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Abstract
The objective of this project is to store energy in synthetic fuels which is necessary for renewable
energy sources that do not provide a constant output of power. The goal of this specific report is
to add transport and a calculated gas temperature to improve the current global CO2 dissociation
model [3]. After the implementation of these two new aspects a parametric study was done to check
if the model still behaved reasonably. This was indeed the case for the gas temperature, electron
temperature, CO2 density, electron density and vibrational population. Then a comparison was
made with experimental results from DIFFER concerning electron density and gas temperature
at certain pressures. Electron density gave good agreement with an average difference of a factor
of 3.72, even for a low initial gas temperature. The model gave only similar results for the gas
temperature when initialized with a high value, in the other case a difference of approximately
4000 K was observed.
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Chapter 1

Introduction
The aim of this project is to store energy in synthetic fuels. Energy sources like solar panels and
windmills are better for the environment but they do not provide a constant output of power
like a coal plant. They depend on the sun to shine or the wind to blow at that point in time.
This is why a way of storing the energy is needed. In this case it is done by storing energy in
carbohydrates. The first step to this process is dissociating CO2 using renewable energy. Storing
energy in carbohydrates has the advantage that they have a large energy density in comparison
to batteries for example. They can also store energy for a long time without losing it. Efficiency
in this storing process is key and the different channels through which dissociation occurs have an
influence on this. Vibrational laddering is assumed to be an energy efficient way to accomplish
dissociation but more research is needed to confirm this and how to stimulate certain channels.[4]
In this work specifically the goal is to improve the global model in PLASIMO and also to do a
parametric study on the important variables when these changes are made. In the new model a
calculated gas temperature instead of a constant one will be introduced, secondly transport of the
different species is included.
In chapter 2 some general information about the workings of CO2 dissociation will be provided.
The experimental set-up at DIFFER with which the results of the model will be compared is also
described.
In chapter 3 the way this experiment is modelled in PLASIMO is elaborated upon. Then the
implementation of transport by solving the diffusive flux and the convective flux components of
the continuity equation are discussed.
In chapter 4 the influence of a calculated gas temperature and transport in the system are analyzed.
The evolution of the following properties in time are inspected: CO density, CO2 density, electron
density, electron temperature, gas temperature and densities of different CO2 vibrational levels at
one point in time.
And finally a comparison with the experimental results from DIFFER is made in chapter 5.
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Chapter 2

General theory
The general theory for this project consists of the CO2 dissociation mechanism and an explanation
of vibrational laddering. Also a section is devoted to the experimental set-up with which the results
from the model will be compared.

2.1

Dissociation

In order to produce fuels from CO2 in which energy can be stored the molecule has to be dissociated
to a CO molecule first (2.1). Then when this reaction product is isolated by membranes (to prevent
the backwards reaction) methanation can be used to transform it into an actual fuel (CH4 for
example). [4]
CO2 → CO + O

(2.1)

This dissociation process needs to be as efficient as possible in order for this solution to be feasible.
Here the efficiency is defined as the dissociation enthalpy (∆H) divided by the actual energy cost
of the production of one CO molecule in the system(ECO ) [2]. In the case of CO2 the enthalpy is
2.9 eV/mol. This then gives the equation for the efficiency (η):
η = ∆H/ECO .

(2.2)

There are a couple of known ways to accomplish the dissociation. One way is by shooting an
electron at the CO2 which costs 5.5 eV per molecule if it is in the ground state (direct electron
dissociation)[2]. Another possibility is called thermal dissociation and this requires a high temperature. When the temperature is sufficiently high the kinetic energy of a molecule becomes so
large that it can also cause it to dissociate.
In the 1970s and 1980s a lot of research was done both theoretically and experimentally on this
subject and the conclusion was that microwave discharges provide the highest possible energy
efficiency for this process [5]. In microwave discharges (and plasma’s in general) the electron
mainly get its energy directly from the microwaves, not from the heavy particles. They also take
most of the energy from the electric field because of their low mass and high mobility. An advantage
of plasma’s is that now the electron temperature does not have to be in equilibrium anymore with
the heavy species. This means the electrons can get energized and do all the dissociation work
while the heavy species stay at a lower temperature [4]. The rate at which such processes occur
depend on the amount of electrons that have a sufficiently high energy. This can be described by
the electron energy distribution function (EEDF), f (). This is the probability density that an
electron will have an energy .

2
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Figure 2.1: The three main vibrational
modes of the CO2 molecule. The three
possible modes from top to bottom are:
v1 , symmetric valence vibrations; v2 ,
double degenerate symmetric deformation vibrations; v3 , asymmetric valence
vibrations. [2]

2.2

Figure 2.2: The 21 vibrational levels
of the asymmetric mode of CO2 and 4
levels of the symmetric mode with the
dissociation limit van 5.5 eV [5]

Vibrational laddering

It has been shown that thermal dissociation can be done with a maximum efficiency of around
45% [5]. The CO2 molecule however has three main vibrational modes which can be used to get
an efficiency of up to 80 % [2]. These 3 modes are shown graphically in figure 2.1. The reason
the use of these vibrational modes is more efficient than thermal dissociation has to do with the
fact that the process can now happen in steps instead of immediately or not at all. If a colliding
electron would have an energy that is too low the CO2 will not dissociate. The kinetic energy
is not used and lost, which causes the efficiency to drop. On the contrary the steps between the
different vibrational modes of the molecule are smaller, meaning that little energy contributions
still can accomplish something. They will not completely dissociate the CO2 but raise it on the
vibrational ladder and thus bringing it one step closer. This can be seen clearly in figure 2.2
The asymmetric mode turns out to be the most important for dissociation because of the following
three reasons:
1. The asymmetric mode is mainly excited by electrons with a temperature of 1 to 3 eV and
these are common values in a microwave plasma.[2]
2. The asymmetric mode does not relax quickly to lower levels compared to the other modes
(at a low gas temperature). This means that the population of highly excited modes will
stay high for a longer period of time, without decaying.[2]
3. Vibrational energy exchange among asymmetric mode levels (VV) is fast which ensures a
high population of highly excited states.[2]
Parametric study of the CO2 global model
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2.3

Experimental set-up at DIFFER

In order to test if the model works the results were compared to experimental data from the
set-up at DIFFER. Therefore a quick overview is given of the reactor at DIFFER. The CO2 gas is
injected tangentially to create a forward vortex. This is done to prevent the plasma from touching
the walls, which could melt when in contact with the hot plasma. With a multiple of different
input parameters experiments are done. For this report one specific case is considered. In this
case it goes through a waveguide with a frequency of 2.45 GHz, which provides energy for the
reactions to take place. A 1400 W power input is used and a CO2 inflow of 18 slm. The entire
process takes place in a quartz tube with a diameter of 30 mm.

Figure 2.3: The CO2 plasma in the experimental set-up at DIFFER.[9]

4

Figure 2.4: A schematical overview of the experimental CO2 reactor at DIFFER.[9]
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PLASIMO global model
A model can be very helpful with evaluating quantities that are difficult to measure and by
identifying the most dominant reactions. The model that is used in this study is a zero-dimensional
kinetic model meaning that it calculates the time evolution of the densities of the different plasma
species. [3]
The challenge in this task is the fact that there are a lot of different reaction that occur. In this
model these reactions are separated in 5 different groups. [5]
1. Electron impact excitation and ionization
2. Electron attachment and electron-ion recombination
3. Reactions between neutral species
4. Ion-neutral and ion-ion interactions
5. vibrational energy transfer

The model works by a list of all reactions that are known to occur. For each different reaction there
is a lookup table where the rate coefficients are defined at different electron temperatures. The
rate coefficients between heavy particles are assumed to be only a function of the gas temperature
and are taken from literature. The rate coefficients for electron impact reactions however are
calculated by solving the following integral [4]:
Z

∞

ki =

σi ()v()f ()d

(3.1)

th

with  the energy, σi () the cross section of collision i, v() the the velocity of the electrons, f() the
EEDF and th the threshold energy for that specific reaction. The cross section is an imaginary
circle around a particle, if the centre of another particle comes inside this area a collision will
occur and a reaction will take place.[2]
The function f() is a parameter that is specific to the plasma. If it is assumed that it is sufficiently
ionized f() can be assumed to be Maxwellian[4]. Most of the time however this is not a good
approximation and it has to be calculated with numerical Boltzmann solvers like BOLSIG+. This
tool can calculate the distribution for a set of different cross sections, plasma composition and
reduced electric fields. The result is then available in a look-up table. Then when the right initial
conditions are given the model will calculate the new densities one iteration further.

Parametric study of the CO2 global model
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The electron density is an important quantity because it is responsible for the dissociation of CO2 .
The way electron densities are calculated in PLASIMO is not by solving the electron balance equation, instead a quasi neutrality restriction is used. Meaning that the summation of the density of
all positive species should always be equal to the summation of all negative species including the
electrons. The global model will calculate the densities of the positive and negative species and
then by the quasi neutrality restriction the electron density will follow.
This sums up the original model by Peter Koelman ([3]), a few improvements have been made
to this during the project. The chemistry was first sorted in different input files, which makes
it easier to include or disable entire groups of reactions like the electron impact excitations for
example. Secondly a calculated gas temperature is introduced which before was assumed to be
constant. Finally transport was included in the model, how these two things were accomplished
is discussed in the next section.

3.1

Gas Temperature

PLASIMO’s main task is solving three equations: the particle balance, the electron energy and the
mixture energy. From this last one the gas temperature can be calculated which in the old models
was assumed to be constant. In this study however it will be included as a variable parameter.
The equation describing the time evolution of the gas temperature consists of 3 different terms
[9]:
dU
= Sc + ST + SH
dt

(3.2)

Here Sc is the chemical source term which is positive for exothermic reactions and negative for
endothermic ones. SH is the heat transfer where terms like conduction and radiation are included.
ST is the energy loss due to transport, so the outflow of energetic heavy particles. The energy loss
of a certain species through the outflow is described by:
U=

5
ni kB Tg
2

(3.3)

Where U is the total translational energy of a certain specie (rotation and vibrational energies
contributions are assumed to be small). Tg is the gas temperature, ni the particle density and kB
the boltzmann constant.

3.2

Transport

In order to have a more realistic model the transport of species should be included in the description. Therefore the evolution of a species density is not only due to the local source term anymore.
The implementation of this is based on the continuity equation for a particle ni :
∂ni
+ ∇ · (ni ~ui ) = ωi .
∂t

(3.4)

Here ωi is the net change rate of the particle. The flux term can be split up in two different
contributions, a convective flux and a diffusive flux. This can be achieved by using the definition
of diffusion velocity. It is the vector addition of the diffusion velocity of the individual particles
(u~di ) and the bulk average velocity (~u),
ni ~ui = ni (~u + udi ) .

(3.5)

By substituting equation (3.5) in formula (3.4) the following is concluded:
6
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∂ni
+ ∇ · (ni ~u) convective flux + ∇ · (ni ud1 ) diffusive flux = ωi .
(3.6)
∂t
By integration over the volume and application of the divergence theorem on the individual integral
terms the problem is restated in an integral form, namely [8]:
Z
I
I
Z
−
→
−
→
∂ni
dV +
ni ~u.dS +
ni ~udi .dS =
ωi dV.
(3.7)
V ∂t
S
S
V
This can be simplified by making a few assumptions [8].
1. The shape of the plasma is a cylinder with a volume (V), a side area surface (Sside ), and a
cross sectional area (Aplasma ).
2. Diffusion loss is only in the radial direction.
3. Convection loss is only in the axial direction with a direction perpendicular to the cross
section and a uniform magnitude over the width of the outlet section of the plasma volume.
These simplifications result in[8]:
Sside
Aplasma
∂ni
−ni udi
+ωi .
= −ni u
∂t
V
{z
}|
{z V }
|
convection loss

(3.8)

diffusion loss

These convection and diffusion losses are included in the model by the function ExtraSourceList
for every individual specie.

3.2.1

Convection Loss

Because ni is calculated at every iteration estimates for ’uAplasma ’ need to be obtained. This is
where assumption 3 comes into play again. The mass flux through the area at the end of the tube
can be modelled by using mass conservation, but this needs to be rewritten in terms of densities
because that is what the global model works with. By using a few properties of CO2 this can be
done as follows [8]:
Aplasma u =

ρCO2 V̇CO2 NA
.
ntot MCO2

(3.9)

ρCO2 : density of CO2
V̇CO2 : volume flow rate of CO2 at the inlet
NA : Avogadro’s number
ntot : total particle density calculated at the specific pressure and temperature(ideal gas law)
MCO2 : the molar mass of CO2

3.2.2

Diffusion loss for neutral species

In order to implement the diffusion a few assumption and simplifications are going to be used to
model the process. The following statements will be used to arrive at the final result which is
equation 3.30.
Assumptions & Simplifications[8]:
1. It is an ideal gas mixture.
2. The cross section of all collisions is approximated by the cross section for CO2 -CO2 collisions.
3. Density of the collision partner for a certain collision is approximated by the density of CO2 .
Parametric study of the CO2 global model
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4. The cross section is a fixed value independent of temperature or other variables.
5. Only diffusion in the radial direction occurs.
6. Inertial forces are neglected.
7. No viscous shear stresses.
8. No magnetic field.
9. Acceleration is zero.
10. The temperature is approximately uniform.
11. The velocities of the heavy particles have a Maxwell Boltzmann distribution.
12. The gas is quasi neutral.
13. The electron mobility is assumed to be much higher than the mobility of the heavy particle.
A relation for the diffusion velocity needs to be derived and then substituted in equation 3.8,
as it is the only unknown left. From the Boltzmann equation the steady-state(assumption 9)
macroscopic force equation can be derived [6]. Inertial force terms are neglected in this approach
(assumption 6). This gives the following starting point for the derivation [7]:
~ − ∇pi − mi ni νm ~ui = 0
ni qi E
i

(3.10)

Here ni is the spatial particle density, qi the charge, pi the pressure, u~i the velocity, mi the
~ is the electric field. The third term
mass and ~ui the velocity, all of a certain specie i. Lastly E
is an approximation for the amount of momentum in the system. This can be written as the
usual formula for momentum multiplied by a certain frequency (mi ni νm ~ui ) [8]. Where νm is the
momentum collision frequency.
Then pi can be rewritten using the ideal gas law (assumption 1) and with some algebra u~i can be
isolated at the left side of the equals sign like this[8]:
~ui =

~
qi E
1
−
∇(ni kB Ti ).
mi νmi
mi ni νmi

(3.11)

Here kB is the Boltzmann constant. According to assumption 10, Ti can be taken out of the
gradient and first the case for neutral species will be derived so qi is zero for now. This gives the
final drift-diffusion equation from which the drift velocity can be calculated[8]:
~ui ni = −

kB Ti
∇ni .
mi νmi

(3.12)

This is just Fick’s law where the fraction is equal to the diffusion coefficient Di . The diffusion
velocity is then modeled using a suitable length scale (R) [8]:
Di
(3.13)
R
Also an expression for ν is needed. When invoking assumptions 2,3,4 this frequency can be
approximated by using [8],
udi =

νmi =< ~vi > σnCO2 .

(3.14)

Here σ is the momentum transfer cross section and < ~vi > the average velocity. According to
assumption 11 this velocity can then be written as follows:
r
8kB Ti
< ~vi >=
.
(3.15)
πmi
8
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To find the value of σ in equation 3.14 the data inside PLASIMO was used. The value for all
species was approximated by the value for CO2 -CO2 collisions (assumption 2). For a range of
different temperatures the cross section between CO2 -CO2 collisions was given. The average of
the cross sections for temperatures of 100-1000 K was taken which gave a momentum transfer
cross section of approximately 10−19 m2 . This will by assumption 4 from now on be assumed as
a fixed value independent of electron temperature.
So in conclusion the diffusion part of equation 3.8 can modelled (using the results from 3.13, 3.14
and 3.15) like this:
r
πmi Sside
kB Ti
S side
= −ni
.
(3.16)
ni udi
−19
V
mi R(10 )nCO2 8kB Ti V

3.2.3

Diffusion loss for ions

In section 3.2.2 the diffusion loss for neutral species was derived by simplifying the momentum
balance. This exact method can also be used for charged particles with a modification. Until
equation 3.11 the procedure is the same, it is at this point however that in the previous section
the charge qi was taken to be zero. This can not be done right now. Now an equation for the
electric field is necessary, and this can be obtained by using the quasi-neutrality assumption. But
first formula 3.11 is is multiplied by ni on both sides and assumption 10 is used so Ti can be taken
out of the gradient, it can then be written as follows[8]:
~ − Di ∇ni
Γi = ni ~ui = ±µi ni E

(3.17)

Where Γi is the flux and µi is the mobility [8]:
µi =

|qi |
.
mi νmt

(3.18)

Di =

kB Ti
.
mi νmi

(3.19)

Di is the diffusion coefficient [8]:

Then by invoking assumption 12 the following can be stated [8]:
Γelectron = Γion = Γ,

(3.20)

nelectron ≈ nion = n.

(3.21)

and also

By combining 3.17 and 3.20 a relation between ions and electrons can be derived [8]:
~ − Dion ∇n = −µelectron nE
~ − Delectron ∇n.
µion nE

(3.22)

This gives the needed equation for the electric field [8]:
~ = Dion − Delectron ∇n .
E
µion + µelectron n

(3.23)

This should then be substituted back in 3.17 resulting in [8]:
Dion − Delectron
∇n − Dion ∇n
µion + µelectron
µion Delectron + µelectron Dion
=−
∇n
µion + µelectron
= −Da ∇n.

Γ = Γion = µion

Parametric study of the CO2 global model
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Here Da is the ambipolar diffusion, as this is basically Fick’s law again but now the coefficient in
front of the gradient is now a bit more complicated compared to neutral diffusion.
Electrons have a much lower mass than the ions so therefore they will have a higher mobility
by inspecting equation 3.18 (assumption 13). Therefore this can simplify the ambipolar diffusion
coefficient to [8]:
µion

Delectron + Dion
µelectron


µion Delectron
+1 .
= Dion
Dion µelectron

Da =

(3.25)

By using the definitions 3.18 and 3.19 the following can be concluded:
Da = Dion (

|qelectron | kB Telectron
+ 1).
kB Tion
|qion |

(3.26)

Now the simplification is made that there are only electrons, positive ions and neutral species.
Then |qion | has to equal |qelectron | so they cancel in 3.26. Leaving the important result:


Telectron
Da = Dion
+1 .
(3.27)
Tion
Dion can now be found with 3.19, assumption 4, and the temperature and mass calculated by
PLASIMO for that specific specie.
When this is substituted in 3.24 one finds:

ni u~di = −Dion


Telectron
+ 1 ∇n.
Tion

(3.28)

Now following the same procedure as with 3.13 it is concluded that:


Dion Telectron
+1 .
u~di =
R
Tion

(3.29)

Then finally putting everything together gives:
kB Ti
Sside
= ni
ni udi
V
mi νmi R



Telectron
+1
Tion



Sside
.
V

(3.30)

The final transport result for the charged species is then obtained by 3.8, 3.9 and 3.30. The final
result for neutral species is found by combining 3.8, 3.9 and 3.16

10
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Chapter 4

Parametric study
The goal of the parametric study is to check if all variables still behave as expected after a
calculated gas temperature was implemented. Therefore a few defining variables of the plasma
are investigated further. The evolution of gas temperature, electron temperature, electron density,
vibrational population and CO2 density after the improvements will be discussed in this chapter.

4.1

Initial conditions

Included Species:
In this model that was based on the state of the art model by Peter Koelman ([4]), the following
species are included[5]:

Initial values:
The list below summarizes the important initial values that are used to produce the results. A
triangular shape pulse that looks as shown in figure 4.1 was applied on the plasma. In global models
there is no restriction on the pressure and the initial value can be set using the density of CO2 .
As the CO2 concentration is much higher then that of the other species it can be used to initialize
the pressure by using the ideal gas law 4.1. Considering also the usual starting temperature of
500 K and a needed pressure of 50000 P a
nCO2 =

Parametric study of the CO2 global model

P
kB T

(4.1)
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Power density(W/mm 3)

20
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20
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Figure 4.1: The triangular pulse of 30 ms that was used in the CO2 dissociation model
The other relevant parameters are figure 4.1 and the the following points:
• Shape pulse: Triangular
• Pulse duration: 30 ms
• Peak strength: 20 W/mm3
• Plasma shape: cylindrical
• R: 1.25 mm
• L: 45 mm
• Initial Temperatures: 500 K
• Pressure: 50 000 P a
• nCO2 : 7.2411e24 m−3 (calculated by P=nkT)
• k: 0.0146 W/m/K [1]
• σ: 10−19 m2

12
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4.2

Gas temperature

Now that the gas temperature is calculated the curve looks very different as can be seen in figure
4.2.

gas temperature (K)

1200

Tg constant
Tg calculated

1000

800

600

400
10 -9

10 -7

10 -5

10 -3

time(s)
Figure 4.2: The gas temperature evolution for the initial conditions mentioned at the start of this
chapter. The red curve shows where the gas temperature was kept constant at 500 K and the blue
one is where the gas temperature was calculated at each iteration. The pulse starts at t=0 and
reaches its peak (20 W/mm3 ) at the first dotted line, the second dotted line indicates the end of
the triangular pulse.
Here the two dotted lines indicate the middle and the end of the triangular pulse. The first line is
where the power density is at its maximum of 20 W/mm3 and the last line is the end of the pulse.
The red curve is of course the graph where the gas temperature is kept constant, a constant value
of 500 K which is common in literature was chosen. It can be clearly seen that the constant gas
temperature of 500 K is a really inaccurate simplification. When the gas temperature is calculated
it rises to a magnitude of approximately 3 times higher.
At first however the blue graph stays constant. This can be explained by the fact that the
heavy particles get their energy from collisions with electrons. It takes some time before enough
energy from the electrons is transferred to the heavy particles so that it is noticeable in the gas
temperature. These electrons are namely very light so very little momentum can be transferred
at each collision. This is the reason why it takes a while for the gas temperature to also change
although there is a pulse which is being exerted on the plasma. For a brief moment the temperature
even drops below the constant gas temperature case. This effect can be attributed to endothermic
processes at the start of the reactions that consume energy, this causes temperatures to drop
slightly.
Another fix was found when experimenting with different pulse shapes. A constant power input
gave oscillating behaviour which is not what is expected. This behaviour could then only be
avoided by adding transport to the system. But it was also found that when the initial gas
temperature was put at 300 K the initial dip at 10−6 seconds can also be avoided.
Parametric study of the CO2 global model
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Then the temperature starts at a quick rise taking approximately 15 ms, which is exactly after
which the triangular pulse is completely turned off. After these first 30 ms the temperature stays
constant which makes sense as transport is not yet included in the model so energy loss can only
be due to chemical reactions. These chemical reactions have reached an equilibrium state meaning
that the temperature will neither rise nor decay.

14
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4.3

Electron temperature

By inspecting figure 4.3 it can be seen that the electron temperature for both cases has a very
fast rise time. After less than 10−6 seconds it has reached a value which is 60 times as high as the
initial temperature. Unlike the gas temperature it does not keep on increasing until the end of the
pulse is reached (at the last dotted line). Much earlier an approximately steady state is already
reached but it cannot be contained for a long time after the microwave power has been turned off.
When this is done an immediate drop in the electron temperature is visible. This is unlike with
the gas temperature which stays constant after the pulse is turned off.
What also becomes obvious is that the influence of a calculated gas temperature has very little
influence on the electron temperature. This makes sense as the electrons mainly get their energy
directly from the microwave source. It is for this reason that for the electrons it does not matter
whether the gas temperature is higher as can be seen in figure 4.2.
It is only at the end that a difference is noticed between the two cases, for the calculated case the
temperature ends up a bit higher in the steady state. At this steady state the gas temperature
has already risen to approximately 1100 K which is a lot higher than the 500 K case.
This can then also explain the differences in the end of the electron temperature because the
amount of momentum transfer from the electrons to the heavy particles depends on the difference
between the gas temperature and the electron temperature. With a calculated gas temperature
this difference is smaller meaning that in this case a little bit less energy will be transferred from
the electrons to the heavy particles causing the slight rise in temperature at the end of figure 4.3.

Electron Temperature (K)

3.5

10 4

3

Tg constant
Tg calculated

2.5
2
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1
0.5
0
10 -9

10 -7

10 -5

10 -3

time(s)
Figure 4.3: The electron temperature evolution for the initial conditions mentioned at the start of
this chapter. The red curve shows where the gas temperature was kept constant at 500 K and the
blue one is where the gas temperature was calculated at each iteration. The pulse starts at t=0
and reaches its peak (20 W/mm3 ) at the first dotted line, the second dotted line indicates the end
of the triangular pulse.
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4.4
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Figure 4.4: The CO2 evolution for the initial conditions mentioned at the start of this chapter.
The red curve shows where the gas temperature was kept constant at 500 K and the green one is
where the gas temperature was calculated at each iteration. The pulse starts at t=0 and reaches its
peak (20 W/mm3 ) at the first dotted line, the second dotted line indicates the end of the triangular
pulse.

It is clear from figure 4.4 that the dissociation profile is a lot more realistic for a calculated gas
temperature. The green curves starts of staying constant in time and the same goes for the red
curve. Like explained in the subsection about electron temperature the heavy particles get their
energy from collisions with the electrons and there is a certain transfer time from the electrons to
the heavy species. Further in the graph the behaviour of the green curve is a lot more physical
compared to the red one. Where the red curves comes back up again around 10−5 seconds the
green curve decays like expected for dissociation and then reaches the steady state. Also for a
constant gas temperature the final difference between initial density and the density in the steady
state is a lot lower, meaning a lot less dissociation.
The first reaction group that is probably responsible for this is the neutral group. (appendix
A.1). The other reaction groups either have constant rate coefficients, do not depend on the
gas temperature or do not contain any relevant species (so CO2 in this case). The reaction
coefficients for the electron impact reactions are mainly dependent on the electron temperature
and not on the gas temperature. Therefore these reaction are also not included in this analysis.
From dissociation reactions N1 and N2 (appendix A.1) it can be concluded that when the gas
temperature increases, which happens when it is calculated by PLASIMO, then the increase of
the reaction coefficients results in a lower CO2 concentration. N1 and N2 therefore are the main
contributors to lowering the CO2 concentration. N4, N5 and N6 however do the complete opposite.
Their reaction coefficient also increases but they produce CO2 so they are the main contributors
to an increase in the CO2 concentration. However these reactions occur with species that are
more rare in the plasma compared to the total mixture (M) like in N1. Therefore N1 and N2 will
dominate them and in the end the total CO2 density should be less than when the gas temperature
is assumed to be constant.
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4.5

Electron density
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Figure 4.5: The electron density for a constant gas temperature (red curve) and a calculated gas
temperature (blue curve). The pulse starts at t=0 and reaches its peak (20 W/mm3 ) at the first
dotted line, the second dotted line indicates the end of the triangular pulse.
The electron density displayed in 4.5 shows very little change when comparing the two different
cases. First of all the density clearly peaks at a time of 15 ms which is exactly when the microwave
power pulse is at its maximum strength. This behaviour is seen both for the calculated case as well
as for the constant temperature case. Also a quick drop is seen when the power density decreases
linearly. Not as extreme as in the electron temperature seen in figure 4.3 but still very rapidly.
The constant temperature case also has a peek which is about a factor 1.5 lower compared with
the calculated case. This makes sense when keeping a higher gas temperature as displayed in
figure 4.2 in mind. The main causes are the electron attachment and electron-ion recombination
reactions [5]. All these reactions consume electrons making the total electron density lower. If
their reaction rates however are dependent on the gas temperature it always is an inverse relation.
This means that a high gas temperature will result in the fact that less electrons are consumed
and therefore the electron density becomes higher at high temperatures.
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4.6

Vibrational level population

In figure 4.6 the distribution over the vibrational levels of the asymmetric mode of CO2
are visible at four different moments in time,
7.5 ms, 15 ms, 22.5 ms and 30 ms.
Both the blue and the red line are sloping
downwards indicating a lower population of
the higher vibrational levels. This is logical as
more energy would be required to pump species
up to higher vibrational levels.
When the pulse is at half its maximum height
already a difference can be observed between
the calculated and the constant gas temperature curve. The calculated gas temperature case
has a much more linear distribution compared
to the constant one. Except between 7.5 ms
and 15 ms the blue line hardly changes. In this
interval it is observed however that the population of high vibrational excitation increases
which is as expected. A raising gas temperature as shown in figure 4.2 will have this influence on a heavy particle specie like CO2 .
It is also clear that the species do not relax
back to their original state before the pulse was
exerted immediately. This can be seen by the
fact that the first and the last graph are not
the same, especially for the higher vibrational
levels.

Figure 4.6: The density distribution of the different vibrational levels of the asymmetric mode.
The blue line for a calculated gas temperature and
the red one for a constant one.

18

Parametric study of the CO2 global model

Chapter 5

Experimental comparison
To check the validity of the implemented gas temperature and transport equation a verification
was done using experimental data displayed in figure 5.1. The parameters that are compared with
the model are electron density and gas temperature at a few different pressures.

Figure 5.1: The experimental values at different pressures for electron density (fifth graph), gas
temperature (fourth graph). The red dots in the first and second graph are a second measurement
of the diameter of the plasma and the length respectively. In the model the average of the two
values was taken as input. The Volume flow rate was equal to 18 slm and a microwave power of
1400 W was used.[10]
Parametric study of the CO2 global model
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5.1
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Figure 5.2: The values of the electron density for different pressures in the steady state. The
blue line shows the curve that was given by the experiment, the green line is the modelled electron
density with a high initial gas temperature, the red line is also the modelled density but with a low
initial gas temperature (300 K)
It can be seen in figure 5.2 that the model is able to predict the values of electron density pretty
accurate. There are some differences but not more compared to other models describing these
types of processes. At first a high initial temperature was chosen close to the experimental value
in the steady state (green curve). The results were in very close agreement, especially for the
pressure of 14000 P a. For this pressure the difference was only a factor 1.037. In the end the
initial conditions should not determine the final steady state but it does give the model a hint
in the right direction. It needs to be certain that the model can still work without any hints. It
could be possible that there are multiple stable equilibria predicted by the model and depending
on the initial conditions one of these possibilities becomes the reality.
So what is necessary is a model that can start at room temperature, like in the experiment, and
still predict the results that are needed. For electron density this is possible looking at the red
line which still predicts the behaviour of electron density very well. The main discrepancy that is
noticed, is for low pressures in the order of 10000 P a here the model predicts higher values of the
electron density. For the other data points the model actually consistently predicts values which
are too low, this is also what is expected. The average difference of all data with the experiment
however is a factor 3.72 which is accurate for the tools available now.
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5.2

Gas temperature

Figure 5.3: The values of the gas temperature for different pressures in the steady state. The blue
line shows the curve that was given by the experiment, the red line is the modelled gas temperature
with a high initial gas temperature, the green line is also the modelled gas temperature but with a
low initial gas temperature (300 K)
For the gas temperature the results are displayed in figure 5.3. The first attempt with a high
initial gas temperature gives surprisingly accurate results. If however a much lower initial gas
temperature of 300 K is set the results do not really match with the experimental observations.
The gas temperature is approximately a factor 3 too low although it gives the same constant trend
after a pressure of 14000 P a. There are a few possible explanations for this which will be discussed
in the next section.

5.2.1

Explanations for discrepancy in the gas temperature

Although this improved model was based on the state of the art model for CO2 dissociation by
Peter Koelman, there are still some possible problems with ground state energies as described
there [4]. Although the best values from literature were taken and checked during the verification
study, literature could not offer all the necessary ground state energies and some were set at zero.
The same goes for certain rate coefficients which might not be accurate now, this is however the
best that can be done at this moment regarding these two variables.
Another possibility is the limitation of the global model itself. The global model is zero dimensional
while the experimental reality is 3D, this could also possibly have an effect on the final result.
Furthermore super-elastic collisions are not included in the chemistry of this model. Only processes
in which an electron for example gives energy to a heavy specie, causing it to get vibrationally
excited, are included for now. The opposite process however, where the electron in the end leaves
with more energy than before is not present in the current model. In the older model this was
Parametric study of the CO2 global model
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a good simplification because a DBD plasma was studied, which has lower electron temperatures
[3]. Microwave plasma’s however have higher electrons temperatures. Here superelastic collisions
can be important by decreasing the inelastic vibrational energy loss. This way more energy can
be used to get CO2 in higher vibrational levels.[4]
Lastly the dissociation value for CO2 might not be correct. Although usually a value of 5.5 eV
is adopted experiments suggests that this value might actually be more in the realm of 10 eV , so
twice as high. This could also explain the difference in gas temperature

5.2.2

Adjustments to fix the discrepancy in the gas temperature

The first thing that was tried to fix the gas temperature was a different initial pressure. When
the CO2 is injected as described in section about the set-up at DIFFER it was at first assumed to
have a pressure equal to the pressure present in the steady state. However it is reasonable to set
the pressure a little higher. This is because of the fact that there needs to be a flow from the inlet
to the actual plasma itself. This can only be the case if the initial pressure is a bit higher which
will then cause the flow to the plasma, the real experimental injection pressure is unfortunately
unknown so an estimation was used. The initial pressure was therefore increased with 500 P a.
Secondly the volume flow rate was adjusted. Inside the quartz tube there is not a uniform flow
of CO2 downwards, instead there is a forward flowing vortex. This has the consequence that not
all of the CO2 that is injected will go directly to the plasma some of it will just go to the outlet
immediately. Therefore the inflow in to the actual plasma is a lot lower than the total amount
that is injected in the reactor. In the experiment a volume flow rate of 18 slm was used so in the
model this was set a little bit lower, values of 16 and 14 slm were tried.
Also a possible problem could arise from the density of CO2 itself. At first the simplification was
used of a density at room temperature and atmospheric pressure. In the experiment which was
tried to be emulated the temperatures however were much higher and the pressures much lower.
To correct this difference a new density was calculated using a rewritten version of the ideal gas
law:
pM
.
(5.1)
RT
Here ρ is the mass density, P the pressure, M the molar mass of CO2 in this case, R is the
universal gas constant and T the gas temperature. If now an average pressure of 50000 P a and
temperature of 3000 K is used as input for this equation a density of 0.088 kg/m3 is found. This
differs a lot from the initial 1.98 kg/m3 that was used at first.
ρ=

The last thing that was tried in order to get a more accurate gas temperature was a different
value for the inflow temperature. Although the initial gas temperature was still kept at 300 K it
is reasonable to put the temperature of the in flowing gas at a higher value. To understand this
a closer inspection has to be done on the experimental set-up that this model tries to describe.
Looking at figure 5.1 it becomes clear that the length (l) and the diameter (d) are small compared
to the volume of the reactor. This means that the injected CO2 will not be injected directly in to
the plasma, first it will travel for some time through the reactor. During this time it could heat
up due to radiation processes and it could also come into contact with the wall because of the
vortex flow. These walls have an average temperature of about 1000 K and it is therefore very
reasonable to assume the inflow temperature is actually a lot higher than the 300 K at which it is
injected in the reactor. To account for this effect the inflow temperature was set at 1000 K.
Although all of these 4 points are physically valid they did not result in a big difference in the
gas temperature. Implementing these changes in the model resulted in a maximum difference of
about 400 K in the final steady state temperature.
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Conclusions
In conclusion the implementation of a calculated gas temperature as apposed to a constant one
makes a big difference on the behaviour of the global model. The same goes for the addition of
transport where two different terms are considered to describe this process. At first the convection
and secondly the diffusion for which also two equations can be found, one describing the neutral
species and one describing the ions.
After implementation of a calculated gas temperature the global model behaves reasonable. At
least when a triangular pulse of 30 ms and a maximum power of 20 W/mm3 is applied. Also
evolution’s of electron temperature, gas temperature, electron density, vibrational population and
CO2 density, in time are as expected. Mainly gas temperature and CO2 density show major
changes while the electron temperature is practically the same.
Then the comparison of the gas temperature to experimental results shows good similarities but
only when it is initialized with a temperature close to its value at the steady state. For the case
where it was set at 300 K the final temperature at the steady state is about a factor 3 too low.
This error was tried to be fixed by changing the initial pressure, the volume flow rate, the density
of CO2 and the temperature of the in flowing gas. These changes had a maximum impact on the
steady state temperature of about 400 K. Other issues in the model have been elaborated upon
like the unknown ground state energies, absence of super-elastic reactions and simplifications of
the global model.
Electron density however gave good agreement with the experiment with an average difference of
a factor 3.72. Results became a bit less accurate when an initial gas temperature of 300 K was
used but still very similar compared to the experiment considering the tools available.

Parametric study of the CO2 global model

23

Bibliography
[1] Joost de Vree. warmtegeleidingscofficint, year = 2019, urldate = 30-06-2019, howpublished
= http://www.joostdevree.nl/shtmls/warmtegeleidingscoefficient.shtml,. 12
[2] Alexander Fridman. Plasma Chemistry. Cambridge University Press, 2008. 2, 3, 5
[3] Peter Koelman. PLASIMO Global Model for CO2 chemistry, year = 2016, urldate = 3006-2019, howpublished = https://plasimo.phys.tue.nl/resources/index.php,. ii, 5, 6,
22
[4] Peter Koelman. A Comprehensive Chemical Model for the Splitting of CO2 in NonEquilibrium Plasmas. 2017. 1, 2, 5, 11, 21, 22
[5] Tomas Kozak and Annemie Bogaerts. Splitting of CO2 by vibrational excitation in nonequilibrium plasmas: a reaction kinetics model. 2014. 2, 3, 5, 11, 17, 25
[6] N.A. Krall and A.W. Trivelpiece. Principles of Plasma Physics. McGraw-Hill, New York,
1973. 8
[7] Michael Lieberman and Allan Lichtenberg. Principles of Plasma Discharges and Material
Processing. John Wiley & Sons,Inc, 2005. 8
[8] Samaneh Tadayon Mousavi. Governing equations, phd thesis. 2019. unpublished. 7, 8, 9, 10
[9] Samaneh Tadayon Mousavi. Toward understanding chemical mechanisms for H2 O-He in nonequilibrium plasmas. unpublished, 2019. 4, 6
[10] Bram Wolf. Characterization of the CO2 microwave plasma based on the phenomenon of skin
depth-limited contraction. 2019. unpublished. 19

24

Parametric study of the CO2 global model

Appendix A

Neutral reactions

Figure A.1: All included reactions between the neutral species with their rate coefficients. Here Tg
is the gas temperature, and M can be CO2 , CO or O2 [5]
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