Eqn.4.3.3
Below is a table shows the composition of the reaction term matrix.
The Jacobian matrix is being constructed using MATLAB symbol tool box.
Below is the array that represents reaction terms.

Eqn.4.3.4
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5. Result and discussion
5.1 Mathematical model construction result
5.1.1 Solving the nonlinear problem
The nonlinear systems were solved using Newton’s method, where in each
iteration steps the following matrix division problem is solved:
del = Jacobian \ residue
To solve this problem, a speed test was being conducted using simplified version
of model #1:
Below is a table shows the relative speed of 3 different methods with different
preconditioners.
All iterative methods will terminate when either relative error smaller than 1e-9
occurs or a maximum iteration number of 1000 is reached. Table 5.2 shows the
speed test result of different linear system solver.
Table 5.2 Linear system solver speed test result
Methods
Preconditioner
Computational time
GMRES(rest
ILU†
0.15s
art 5)
GMRES(rest
Jacobi
0.24s
art 5)
GMRES(rest
Not apply
0.24s
art 5)
GMRES(rest
ILU†
0.14s
art 10)
BiCGstab
ILU†
0.08s
BiCG
ILU†
0.11s
(sparse)Gaus
N/A
0.04s
sian elimination
†, the ILU preconditioner uses drop tolerance of 0.

Condition number of the matrix is 2.36e8. The condition number affects the
convergence of iterative solver seriously. A condition number near 1 is
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considered optimal. In case of too large condition number, the convergence of
iterative methods is very slow.
As shown in Table 5.1.1.1, the sparse matrix Gaussian elimination is significant
faster than the other methods. Moreover, in some cases with bad initial guesses,
the iterative solvers may never converge (result not shown). Due to limited
applicability of iterative methods, the software COMSOL uses direct solver
PARDISO rather than those iterative solvers.
The ILU preconditioner with drop tolerance 0 is generally the fastest. This is
confirmed from literature in the field. 34
One possible explanation for the iterative solvers’ low performance may be the
large values of reaction rates for the O. radical, which cause the condition
number of the Jacobian matrix to become very large. Several trials on other
simpler models without involving radical reactions show that the iterative
methods (GMRES with ILU preconditioner) are much faster than the director
solver.

5.1.2 Measures to speed up the solver
The FVM model was created for optimization the kinetic constants used in
modeling the corona discharge process and to serve as an error checker for
COMSOL. It turns out later that COMSOL do make mistakes when dealing with
highly nonlinear equations.
The MATLAB optimization solver fminsearch requires evaluating the objective
function several times for each operation it takes. Therefore, the FVM model has
to run extremely fast in order to enable the optimization.
Below listed all the measures that were taken to accelerate the model:
Reduced the element size
The number of grid points evaluated in the optimization model can be
significantly reduced in order to accelerate the execution speed without
significantly affect the accuracy of the model results.
Figure 5.5 shows the parameter sweep result on the input DBT concentration
versus outflow DBTO and DBTO2 ratio:
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input DBT concentration versus outflow ratio
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Figure 5.5 Accuracy of the FVM model
Examination of the plots shows that the two plots are qualitatively identical.
Using initial guess
Initial guess are used here as merely a .mat file. It is quite easy to store and fast
to use and has a tremendous benefit on the newton’s methods’ convergence.
Table 5.3 methods in MATLAB used to implement initial value
(Measures to use
MATLAB code using initial
initial guess)
guess
if freshstart
Loading
initial
Cs=sparse(zeros(length(bnew),1));
guess from file
else
load([‘Cstart’,’x’,num2str(nx),’y’ …
,num2str(ny),’parallelworkers’,num2str(labid),’.mat
’]);
end

Saving initial guess
savefile=[‘Cstart’,’x’,num2str(nx),’y’,num2str(ny),’par
to file
allelworkers’,num2str(labid),’.mat’];
save(savefile,’Cs’)

Figure 5.6 shows the convergence plots for model running with and without
initial guess:
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Figure 5.6 Convergence of the solver comparison
Clearly, using initial guess largely reduces the amount of iterations needed to
attain the solution, and the running speed is improved tremendously.
Parallelization of the code
The parameter swipe part is being implemented parallel, so that 8 CPU cores can
work in the same time on different parameter values.
By taking this step, the computational power of a modern multi-core CPU can be
fully utilized.
Figure 5.7 is the screen shot for CPU resource at Xeon E 1240 machine, the left
side is the CPU utilization ratio of the parallel FVM model program, the right
side is the CPU utilization ratio of the COMSOL program.
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CPU usage of MATLAB parallelized code
CPU usage of COMSOL software
Figure 5.7 Computing resource taken of FVM solver and COMSOL comparison
Table 5.4 shows the speed up factors:
Table 5.4 FVM model speed up measures
Test
Software
Number
Meshes
parallelizatio Whether
Time used
group
used
of
used
n
use initial
number
parameter
guess
tested
1
FVM
1
20*400
N/A
No
43.81s
model
2
FVM
1
20*400
N/A
Yes
25.60s
model
3
FVM
1
10*100
N/A
No
12.61s
model
4
FVM
1
10*100
N/A
Yes
0.99s
model
5
FVM
44
10*100
Running on 8 Yes(initial 1.52s
model
workers.
4 guess
is
proessor
8 result from
thread, xeon previous
E3
1240 parameter)
@3.4Ghz
6
FVM
44
10*100
Not enabled
Yes(initial 4.39s
model
guess
is
result from
previous
parameter)
7
COMSO
11
7146
partially
Yes
44s
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L

8
9

COMSO
L
COMSO
L

11
1

(Extremel
y
coarse)
39393
(Default)
7146

partially

YES

150s

partially

No

Fail
to
converge

To sum up, when parallelization, coarse grid and initial guess are used, the FVM
model runs about 50 to 400 times faster than COMSOL. Furthermore, it is more
precise and do not converge to the wrong solution even with zero initial guess.

5.1.3 COMSOL makes mistakes
Figure 5.8 is plots that show concentration distribution of species along the center
bisection line.
species concentratin alone the y direction bisect line
1.4
DBTO
DBTO2

1.2

concentraton

1

0.8

0.6

0.4

0.2

0

0

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
reactor length

0.02

The COMSOL result for species DBTO2 and DBTO The FVM model result for species DBTO2 and
along center bisection line.
DBTO along center bisection line.

Figure 5.8 Comparison of COMSOL/FVM model’s DBTO, DBTO2 concentration along the
central bisection line of the reactor
The COMSOL result is clearly counter intuitive, in which the center of the reactor
gives an unreasonably low concentration of DBTO2.
Moreover, the
concentrations of DBTO2 and DBTO at the outlet are completely wrong. The
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COMSOL shows an outlet DBTO concentration of 0.26 mol/m^3, while the
MATLAB model gives a concentration of 1.1 mol/m3.
This showed that COMSOL solver converges to a wrong solution.
Nonlinear equations have multiple solutions. However, among them, only one is
reasonable with respect to the physics of the problem. In the FVM model, a
newton’s solver correction was implemented. Whenever one function value goes
below 0, its sign will be reversed. So that it is very unlikely to converge to a wrong
solution. In fact, the FVM model can converge from both all zeros initial guess
and all one initial guess. By contrast, COMSOL would give error when start solver
from all zero initial guess. Another reason for the MATLAB FVM solver’s high
accuracy is that it has a far smaller error tolerance. The error tolerance is 1e-8.

5.1.4 Nonlinear optimization of the kinetic constants
With all the speed up measures taken, parameter swipe of 20 different inflow
DBT concentration and residence time can be done within 1.4 seconds, enabling
the nonlinear optimization of the kinetic constant.
The kinetic constants in this code are the target to be optimized. The objective
function is the second norm error of the parameter swipe values and the initial
guess.
The fminsearch function uses simplex algorithm to find the local minimum of the
function evaluated. 35
Here the minimization goal is to find a set of kinetic rate constants that minimize
the difference between the influent DBT versus outflow concentration ratio plots
and the residence time versus outflow concentration ratio plots.
Below is the optimization solver set up:
correctks=fminsearch(@datafitting,kguess,optimset('TolX',50,'TolF
un',0.01,'Display','on','MaxIter',150,'PlotFcns',@optimplotfval )
)

Optimization objective:
error= norm(DBT_DBTO-yDBT_DBTO,2)+ norm(DBT_DBTO2-yDBT_DBTO2,2)+
norm(yvswipe21f_DBTO-res_DBTO1,2)+norm(yvswipe21f_DBTO2-res_DBTO2
1,2)

Figure 5.9 is a graph that briefly shows the optimization result with respect to the
iteration number.
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Figure 5.9 Convergence of the optimization solver

5.2 Model fitting target
The goal of this study is to attain a suitable reaction mechanism and its
corresponding reaction rate constants through model fitting.
Figure 5. 10 shows the figure of the finalized reactor.
Figure 5. 11 shows the reactor setup.
Both of the two figures are extracted from Caple Kevin’s thesis. 8
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Figure 5. 10 Finalized reactor (above) and structure of the finalized reactor
(Below)

Figure 5. 11 Experiment setup
The experimental data is extracted from Kevin Caple’s MS thesis, the
experimental variables are shown in table 5.5: 8

Table 5.5 Experiment variables
Test variable

Influent DBT Mean
concentration
residence

Reactor
length

Reactor
width

Current
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Mean
residence time

time
0.441min
To
3.527min
1.25min

4426ppm

20mm

0.264m
m

2.56mA

Influent DBT 105.7ppm
20mm
0.264m
2.56mA
concentration
To 3803ppm
m
Figure 5.12 and Figure 5.13 are two plots shows the parameter swipe target

dbto and dbtoo concentration % versus influent dbt concentration
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Figure 5.12 influent DBT versus outflow species ratio
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Figure 5.13 Residence time versus outflow species ratio

5.3 Model #1 result
5.3.1 COMSOL model fitting result
Model #1 is rather simple. It contains only 2 positive reactions, no negative
reactions are considered in this model. Therefore, it cannot explain all the
experimental data.
The COMSOL model fitting is quite rudimentary, after a series of simple
parameter sweep on parameter k3 and k5, starting with a set of seeds kinetic
constants extracted from gas phase radical reaction data, a model fitting result
with the minimum square error was selected. The square error is 1.014.
Figure 5.14 shows the model fitting result.
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Figure 5.14 COMSL model fitting result for model #1
5.3.2 MATLAB model fitting result
The model fitting result from COMSOL is not accurate enough, since it is done by
a primitive experiential optimization. The MATLAB FVM model uses kinetic
constants from COMSOL model as seeds, and conducted one optimal kinetic
constant search.
Figure 5.15 shows the model fitting result for the FVM model #1.
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Figure 5.15 FVM model fitting result for model #1
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5.3.3 Discussion
Seeing from the influent DBT concentration plots, the model fitting result does not
exhibit significant conversion rate differences with different influent DBT
concentration. The minor decrease of conversion rate is due to the depletion of O2
at high influent DBT concentration. Moreover, with the increasing of inflow DBT
concentration, the outflow mole ratio of DBTO and DBTO2 changes almost
linearly with it. However, in actual experimental data, the conversion ratio of
DBTO and DBTO2 changes drastically.
In the mean residence time versus effluent mole ratio plot, with the increasing of
mean residence time, the out flow DBTO2 concentration ratio do not change.
While the outflow DBTO concentration ratio increase almost linearly with the
residence time.
Therefore, A simple model without consider the reverse reaction is not sufficient
to describe all the experimental data.

5.4 Model #2 result
5.4.1 FVM model fitting result
The COMSOL model converges to a wrong solution, so it is not listed here. The
modeling results listed below are all conducted under MATLAB FVM model.
The FVM model is being applied to optimize kinetic parameters involved in this
model. It uses the kinetic parameters from the COMSOL as initial guess, and uses
simplex algorithm to find the most optimized parameters.
Figure 5.16 is FVM model fitting result
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Curve fitting result for influent DBT Curve fitting result for residence time
versus outflow species ratios
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Figure 5.16 FVM model fitting result for model #2

5.4.2 Discussion
While fitting for influent DBT versus effluent mole ratio plot, the introducing of
two first order reverse reactions to the model failed to improve the accuracy of the
model. With increasing of influent DBT concentration, out flow DBTO and
DBTO2 ratios merely decrease very slightly. This unnoticeable decrease is due to
depletion of dissolved oxygen when DBT concentration is high.
While fitting for the mean residence time versus effluent mole ratio plot, current
model gives significantly better result than previous model. The model output
result showed similar trends as the experimental data. At low mean residence time,
the conversion rate is very low. With the increasing of reactor residence time, the
out flow ratio of DBTO and DBTO2 both increases. Moreover, after mean
residence time reaches 0.75 minutes, the trends of increasing was slowed down,
and a maximum conversion rate is attained. All those trends agreed well with the
experimental data. However, in the model, the outflow concentration of DBTO2 is
unusually high. A wide scope of parameter swipe on kinetic constant k3, k4, k5, k6
has been conducted to create better model fitting result. However, no better model
fitting result have been attained.

5.5 Models with second order reverse reactions
mechanisms result
5.5.1 FVM model result
Figure 5.17, Figure 5. 18 and Figure 5. 19 are result from Model #3, Model #4 and
Model #5 respectively.
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Figure 5.17 FVM model fitting result for Model #3
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Figure 5. 18 FVM model fitting result for Model #4
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Figure 5. 19FVM model fitting result for Model #5
5.5.2 Discussion
Among the three models listed above, only model #4 can fit both the influent DBT
swipe and residence time sweep and the same time. The other two models fit the
influent DBT sweep accurately, but they cannot fit the residence time plot at all.
Even though about 600 model fitting simplex iterations is being taken.
Therefore, it is highly likely that only the reaction mechanism #4 is most
accurately describing the reaction mechanism.

5.6 Analysis on the final model
The final model is being constructed based on reaction mechanism #4.
5.6.1 FVM model fitting result
The FVM model is being applied to the second order reverse reaction model to
optimize the kinetic parameters.
Figure 5.20 is the model fitting result obtained:
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Figure 5.20 FVM model fitting result for final model
Table 5.6 shows the optimized kinetic constants
Table 5.6 Optimized kinetic constants
K1
0.30
K2

2.26e11

K3

5.97e3

K4

6.26e-2

K5

2.4e5

K6

3.96

5.6.2 Discussion on influent DBT sweep and residence time sweep
The model fitting result for the mean residence time versus effluent mole ratio
plots indicates that when mean residence time is below 0.75 minutes, insufficient
reactor residence time is the main obstacle that hinder the conversion process.
Further increase of reactor residence time does not significantly increase the
conversion rate. According to the mathematical model, this is caused by the
presence of strong backward reactions, which rapidly convert DBTO2 to DBTO
and DBTO to DBT. The final effluent mole ratio of DBTO is around 0.17. This
value is roughly the ratio of k3/k4, representing the forward and backward reaction
rate constant for the reaction of DBT to DBTO:
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→ DBTO
DBT + O. ←

k3

k4

The effluent mole ratio of DBTO2 is very low, this stems from the high influent
DBT concentration. The influent DBT concentration is 4426ppm, at this
concentration, DBTO2 production is seriously inhibited by the second order
reverse reaction. Inferring from the model fitting result for influent DBT versus
effluent mole ratio plot, under condition of low influent DBT concentration, the
outflow ratio of DBTO2 is relatively high. This is due to the fact that the reverse
reaction of DBTO2 to DBTO is a second order reaction with respect to DBTO2.
k6
DBTO2 + DBTO2 
→ 2 DBTO + O2

This reaction only had minor impact when concentration of DBTO2 is low. While
the influent concentration of DBT is low, DBTO and DBTO2 in the reactor also
maintain a low concentration. Therefore, the reverse reaction rate of DBTO2 to
DBTO is not significant, and do not have significant effect on the production of
DBTO2. Nevertheless, when influent DBT concentration increases, the DBTO2
concentration maintained in the reactor will rise, hence the reverse reaction rate of
DBTO2 to DBTO would raises drastically. Therefore, at high influent DBT
concentration, the outflow DBTO2 mole ratio is very low.
The DBTO mole ratio in this plot initially increases drastically, and then kept
constant with respect to influent DBT concentration. The initial fast increase is
due to the fast decrease of DBTO2 mole ratio, excess DBTO2 is being converted
into DBTO. The mole ratio of DBTO reaches maximum at 220ppm influent DBT
concentration, then it kept stagnant. The reason is that the atomic oxygen
concentration within the reactor slowly decreased in high influent DBT
concentration.
Therefore, when DBT concentration was high, the atomic oxygen concentration in
the reactor is insufficient; hence the equilibrium of following reaction would goes
to the reverse side.

→ DBTO
DBT + O. ←

k3

k4

As a result, the effluent DBTO concentration would drops slowly when influent
DBT concentration increases.
Several analyses were done in COMSOL to better analyses the physical
phenomena underlines the model. The kinetic constants are from the MATLAB
FVM model optimized result.
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5.6.3 Concentration of different species in reactor outlet with varying
reactor residence time
Figure 5.21, Figure 5.22 and Figure 5.23 shows the concentration profiles for O
radical, molecule oxygen and DBT species respectively.

Figure 5.21 Average concentration of atomic oxygen in the outlet

Figure 5.22Average concentration of molecular oxygen in the outlet

Figure 5.23 Average concentration of DBTO DBTO2 and DBT in the outlet
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5.6.4 Concentration of different species in reactor outlet with varying
influent DBT concentration
Figure 5.24,Figure5.25 and Figure 5.26 shows the concentration at the outlet for
O radical, molecule oxygen and DBT species respectively.

Figure 5.24Average concentration of atomic oxygen in the outlet

Figure5.25Average concentration of molecular oxygen in the outlet

Figure 5.26 Average concentration of DBTO DBTO2 and DBT in the outlet
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5.6.5 Concentration profile along the horizontal cutting line
Figure 5.27 shows the position of the horizontal cutting line. It started at x=1 mm,
ended in x=20mm.
Figure 5.28, Figure 5.29 and Figure 5.30 is the concentration profile of all major
species along the horizontal cut line. This numerical model is taken at inflow DBT
concentration of 3380ppm and mean residence time of 1.25 minutes.

Figure 5.27 Horizontal cutting line
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Figure 5.28Atomic oxygen along the cutting line

Figure 5.29 Molecule oxygen along the cutting line
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Figure 5.30 DBT, DBTO and DBTO2 Concentration along the cutting line

5.6.6 Concentration profile along the vertical intersect line
Figure 5.31 shows the position of the vertical cutting line. It is taken at x=15mm.
Figure 5. 32, Figure 5. 33 and Figure 5. 34 is the concentration profile of all major
species along the horizontal cut line. This numerical model is taken at inflow DBT
concentration of 3380ppm and mean residence time of 1.25 minutes.

Figure 5.31 Vertical cutting line illustration
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Figure 5. 32 DBT, DBTO and DBTO2 concentration along vertical cutting line

Figure 5. 33 O2 concentration along vertical cutting line
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Figure 5. 34Atomic oxygen concentration along vertical cutting line
From the vertical intersection line data, we can see that the mixing is nearly even
vertically at the microreactor reactor. This is because the reactor is a microreactor;
its height is only 0.264mm.
The characteristic time study shows followings:
Table 5.7 Characteristic times
Diffusion time(y direction)
About 7s
residence time
0.5min to 3min
Reaction time
1 seconds to 7 min, depending on input
DBT concentration
The residence time is far longer than the diffusion time, indicating that using
microreactor greatly increased the diffusive mass transfer rate. In the microreactor,
the mass distribution vertically is almost even.
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6. Conclusions and Future Work
6.1 Conclusion
A Finite Volume Model (FVM) for the combined convective/diffusive transport
and chemical reaction occurring within a corona discharge activated microreactor
was constructed. This model, in combination with experimental data previously
collected by Kevin Caple, demonstrated the feasibility of using a corona
discharge reactor to oxidize Dibenzothiophene (DBT) to its sulfoxide (DBTO)
and sulfone (DBTO2) from diesellike fossil fuel streams using dissolved
atmospheric oxygen to enable oxidative desulfurization. The experimental data
shows that at very low feed DBT concentrations, most of the DBT is converted
into DBTO and DBTO2. However, at high feed DBT concentrations, only a
fraction of the DBT is converted into DBTO and DBTO2. These features of the
data were successfully replicated by the model.
The FVM model constructed is 50 to 400 times faster than implementing the same
model in COMSOL, which enables model optimization using a simplex algorithm.
Using the computational model provides pivotal insights into this reaction. By
constructing and comparing several FVM models based on different reaction
mechanisms, the most reasonable mechanism of reaction was found. The model
that best fit the experimental data is discussed in the text as Model #4 and included
the following reactions:
Reaction 1
Reaction 2
Reaction 3
Reaction 4
Reaction 5
Reaction 6

K1
O2 + e − 
→ 2O. + e −

K2
2O. + e − 
→O2 + e −

K3
DBT + O. 
→ DBTO
K4
DBTO 
→ DBT + O.
K5
DBTO + O. 
→ DBTO2
K6
DBTO2 + DBTO2 
→ 2DBTO + 2O.
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With the optimized reaction rate constants shown in Table 6.1 below.
Table 6.1. Refined reaction kinetics parameters for Model #4
K1

0.3

K2

2.26e11

K3

5.97e3

K4

6.27e-2

K5

2.4e5

K6

3.96

As shown by the data fitting using the models created, the main reason that the
corona discharge reactor does not yield a high conversion is because two very
fast reverse reactions that form chemical equilibrium with the forward reactions
are present.

6.2 Future Work
The most crucial field that requires immediate work is the construction of a new
generation corona discharge reactor and enhanced experimental apparatus.
Collection of a new set of experimental results will provide better insights into the
reaction mechanism.
The current model also indicates that using dissolved oxygen as the oxidizing
agent may be improved upon when conducting corona discharge oxidization
reactions. Future work should be conducted with different oxidizing agents.
Hydrogen peroxide, for instance, may improve the conversion rate significantly.
Under conditions of corona discharge, hydrogen peroxide dissociates to form
hydroxyl radical, which, due to its longer lifetime may react more easily with DBT
and DBTO and hence increase the conversion rate of DBT. 5
Testing of current corona discharge reactor on more recalcitrant species like 2, 4
dimethyl-dibenzothiophene would enhance the industrial application of corona
discharge reactor. Because of steric hindrance, 2, 4 dimethyl-dibenzothiophene
and other substituted polycyclic aromatic species are much more recalcitrant to
oxidization than their corresponding non-substituted species. The oxidization of
those extremely recalcitrant species has already been studied by others, under
either catalytic oxidative desulfurization or catalytic deep hydrodesulphurization,
and studying of the feasibility of oxidizing 2,4dimethyl-dibenzothiophene through
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corona discharge microreactor would be meaningful for developing of the field.
An additional area deserving further exploration is the reaction mechanism of the
oxidation process. The current model is limited by only considering a few overall
reactions. Since it is known that corona discharge reactions are extremely
complicated, frequently involving over 40 reactions, this model is still rudimentary,
and more detailed elementary reactions should be considered in future versions of
the model. 28, 6
For instance, ozone may play a crucial rule in the corona discharge reaction, as
may hydroxyl radical. Those highly reactive species may react with each other and
with DBT, thus complicating the model. In atmospheric chemistry, many of those
radical reactions have already been well characterized and should be considered in
this field. 11, 10 It is also possible to measure those radical reaction kinetic constant
under organic solvent phase. Therefore, developing enhanced models would be
meaningful in the characterization of corona discharge reactions.
Using the Boltzmann equation to predict the corona discharge oxygen dissociation
rate is another improvement to the model. Under condition of corona discharge,
the amount of atomic oxygen generated in the reactor is strongly related to the
applied current of the reactor. Unfortunately, the relationship between how many
electrons are passing through the corona area is not directly proportional to the
amount of oxygen dissociated. Only the high energy fractions of the electrons have
the ability to dissociate an oxygen molecule. Since the Boltzmann equation
governs the electron energy distribution, it should be possible to further optimize
the reactor and lower the energy cost of the reaction by conducting a Boltzmann
equation modeling.
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Appendix A:
A.1 COMSOL
COMSOL is finite element software designed to solving various different
physical model using finite element methods.
Comparing with other free alternative software, OpenFoam, COMSOL have
several advantages.
1. COMSOL provides better visualized graphic user interfaces (GUI). Inputting
of all parameters, like dimension of the model, boundary conditions, initial
conditions, solver configurations and element size, can all be calibrated
through the graphic interface. The OpenFoam, by contrast, requires the
researcher to input all parameters and boundary conditions in form of a
special programming language. This particular language is object oriented
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and easy to programming, however, it is still much more complicated than
COMSOL.
2. COMSOL is operated in windows. Clearly, windows software is much
easier to operate than Linux software. Researchers who need to use
COMSOL do not need to understand all those long linux terminal commands
to use this software. The installation of COMSOL is very easy. By contrast,
installation of OpenFoam is quite difficult, it requires the researcher to have a
deep understanding of Linux, or have assistance from other skilled Linux
users.
3. COMSOL offers better post-processing functions. Post-processing functions
is the functions that provide users better analysis of the modeling result.
CMOSOL provide plenty of post-processing functions and can generate
various types of plots and figures. By contrast, OpenFoam do not offer any
post-processing functions. Post-processing for OpenFoam has to be
conducted using other software, which is quite primitive.
4. COMSOL has excellent support for coupled phenomenon. Coupled
phenomenon like combination of fluid flow and mass transfer is quite common,
it requires combination of two modules. One module may use data from other
mode to finish computing. This feature is not supported in OpenFoam.

A.2 COMSOL LiveLinkTM for MATLAB
Optimization of the model requires large amount of model result analysis and
wide ranged parameter swipe. Although COMSOL already provides large
amount of post-processing functions, it alone may not be sufficient to analysis all
the data when optimize a complicated reactor model.
LiveLinkTM provides easy access of COMSOL model in MATLAB. Data can be
either inputted or outputted from COMSOL to MATLAB command line.
COMSOL model are being treated as an “object” in MATLAB. LiveLinkTM is
implemented using MATLAB java API, and is programmed in object oriented
pattern, with COMSOL model being implemented as a big class, whose instance
is a so called “object”.
In MATLAB, a COMSOL model is one object, while its subdirectories like study,
parameters, results, model dimension and meshes are considered as sub objects
of the COMSOL model object. The structure of the COMSOL object is exactly
the same as the tree like structure shown in COMSOL user interface, making it
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easy to operate.
Here, in current study, the main usage of LiveLinkTM is for data processing.
Though COMSOL provides plenty of user friendly plotting tools, it is very hard
to compute the mean square error of experimental data with modeling results. In
addition, inputting of experimental parameters into COMSOL is rather time
consuming when there is a large amount of data to be inputted. Moreover,
manually inputting a large array of data into COMSOL may result in a lot of
inadvertent mistakes, giving a false result.
In current study, model construction is being done in COMSOL interface, while
parameter swipe, calculation of mean square error of the model fit result and
plotting is done in MATLAB interface.

Appendix B
The FVM code description
Below is the table that shows major functions in the FVM MATLAB code:
Detailed description of the MATLAB FVM solver are stored in the doc file
within the solver folder.
File name
Problemsolver.m

usage
Main solver

Creator
Create by
Fan
Jacobicreate.m
Jacobian matrix generation Create by
Fan
inputDBTswipe_parallel
Parallel inputDBT swipe
Create by
Fan
Residencetimeswipe_parallel Parallel residence time Create by
swipe
Fan
Runmodel.mm
Nonlinear optimization
Create by
Fan
Shwoplot.m
Post processing
Created by
Fan

Xiangru
Xiangru
Xiangru
Xiangru
Xiangru
Xiangru
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Created by Gerald
Recktenwald
Created by Gerald
Recktenwald
Modified
by
Xiangru fan
Created by Gerald
Recktenwald
Modified
by
Xiangru Fan
Created by Gerald
Recktenwald

FvUniformMesh.mm

Mesh generation

Fvdif_conv.m

Convection-diffusion
matrix
generation,
diffusion part

Fvbc_src.m

adding boundary condition
to
convection-diffusion
matrix

fvAmatrix.m

Align
victories
diffusion-convection
matrix into the real matrix
A simplified solver, used created by Xiangru
for easier debugging
Fan

Unsealedsolver.m
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