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Resumo

O cloreto de vinilo (VCM) é uma das maiores comodidades, sendo a matéria-prima principal na produgao
do policloreto de vinilo (PVC), e é produzido através do craqueamento térmico do dicloroetano, EDC,
numa fornalha. No presente trabalho, um modelo desta fornalha foi desenvolvido em linguagem gPROMS®
Este € composto por um modelo da serpentina, onde é descrita a reacgdo de craqueamento, e um
modelo da camara de combustao, onde a transferéncia de calor pela combustdo do combustivel foi
considerada. Varios mecanismos cinéticos, tanto moleculares como radicalares, foram validados com
dados disponiveis na literatura. Para reduzir o tempo de computacao da simulagao quando sao utiliza-
dos mecanismos radicalares, a matriz dos coeficientes estequiométricos foi comprimida, o que permitiu
diminuir o tempo de computagdo em metade. Relativamente ao modelo da fornalha, foram consider-
adas diferentes correlacbes para estimar a emissividade dos gases de combustao concluindo-se que
os resultados obtidos entre sdo muito semelhantes. Foi ainda usado um modelo onde a fornalha é
dividida em zonas, tendo-se concluido que a temperatura da fornalha ndo varia significativamente com
0 aumento de zonas na camara de combustdo. Finalmente, foi realizada uma analise de sensibilidade
a quantidade de combustivel consumido, e verificou-se um minimo no consumo especifco de com-
bustivel (87.6 kg combustivel/t VCM). O uso de iniciadores foi também testado, e verificou-se que com
0 mecanismo utilizado, o cloro reduz a temperatura necessaria na serpentina, e o tetraclorocarbono o

oposto.

Palavras-chave: Modelacdo, VCM, cragueamento, mecanismo radicalar, gPROMS

vii



viii



Abstract

Vinyl chloride (VCM) is one of the most important commodity materials, being the main raw material
in the production of polyvinyl chloride (PVC), and is mainly produced through the thermal cracking of
dichloroethane, EDC, in a pyrolysis furnace. In the present work, a model of this furnace was developed
in gPROMS®. This is composed of a model of the coil, where the cracking reaction is described, and a
model of the firebox, where the heat transfer by the combustion of the fuel was modelled. Several kinetic
mechanisms present in the literature, both molecular and radical, were implemented and validated with
available data. To reduce the computing time of the simulation when using radical mechanisms, the
stoichiometric matrix was compressed, which was able to the computing time in half. Regarding the
firebox model, different correlations for emissivity estimation were compared using a single zone model,
and it was found that the results obtained with them were very similar. A zone model was also used,
where the firebox was divided in several zones, and it was concluded that the temperature profile did
not change significatively with the increase of zones in the firebox. Finally, a sensitivity analysis was
performed on the fuel consumption, and a minimum in specific fuel consumption (87.6 kg fuel/t VCM)
was found. The use of initiators was also tested, and it was shown that with the used mechanism
chlorine greatly reduces the temperature needed in the coil, and using carbon tetrachloride the opposite

was observed.

Keywords: Modelling, VCM, cracking, radical mechanism, g°PROMS
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Nomenclature

Greek symbols

@ Absorptivity.

AH  Variation in enthalpy.

AHP** 1Y standard enthalpy of formation of the ideal gas.
AS  Variation in entropy.

€ Emissivity.

A Thermal conductivity.

(Ae)., Correction factor to a water vapour—carbon dioxide mixture.
v Viscosity.

o Stefan—Boltzmann constant.

Roman symbols

(GS1),, Total exchange area between gas ans sink in radiative equilibrium.

A Area.

C Fraction to the total furnace area.
p Heat capacity.

D Diameter.

E, Activation energy.

F Flowrate.

H Fluid’s heat flux.

h Heat transfer coefficient.
h Specific enthalpy.

k Rate constant.

XiX



K. Equilibrium constant.

L Mean beam length, or coil length.
N Mass flux.

n Reaction order.

P Pressure.

Q Heat exchanged.

R Gas constant.

T Reaction rate, or radius.
T Temperature.

v Volume of the firebox.

v Velocity.

w Mass fraction.

z Axial direction of the coil.
Subscripts

1 Sink.

a Air.

C Convection.

f Fuel, forward.

G Flue gas.

i Component.

in Inner.

j Reaction.

l Loss.

0 Outer.

R Radiation.

r Reverse.
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Glossary

CFD Computational Fluid Dynamics.
CIT Coil inlet temperature.

COT Coil outlet temperature.

EDC Ethylene dichloride, or dichloroethane.
FO Foreign object.

HTC High temperature chlorination.

LSKM Large scale kinetic mechanism.

LTC Low temperature chlorination.

NC Number of components.

NR Number of reactions.
PVC Ployvinyl chloride polymer.

TMT Tube metal temperature.

VCM Vinyl chloride monomer, or chloroethene.
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Chapter 1

Introduction

Vinyl chloride monomer (VCM) is currently, in addition to ethylene and NaOH, one of the most important
commodity materials [7]. About 95% of VCM is used for the production of polyvinyl chloride (PVC)
[7], which is currently the second most abundant plastic in the world, behind only polyethylene, with a
worldwide production capacity in 2009 of 30 million tonnes a year [18].

Currently, the main production process of VCM is the chlorination of ethylene to dichloroethane
(also known as ethylene dichloride, or EDC), followed by its dehydrochlorination to VCM by thermal
cracking. The dehydroclorination of EDC is currently performed by its pyrolysis in cracking furnaces
at temperatures about 500-550 °C [7]. This occurs via a first-order free radical mechanism [7], with
a conversion of about 50-60% per pass. This is done in order to limit by—product formation, obtaining
yields of about 95-99%.

Despite the high yields, a small fraction of by-products are formed in this process which, due to
the large material through-put, create severe inefficiencies. A solid carbonaceous material, coke, is de-
posited inside the reactor coils which requires periodic shut-downs of the entire plant for its removal. Also
gas phase by-products such as chloroprene and butadiene cause downstream difficulties in distillation
columns.

Thus, the need arises for a model which can accurately predict by—product formation to allow for a

model based optimisation of the whole process.

1.1 Motivation

The EDC cracking process presents many difficulties in modelling, the main being the complexity of
modelling a large scale radical mechanism, with currently over 800 reported equations by Borsa [2].
Although these models have been implemented in sequential modelling, EDC cracking has never been
implemented in an equation oriented process modelling tool such as gPROMS, eventually allowing the
whole plant optimisation.

The main objective of this work is to build a model which can rigorously describe the EDC cracking

process, dealing with the challenges of implementing a large radical kinetic scheme. For this, different



kinetic mechanisms are tested, in order to analyse which one better fits the experimental data.

1.2 Outline

Firstly, a review of the literature present on this topic is shown in chapter 2. Afterwards, the main tools
used in the modelling of this process are present in chapter 3.

In chapter 4 the main equations and models used to describe the EDC cracking furnace are pre-
sented.

Chapter 5 describes the main results from the simulations.

Finally, chapter 6 presents the main conclusions from this work as well as suggestions for future

work.



Chapter 2

Background

In this chapter, a brief analysis on the market for polyvinyl chloride PVC, the main application for vinyl
chloride, is carried out. Afterwards, a description of the processes for VCM production is presented.
Finally, the pyrolysis furnace is described, as well as the main mechanisms used to simulate EDC

cracking, and the main models used for simulating a firebox.

2.1 The PVC market

Polyvinyl chloride (PVC) is currently the second most abundant plastic in the world, behind only polyethy-
lene. Although PVC was first synthesised in 1830-1834, industrial production of this polymer started
only in the 1930s, through the catalytic hydrogenation of acetylene. Currently most production of PVC is
through VCM, in plants use a balanced process where ethylene is chlorinated through direct chlorination

and oxychlorination, the latter using the HCI produced in the thermal cracking of EDC to VCM.

As mentioned in chapter 1, currently the great majority of vinyl chloride (over 95%) is used in the

production of PVC.

Currently, Asia and Europe are the leading regions in terms of PVC production capacities. However,
in 2009 North America’s production was higher than Europe due to its higher utilisation level, as can
be seen in figure 2.1. China is clearly the largest producer of PVC, with over 7 million tonnes per year
(corresponding to 26% of the market share worldwide). However, up to 81% of this production is not

with VCM produced by EDC cracking, but with the hydrochlorination of acetylene.

PVC produced from the rest of Asia is mainly produced in Japan by Asahimas Chemical and Shin—

Etsu, Taiwan by Formosa Plastics, and South Korea by LG Chemical Ltd.

Regarding production in Europe, production of PVC is mainly from ethylene (chlorination to EDC and
cracking to VCM accounts for 98% of Europe’s PVC market). PVC produced in Europe tends to integrate

the full production process from chlorine to PVC, due to the difficulties of transporting chlorine.
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VCM production through ethylene is currently a balanced process, meaning all by—products are recycled

in a way which ensure a closure of the material balance having only VCM as the final product, starting

from ethylene, chlorine and oxygen. This is done through three main units:

1. Direct chlorination of ethylene to EDC:

2. Oxychlorination of ethylene to EDC:

3. Cracking of EDC to produce VCM:

The balanced process can therefore be described by the overall equation:

A schematic representation of this process can be found in Figure 2.2.

C,H, + 2HCl + 1 O, — EDC + H,0 AHY, = —238k.J/mol

C,H, + 1 Cly, + O, — VCM + $ H,0

C,H, + Cl, — C,H,Cl, (EDC) AHY, = —71kJ/mol

C,H,Cl, (EDC) — C,H;Cl (VCM) + HCl AHY, = +218k.J/mol

(2.3)

The direct chlorination of ethylene to EDC is an exothermic reaction, which is most commonly per-

formed in the liquid phase of ethylene dichloride for better temperature control. A Lewis catalyst is

employed, ordinarily iron (Ill) chloride. The chlorination can either be at low (LTC) or high temperatures
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Figure 2.2: The vinyl chloride production process [14]
(HTC).

In the LTC process, ethylene and chlorine react dissolved in EDC, which acts as a solvent, at temper-
atures below the boiling point, around 50-70 °C. This enables a higher selectivity (over 99 %), however,
steam is needed for the rectification of EDC, thus rejecting the heat of reaction.

The HTC process is carried out at around 100 °C, and thus the heat of reaction, seven times higher
than the EDC'’s heat of vaporisation, can be used for its purification. The chemical reactor can thus be
integrated as the reboiler of a distillation column, although it may be designed as an independent equip-
ment. Also, due to the high heat of reaction mentioned before, EDC produced from the oxychlorination
section can be purified in the same column. This process commonly presents a lower selectivity, how-
ever by sophisticated reactor design, yields comparable to the LTC can be obtained using a considerably
lower energy consumption.

EDC is also produced, as mentioned, in the oxychlorination section. This process chlorinates the
ethylene using the HCI produced in the cracking of EDC, and can be performed in a fixed bed system,
or alternatively, in a fluidised bed.

In the fixed bed systems, due to the highly exothermic reaction, temperature control is a problem,
which is solved by dilution of the catalyst with inactive diluents. The reactor should be constructed in
nickel alloys with low carbon content.

Fluidised bed reactors are more widely used and have the advantage of improved heat transfer and
almost isothermal operation. This enables using stainless steel if condensation can be avoided, except
for the sparging equipment at the entrance of the reactor, which should be made of nickel alloys, as

they are more resistant to chloride stress corrosion. However, backmixing cannot be avoided, which



influences conversion and selectivity.

Copper (ll) salts are used as standard catalysts, with the addition of either alkali, alkaline earth or
aluminium chloride to reduce its volatility. High surface alumina is used preferably as support, in the
form of powder or microspheres for fluidised bed reactors, or as tablets, extrudates or spheres for fixed
bed reactors.

After purification of the EDC produced on the direct chlorination and oxychlorination sections, it is
thermally cracked to vinyl chloride and hydrogen in the pyrolysis furnace. This happens at about 500-
550°C and 20-30 bar. Higher temperatures are undesirable, despite the conversion increase, as there is
a decrease in selectivity. Therefore, the mean residence time is of about 10-20 s, which leads to about
50-60% conversion per pass. This translates in yields in vinyl chloride of up to 95-99%. The cracked
gas is then quickly quenched to avoid excessive by—product formation.

The resulting stream is then distilled to recover the produced hydrogen chloride, in order to be used
in the oxychlorination section. VCM is then recovered in another distillation column, where a stream of
crude EDC is obtained as the bottom product, which is recycled to the reactor after purification.

The crude EDC stream is purified in two sequential distillation columns. In the first, EDC is sepa-
rated from light impurities, such as butadiene, chloroprene, or dichloroethylenes. In the second distil-
lation column, EDC is recovered on the top column, and separated from heavier components such as
trichloroethane. This step is of upmost importance, as the addition of impurities in the feed leads to a

decrease in both conversion and selectivity in the cracking process.

2.2.1 Other routes for VCM production

Despite worldwide VCM production being essentially through the balanced process described in section
2.2, other routes for producing vinyl chloride are possible [7].

Vinyl chloride can be obtained by the hydrochlorination of acetylene, in either the gaseous or liquid
phase, despite gas phase being dominant in industrial processes. This is almost exclusively performed
in fixed-bed, multitubular reactors in near isothermal operation. This process is catalysed primarily using
mercury(ll) chloride on activated carbon.

The production of vinyl chloride may also be performed using unpurified acetylene from high tem-
perature cracking of naphta or methane. This process can be advantageous, as it does not require
cost-intensive separation of acetylene—ethylene mixtures. However, these processes of obtaining VCM
from acetylene have the distinct drawback of using acetylene as the feed, which is more expensive than
ethylene.

Catalytic dehydrochlorination of 1,2—dichloroethane is used by a minority of vinyl chloride producers.
This process poses as advantages higher selectivity towards VCM and less coke formation, due to
being performed at lower temperatures (200—450 °C). Conversion, however, remains nearly the same,
with 60—70% conversion per pass. Moreover, with the development of improved noncatalytic gas—phase
processes, the catalytic route has lost its economic attractiveness, due to the higher costs of catalytic

processes and extended shut—down periods.



Direct chlorination or oxychlorination of ethylene presents a great interest by combining the exother-
mic reaction of ethylene chlorination or oxychlorination with the endothermic cracking reaction. In direct
chlorination, the process ethylene is used in excess to limit by—product formation, and the formed hy-
drogen chloride can be consumed in a separate oxychlorination unit, while in the oxychlorination of
ethylene, polyvalent metals are used as catalyst. Both of these routes face the problem of difficult pro-
cess control and operation, characterised by low selectivity. However, in France, Atochem carries an
industrial process (150 kt/a) where by—products are integrated, and thus they are intentionally produced
[7]-

Direct conversion from ethane to vinyl chloride could save the processing costs of ethylene, and thus
considerably decrease the raw material costs and reduce dependence on cracker capacity. However,
due to the lack of molecular functionality, the ethane must first undergo substitution reactions, which give

rise to a variety of side-reactions. Thus, yields are quite low, at only 20-50% per pass.

2.3 The pyrolysis furnace

The vinyl chloride pyrolysis process can be classified as high pressure (20 bar outlet) or low pressure
(11 bar outlet) [19].

The high pressure process is a once-through or liquid-feed design. The liquid is fed to the top of
the convection zone and vaporised in the lower convection zone in a specifically designed process tube
configuration before being cracked in the radiant zone.

Figure 2.3 has a schematic representation of the low pressure process. In it, the convection section
is used to preheat the feed. EDC with a purity over 99% enters the convection section and is heated up
to its boiling point. It is then vaporised in an external heat exchanger, where the hot fluid can be steam

or, alternatively, the pyrolysis’ effluent. The feed then re-enters the furnace in the shock section.
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Figure 2.3: Scheme of the VCM pyrolysis furnace [17]

In the shock section the feed is superheated up to cracking reaction temperature, around 400—420°C.

In this zone heat transfer is by both radiation from the firebox and convection from the flue gas.



In the radiant section, the EDC in the coil is cracked to VCM and HCI through a first-order free
radical chain mechanism. Two coils are positioned horizontally in the firebox according to a symmetry
plane, and average 200-300 m in length, with a residence time of 10-30 seconds. The temperature is
kept, as previously mentioned, around 500-550°C, to minimise by-product formation. Due to the high
temperatures in the cracking zone, chromium—nickel alloys are often used [7], such as Incoloy ([13],
[25]).

The heat required for the endothermic set of reactions is commonly given by a set of burners installed
in the side wall of the furnace. These are in most cases fed natural gas; however, some plants use
hydrogen-driven furnaces, using hydrogen from on-site chlor-alkali plants (which produce the chlorine

used in the direct chlorination step) [7].

2.4 Firebox models

2.4.1 Well-stired furnace model

Heat transfer in the firebox, or radiant section, of the furnace presents a heat transfer problem with
direct radiation from the flame to both the heat sink (in this case, the coil) and the furnace walls and
re—radiation from the walls to the heat sink, as well as convection and external heat losses. Various
solutions for describing this model are available in the literature ([20], [22], [23], [28]), with different
degrees of simplification, ranging from simple radiation modelling to CFD models, describing with great
rigour the flow and temperature of the flue gas in the firebox.

The simplest model would be to consider a simple well-stirred furnace model. In this, the following

simplifying assumptions are made [22]:
1. Combustion gas mass and flame are considered to be at a single temperature.
2. Combustion gas is considered grey.
3. Surface of the heat sink is grey.
4. External heat losses and convective heat transfer to the walls (internal and external) are negligible.

5. The sink and refractory wall surfaces are intimately mixed, such that the view factors to sink sur-

faces are the same from all points (speckled wall assumption).

Considering these assumptions, the net heat exchange from the hot gases to the sink, @, can be
given by the sum of the heat transferred by convection and radiation:

Q=Qc+Qr (2.5)

Where the heat by convection is given through the heat transfer coefficient, i, the total coil area, Ac,

and the temperatures from the flue gas and sink, T and T3 respectively:



Qc =hAc(Tg —Th) (2.6)

The heat transfered by radiation is calculated in the following manner:

Qr = (GS1) po (T, - TY) (2.7)

Where (GSl)R is the total exchange area between gas and sink in radiative equilibrium, and o is the
Stefan—Boltzmann constant. According to Perry et al. [23], the total exchange area between gas and

sink can be approximated by:

Ay
Cl(é—l)—&-i

In equation 2.8, A, is the sink’s area, e and ¢; are respectively the combustion gases and the sink’s

(GSh), = (2.8)

emissivities. C; is the fraction of sink area to the total area, which encompasses the coil and furnace

walls’ area.

2.4.2 Calculation of the gas emissivity

Gases, as liquids and solids, also emit and absorb thermal radiation. Elementary and noble gases are
practically diathermous (transparent to thermal radiation), while other gases and vapours are selective
radiators, only emitting and absorbing within narrow wavelength bands. Thus, for simplified calculations
of radiation exchanges in a furnace, it is usually assumed only contributions to thermal radiation by water
and carbon dioxide.

The emissivity of a mixture consisting of carbon dioxide, water vapour and non-radiant components

can be given by:

€G = €H,0 T €COy — (Ae)g (29)

Where en,0 and eco, represent the emissivity from water vapour and carbon dioxide respectively,
and (Ae), is a correction to the total emissivity needed due to the overlap of the individual emission
bands of the gases involved. This correction can be read from diagrams, which can be found in [28],
and the emissivities can be calculated using appropriated correlations ([23], [28]).

Alternatively, flue gas emissivities can be estimated from correlations. [23] presents two different

correlations for calculating the emissivity of H,O:C O, mixtures:

egTe = b(pL — 0.015)" (2.10)

log(egTe) = ag + ay log(pL) + ay 1og(pL)2 + a3 log(pL)3 (2.11)

For both the equations, p is the sum of the partial pressure of both components, and L is the mean



beam length, which for most geometries can be approximated to:

L=09— (2.12)

Which, in the case of the furnace, V stands for the total furnace volume and A for the total area (the
coil and the walls of the firebox).

VDI-Gesellschaft [28] calculates the emissivity of the flue gases using the ‘grey-and-clear gas ap-
proximation’, or ‘weighted sum of grey gases model'. In this model, the emissivity of a gas can be
expressed as the weighted mean of a suitable number of grey gases emissivity, corresponding to the

energy fractions a; of the black body spectrum. The emissivity can thus be calculated as the following:

€9 = iawc@ = iaiu — exp(—kpL)) (2.13)
0

0
In this equation, k is the volumetric absorption coefficient, and «, are the weighting factors for each

of the energy fractions, calculated by:

a; = bg; + b1; 1T (214)

Where by; and by;0 are coefficients coefficients which are adjusted for different gases.

The parameters used for estimating the flue gas emissivities can be found in appendix C

2.4.3 Non-grey gas effect

A radiating gas cannot be considered as grey if its transmittance at increasing L, instead of being con-
stant, keeps increasing due to surface reflection, or alternatively, if the gas emissivity and absorptivity
are not the same unless the gas temperature equals the sink’s temperature. This should be accounted

for in the calculation of the emissivity of the gas, as well as in the total radiative exchange area.

Correction on the emissivity

To correct the calculation of the emissivity, an effective emissivity, ec ., is defined:

O’(EgTé — aG1T14) = UEG’S(Té — T14) (2.15a)

_eq —aa (T} /T4)
o0 = T (2.15b)

Where ag; is the absorptivity of the gas at temperature 7. According to Perry et al. [23], it can be
calculated using the correlations used for the emissivity, evaluated at 7} instead of T and pLT:/T¢
instead of pL, and multiplied by (T /11)°5:

LT T 0.5
aciTy = ecTh (pTal) (Tf) (2.16)
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VDI-Gesellschaft [28] approximates the absorptivity in a similar way to the emissivity, by considering

a sum of exponential functions:

n

ag =Y ay(l —exp(—kpL)) (2.17)
0

Where a,; are the weighting factors for the absorptivity which can be approximated to the weighting

factors for the emissivity evaluated at the sink’s wall temperature:

a1i(T1) = a;(T1) (2.18)

Correction on the total heat exchange area

In case the gas cannot be considered grey, the total exchange area between gas and sink in radiative

equilibrium must also take that into account. In this case, that area can be calculated by:

Ay
1 _1 1, la-l
Cl (ec a) + €1 + e1+€,.(Cr/Ch)

In this equation, C.. is the fraction of the furnace walls’ area to the total area, ¢, the emissivity of the

(GS1)p = (2.19)

furnace walls, and a is the weighting factor for the grey gas in the grey—and—clear gas approximation,

which is given by:

- ec(pL)’
26G (pL) — €@ (2pL)

(2.20)

2.4.4 Zone model

In the zone method, as outlined by Hottel and Sarofim [9], the space in which radiative heat transfer has
to be calculated is divided into a number of surface and volume elements which are isothermal and have
uniform properties (well-mixed zones). This model was then applied in various modificiations by other
authors.

The tendency in rigorous firebox modelling these days is to couple a coil-side model with a CFD
model of a firebox ([16], [13]). However, the rigorous modelling of the firebox is computational expensive
and it is suitable mainly for firebox designs.

Since the approach to modelling in the firebox has a very small effect on yield predictions, as also
confirmed by this work, simplified zone models were also applied in the literature. Li et al. [16] cites
as an example of zone method, the one—dimensional Lobo—Evans model. In this model, the firebox is

divided in zones along its height, and the heat balance for each zone is:

Qp=+0A0 (Tgo —Ten) —Q1 —AH, —Qn =0 (2.21a)
Qpn = +040 Ty = Téo) + Ao (Th(sn) — T ) = Qn = AHy = Qi =0 (2.21b)
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QN = +0Ao (Té:(zv—n - TéN) - QN —AHy —Qin=0 (2.21¢)

Where equation 4.17a is the heat balance for the first zone and equation 4.17c¢ is the heat balance for
the last zone, N. In this set of equations, @, is the heat released by the fuel gas, @,, the heat absorbed
by the reactor tubes, AH,, the flue gas enthalpy traded in zone n, and Q;,, the wall heat dissipation in
zone n. Ay is the transfer area between different firebox zones. Since the zones are divided according

to the furnace’s height, Ay is the product of the width with the length of the coil.

2.5 Cracking kinetic mechanism

As mentioned, EDC pyrolysis is a radical-based mechanism. Thus, thermal cracking does not occur by

equation 2.3, but by a series of reactions where radical intermediates are formed, such as:

EDC — CH,Cl-CH, - + Cl- (2.22a)
Cl- +EDC — CH,Cl-CHCI - + HCI (2.22b)
CH,Cl—CHCl- — VCM + Cl- (2.22¢)

Consequently, the mechanism through which EDC is cracked is extremely complex, and many mech-

anisms have been proposed to describe this process.

2.5.1 Molecular mechanisms

Due to the complexity of the implementation of a radical scheme, and due to the high selectivity of the
process, some simple molecular schemes have been implemented by some authors. These mecha-
nisms fail to predict the by—products composition, and are thus inadequate if necessary to model the
downstream separations. However, their simplicity assure a reduced computing time, which may be
convenient if rigorous modelling of the process side is not the main objective.

Kaggerud [13] implemented a CFD simulation of the firebox side. In the process side, only the main
reaction of EDC cracking was considered, and the kinetic constants were obtained by combining data
from Choi et al. [5] and Howlett [10]. The process side was simulated using a polynomial fitting to the
heat flux obtained from the commercial software EDC Crack®. It predicts for the reported conditions a
conversion of approximately 50% with an outlet temperature of 504 °C.

Li et al. [16] implemented a mechanism with the main reaction as well as an added side reaction of
VCM cracking, producing ethylene and hydrogen chloride. Comparison with the industrial data shows a
slight overestimation of the conversion, with the selectivity equal to industrial data.

Dimian and Bildea [6] also assume a purely molecular mechanism for the simulation of the entire vinyl
chloride monomer production process. In this mechanism three reactions are considered, the cracking

of EDC to VCM, and the production of acetylene from VCM (producing HCI) and ethylene from EDC
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(with chlorine as a by—product).

2.5.2 Radical mechanisms

The radical mechanism for EDC cracking is well-known in principle, with several experimental studies
found in the literature ([10], [11]). There can also be found different rigorous mathematical models, which
attempt, with more or less complexity, to predict VCM and by—product formation.

The most detailed chemical kinetic model was developed by Borsa [2]. This mechanism comprises
of 818 elementary reactions, and 135 species, of which 71 are molecular and 64 radical. It consists
of a large body of elementary reactions that describe all the possible species and reactions that might
occur in the system up to C, compounds. In the development of this mechanism, available literature
data was first used, and estimation techniques were used when the data was absent. After comparison
with experimental results, it was found the model predicts the main by—products such as acetylene,
chloroprene, butadiene, ethylene, ethane as well as other major products. However, the model fails
to predict the formation of chloromethane an 1,1,2-trichloroethane. It should also be noted the model
over—predicts EDC conversion when validating the model against laboratory data.

A model was developed by Lee [15] which comprises of 44 gas-phase species and 260 elementary
reactions, of which only the most relevant are presented. This mechanism was validated against lab
data, showing a good agreement, despite slightly over—estimating EDC conversion for higher residence
times.

The model reported by Choi et al. [5] is composed of 108 reversible reactions with 47 molecular
and radical species, in order to analyse the influence of adding carbon tetrachloride in the feed. It can
be seen with this model, the conversion is slightly overestimated, as the concentration of the analysed
by—product, acetylene.

Schirmeister et al. [25] developed a simplified model, consisting of 24 species, of which 16 are
molecular and the rest radical, and 31 elementary reactions. These include the most relevant products,
intermediates, and by—products, using a key component representing the high boiling products. This
model was then used by Li et al. [17], where it slightly over—predicts conversion and selectivity versus

plant data.

2.6 Coke formation

The thermal cracking of ethylene dichloride always accompanies the deposition of coke in the coil’s
walls. The formation of this carbonaceous deposit causes three main process inefficiencies. Firstly, con-
sidering the coke’s low thermal conductivity, coke formation leads to a decrease in the furnace’s thermal
efficiency, requiring a higher temperature in the firebox to maintain EDC conversion at the desired level.
Second, the increase in the coke layer decreases the cross sectional area, increasing pressure drop. Fi-
nally, coke particles entrained in the gas need to be removed from the liquid stream after the quenching

to avoid plugging and other problems in downstream units.
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These problems eventually force the furnace to shut down in order to proceed to the decoking. This
is carried out using a mixture of air and steam to burn the coke in the reactor walls, which shortens the
coil’'s lifetime. Thus, predicting the run length of the furnace is essential, both to maximise it avoiding
unnecessary strain to the coil and to enable a reliable planning schedule, to avoid expensive storage
of intermediate products. Decoking is usually preformed every two years ([17], [25]), or when coil wall
temperatures rise over 650 °C [25], or 900 K [17]. The decoking lasts for 3 days [1].

Regarding the mechanism of coke formation, [3] states that catalytic coke formed from reactive hy-
drocarbons on metal surfaces does not occur, due to the lack of filamentous coke on samples withdrawn
from an industrial plant. Instead, coke is formed due to the formation of tar droplets formed from coke
precursors at high temperatures, which impinge on the tube wall surfaces. These results are supported
by Mochida et al. [21], who reports the formation of anisotropic pyrolytic carbon produced in the cracker
reactor.

Concerning the coke precursors, Borsa et al. [3] refers an earlier study where using '*C-labelledcom
pounds, it was found chloroprene was an effective coke precursor. The same conclusion was made by
Borsa et al. [4], where it was found that the chloroprene mole fraction at the exit of a lab scale reactor
correlates linearly with the mass of coke deposited. This correlation was not found when comparing the
mass of coke deposited in the reactor with other by-products one would expect to be coke precursors,
such as ethylene, acetylene, butadiene or benzene.

Regarding the modelling of coke formation in an EDC cracker Li et al. [17] developed a coking
mechanism using the radical scheme from Schirmeister et al. [25], where coke is produced as a side
reaction from acetylene.

Regarding inhibiting coke formation, there are a few patents which suggest coating the coil walls to
reduce coke depostion. Jo et al. [12] suggests adding a boron compound, while Tong [27] recommends
exposing the heat surface of the pyrolysis furnace to a phosphine compound. It has also been reported

Dreher et al. [7] that adding 1,1,2—trichloroethane inhibits coke formation.

2.7 Reaction initiators

It is well known that ppm level of impurities in the EDC feed can act either as promoters or inhibitors on
the cracking reactions. This enables a lower temperature on the pyrolysis furnace, allowing less severe
conditions in the furnace. However, it should also be taken into account the effect these impurities have
in the formation of by—products. If the added initiator increases coke formation, for example, any increase
in VCM production could be offset by the increased maintenance costs. Also, if there is an increased
formation of by—products, for example, this could increase the load on downstream separations.

Since radical species are important in the chain propagation step, several species have been used
as initiators, for example chlorine, chlorine delivering compounds such as tetrachloromethane or hex-
achloroethane, oxygen, nitrous oxide, and other halogens, such as bromine and iodine [7].

Choi et al. [5] have investigated the effects of carbon tetrachloride on EDC pyrolysis and concluded

that, for the studied conditions, adding 1200 ppm of CCl, leads to a 13% increase in conversion. This
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was done assuming a temperature profile in the coil, and thus, due to the endothermic character of EDC
cracking, a greater heat input is needed, which translates in a higher fuel consumption. Li et al. [17] also
studied the effects of adding carbon tetrachloride, finding that adding 200 ppm of it to the feed increases
the overall conversion by 2%. Nevertheless, the addition of CCl, also caused a decrease on the coil’s
run length from 70 weeks to around 52 weeks.

Borsa et al. [4] performed laboratory scale experiments to analyse the effect of different compounds
on EDC conversion and selectivity, as well as coke formation. In this article it was found that coke
deposition varied linearly with EDC conversion. However, using chlorine as an initiator, the dependence
is shifted towards much percentages of EDC conversion. This was explained as chlorine acting as a
strong promoter of the pyrolysis reactions due to its relatively weak CI-Cl bond, which allow the formation
of chlorine radicals at much lower temperatures. However, it should be noted larger amounts of by—
product formation occur with chlorine addition, reducing VCM selectivity and possibly causing problems

in downstream separation.
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Chapter 3

Materials and Methods

3.1 The gPROMS Software

gPROMS® was the software used in the development and simulation of the models. It is developed by
Process Systems Enterprise and is a platform for high-fidelity predictive modelling for the process indus-
tries, and is the foundation on which all of PSE’'s gPROMS family modelling and optimisation products

are built.

The gPROMS ModelBuilder is used to build steady—state and dynamic process models of any com-
plexity. It is an equation based modelling system on a numerical solution of all equations in a model or a
flowsheet at the same time. This has several advantages, such as increasing the robustness and speed

in comparison with traditional sequential simulations.

gPROMS also allows the usage of external software components, which provide certain computa-
tional services to gPROMS models. These are defined as parameters named Foreign Object (FO), and
include physical properties packages, external unit operation modules, or even complete computational

fluid dynamics (CFD) software packages.

3.2 The Multiflash Software

Multiflash™ is a physical property package developed by Infochem Computer Services Ltd. A gPROMS
interface for Multiflash is available and can be licensed together with gPROMS. This is done through a
Multiflash input file (.mfl) which define all the components, physical property models, etc. that are to
be used in the problem. The .mfl file is created using the graphical interface of Multiflash for Windows
and then exporting this information to create the input file automatically, which can then be imported into
ModelBuilder.
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3.3 Implementation of Large Scale Kinetic Mechanisms

The stoichiometric matrix has a total of NC X NR elements, which means, for the mechanism reported
by Borsa [2], over 100,000 elements. The computing time for a problem of this size would be quite
extensive. However, the fact that the stoichiometric coefficient matrix is sparse (most of the elements in
it are zero) can be exploited to compress the matrix to its significant values (all non—zero values).

The LSKM (large scale kinetic mechanism) foreign object is used to compress a kinetic mechanism,
by eliminating the non—zero elements. The scheme used in the FO was reported by Tewarson [26], and
is explained in section 3.3.1.

A packed form of storing a sparse matrix is one where only the non—zero elements are stored,
alongside a necessary indexing information. There are four reasons for utilising this packed form of

storage [26]:

e Larger matrices can be stored and handled in the internal storage of the computer, which could be

otherwise impossible.

e Generally, getting the data from the compressed form is quicker than would be otherwise, which is

beneficial when using external storage devices.

e Only the non-trivial operations are performed, which saves a substantial amount of computation

time.

e The usage of this packed form can be particularly advantageous in multiplying several row and

column vectors, useful in linear programming, for example.

Of these items, the third is for the this case the most important, as reducing computing time in the

calculation of the reaction rates may pose a considerable reduction in computing time.

3.3.1 Sparse matrice treatment

In this scheme, the matrix is stored in three arrays, VE (value of elements), Rl (row indices), and CIP
(column index pointer). VE contains all the non—zero values of the matrix, while Rl and CIP are used to
extract the positions these values occupy in the matrix.

In the LSKM foreign object, the second compression scheme reported by Tewarson [26] is employed.
This stores the matrix in three arrays, VE (value of elements), Rl (row indices), and CIP (column index
pointer). VE contains all the non-zero values of the matrix, while Rl and CIP are used to extract the
positions these values occupy in the matrix.

RI has the same number of elements as VE and stores the rows indexes. This means for a given
VE(a), RI(a) stores the row where the value from VE used to be located.

CIP is the column index pointer. If the first non—zero element of the 3 column is in position ¢4,
then that value is stored in the 3" element of CIP, that is, CIP(8) = ts. Considering this, the example

matrix M is stored as:
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0 0 a3 0 0

a1 0 0 a4 0

0 0 0 0 0
M= (3.1)

0 0 ass 0 0

41 0 0 0 a4s

0 as9 0 0 0
VE=lay aa asy a3 azz g4 Qs (3.2a)
RI=12 4 5 1 3 2 4 (3.2b)
CIP=[1 3 4 6 T (3.2¢)

Thus, for example, to extract ass, it should first be noted CTP(3) = 4, and CIP(4) = 6, which means
the VE(4) and VE(5) contain values in the third column. Since RI(5) = 3, it means that the value for the
element in column 3 and row 3 is VE(5).

3.3.2 LSKM preparation

The input to the LSKM.FO are two .txt files, one containing the species which take part in the reaction
mechanism, and another which contains the data regarding the reactions: enthalpy of reaction, for-
ward and backwards pre-exponential factors and activation energy, the species involved in the reaction,
and their respective stoichiometric coefficients and reaction orders. These text files are prepared in a

separate excel file, with the following sheets:

e Control — Main sheet which generates the .xt files.
e Species — List of species in the reaction scheme.
e LSKM input — Where the control sheet gets the information regarding the reaction mechanism for

the .txt file. The foreign object is able to supply data for the reaction enthalpy, as well as the forward

and backwards pre—exponential factor and activation energy.

A B C D E F G H 1| J K L M N [0} P Q |R|S|T|U
1 Forward Backwards (**)
Reaction Pre- 5 Activation Pre- 5 Activation nof IDs of species Stoichiometric coefficients Orders for

Reactions enthalpy exponential energy exponential energy species involved of species involved species involved
2 [keal/mol] factors factors involved
3 1 0 -28.72 5.80E+04 -0.1 0 0 14 17 3 1 1 1 1 1 1
4 2 0 -28.98 5.80E+04 0.0 0 0 9 17 3 1 1 1 1 1 1
5 3 0 36.91 6.90E+04 0.0 0 0 17 24 3 1 1 1 1 1 1
6 4 0 -23.66 4. T0E+04 0.0 0 0 64 67 3 1 1 1 1 1 1
7 5 0 -23.66 4.T0E+04 0.0 0 0 61 66 3 1 1 1 1 1 1

Figure 3.1: LSKM excel input sheet
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A B

1 Species_ID Species_Name
2 1 H2

3 2 cL2

4 3 HCL

5 4 CH4

6 ] CCL4

7 6 CHCL3

8 7 CH2CL2

9 8 CH3CL

10 9 EDC

11 10 C2H8

12 1 CH2CLCHCL2
13 12 CH2CLCH3
14 13 CHCL2CHCL2
15 14 CH3CHCL2
16 15 CH3CCL3

17 16 CHCL2CCL3
18 17 VCM

Figure 3.2: LSKM excel species sheet

3.3.3 LSKM output

The LSKM.FO foreign object, as mentioned, compresses the stoichiometric matrix as explained above.
Considering the stoichiometric matrix of j rows of reactions and i columns of species, the following arrays

are produced:
e ReactionSC(k) — Values of the non-zero stoichiometric coefficients stored in the matrix;
e ReactionID(k) — Returns the reaction, j, for the stoichiometric coefficient in ReactionSC(k);

e SpecStartAddress(i) — Stores the value where the stoichiometric coefficients for the component i

start in the ReactionSC array.

The LSKM FO also compresses the matrix regarding the reaction orders in a similar way, producing

the following arrays:

e ForwardReactionOrder(k) — Values of the non-zero reaction order of each species i in the left hand

side of a reaction j;
e ReactionID_reactant(k) — Returns the reaction, j, for the reaction order in ForwardReactionOrder(k);

¢ ReactantStartAddress(i) — Stores the value where the reaction orders for the component i start in

the ForwardReactionOrder array.

e BackwardsReactionOrder(k) — Values of the non-zero reaction order of each species i in the right

hand side of a reaction j;
e ReactionID_product(k) — Returns the reaction, j, for the reaction order in BackwardsReactionOrder(k);

e ProductStartAddress(i) — Stores the value where the reaction orders for the component i start in

the BackwardsReactionOrder array.

The foreign object also creates the following scalar outputs, which represent the problem size, and

will be used to define the length of the arrays:

¢ NoSpecies — Returns a scalar of type INTEGER with the total number of species;
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e NoReactions — Returns a scalar of type INTEGER with the total number of reactions;

¢ NoStoichCoeffs — Returns a scalar of type INTEGER with the total number of non-zero stoichio-

metric coefficients;

e NoReactants — Returns a scalar of type INTEGER with the total number of species present on the

left hand side of the entire reaction scheme;

e NoProducts — Returns a scalar of type INTEGER with the total number of species present on the

right hand side of the entire reaction scheme.

Finally, the foreign object also creates the following vectors, regarding the kinetic parameters of the

reactions:

e ForwardPreExponentialFactor — Returns an ARRAY(NoReactions) of type REAL containing the

forward pre-exponential factors;

e ForwardActivationEnergy — Returns an ARRAY (NoReactions) of type REAL containing the forward

activation energies;

e BackwardPreExponentialFactor — Returns an ARRAY (NoReactions) of type REAL containing the

backward pre-exponential factors;

e BackwardActivationEnergy — Returns an ARRAY(NoReactions) of type REAL containing the back-

ward activation energies.

This transformation is then used in the tube mass balances, as will be seen in section 4.3.1.

3.4 The ReadData Foreign Object

The ReadData FO allows to add information which is not added in the LSKM FO. It reads a .txt file
and converts it to arrays, where a line containing a string will become the array’s name, and any lines
following that string becomes data for that method. This allows to add information regarding the compo-
nents, such as molecular weight, enthalpy and entropy of formation, as well as parameters necessary

for calculating the fluid’s heat capacity, as will be explained in chapter 4.3.1.
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NumberofComponents
NumberofMolecularspecies
Numberofradicalspecies
rReferenceTempForCpInk

Molecularweight
a9

62.5

36.5

EnthalpyofFormation
-32.33

4.67

-22.06

Enthropy
72.46

63

44 .65

al
1.18196E-08
7.75403E-09
-1.07662E-09

al
-4.50849e-05
-2.9B8755E-05
3.27416E-06

a2z
0.064793861
0.044462209
-0.001913248

Figure 3.3: Format of the .txt file used on the ReadData FO
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Chapter 4

Reactor model

In this chapter, the models used in this work are described, as well as the connections made between
the different models. A scheme of the flowsheet can be seen in figure 4.1.

The flowsheet used is composed by the coil model and the firebox model, as well as the source and
sink models, used to connect the inlet and outlet streams. In this, the coil model describes the reaction

side, while the firebox model calculates the heat transfer by the combustion of the flue gases.

( Flue gas sink Feed source
( Firebox model }——( Coil model >

( Fuel source ( Air source Outlet sink

Figure 4.1: Schematic of the models and connections used to simulate the pyrolysis furnace. In this
schematic the gML material connections are represented in blue and the distributed thermal contact in
red.

i

|

4.1 Source and sink models

The source and sink models are part of the gML (QPROMS Modelling Library), developed by PSE. These
allow to link the connections between the models, and in case of the source define the inlet conditions.
The Source model is used for defining a material stream entering the flowsheet. This model de-
scribes an infinite-volume source boundary with a single outlet port. The material may be liquid, vapour
or two phase. In this model, the flow, temperature, and pressure of the stream can be assigned.
Fluid properties are taken from a physical property package complying with the gPROMS physical
property interface, such as Multiflash.

The Sink model is used for defining a material stream leaving a flowsheet. The fluid state (tempera-
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ture, pressure, mass fraction) specified for the Sink is necessary but is only used in the event of a flow

reversal situation, which is not the case for this model.

4.2 Connections

In a flowsheet model, connection between different units are done with a Connection Type, which defines
the information conveyed by the connection. This information can be parameters or variables, which may

be distributed or not.

4.2.1 gML Material

The gML material connection, which is part of the gML libraries, is used to describe the material streams
entering and exiting the units. This connection declares two parameters, the number of components and
the physical properties foreign object used. It then contains information on the flow variables, namely

the total mass flow, concentrations, temperature, and pressure.

4.2.2 Distributed Thermal Contact

The distributed thermal contact carries the information which connect the firebox model to the coil model.
Thus, it connects the length and diameter of the coil, to calculate the total area of the coil. For calculating

the heat transfer in the coil, its outer temperature and heat flux profile.

4.3 Coil model

The coil model is comprised by the following models:
1. Tube model;
2. gML to LSKM converter;

3. LSKM to gML converter.

The gML to LSKM and LSKM to gML converters, as will be seen, are used to change between using
the physical properties from Multiflash or from the ReadData FO, and thus they are only used when the
LSKM FO is used.

4.3.1 One-dimensional tube model

For the reactor model, due to the turbulent flow, as well as the low viscosity for the reaction side stream, a

one-dimensional plug flow reactor model was used. The tube model also calls for different sub—models:
1. Fluid properties model;
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2. Kinetic model;
3. Heat transfer coefficient model;

4. Friction factor coefficient model.

Tube model

The mass balance for the species is defined as:

ONA X
Jj=1

Where N; is the mass flux for component i, A the cross-sectional area, r; the reaction rate for reaction
j, and NR the number of reactions. However, when the stoichiometric matrix is compressed, the mass

balance must be rewritten as:

ONA SpecStartAddress(i+1)—1
a; = Z (ReaCtionSCkrReactionID(lc) )A (42)
k=SpecStartAddress(i)

The SpecStartAddress vector, as mentioned in chapter 3, identifies the starting position for com-
ponent i on the ReactionID and ReactionSC vectors, which respectively contain the reactions in which
component i participates in and its stoichiometric coefficient for the given reaction. Thus, this equation is
in every form equal to 4.1, except it only sums the reaction rates to which the stoichiometric coefficient
for component i is different than zero.

The energy balance is given by:

OHA

W = 2777"062 (43)

In this equation, r, is the external radius, @ is the external heat flux, and H is the energy flux of the
fluid, which is defined by:

H=Nh (4.4)

Where N is the total mass flux, which is calculated as the sum of the individual species mass flux,
and h is the specific enthalpy of the stream, calculated in the fluid properties’ model. As will be seen
in section 4.3.1, the reference state of the components is in their elemental state and thus the enthalpy
of reaction is considered in the calculation of the fluid’s enthalpy and is not accounted in the energy
balance.

The temperature profiles in the coil walls and in the fluid are given by:

Qro = h’rin (Tgas/coke inter face — Tbulk) (453)

)\coke (/Tinner wall — Tgas/coke interface)

log(rinternal /T)

QTO =

(4.5b)
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Q'r' _ )\coil (Touter wall — Tinner wall) (4 50)
? log(rexternal /Tinternal)

Where equation 4.5a pertains to the heat transfer in the fluid bulk, 4.5b to the coke layer which is
formed, and 4.5¢ to the heat transfer in the coil walls. In this set of equations, @ is the heat flux, & is
the fluid’s heat transfer coefficient, r, and r;,, are respectively the outer and inner radius of the coil, and
Aeoke @NA Aoy @re respectively the thermal conductivity of the coke layer and the coil.

Regarding the pressure drop along the coll, it is calculated by:

2 NB

0=—-NA—— — — APUQ (ftube + fbends) (46)
z Tin L

Where v is the fluid’s velocity, fiupe and frenas are respectively the friction factor coefficient for the

coil and for the bends, NB is the number of bends in the coil, and L is the coil length.

Fluid properties model

In this model, the properties of the fluid needed in the one—dimensional tube model are calculated. When
using a molecular based mechanism, the Multiflash foreign object is used. This enables the calculation
of the mixture’s viscosity, thermal conductivity and the average molecular weight. The heat capacity and

enthalpy are also calculated here, with the following reference state:
e Reference temperature of 298.15 K;
e Reference pressure of 1 atm;
e Components in their elemental state.

When a radical scheme is used, since Multiflash has a limited range of compounds and has no radical
components in its database, another procedure for calculating the properties of the fluid was required.

Regarding the specific enthalpy, it was calculated using the following equation:

NC NC
h— Z AF2BBKIG, Z@(T — Trep) (4.7)
=1

! =1
Where ¢, is the average specific heat capacity of the fluid, which is given by the weighted average of
the heat capacities of the different components. These are calculated using a 3" order polynomial fitting

using the heat capacities from [2]. Thus, the average heat capacity for a given component is:

T

&= /a0T3+a1T2+a2T+de:%(T‘l—Tfef)—i-§(T3—T3€f)+a?2(T2—Tfef)—i—b(T—TTef) (4.8)

Trey

The fitting parameters, ag, a1, az, and b, are included in Appendix B. These values, as well as the
molecular weight and the enthalpies of formation, were imported using the ReadData foreign object

when a radical mechanism was employed.
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Due to the lack of data, and acknowledging the low concentration of radicals and by—products, the
calculation of the viscosity and thermal conductivity was performed using Multiflash for the main compo-
nents (EDC, VCM and HCI, defined in the Mulftiflash file in the feed source).

Kinetic model

The objective of this model is calculating the reaction rate, r, for a given reaction j, which is given by:

NC
ry =ke; [J €I (4.92)
i=1
NC NC
ry=kp; [[CH7 = kg [T O (4.9b)
i=1 i=1

Where equation 4.9a is used if the reaction is considered irreversible, and 4.9b if the reactions are
reversible. In these equations, C; is the molar concentration, ny ;; and n,. ;; are respectively the forward
and reverse reaction orders for component i and reaction j, and k; ; and k, ; the forward and reverse
rate constant for reaction j, respectively.

The forward rate constant is given by the following expression:

—F
kf,j = kjoJ‘Tnj exp (;_‘jR) (410)

Where T is the fluid’s temperature, in K, & ; is the forward pre-exponential factor, E, ; is the activation
energy, R the perfect gas constant, and n; is the the temperature exponent, used to correct deviations
from the Arrhenius equation. The reverse rate constant is calculated using the equilibrium constant,
K.

g

ke
K., = -1 (4.11)

Which is calculated by the following expression:

AS? AH;) ( P )Zficl(nr,fj—nf,u) (4.12)

a RT

Kej = exp < R RT

Where AS? and AH; are respectively the change of standard entropy and enthalpy during the reac-

tion and P is the system’s pressure.

Friction factor coefficient model

For calculating the friction factor coefficient for the coil, the Churchill equation [23] was employed, valid

for Reynolds numbers over 4000:

1 € 7.0
VT~ lo810 <3.7D + Rem) (4.13)
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The friction factor for the coil's bends was calculated by the Nekrasov equation, as cited by [8], p.
353:

9 en 2
Frend = (0.7 1035 bgod) <0.051 +019- Td) (4.14)

Where 6,.,,4 is the angle of the bend.

Heat transfer coefficient model

For the heat transfer from the fluid to the walls the Dittus-Boelter for turbulent flow and heating equation

was employed:

Nu = 2.43 x 1072 Re%8 Pro-4 (4.15)

This equation is valid for Reynolds over 10% and Prandtl number between 0.7 and 170.

4.3.2 ¢gML to LSKM converter

When the LSKM foreign object is employed, since the components defined in the LSKM foreign object
are different from the defined in Multiflash, the component list must be redefined. Also, as mentioned in
section 4.3.1, the calculation of the fluid’s enthalpy when the LSKM FO is used is not using Multiflash, but
through data from the ReadData FO. This model thus changes the component list in the gML material,

as well as the physical properties FO.

4.3.3 LSKM to gML converter

The LSKM to gML converter, opposite to the gML to LSKM converter, converts gML connection back
to the Multiflash components and physical properties. While this is not relevant for the modelling of the

coil, it is needed in case the cracker model is integrated with other models downstream.

gML to LSKM
Tube model

LSKM to gML

Figure 4.2: Schematic of the coil model. In this schematic the gML material which use Multiflash for
property estimation are represented in blue and ones which use the ReadData.FO are in green.



4.4 Heat transfer models

4.4.1 Advanced energy input

The energy input model is used when the firebox model is not employed. In this case, this model is used
to define the heat flux profile. This can be done by assuming a constant heat flux, constant temperature
profile, prediction of the heat flux by estimation of the effective flame temperature. There is also an
option to supply the model with a heat flux profile. For this work, only the constant heat flux option was

considered.

4.4.2 Firebox model

The heat balance to the firebox is given by:

Fehg — Frhy — Foha +Qc +Qr =0 (4.16)

Where Fg, Fy, and F, are respectively the flowrates of the flue gas, fuel, and air fed to the furnace,
and hq, hy, and h, are respectively the specific enthalpies of the flue gases, fuel and air, which are cal-
culated using Multiflash. The heat of convection, @, was considered in this balance using an assigned
heat transfer coefficient, using equation 2.6.

Considering the reference state as in the heat balance to the coil, the heat of combustion is not
presented as it is included in the enthalpy of formation.

The heat of radiation is given by equation 2.7, considering the flue gas as non—grey gas. Thus, the
the total exchange area between gas and sink in radiative equilibrium, (T&)R, is calculated by equation
2.19, where the emissivity used is the effective emissivity, calculated using equation 2.15.

The furnace was also assumed to be able to be divided as explained in section 2.4.4. However, the

heat balance is rewritten in the format of equation 4.16:

AI{flue gas,1 — A]{flue gas,2 — AI{fuehl - AHair,1+

(4.17a)
Qconvection,l + Qradiation,l + UAO (Téz - Tél) =0
AI{flue as,n A]:Iflue as,n+1 — A-l:]'fuel,n - AHaiT,n"_
! J (4.17b)
Qconvection,n + Qradiation,n + UAO (Té(n_l) - Té}n> + UAO (Té‘(n+1) - Tén) =0
A-E[flue gas,N — AITl-fuel,N - A-I:Iair,N
(4.17¢)

+ Qconvection,i + Qradiation,i + UAO (Té(N_l) - TéN) =0
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Chapter 5

Resulis

5.1 Implementation of the molecular mechanism

The validation of the constructed models is based on data from Li et al. [16]. The inputs used for the

simulation are on table 5.1:

Table 5.1: Geometry parameters of the coil in the studied cases

Input Value
Coil length (m) 400
Internal diameter (m) 0.1013
Tube wall thickness (m) 0.0065
Number of bends 19

Feed flowrate per coil (t/h) 21
Coil inlet temperature (°C) 260
Caoil inlet pressure (kPa) 2355

The molecular mechanisms tested were from the above mentioned source, as well as the mecha-

nisms from Kaggerud [13] and Dimian and Bildea [6]. These are based on the following reactions:

EDC — VCM + HCI (5.1a)
VCM — C,H, + HCI (5.1b)
EDC — C,H, + Cl, (5.1c)

The kinetic parameters used for the simulation are on appendix A.

To test the different kinetic mechanisms, the one—dimensional tube model was used with the geom-
etry from Li et al. [16] reported above. In these simulations, a constant heat flux was used, and the only
input changed in the models was the kinetic parameters used. The results were then compared with
plant data reported by Li et al. [16], as well as the profiles simulated by the author.

Firstly, the coil outlet temperature (COT) was assigned to the reported value of 756 K. The obtained

results with the different mechanisms can be found in table 5.8 and the temperature and heat flux profile
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in the coil for the different mechanism in figures 5.1 and 5.3.

Table 5.2: Simulation results using the geometry in Li et al. [16] and assigning a COT of 756 K

Conversion (%) Selectivity (%) Pressure drop (bar)
Value Difference Value Difference Value Difference
Mechanism by Li et al. [16] 61.9 13 94.2 -0.8 5.10 -7
Mechanism by Kaggerud [13] 17.6 -68 100 5.3 413 -25
Mechanism by Dimian and Bildea [6] 0.4 -99 100 5.3 3.81 -31
Plant data [16] 55 - 95 - 5.49 -
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Figure 5.1: Temperature profile in the coil for different molecular mechanisms at a fixed COT of 756 K
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Figure 5.2: Conversion profile in the coil for different molecular mechanisms at a fixed COT of 756 K

It can be seen that none of the mechanisms can correctly predict the EDC conversion for the COT of

the simulated case, with the mechanisms by Kaggerud [13] and Dimian and Bildea [6] underestimating
EDC conversion and Li et al. [16] overestimating it.

Regarding the mechanism by Dimian and Bildea [6], it can be seen in figure 5.2 that the reaction
doesn’t siginifcatively occur. In this mechanism, it is mentioned in the article that the main reactions
starts only at 480 °C, which is a temperature much higher than reported by Li et al. [16].

Concerning the mechanism by Kaggerud [13], it can be seen in the conversion profile the cracking
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Figure 5.3: Heat flux profile in the coil for different molecular mechanisms at a fixed COT of 756 K

reaction starts only at 420 °C. However, it is also mentioned by Kaggerud [13] that cracking starts at
lower temperatures, as using the commercial software EDC Crack®, a 5% conversion at the entrance
of the radiant section of the firebox was calculated, where temperatures are lower than 420 °C.

Analysing the conversion profile, it can be seen the conversion for the mechanism by Li et al. [16],
the EDC cracking reaction starts at a lower coil length (around 90 m) than reported (around 120 m).
This is due to the difference in the temperature profile, where for the simulated model the temperature
increase is steeper, and cracking temperature (approximately 630 K) is reached faster than reported by
Li et al. [16]. This explains the difference in the final conversion, where the simulation results predict a
higher value. Also, since conversion is higher, a higher heat flux needs to be provided, to account for
the energy needed in the endothermic reaction.

Regarding the difference in the temperature profiles between the different models, this is due to the
heat flux calculated. For the mechanism by Li et al. [16], since the conversion at the assigned COT is
higher, a higher heat flux is necessary in order to give the heat necessary for the endothermic cracking
reactions, and consequently there is a quicker temperature increase at the beginning of the coil. For the
mechanisms by Kaggerud [13] and Dimian and Bildea [6], since the conversion is lower, the heat flux is
lower, and thus the temperature increase is also lower.

Regarding the selectivity, it can be seen that using the mechanism reported by Li et al. [16] the
selectivity is similar to reported, albeit a little lower. This can be explained as conversion is also higher
than expected, the concentration of vinyl chloride is higher than expected, and since VCM is the main
reactant in by—product formation (through equation 5.1b), the reaction rate for the by—product formation
increases and thus the selectivity is slightly lower.

Regarding the pressure drop, due to lack of information, it can be seen using the mechanisms from
Li et al. [16] and Dimian and Bildea [6] the pressure drop is much lower than expected. This can be
explained by the low conversion. Since the cracking reaction produces a higher number of molecules,
the volumetric flow increases, which leads to a higher velocity in the coil. As showed in equation 4.6,
higher velocities increase the pressure drop in the coil. However, it can also be seen the pressure drop

using the mechanism by Li et al. [16] also underestimates the total pressure drop.
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Alternatively, instead of assigning the COT, the EDC conversion can be fixed to the reported value.

In this case, for the geometry reported by Li et al. [16], the simulation results are as follows:

Table 5.3: Simulation results using the geometry in Li et al. [16] and assigning a conversion of 55%

COT (°C) Selectivity (%) Pressure drop (bar)
Value Difference Value Difference Value Difference
Mechanism by Li et al. [16] 472.37 2.2 95.4 0.4 4.98 -9.4
Mechanism by Kaggerud [13] 521.73 8.1 100 5.3 5.09 -7.3
Mechanism by Dimian and Bildea [6] 583.40 20.8 99.7 5.0 5.30 -3.4
Plant data [16] 482.85 - 95 - 5.49 -
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Figure 5.4: Temperature profile in the coil for different molecular mechanisms at a fixed conversion of
55%
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Figure 5.5: Heat flux profile in the coil for different molecular mechanisms at a fixed conversion of 55%

It can be seen in 5.4 that, for the mechanisms by Dimian and Bildea [6] and Kaggerud [13], the COT
is clearly higher than reported. This is due to the high temperatures necessary for the cracking reaction
to occur for these mechanisms, as was seen in the simulations using a fixed COT.

Regarding the mechanism used by Li et al. [16], again it can be seen that the initial temperature

increase in the coil is higher than reported by Li et al. [16]. This is again due to the higher heat flux

34



calculated in the model. This higher heat flux is due to the higher heat capacity values estimated by
Multiflash, which will be analysed further in section 5.4.1. It can be seen, despite this difference in the
temperature profile in the beginning of the coil, the difference in the COT is lower than using the other
mechanisms.

Regarding the selectivity, a higher selectivity using the mechanism by Li et al. [16] was obtained.
This was expected, as the side reaction has higher activation energies. Since the simulated model has
lower temperatures near the coil exit, the reaction rate for the side reaction is lower and thus selectivity

is higher.

5.2 Firebox simulation

In this section, the firebox model is analysed. Firstly, the influence of using different correlations to
estimate the flue gas emissivity is sutdied. It is also considered the use of a zone model for the firebox,
where it is divided in several zones obtaining a temperature profile in the firebox. The data used in this

simulation can be found on tables 5.4 and 5.5.

Table 5.4: Inputs used for the firebox model

Input Value
Oxygen excess (% vol) 3
Furnace wall emissivity  0.75
Coil emissivity 0.85
Length (m) 20.898
Width (m) 1.900
Height (m) 6.700

Table 5.5: Composition of the fuel used
Component % wt

CyHg 76.0
CyHg 20.0
CyHip 2.6
CsHg 0.7

Hs, C1, Cs 0.7

Firstly, the single zone model was proposed to test the different correlations used to calculate the gas
emissivities which were mentioned in the background (equations 2.10, 2.11, and 2.13). The coil profiles
can be seen in figures 5.6 and 5.7, for a fixed conversion of 55%. It should be noted TMT refers to the
tube metal temperature, which is the external temperature of the coil.

It can be seen that using a different emissivity correlation does not visibly affect the coil profiles, as
expected. Since the conversion was fixed, the necessary heat flux, @, in equation 2.5 is calculated in the
coil model as the necessary energy for the reported conversion. Thus, a variation in the emissivity does
not significantly change the coil profiles. However, a noticeable change can be seen between using the

firebox model or assigning a constant heat flux. Since the flue gas temperature is constant in the single
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Figure 5.6: Temperature profile in the coil for different emissivity correlations in the firebox, for a fixed
55% conversion and geometry and kinetics by [16], using a single zone model
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Figure 5.7: Heat flux profile in the coil for different emissivity correlations in the firebox, for a fixed 55%
conversion and geometry and kinetics by [16], using a single zone model

zone model, it is expected that the heat flux is higher at the beginning of the coil, since the temperature
gradient in equations 2.6 and 2.7 is higher. Thus, a higher heat flux and higher temperature increase

can be seen in the first stages of the coil.

Regarding the firebox side, the results can be seen in table 5.7. It can be seen that, contrary to the
coil side, the emissivity correlation used influences the firebox’s results, as expected. The correlation
by the VDI-Gesellschaft [28] estimates lower emissivities than the correlations by Perry et al. [23], and
consequently higher values of flue gas temperature, to provide an equal amount of heat to the coil
(according to equation 2.7, as lower emissivities decrease the radiation heat transfer area).

The flue gas temperature reported, however, is much lower than the results obtained in the simu-
lations. The length of the coil used in the model (400 m) is longer than the value of 300 m usually
mentioned in the literature. Thus, the simulated zone probably accounts for part of the shock or convec-
tion section, where heat transfer by convection is higher, and thus the transfered heat would increase.

This would partly explain the higher flue gas temperature.

Regarding the fuel consumption, it can be seen all the models overestimate it. This is due to the
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Table 5.6: Firebox results for the well—stirred furnace model
Flue Gas temperature (K) Fuel Consumption (kg/t VCM)

Value Difference Value Difference Gas emissivity
Correlation 2.10 1118 24% 77 6% 0.30
Correlation 2.11 1131 26% 77 7% 0.30
Correlation 2.13 1163 29% 79 10% 0.29
Constant heat flux - - - - -
Plant data [16] 900 - 72 - -

fact that, since the COT is higher than reported, the heat flux profile is higher (as can be seen in figure
5.7). This means more energy is required, and thus the fuel consumption is increased. Also, it should
be noted that since the simulated flue gas temperature is higher, a greater amount of fuel is necessary,
since the combustion of the fuel is less efficient. Comparing between the different correlations, since the
required heat flux, @, is the same for all simulations (since both the conversion and COT are the same),
and the enthalpy of the flue gas leaving the firebox is higher (since the estimated flue gas temperature
is higher), the fuel gas consumption is higher when the correlation from [28] is used.

It was also considered dividing the firebox. For this, the cases considered were of a well-stirred
furnace (no divisions) and dividing the firebox in the number of coil passes. This is the maximum division
without considering an angular temperature profile in the coil, as it considers each pass is enclosed in a

zone of the firebox with constant properites.

800 -

~
o
o

—TMT single zone
—TMT 4 zones
TMT 20 zones

~
o
o

—TMT constant heat flux

—Gas temperature single zone

Temperature (°C)
[
a
o

[o)]
o
o

Gas temperature 4 zones

550 Gas temperature 20 zones
Gas temperature constant heat flux
500 ' ‘ ‘ Gas temperature reported ,
0 50 100 150 200 250 300 350 400

Coil length (m)

Figure 5.8: Temperature profile in the coil for different emissivity correlations in the firebox, for a fixed
55% conversion and geometry and kinetics by Li et al. [16], using a single zone model

It can be seen in figure 5.9 that, considering a higher number of zones, the heat flux profile along the
coil is less steep, as the temperature in the firebox at the beginning of the coil is lower (as it corresponds
to the exit of the firebox) and the temperature is higher at the end of the firebox. However, these changes
in the heat flux profile do not seem to greatly influence the temperature profile in the coil.

Concerning the flue gas temperature leaving the furnace, it can be seen that increasing the number
of zones in the firebox reduces the flue gas exit temperature. This is expected, as increasing the number
of zones increases the temperature gradient in the coil. Also, since the flue gas temperature is lower

when exiting the furnace, the fuel consumption decreases. However, despite this decrease, the fuel
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Figure 5.9: Heat flux profile in the coil for different emissivity correlations in the firebox, for a fixed 55%
conversion and geometry and kinetics by Li et al. [16], using a single zone model

Table 5.7: Firebox results using different number of zones

Flue Gas exit temperature (K) Fuel Consumption (kg/t VCM)

Gas emissivity

Value Difference Value Difference
Single zone 1163 29% 79 10% 0.29
4 zones 1156 28% 79 9% 0.29
20 zones 1141 27% 78 8% 0.29
Constant heat flux - - - - -
Plant data [16] 900 - 72 - -

consumption is still higher than what was reported by Li et al. [16].

5.3 Implementation of the radical mechanism

In this section, two radical mechanisms were tested: the one reported by Schirmeister [25], and by
Borsa [2].

5.3.1 LSKM performance

To analyse the effect of compressing the kinetic mechanism, two simulations were considered, one
where the LSKM foreign object was used and another where the matrices for the stoichiometric coeffi-
cients and forward and backward reaction orders were inserted in full in gPROMS. The simulations were
performed in an Intel® Core™ i7-3770S CPU, with 16.0 GB of RAM.

Regarding the mechanism by Schirmeister et al. [25], the use of the LSKM FO did not seem to
produce any visible results. This is due to the relatively small size of the problem, as the stoichiometric
matrix has only 744 elements (composed of 24 species and 31 reactions). However, when the radical
mechanism presented by Borsa [2], the stoichiometric matrix is composed of over 110,000 elements,
the compression of the matrix significantely improves the run time of the simulation, as can be seen in
figures 5.11-5.13.
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Figure 5.12: Comparison of the run time of the simulation using a saved variable set with and without
compressing the kinetic scheme

As can be seen in figure 5.10, the compression of the matrix eliminates around one quarter of the
parameters used in the simulation (from 336071 to 248295), which greatly reduces the simulation time
of the model.

Figure 5.11 shows the run time for the initialisation procedure, a method used to obtain a first estimate
of the variables. It can be seen that the use of the LSKM.FO does not greatly affect the overall run time
of the simulation in this case. This is because when initialising the problem, the main task performed

is the run activity of the system, and the LSKM.FO mainly reduces the time necessary to construct the
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Figure 5.13: Comparison of the run time of a simulation with a 10% variation of the assigned COT from
the saved variable set with and without compressing the kinetic scheme

system (by eliminating the redundant stoichiometric coefficients).

As can be seen in figure 5.12, the simulation time using a saved variable set (obtained using the ini-
tialisation procedure) is reduced from 254 seconds to 124 seconds, and it can be seen that the greatest
reduction in time is in the construction of the system. Running the simulation with a 10% change in the
assigned COT regarding the saved variable set, the difference due to compressing the stoichiometric
matrix becomes even greater, from 305 seconds to 163 seconds, as can be seen in figure 5.13.

Despite the improvement in the run time of the simulation, a greater improvement could be obtained
should the matrices which contain the forward and backward reaction orders, n; and n, were also

compressed. This would lead to a further decrease in redundant parameters and decrease the time
needed to construct the system.

5.3.2 Model performance

Using the LSKM FO, the following simulation results were obtained using the radical mechanisms men-

tioned above and the geometry reported by Li [16], for a fixed conversion of 55%:
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Figure 5.14: Temperature profiles using the geometry by Li and the radical mechanisms

It can be seen in 5.14 using the radical mechanism by Schirmeister et al. [25], the COT is over-
estimated, which indicates the kinetic mechanism is not adequate for this geometry. Using the kinetic

mechanism by Borsa, however, there is only a 2% deviation on the coil outlet temperature. It can also be
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Figure 5.16: Heat flux profiles using the geometry by Li et al. [16] and the radical mechanisms

Table 5.8: Simulation results for the radical mechanisms using the geometry in Li et al. [16] and assigning
a conversion of 55%

L Pressure Fuel consumption
Selectivity (%) drop (bar) (kg/t VCM)

Value Difference Value Difference Value  Difference
Mechanism by Borsa [2] 95.9 1.0 4.99 -9 87.6 22
Mechanism by Schirmeister et al. [25] 98.6 3.8 5.07 -8 69.2 -4
Plant data [16] 95 - 5.49 - 72.0 -

seen in figure 5.15 that for all mechanisms the cracking reaction starts at the same coil length (around
120 m). This corresponds to a temperature of around 450 °C and 420 °C, respectively for the kinetic
mechanism by Borsa and Schirmeister. These temperatures are higher than the one reported by Li et al.
[16], where it starts at around 380 °C.

Concerning the heat flux, it can be seen that the heat flux using the mechanism by Schirmeister
produces a heat flux close to the one reported in the article, while the heat flux using the mechanism
by Borsa is higher. This is due to the lower selectivity: since the side reactions are endothermic, they

require more energy, and thus the heat flux needed using the radical mechanism by Borsa is higher than
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the one obtained when using the mechanism by Schirmeister.

Regarding the fuel gas consumed, as expected by analysing the heat flux, the consumption of fuel is
higher in the mechanism by Borsa than what is reported.

Regarding the selectivity, Borsa’s kinetic mechanism seems to produce a similar result to the one
mentioned by [16], although a little higher. The mechanism by Schirmeister et al. [25], however, has a
higher selectivity.

The coil outlet compositions for the used models can be seen in table 5.9. In this, the main by—

products for both mechanisms are presented.

Table 5.9: Coil outlet compositions using the radical mechanisms
Schirmeister et al. [25] Borsa [2]

Ethylene dichloride 0.45 0.45
Vinyl chloride 0.3422 0.3332
Hydrogen chloride 0.2018 0.2066
1,1-dichloroethane 0.0038 2.38E-05
Acetylene 0.0003 0.0012
Benzene 1.1E-06 1.3E-08
Chloroprene

(2-chlorabut-1,3-diene) 1.1E-06 0.0046
1,2-dichlorobut-3-ene - 0.0015
1,2-trans-dichloroethylene - 0.0011
3,4-dichlorobutene 0.0019 -

Since no experimental data is available on the outlet compositions, it is impossible to know which of
these outlet concentrations better represents the real outlet coil composition. Regarding the mechanism
by Schirmeister et al. [25], it can be seen that the main by—product is 1,1-dichloroethane, while for
the mechanism by Borsa [2] the main by—product is chloroprene, followed by trans—dichloroethylene,

acetylene, and 1,2-dichlorobut-3-ene.

5.4 Sensitivity analysis

In this section the model reported by Borsa [2] is tested to analyse the model’s response to changing
different process variables. In this model the furnace geometry reported by Li et al. [16] is used, with
the radical mechanism by Borsa [2], as well as the firebox model using 20 divisions and the emissivity

correlation reported in the VDI-Gesellschaft [28].

5.4.1 Analysis of the fluid properties

As mentioned in section 4.3.1, the calculation of the viscosity and thermal conductivity of the fluid was
considered was performed using Multiflash considering only the main products. To analyse the effect
of these properties on the overall results, a variation of 10% on these fluid properties were considered.
The following results were obtained at the coil outlet’s:

It can be seen that a 10% change in these properties does not affect the final results of the simulation.
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Table 5.10: Results for the sensitivity analysis on the thermal conductivity and viscosity
COT  Conversion Selectivity Pressure drop

Base case 482.85 66.0 93.9 5.24
-10% A 482.85 66.0 93.9 5.25
+10% A 482.85 66.0 93.9 5.25
-10% v 482.85 66.0 93.9 5.24
+10% v 482.85 66.0 93.9 5.25

Since selectivity is usually above 90%, the effect of not considering the viscosity and thermal conductivity
of the by—products is not relevant on the overall results.

Regarding the heat capacity, the heat capacities from Multiflash and the ones obtained from Borsa
were compared, as well as with data from Reid [24]. It can be seen in figures 5.17, 5.18, and 5.19
that the values obtained using Multiflash are higher than the ones calculated by Borsa [2] and Reid
[24], which are closer to each other. This explains the steeper temperature increase in the radical
mechanisms, since the heat capacity is lower, as well as the need for a higher heat flux when the

molecular mechanism reported by Li et al. [16] is used (as was seen in figure 5.5.
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5.4.2 Analysis on the operating conditions

Fuel consumption

In this section, the effect of the fuel flowrate is analysed. The variation on the conversion is present in
figure 5.20.
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Figure 5.20: Influence of fuel flowrate on EDC conversion

It can be seen the conversion varies linearly with the fuel consumed. This is expected, as the
increase of fuel increases the heat given to the coil, which in turn increases the reaction rate for the
cracking reaction.

Regarding the coil outlet temperature, it can be seen in figure 5.21 that a small increase in the COT
the conversion is greatly influenced. It can be seen that an increase on 1 °C makes an increase of 1.7%
in conversion. This explains the fact that fixing COT grossly overestimates or underestimates conversion,
as conversion is very sensitive to the COT.

Regarding the selectivity, it can be seen in figure 5.22 that the increase in conversion (due to higher
fuel flowrate) decreases VCM selectivity. This was expected, as higher temperatures lead to more by—

products formed. It can also be seen that this decrease is more accentuated at higher temperatures,
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which is expected as the temperature dependence in the reaction rate is exponential.
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Figure 5.22: Variation of selectivity with conversion

The dependence of the specific fuel consumption (kg of fuel consumed per ton of VCM) with conver-
sion is represented in figure 5.23. It can be seen there is a minimum of specific fuel consumption. This
is due to the at lower conversions, less fuel is used; however, since the conversion is lower, less VCM is
produced, and since the fuel consumption is expressed as kg of fuel per ton of VCM, less production of
VCM represents in more specific fuel consumption. At high conversions, the increase of fuel consumed

is greater than the increase in VCM production, and thus the specific fuel consumption increases.

Feed flowrate

The effect of the feed flowrate on the main operating conditions can be seen in figure 5.24. In these
simulations a constant fuel flowrate was kept, and it can be seen that the conversion decreases with
higher feed flowrates. This is expected, as a higher flowrate would need higher energy requirements to
achieve the conversion needed with lower flowrates. The same can also be seen with the COT in figure

5.25.

Regarding the selectivity, it increases with higher flowrates. This is expected, because as was men-

45



89.2

89.0 -

88.8

88.6

88.4

88.2

88.0

87.8

87.6 -

87.4 \ :

Specific fuel consumption
(kg fuel/ton VCM)

Conversion (%)

Figure 5.23: Variation of specific fuel consumption with conversion

Conversion (%)
[9)]
(§)]
‘

N
a

N
o

20 21 22 23 24 25
Feed (kg/h)

=y
[e2)
-
[(e]

Figure 5.24: Variation of conversion with feed flowrate

470

468 T T T T T T 1
18 19 20 21 22 23 24 25
Feed (kg/h)

Figure 5.25: Variation of COT with feed flowrate

tioned, since the temperature in the coil is lower with increasing feed flowrate, the reaction rates for
by—product formation decreases. It can also be seen in figure 5.27 the specific fuel consumption in-

creases with higher feed flowrates. This again is due to the decrease in conversion, so the vinyl chloride
produced decreases.
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Figure 5.27: Variation of specific fuel consumption with feed flowrate

Coil inlet temperature

To analyse the influence of the coil inlet temperature (CIT), different CIT’s were used in simulations with
constant fuel flowrate.

The influence of the CIT on conversion can be seen in figure 5.28. It can be seen that higher CIT
leads to higher conversions, which again is expected since the temperature profile in the coil will be
higher. This also leads to a decrease in selectivity, as seen in figure 5.29.

Regarding the specific fuel consumption, it can be seen that it decreses with increasing CIT, which

is expected because as was seen the conversion increases with higher CIT.

5.4.3 Promoters

As mentioned in section 2.7, the use of promoters for the cracking reaction can greatly increase the
overall conversion, by acting either in the initiation or propagation of the radical reaction. This allows for
lower coil temperatures, which reduces the fuel consumption. It should be noted however these promot-
ers increase by—product formation and thus high concentrations might lead to problems in downstream

separation.
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Figure 5.30: Variation of specific fuel consumption with CIT

For the simulations with the addition of promoters a constant conversion of 55% was assigned. It
can be seen in figure 5.31 that the simulations using chlorine as a promoter reduce the coil outlet
temperature, as expected. However, the same does not happen when using CCly, where it can be seen
that adding small quantities of carbon tetrachloride increases the COT by 4 °C. Adding higher quantities
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of CCly4, however, slightly reduces the COT.
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Figure 5.31: Influence of CCl4 and Cl; on COT

Comparing the results with the results in the literature ([5], [17]) it can be seen that the mechanism
by Borsa does not correctly predict the effect of carbon tetrachloride on the increase of conversion. For
example, in [17], the addition of 200 ppm of C'Cl, is enough to increase the conversion by 2%. In [5], the
addition of 1200 ppm increases conversion from around 52.4% to 65.4%. Thus, the reaction mechanism
of CCl, cracking should be altered, in order to better represent its influence in EDC pyrolysis.

It can be seen that the addition of chlorine in the feed leads to an visible decrease in the COT. There
is however, a sharp decrease in selectivity. This is consistent with the experimental results reported in
[4], where the addition of 0.35 % wt of Cl, leads to a 100% EDC conversion at 465 °C.

90 -

0]
[o2]
1

[o0]
N

-+-Carbon tetrachloride

Specific fuel consumption
(kg fuel/ton VCM)
[o:]
s

80 -=-Chlorine
78 . . ‘
0,00 0,02 0,04 0,06 0,08 0,10

Promoter (% wt)

Figure 5.32: Influence of CCl, and Cl, on conversion
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Chapter 6

Conclusions

In this work a model was developed in order to simulate the process of ethylene dichloride (EDC) crack-
ing to vinyl chloride (VCM). For this effect, a coil model was developed, where the EDC cracking mech-
anism was analysed, using different mechanisms available in the literature, molecular and radical. Be-
sides the coil model, a model of the firebox was created, modelling the heat transfer of the flue gases
to the coil by radiation. For this model, different correlations for estimating the flue gas emissivity were
tested. It was also compared using a single zone firebox model with dividing the firebox in several zones.
Finally, a sensitivity analysis was conducted on the main process variables.

Regarding the different molecular based kinetic mechanisms evaluated, it can be seen that different
kinetics tested have different results on the COT needed to achieve the reported conversion of 55%, with
some mechanisms clearly overestimating the needed COT. One of the tested mechanisms managed to

predict the COT with a 2% error, even despite using a constant heat flux.

Regarding the radical kinetic mechanisms tested, two mechanisms were tested, one with 31 reac-
tions and 24 species initially reported by Schirmeister et al. [25], and a detailed radical mechanism
with 818 reactions and 135, of which 64 radical, reported by Borsa [2]. The most complex, reported
by Borsa [2], estimates the COT with a 2% error, while the mechanism by Schirmeister et al. [25]
overestimates the COT by 9%. Concerning the by—product formation, both models predict quite differ-
ent outlet compositions, where for the mechanism by Borsa [2] the main by—products are chloroprene,
dichlorobutene and acetylene, while for the mechanism by Schirmeister et al. [25] the main by—products
are 1,1-dichloroethane and dichlorobutene.

To reduce the run time of the simulation using a radical mechanism, the stoichiometric matrix was
compressed by eliminating the non—zero elements. When this is done,an overall reduction in the com-
puting time can be seen, especially in the time needed to construct the system. The reduction is
more considerable the bigger the kinetic mechanism used, as it was seen that using the mechanism by
Schirmeister et al. [25] the computing time is not significantly reduced. When compressing the stoichio-
metric matrix of the mechanism by Borsa [2], the run time is halved. This allows using a more complex
mechanism while still keeping a run time which allows for integration with other models, allowing for a

detailed model of the full plant.
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Regarding the firebox model, it can be seen using the models employed in this work the results
do not seem to fit the available data regarding flue gas temperature and fuel consumption. This is in
part due to the coil model overestimating the heat flux, which leads to a higher energy consumption
and consequently higher fuel flowrates. The flue gas temperature exiting the firebox is also higher than
reported, which may mean a problem in the modelling of the heat transfer in the firebox, namely on the
heat transferred by convection.

Regarding the sensitivity analysis performed on the model, a minimum in fuel consumption per ton of
produced VCM can be seen when the fuel flowrate is varied, for a conversion of 55%. However, special
attention must be had when increasing fuel flowrate, as it leads to a decrease in selectivity which may
cause problems on downstream separation.

The sensitivity analysis on the addition of CCl, on the feed showed that the kinetic mechanism by
Borsa [2] does not correctly predict its effect, as adding it increases the temperature needed to achieve
the desired conversion, contrary to what is reported in the literature. However, adding chlorine to the
feed greatly reduces the COT as expected, but also decreases the selectivity, so more studies should

be performed to analyse if its addition is beneficial to the process.

6.1 Achievements

This work was set out to test different kinetic mechanisms and to compare each other with plant data,
extracted from Li et al. [16]. Taking that into account, a one—dimensional coil model was developed, with
which several molecular and radical mechanisms were tested.

Moreover, when using a large scale kinetic mechanism, it was compressed using a scheme by Tewar-
son [26]. This allowed a significant time reduction even using mechanisms with a considerable size,
which allows for a better prediction of by—product concentrations, which allow for a rigorous prediciton
of the coil outlet conditions.

A firebox model was developed which can use different correlations present in the literature to es-
timate the flue gases emissivity. This firebox model can be single zone, or it can be done in order to
account for multiple zones, which discretise the firebox along its height. Using it, it was found that the
different correlations used in estimating gas emissivity for flue gases produce very similar results, and
that for the EDC cracker, dividing the furnace in several zones does not seem to have a great influence

on the profiles along the coil.

6.2 Future Work

Despite the work done on this model, several improvements should be made in order to better describe
the system. Firstly, the case study used to validate the model was the one reported by Li Li et al. [16],
being the one with the most data required to fully compare the model results with plant data. However,
more data is needed to further validate the model, such as rigorous inlet and outlet composition, as well

as the temperature profile along the coil.
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Regarding the firebox model further studies should be performed on the heat transfer between the
different zones in the firebox. More complex heat transfer models can be applied, to analyse if they
can reduce the difference in the flue gas outlet temperature, namely not considering the heat transfer
between zones by radiation as the Stefan—Boltzmann equation, but considering the gas emissivity. Also,
more work should be done to model the influence of convection on the process, to analyse its influence
in the zones of the firebox which are at lower temperatures.

Other kinetic mechanisms should also be tested, to analyse the most appropriate kinetic mechanism
to describe the series of reactions which happen in the coil, as well as the influence of reaction initiators
and inhibitors.

One thing that should be better approached is the fluid properties’ estimation. Although it can be
seen that the conductivity and viscosity do not greatly influence the coil results, the same cannot be
said about the heat capacity. Regarding the heat capacity, it can be seen that when using the data from
Borsa [2] the temperature increase is steeper than using the heat capacities calculated by Multiflash.
This is in part due to the higher heat capacity calculated by the Multiflash properties package. Thus,
more work should be done on this, to assure a good prediciton of the fluid’s physical properties.

Another improvement that could be done would be to convert this model into a dynamic model,
adding the coke formation in time. This is an essential part in the operating conditions of this cracking
reactor, as coke formation leads to an increase in pressure drop and decrease of overall efficinency,
eventually requiring the shutdown of the EDC cracker. For this effect, Schirmeister et al. [25] proposes
a coking equation involving acetylene; however, a coking equation with chloroprene would be more
adequate, since a relation between the formation of coke and outlet chloroprene concentration was
found by Borsa et al. [4]. An optimisation of the run length would also be of great advantage, as it could
lead to a more in—depth knowledge of the influence of certain factors in the overall performance of the
cracker, such as higher temperatures or the use of initiators.

Finally, since there is a clear dependence of the hydrochlorination and EDC cracker due to the
recycling of the HCI and EDC, proceeding to a rigorous full plant modelling and optimisation could lead

to potential plant savings.
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Appendix A

Kinetics

A.1 Molecular kinetics

The molecular mechanisms are based on equations 5.1a, 5.1b, and 5.1c. The kinetic parameters, ko,
E,, and n, needed for equation 4.9a are on tables A.1, A.2, and A.3.

Table A.1: Kinetic parameters for the mechanism by Kaggerud [13]

ko mol/m3s  E, J/mol n
Reaction 5.1a 1.2x10'2 194.12 x 103 -0.05
Reaction 5.1b 0 0
Reaction 5.1¢c 0 0

Table A.2: Kinetic parameters for the mechanism by Li et al. [16]
ko mol/m3s  E, J/mol n
Reaction 5.1a 5.507 x 107 123.86 x 10> 0

Reaction 5.1b  5.580 x 107 13778 x 10° 0
Reaction 5.1¢c 0 0

Table A.3: Kinetic parameters for the mechanism by Dimian and Bildea [6]
ko mol/m3s  E, J/mol n
Reaction 5.1a  0.36 x 10'*  242.67 x 10> -0.05
Reaction 5.1b 0.5 x 10**  288.70 x 10? 0
Reaction 5.1c¢ 1.0 x 10"  301.25 x 10° 0
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A.2 Radical kinetics

For the mechanism by Schirmeister et al. [25], the following species were considered:

frequency factor k,

no. reaction [tem*/mely*~" s7'] n activation energy £, (kJimol)
1 EDC —RI1 + R2 5.9 % 10" 1 342
2 CCl4— RI + R8 2.2 % 107 1 230
3 EDC + RI — HCI + R3 1.3 3 107 2 T
4 EDC + RS —¥CM + R3 1.2 x 10" 2 34
5 EDC + R2—EC + R3 L0 x 107 2 42
6 EDC + R4 — 1.1 + R2 5.0 % 10" 2 45
7 EDC + R6 — 1,12 + R3 2.0 % 10" 2 48
g EDC + R7T — 1112 + R3 1.0 3 101! 2 56
L] EDC + R8 — CHCI3 +R3 1.0 x 107 2 63
10 VCM + RI — R4 9.1 % 10" 2 o
11 VCM + RI — HCI + RS 1.2 x 10M 2 56
12 VCM + RS —CP + RI 5.0 x 10" 2 3l
13 VCM + R4 — C4H6C12 + RI 2.0 x 10" 2 30
14 VCM + R2—EC + RS 3.0 % 10" 2 61
15 R3 - VCM + RI 2.1 % 10M 1 B4
16 R5 - C2H2 + RI 5.0 % 10M 1 a0
17 R6 ~— Di +R1 2.0 x 107 1 70
18 R7~Tri + RI 2.5 % 10" 1 70
19 EC + Rl —HCI + R2 1.7 x 10" 2 4
20 1.1 + Rl — HCI + R4 1.2 x 10" 2 [
21 1,12 + Rl —HCI + R6 L7 x 107 2 15
22 1L1,1.2 + R1 — HCl + R7 L7 x 10™ 2 17
23 CHCI3 + Rl — HCI + R& 1.6 x 107 2 14
24 CCl4 + RS —Di+RE 5.0 % 101 2 i3
25 CCl4 +R4— 112 + RE 1.0 x 102 2 i3
26 CCl4 + R6~ 1112 + R8 5.0 % 10" 2 i3
27 R2+ RI— VCM + HCI 1.0 x 10" 2 13
28 R3 + RI— Di + HCl 1.0 x 10" 2 12
29 R6 + RE— Di + CCH4 L0 x 10™ 2 13
30 2C2H2 + RS — CéH6 + R1 1.0 x 104 2 20
il C2H2 +2R1— 2C + 2 HCI 1.6 x 104 2 70

Figure A.1: List of species used on the mechanism by Schirmeister et al. [25]

The reactions for this mechanism are presented below:

no. compound short form
1 1,2-dichloroethane EDC

2 vinylchlorid VCM
3 hydrogen chloride HCl

4 trichloromethane CHCI3
5 tetrachloromethane CCl4
6 ethylchloride EC

7 1,1-dichloroethane 1,1

8 1,1.2-trichloroethane 1.1.2
9 1,1.1.2-/1.1,2,2-tetrachloroethane 1,1,1.2
10 1,1-/cis-ftrans-dichloroethylene Di

11 trichloroethylene Tri

12 1-/2-chloroprene CP

13 acetylene C2H2
14 benzene C6H6
15 3,4-dichlorobutene C4H6CI2
16 soot/coke C

Radical

1 (ol R1

2 CH,CI—CH,/CH-—CHCI® R2

3 CH,CI—CHCI R3

4 CHCl,—CH," R4

5 CHCI=CH/CH,=CCI RS

6 CH,CI—CCl,"/CHCIl,—CHCI R6

7 CHCIL,—CCl,"/CCl;—CHCI* R7

8 CCly” R8

Figure A.2: List of species used on the mechanism by Schirmeister et al. [25]
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For the mechanism by Borsa [2], the reaction list, along with the kinetic parameters for the forward

reaction rate are presented on the following figures:

A fl E. Ref,
No. Reaction (embmol-g) (calimol)
Molecular Elimination
1. CHICHCLI=VOMAHCL GAIEHIT -0 52000 E
2, EDC=VCM+HCL L60E+13 0 58000 1
3, VOM=CIHI+HCL 5.00E+12 { G000 1
4. CAHSCLI 134D=C4H40L2_1413D+HCL GAGEHID O 47000 Ah
5. CAHGCL2_3MD=CAHSCL _213D+HCL GA46E+10 1] 47000 Al
6. C4H6CL2 34D=C4HSCL_113D+HCL GAGE+ID 0 47000 Ab
7. C4HSCLY 134D=-C4H4CL2 13130D+HCL GAGEHID D AT000  Ab
8 CHCLI=CCLIHHCL LEJE+12 0 54490 Ag
9. OCL+EDC-CIH4CL4 1223 LEOE+DD 0 0 ah
10, CIHCLI=C2CLI4+HCL TO0E+1S 0 4000 Ap
11. CHCLCHCL e=C2HCLAHCL 1EIE+12 D 52700 Ag
12. CHCLCHCL =CIHCL+HCL I6IE+12 L] 52700 Aqg
13, CHCLCHI=CIHA+HCL IO0E+13 D SROO0 I
14, CIHG=C2I14+H2 1.20E+14 0 Tionn T
15, C2H4=CIH2+H2 1.ME+14 0 2000 T
16. C4HA 13D=CIH2+CIHY SOOE+14 0 73000 I
17. CH3CCL3=CHCLCHCL +HCL SEOE+13 0 54000 |
18, CH2CLCHCL2-CHCLCHCL t++HCL IOE+1Y 0 SO000
19, CHCL2CHCL2=HCLHC2HCLS 1.30E+13 0 SROODD I
0. CHCL2OCLI=HCL+C2CLA LWE+13 0 SR000 [
. CIH44CIHA=-CAHE 130+H2 LS0E+0T o 39000 I
23 CIH4+CAHE_13D=benzene+ 2112 100E40T 0 26500 I
3. CIHI+C4HG 13D=benzene+H2 LS0E+08 0 2250
Beta Scission

M. CHICHCL=C2H44CL 1O0E+1E 0 20500 1
5. H+VCM=CHICLCH2 1.00E+13 1} 0 1
36, CLAHCIH4-CHICLCH? JO0E+I3 0 (I
27, CLAVOM=CH2CLCHCL 200E+13 1 0
25, CL+CIH2=CHCLCH SO0E+13 0 (|
M, CIHCLHCL=-CCL2ZCH 1.39E+14 ] 0T
0. CIHCLHCL=CHCLCCL 1.39E+14 1] 0T
11, C2CLMCL=CHCLA 139E+14 0 0T
12, CHRCCL=C2HCLA+H 1. 40E+13 0 0000 8
33, CAHBCL3 1134=CAHSCLI 134D+H 3.50E+13 0 43200 R
M. CAHBCLI_1234=C4H6CL2_34D+CL J00E+13 0 2698 B
35, C4HSCL2_434D=C4HSCL_113D+CL IO0E+I3 0 16000 B
35, C4HSCLI_334D=C4HSCL 213D+CL INOE+IZ 0 21698 R
37, CAHACLY 4134D=C4H4CL2 1413D+CL I00EH1IY O 21698 R
38, CAHACL3 3134D=CAHACL2 1313D+CL 300E+IZ 0 21698 R
W, C4H5CLZ 413D=C4HSCL 113D+CL IH0E+I3 O 1698 R

Figure A.3: List of reactions used on the mechanism by Borsa [2]
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A n E, " Ref
Wi, Reaction {em-mol-£} {calimol)
4, CHH5SCL2 314D=-C4H5CL_ 13D CL TAE+HIL a a0E R
41, CAHGCL_43D=C4H6 13D+CL LME+ID Q I169E R
a2, CAHGCL SaD=-Cald 130+CL 1906+ i IIG9E E
43, {CHCLI+CL=CHCL20CLT 1O0E+13 i 1 Az
44, CAHGCL 42D=C4H5CL 213D+ 1, 16E+12 ] EELI
45, CAHBCL 14=C4HTCL 4D-H 1LNET14 1] JE3D Ak
4, CAHT 4D=04HG_130+H LI1GE+1X i 4RO K
#7, CAHWOLZ_134=CAHSCLE MDeH 100E+14 ] NI Ak
48, CAHSCLE 4230=-CAHSCL 2130+CL IMETIT i Z160E R
Initiation Termination (radical addition)

#0, CHCLI=CHCLXCL LEIEHIG Q THHY B
5 CHMCHCOL=CHAICHCLAHCL 1MErIG ] ElooD B
51, CHMCLA=CH3OCL2+0L 1 50E+16 i TaOoD B
5. CHOLZCHCL2=0CL3CI2+CL 1LME+S i) T B
535, VOMAM=CII5+CLAM LSIE+LS ] TED B
M, CHML=CHI-HL SORE+FE <14 91540 B
55, CHé=CH3I+H LiE+I: 5.9 105150 B
. CHIWHCHI=CTHSHH T.EIE+L] i) 1% B
a1, CHHCHI=CIH4+HH2 1LDOE+IG 1] XM: B
58,  CHIWCHICL=C2H4+HCL LA1EHI -1.3 5 B
20, (HMWCHXL={IHSHCL 15FE+ID L1 4171 B
i, CHICLACHICL=VOM+HCL E25E+M 55 BOEE B
61, CHICLACHICL=CH2CLCHI=CL 1LEHIT -1 it E
62, CIHd-H=CIH 5 +HHE+b FI0E+HIT o PEI60 B
45 CIH4H=CIH2HH2 =M JMEHLT o THEM) B
e, CHICLCHIHCL=EDC 1 S0E+1X 1] 0 K
65, CLIM=CLsCL+h{ L3EHD Q Wm0 W
6. CHXQOCLACL=CHIOOL2 LME+13 Q 0%
a7, CHICLUCHOL2=CHILCHCLHCL 1DDE+1Y f] H0ih AL
68, CHOLCHWL=-CHCLCHCL « LOEH 2 1] a v
49, CHOLCH+HCL-CHCLCHCL. 1 LIKE+E3 o a9 %
™y CHICLOHOLACHICLCHCL=CAHECTA 1334 [DDE+12 1] 0 W
71, CH2CLCHCLACHICDCHCL=CHICT.CHCT R 4+5% Ch LB+ o a W
72, OCLA-CHAMCLOCHCL=CSHWCLA (12 1L.OOE+12 1] omwy
T, VOM=CTHIHL 19BE+IE i) al70]  Ad
™, CCLIAHCL=0CT4 SOEFLT o 0 Ae
75, CH2CLOCLAICHCL=CHACL 3=CHACL 1.20E+H2 o FELU LU
T CAHMCL_4D-C4H7_4D=CL LE+12 o TOHHN  Ah
T, BRC=CHICLACHRCL 1 E+IG 1] SOi0h [
7B CH2CLCH3=CXHS+C1. FANIEHLS o EALLLUNE |
™., CHML-CHML+H LLME+1S 1] 102000
B, CHICLHM=CHIHCLAHM TE+IS 1] T500D 1
El. CHCLI+M=CHCL2+CL+M LIHE+IS o TE00 [

Figure A.4: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E, - Ei
Mo Feaction e -minl-s) ((alfmad
8 CLAVOM=CHCL2CH2 | E+]13 i oy I
12 CHXCLACIHOL=CIHACL2 315D 1L3BE+L L (i 2 I
4. CCL3CEHI=CIH2CL3 211D 1LADE+L] 1 S 0
85 H&VOM=CHAICHCL 1.00E+13 [ 0 I
45 HHIIHE=CIHS 2 A0E+ 3 (i Wy I
&T7T. H+CIHG=CIH4+CH3 2,0E+13 1 ZHHF |
85 H&CIHMA=C2EEN J.00E+1 L [ -1 T
A0 CIHACHR=CAHS 113D LA0E+LL i} 4000 T
W, CHAYOM=C3HGHCL 200E+1 1 ToMr I
91, CHI-+CIH2=CSHS 3D | .M¥E-+] 1 [ Ty T
9 CH3IHCHSI=CIHS 200E+]13 [ o 1
B CHIHCH2OL=CHICLCHS SO00E+13 ik [/
94 HrH=H2 1LO0E+13 0 01l
%5 H+CL=HCL 1. MFE+] 3 1 LI |
G H=CIHI=CTHY | HFE+13 ik & 1
97, H-CHMN LOCH2=CHILCH? 1.HE+13 ¥ 0 1
% H+CHMXLCHCL=EDRC 1,00E+13 1 LI |
9. H-CHCLOH=YOM | MEE+13 1 a1
jo0, H-{OUL2=CHCL: 1. E+1 3 [ {4 1
131, H+CICLI=CIHCLS 1,0EA+13 I n 1
I, H-CHOL2OCLI=CHIL20H0L2 | .M¥E+13 1 a 1
103, CIH4CL4 12I3=H+CHACLOCL2CEHCL. 1.538FE+H & {k GTSH Ak
I, H-CHMOCL-WVCM 1 0E+13 ¥ LI |
Mos  H+CAHOCLE 11534=04HW0LE 14 | OE+13 1 a I
[6. HHACAHSCL2 43D=C4HeCLE 34D 1E+L3 1 0 I
137, H+CAHSCL2 SHB—CH[&{I.I 3D 1AN¥E+13 Ik a I
[ |-]H:-1'[-|-l'l'."u I1!-II'J-'C-=|-]-'|'5I"_"I'J 134D 1.0HE+13 1 a ¥
105, HHCAHSCLY 3134D=C4H5CLI 134D 1 OE+13 i a I
LI H*-EIEIE'I:'I.E I4AD=-CAHGCLY 140 1,00E+13 [k i 1
TEl. Hﬂm_!lﬂlmf"A'HTCL_d-ﬁ- | HFE+13 1] a1
11E H-QCOLCH=CHZICTI 2 1.00E+13 1 a 1
13 H+CHCLOCL=-CHCLCHCL 1MME+1 3 ] a I
114, H+CHOLOCL=CHCOLOHCL o 1.00E+13 L] LU
115 CLHACLI=CTS 1.00E+13 i g 1
Iia  CL+HCHICL=-CH2CL.2 1 AMRE+13 [ a i
LT, CLHCHCLA=000 1.0E+13 ¥ a4 1
1% CLAHHOLAOO 2=CHT L0 | .HRE+] 3 1 LI
%Y. CLAHCHICLOCLECHCL=COHICLE 113 5.00E+13 ik a W
I3, CLACHHS_213D=CAHSCL 213D 1.00E+13 ] g 1
1. CL+HT4HS IEHD'-I.".-H'[-ILH:L 115 1.00E+13 ¥ 1
1EL. ﬂLﬂHﬂﬂ_lmm_llH |.E+]13 1 o 1
123, CLACHHICLI_F4D=C4H5CLS 14D 1.GBE+13 (i a 1
M. CL+C4HECL -H-D—EEII-IHE‘L'E LD 1.0OE+]L3 1 o 1
138, CLAC4AHED]. Mmuﬂ .00 E+13 (1 o 1

Figure A.5: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E. Ref
Mo Reaction {3} {alimal)
126, CL+CAH5CLY 4030=C4HAC1S 134D 1,00E+13 1l oI
127, CL+CAHMOLY 134=C4HT0LE 124 LL0E+13 @ oI
138, CLHCCLICH=CIHCLY 1. M¥E+13 il (K|
129, CL+CHCLOCL=CYHCLY 1. IME+13 [} [F|
130, CIHS-CHACLCHI=CAHTCL 4D |.¥E+]13 L] oI
131, CQHI-CH2CLCHCL=CAHGCLY 34Dy 1.E+15 i o7
132, CIHICHCLCH=-CAHSCL. 1130 1. E+15 ] [EI }
133, (C3H3CLE 3RD=-CHH3-H0CLA A E~16 L] N000 Ak
134, CHIHTHZOL=[3HSCL 30D |.M¥E+15 L oI
135, CIHITCHZOCL=CHHSCL 13D 1.0E+15 { ooJ
136, CHRCLCH2+CHICLOCHCL=CAHTCLY 124 1.00E+13 L] (|
137, CH2OLOCHR+CHOLOCH=C4HSCLE 140 1.03E+13 L] oT
136, CIH4CLA_1113=CHICLCH2HOCLI 500515 a BSG53  Ag
119, (CIH6CLE 13=-CHICLOHR2+CHICL J.00E+153 L] Batid  Agq
140, CHROLCHX+CHIOCL=CAHGCLT_ 240 1.00E+13 [} mI
i4], CHZOLCHCLAHCHCLOCH=CAHICLY 1MD 1.0HE+13 a o7
142, CIHSCLY 123=CHICLCHCL+CHICL A3, MEE=15 il Eindd  Aq
143, CHOLCH+CHCLCH=CAHACL2 14130 LOOE+13 0 ool
Ja4, {AHICLA 1Z0=CHCLOH+HOCLI B.00E+16 L} THHMHE Ak
145 CIH4CLI_13D=CHCLCH+CH2CL B.00E+1d i T Ak
i, CICLS D-OCLMHCNCLS 4.00E+10 L] THHNHY Ak
147, CAHICLA 11De0LHCHPODTL 8. 00E+16 L1} THHMHE Ak
148, CIHCLS ID=CCTA+OCL2CH A.E+16 { 1 Ak
149, CIHCLE 1D=0CT A+ CHCLOCL A, 00E+10 1 TN Ak
190, OCL2+0CL2=CH0LA LOBE=13 0 B Ak
1581, COHICLA FED=CHICL+CHL3 B.0E+16 a 1HHHHE Ak
152, CIH4CLE 230=-CHICL+CHICCL H.00E+16 ] THHHHE Ak
153, (HHICLE 113D=CHICLHOCLICH 3.0ME+16 L} 1THHHHE Ak
14, CIHICLE 123D=CHICL+CHCLOCL B.00E+16 L] 1HHHHE Ak
155, H+CATDS 1 3D=CFHCYHA A GNE+13 L] M 1
150, CMHI-CIHE=-0AH0 150 4.ME+13 il 0o A
157, CAH6_130=C4R35_2131H H.0E+15 L] 110
158, CdHS_1I3DE=C4HG 15D A E+14 i 1814 C
134, HOL2HCHCLI=-CHOLCHCELS 1. SE+110 L] oo
160, CHICLCHIHCHICLCH2=CAH4CTE 1313D+H2-+Hz2 (e RICES ] L] o0
161, CHICHCLACHMTHCL=CAMCLE 1313 HI+H2 A, DOEHH i o 0Q
a2, CH2OCL+HCHROCLAC4HACLD 151350 I, E+110 1 oo
163, CL+HHM=HUOL-M | OE+10 a =100 0
168, CL+CHCLICHI=CHICLCHCL? o E+10 L} o
165, CL-CHR2OCL-CHCLOCHCL & DB+ 1l o
166, CHIHHOLI=CHICHCLZ 1 50E+] a o o
167, CHIACL3=CHIOCLS JOEHD LI} o Q
168, CIG=CHRACLCHCL=CIHGCLE 13 3 OB+ 1l o
169, CHI-CHIOCL2=CIHSCLD 13 LOOEHD 0 oo

Figure A.6: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E, © - Ref
Na. Reaction {era’-mol-g) {ealimal)
17, Eﬂmml_u 2E+LD [} a0
Tl CHMCHIOCL=CIHECL 3D LIKIE+LD o a Q
172, CHML#sCHCLI=CHILCHCL2 3O0E+LD (B} a Q
T3, CHXLACLA=CHCL2CHTLY TAIEHID i a0
174, CHIL+~CHICHCL=-CYHGCL2 15 1. ME+LG [ o Q
175 CHIL+CH2OCL=CIHa12 130 T A0E+ID i 0 Q
176, CHCL2+H=CHMCL2 1B+ L i g 0
177, CHUL2HOCLI=-CHCLAMCOCLY LANEHID ] o Q
178, CHCL2+CIH5=C3HBCLE 13 TOE+LG [N o Q
17a, ﬂm:'-?-"'lﬂﬂﬂﬂﬂﬂl'ﬂm_]}ﬂ TAIE+ID [ o Q
180, QOCL3+H=CHCL3 LAKIE+ID [N 0o
Disproporticnation
1581, C4H&CL m*ﬂ.-—fﬂ-ﬂm 4T 1AMIE+13 i oy
182, CHAHT 4DHC2HI=CAHG L A0 HT 1. 40E+]12 1] (L
L&3. CnIHT ID-I-C'E-IZE-I:‘I.I:'I-E.'!-{'AHE LADHCHZOLCHS 1 #0E+]2 i 0w
184, C4HECL 43-D+E::|']2I::L'L.—l_'.-'l['|'ﬁ 13D-+-CHIOCLT 1 S0E+12 1] o
183, CAH6CL 43D--CHCLCH=CAMHS [3D=CHCOLCHCL o 1. 40E+12 il oW
186, CAHGCL ﬂJ-D*CIiEIﬂI-GI]’-[ﬁ 1ED=-CHCLIHCL © 1. 40E+12 1] oW
187, CJI[EEL_MIC[-‘:MH’&_I%WJM I o e i o W
138, CHH&CL_4D+CHICCL=CAH6 13T CHIOCL 1 40E+12 L] o W
189, CHHSCL. 34D+-CHCLCH=C4HS 13DCHCLCHCL o 1. 40E+12 i1 oW
[0, CAHGCL imrl'[l:[-l-ﬁ.nll-[ﬁ I:-I]'J—[::I-][:]_,.I;;l-]l:l_. 4 1. 40E+]12 0 o ow
150, CAHSCL 34D+CH2CLCHCL<C4HS 1 3D-+HCH2CLCHCLY I 40E+12 i b W
153, CAHSCLD 433D CHICCL=CAHSCE, 21 SD-CHIOCLE 1. 40E+12 L] W
193, C4HSCL2 -lﬂ-D-l-C]-Il:'_'L'E'I-I-C-l-]-Hﬂ _21IADHCHOLCHCL. ¢ I 40E+]12 a r W
154, C4HSCLD MCLLWHLJ.- Z1ADAHCHCLCHCL o L ADE+]2 a 0 W
195, C4HSCL2 4230 EECLHIEI.-CJIE!:L_EIEWCIEHE‘L! I 40E+12 L] W
196 H+CHCLOCH=CYHEHHCT LEZIE+13 a LI
197, H+HCACLA=CROL 2+HEL LOOE+1S L] I
198, HHCHCLIOCL2=CIHCLI+HCL I E+12 il [
188 H+CH2CLOCLACHCL=CIHMLY 1330--HCL I.O0E+12 n [
0. H+CH2OCL=CIHCL+HT IE+]S L] ¢ I
2. HHCAHS 213D=C4H4 DT E2 JLOE+12 il @ 1
202 H+CAHS_LIAD=C4H4_DT+H2 1.00E+12 L] b I
Flich H*'C-'Hﬂ—"'l-_”y:‘:‘lﬂﬁm_ 134i+-HT LE+]2 L] o I
. HECAHGCLI_1334=C4HGCLY_ 34D+HOL 1EE+]2 L] o I
205, HHCAHSCLY _434D=C4H50L | 13D+HCL I.E+12 L] I
26 HHCAHSCLE YdD=C2HSCL 2130+HCL LOE+12 L] [ |
T HHCAHACLY 4134D=C4H4CLE 141 3D+HCL 1LE+]2 il ¥
2. H+CAHSCLE 3 14D=C4HSCL | ISD+HCL 1LOOE+12 il o1
205 H+CAHACL_43D=C4Ha 130-+HCL |.00E+12 a o I
2o H*‘CIHEI:L_E-‘D:C‘H'E_HDHWL LE+]2 L] o ¥
211, HHCAHSCLE 413D=CAHSCL | 13D+HCL IOOE+]2 i ¥

Figure A.7: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E,  Hef

Na. Reaction {vm’-mol-s) {cal'mal)

212, HCHHACL_43D=CIHSCL 102 LOOE+12  © I |
213, H+CAHBCL_14=C4HTCL 4D-+H2 LOOE+12 0 ()
204, H-C4HT 4D=CEHG 130+H2 [OOE+12 @ o1
215, HAC4HTCL2_1M=C4HBCLT MD+H2 LOOE+H2 @ ool
216, H-CHHSCLI_4RD=C4HSCL 1ADHCL LOE+12 @ oo
217, HCCLICH=-CRHCL+HCL [OOE+13 @ oI
118 HCHOLOCL=C2CL2M4H2 LOOE+HE @ oo
219 CLHCHICLOH2=CIFHA+CLZ LOOE+12 0 ool
120 CLACHICLOHCL=VOM+HCL2 [OE+12 0 ool
221, CLACHCLCH=CIHIHCLI L2IEH13 0 Dol
222, CLACICLI=CRCL2+CL2 [.OOE+13 @ ool
111, CLACHCL2CCLa=C2HOL3+012 [OE+12 @ o J
24 CLACHICLOCL2CHCL=CIHMCLY 123D+CL2 LOOE+2 0 oo
115, CLACHIOCL=-CIHCLAHCL LOOE+13 0 D1
2126 CL+C4HS 21ID=C4H4 DT-HOL [OOE+12 @ (T
227, CL+C4HS_113D0=C4H4_DT+HCL LOOE+H2 0 ool
223 CL+CAH&CL3 |134=CAHSCLY |34D+HCL L.OOE+12 0 (1
226, CL+CAHECLY 1234=C4HGCLY 34D+C12 LLODE+12 @ o]
2300 CL+HC4HACLI_S3D=04H5CL 1134012 LOOE+12 0 o1
23). CLHC4HSCL2 3MD=CAHSCL 213D+CL2 LOOE+12 0 ol
232 CL+CAHACLY 4134D-CAH4CL2? 1413D+C12 LOOE+12  © o J
231, CLAC4H4CLE 3130=C4H4CL2 13130+012 LOOE+12 0 0 I
234,  CL+CAHSCLI 314D=CAHSCL 11304 L2 Lo0E+12 B o J
235, CLACAHSCL 4XD=C4HS 130012 LOOE+1Z2 0 0 I
236 CLHCAHECL MD-C4HS 130012 LOOE+12  © g I
237, CLACAHSCLE 4130=C4HSCL 113401 LO0E+12  © o 1
233 CLHCAHECL 42D=CAHSCL 2130+HCL I o J
239, CLACAHECL_14=CAHTCL 4D+HCL LOOE+1Z 0
M CL+HC4HT_4i=C4H6_13DFHCL LE=12 ] ¥ I
241 CLHC4HTOL? 134=C4HSCL2 340HHCL LO0E=12 @ o
242, CL+CHHSCLY 4230=CAHSCL 21304012 L.O0E+1Z 0 0o
1. CLACCLACH=CIHCL ALY LOOE+13 0 0
244, CLAHCHCLCCL=C2002<HOL LOOE=13 0 0 I
245, CIHIACIHI=-CIH2 +C2H4 SE4E41T D o1
M6 CHIMCHICLCHI=CIHA+VOM LOOE+12 @ B
247, CIHMCHXCLCHCL=YOMHVOM LOOE+12 0 0 !
M5 CIHWCHCLOH=CHI2+VEM BE4E411 D 0l
245 CYHIMCICLI=CHLI-VOM SE4E+1l 0 0
250 CIHWCHCLICUL2=C2HCLISVOM LO0E=12 @ o I
251, CIHWCHICLOCL2CHCL=CIHICLI 12ID4+WIM LOOE+12 0 0o
15 CYHMHCHNOCL=CIHCLHCIH4 964E41L 0 0
253 CZHIHC4HS 2130=04H4 DTHCIHY LOOE+12 0 o J
254. CIHI+CAHS 113D=C4HA_DT+CIZHA LOOB+12 B o
255, CYHMCAHECLY 1134=C4HSCLY 134D+C2HS LOOE+12 @ o J

Figure A.8: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E, = Ref

Mo. Resction et ml-5) jalimol)

256, CIH3*CAHGCLI_123d~CAHGCLY 34D+ VM LOGE+1Z  © 0]
257, CIH3+CAHSCL2_434D=CAHSCL_113D+VOM LOGE#1Z  © o ]
238, CIHI+CAHSCL2_334D=CAHSCL_213D+VOM LOGE+12 © 0!
259, CIHI+CAHACLI_4134D=CAHACLI 14130+ VM 0 A b )
260, CIH3+CAHSCL3 3134D=CAHACL2 1313D+VM LME+12  © 0]
261, CIHISCAHSCL2 I1AD=CAHSCL 1130+V0M LOGE+12 @ o 1
262, CIHI+CAHGCL_43D=C4HS 130V LIE+12  © T
263, CIHI+CAHGCL_34D=CAHS | 3DHVOM LOOE+1Z O 0 ]
264, CIHI+CAHSCL2_413D=CAASCL 113D+Y0M LOGE+12Z  © (T
265, CIHI+CAHGCL_42D-CAHSCL_213D+CIHA LAEFIZ D [
266, CIHI+CAHBCL_14=CAHTCL_4D+CEH4 LOGE+1Z D [
267, CIHI+CAHICL2 134=CaHG01D_ 34D+CIH4 LMB+H2 ([
268, CIHI+CEHSCL2 423D=CAHSCL 213DV OM LNEH2 o [
260, CIHI*CCL2CH=CZHCLAVCM 964EFI] 0
170, CIHICHOLOCL~CI0L3+HIHY 064EFIT B 0]
271, CHICLCHIHCHICLOHZ=C2HA+EDC LMEAD © (T
272, CH2CLCHZ+CHECLCHCL=VOM+EDC LMEHD B 0
273, CH2CLCH2+CHCLCH=CRH2+EDC LOE+ID  © [
M, CHICLCHIHRO A=C0CLIHEDD LOE+IG i a4 1
275, CHRCLCHZHCHCL2OCL2=CIHCLWEDC LMEHD  © 0
276,  CH2CLCHISCHERCLOCLICHCL-CEHICLS 1 23D-EDC LMEHD 0D
177, CHRCLCHZSCHRCCL=CIHCL+UH2CLOH LME+2  © a1
278. CH2CLCHI#CAHS 213D=CARM_DT+CH2CLCHS LME+HZ 0 0ol
279, CH2CLCH2CAHS 1 A0=CAHd_DT-+HCHCLCHS LMEFZ (|
280, CHICLCH2CAHGCLI 1 134=C4HS0L3_ 134D+ CHICLCH? LOOE+12 O (|
281, CHICLCHIHCAHGCLI 1234=<C4HECLI_I4DMEDC LME+HD  © a1
282, CH2CLCHZ+CAHSCLY 434D=-C4HSCL 113D+EDC LME+HD 0 a1
283, CH2CLCH2+CAHSCLY 3340-CAHSCL 21 3D-EDC LOEFID (|
284, CHICLCHI+CAHACLI_4134D<CAHECL2_1413D4EDC LOOE+I0 @ 0l
285, CHICLCH2+C4HACLI_3134D=CAHECL2_[313D4EDC LOE+HG a1
286, CHRCLCHZ+CAHSCLI MAD=CAHSCL 1TAD+EDC LMEHD 0 a1
287, CHROLCH2=CABCL_43D=04H0_130+EDC LME+D @ a1
288, CH2RCLCH2+CAHGCL 34D=CAHE_13D+EDC LOGEHD @ a1
280, CH2CLCH2-CAHSCLI 4130=CAHSCL_113D+EDC LEHD O [ |
290, CHRCLCH2=CAHGCL_42D=C4HSCL 2130+CHZCLCH LOE+Z @ 01
291, CH2OLCH2=CAHECL 14=CAHTCL_AD+CHACLOH? LME+H2 @ 0 1
202, CH2CLCH2+CAHTCLY 134=C4HECL2_34D-CHICLCH LMEHZ 0
293, CH2OLCHI+C4HS01.2 4230-04HSCL 21 30+EDC LOGEFID O 01
294, CHROLCHI-CCLICH=CIHULEDC LMEHD 01
295, CH2OLCHI#+CHCLOCL=CHCLHCHICLOHS LME+H2 0
206, CHACLCHOLAHCHCLCH-C2H2+CHACLOHOLZ LMEFZ (I |
297, CHRCLCHULAHCZCL3=CICLIH+CHICLCHTOL2 LOGEF2 01
288, CH2CLCHCLAHCHCLZOCL2=CIHCLHCHICLOHCL2 LOE+H2 01
209, CH2CLCHCLACH2CLOCL2CHCL=CEHACLS _1X30+CHICLOHCL? LOEHZ [ |

Figure A.9: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n Ea Ref,
No. Reaction {en’-moal-s) (calémal)
A, CHNLCHCLHIHIOCL=CIHCL+EDC 1AHE#TD Q a7
201, CHILCHCLACHHS 2130=-C4Ad DT+EDC 1LOOE+ID o a1
Ao, CHILCHCL4+CHHS [13D=04H4 DT+HEDC 1LO0B+10 i} g 1
3, CHILOHCLACIHGCLI_134=CAHSCLI 1 HDHELE 14MHE+10 o oI
M, CHILCHCLACAHGCL 1X4=-CaHECL: WHD-CHACLOHCL2 LOJE+12 ] g I
305, CHILCHCLAHCIHNICLE 4240=CAH501. 1 3D-CHECLCHCL? LO0E+12 i oo
s, CHPCLOHCLHCAHACLE 334D=C4H50L_213D+CHECLCHCLY 1LO0E+12 i ool
0T, CHAICLCHCTAHCH4CL_4134D=CAR4CL2_1413D+CHICLOCHCLS 1AKIE+ID o o
g, CHICLCHCLACHHACLY MMD=C4E4CLY 13 1ACHICLCHCL2 LOE+I2 o o
e, CHICLCHCLACAHECL _A14CAHSCL._113D-CH2CLCHCL? LB+ 2 i oo
10 CHMTLCHCLAC4HSCLT 413D=CAH5CL_| 1 3AD+CHICLOHCL2 LOOE+I2 i o
1. CH2CLCHCLHCMHGCL_A20=-CAHSCL iL:'iD+EI2In’.'.‘ LOOEFID i ]
31 EEEI-."L.EI'[C-."L.*DIHEE!].. Ld=CAHTCL dl:l-n-E[.ll:; LOOE+LD i o 1
11 CHICLCHCLACAHT 4D=CHE |3D+EDD LOGE+ID i 1
4. CHICLCHCLAHCAHTCLD 134=CAfiCLY_34D=EDC LOOE+ 0 1] ¢ 1
35 CHICLCHCTAOCLICH=-CIHOL+CHACLCHCLE LOGE+2 ] 1
Jd CH2OLCHCLHHOLOCL=CICLIHEDC IOGaE+1 1 LI
3T CHCLCHHCHCLCH=CXHIHCHCLCHCL o LOOE+] 2 0 o
318, CHCLCH+Z2CLS=C2C1 2+CHCLCHCL ¢ LOOE+L2 0 (I |
3% CHCLCH-CHCL2OCLI=CIHCLI+CHCLCHCL ¢ 1LOOE+] 2 1 LI
M. CHCLCH-CHICLOCLICHCL=-CIH3CLY I23D+CHOLOHCL. ¢ 1.O0E+L2 0 0 Ir
32l. CHCLCH#CHMCL=CYHCL VM LOOE+L2 0 o
312, CHCLCH+CHHS 2130=C4H4 DT+HVOM 1.0OE+]12 1 LU
323, CHCOLOH=CAHS 1130=CAld_DT+VOM 1.00E+]2 a LU
324, CHCLCHACAHSCLY 1134=C4HACLS 1340+V0M L.ODE+]2 L a I
325, CHCLCH=CHHECL 1234=C4HECLE D CHCLCHCL . 1LEH2 0 a I
i, CHOLCHACHHSCLE £34D=C4H5CL LIADCHCLCHCL ¢ 1.0E+] 2 a a g
3V, CHCOLCH+CAHSCLE IRDe-CA4HSCL 21AHCHOLCHCL, ¢ LOGE+]2 a a I
328, CHOLCH+CHHACTS_471340=04H4017 14130+ CHCLCHCL « 1ME+12 i a I
528, CHCLCHAC4HACLE 3134D=C4H4CLE 1313DMCHCLCHCL ¢ 1.IMME+12 i a r
Ay CHOLCHHACAHSCLE 34D=-CAHSCL_3DCHCLCHCL, ¢ 1.00E+12 a a il
i3l. CHCLCH+CAHSCLE 4130=-C4HSCL 1 AD-UHOLCHCL ¢ |.0OE+]2 a a I
332 CHOLCH+-CAHSCL_43D=C4R501 213D-V0M 100E+12 @ a ol
333, CHOLCHAC4HSCL 14=CAHTCL_ADHWIK 1.M¥E+]2 d a I
M, CHCOLCHHCAHT 4D=CaHb_ 150+%0M 1LO0E+]12 a a I
535, CHCLCHACAHTCTE _134=0C4HGOLD 34DV LOGE+12 a a J
5536, CHOLCHHOCL2CH=CIHCL #CHCLCHCL o 1INE+1Z ] QT
3N, CHOLCHHCHCLOCL=CACL2+% CM LOBE+]2 Q a I
338, CACL3=CRCLI=-CHCLIHCACEA LOGE+]2 a a I
5530, CICL3-CHCLAOCL3=CIHCLIHCI0LA TAMKE+12 Q a
3, RULATCHICLCCL2CHCL=CIHMCLY_133a0-=201.4 1LOE+12 0 a D
M1, CQOLI*CHICCL=CYHCL+CYHCT 3 LOMHE=12 0 ol
32, CACL3«CEHS 2200484 DT+HCIHCLA 1IHHE=12 o] a I
S CACLI+HCAHS 1130=C4H4 DT+ CHICLE LANEF]Z o L

Figure A.10: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E, = Ref
M. Reaction {em’-mol-g) {calimal)
b CROL3-CAHGCLE 1134=C4HA500.5_ 134D+ HCLA 1 COE+12 i} oo
ME CRCLAHCAHGCLE 174=C4HG0L2 3EaD+HCICLA LOOE+1E i} (1
MG CICLIHCAHSCLE -u-!ID—D:IEIET. NIEDHCICLS |.OE+]Z i (1 |
T, CRCLI+CAHSCLE B4Ds=CaH 0L 21 30+CI014 LOOE+12 @ ool
E C!E13+{:4H4-:L3_4I3+D—E'-1H+Cm_]{]m+mm I.0OE+IZ 0 1
e CICLIHCAHACLY IMD=CaECLE 1330+ |.0E+12 [} & 1
350, CICLI3CAHSCLE 314De=CaHSCT, 11300204 | .0OE+12 il I
350 CHOLSHC4HAETT. 43D=C4H6 13002014 1.00E+12 1] | |
el -::zm.amﬁa::r, MD=CAHG 13020014 1.0E+]12 o o J
353 -::mﬂm.z -1IJD—|:JIEI5-.’_'L PR B e T I |.3E-+ 13 i (I |
354, CICLI-CAHECT. A M=CEH AL 2|3‘[)+(1H[:13 | .OOE+12 ib o 1
355 CICL3+C4HACL _14=C4HTOL._ £D-HC2HCLS 1,08E+12 [N o J
356 tf::l:“l.hm]-r.r 4D=CAHS 130 XL 1.00E+12 i a4 F
357 EEEIJ+C-I-H'IE!LI IH—E-!IHEI:LE A4DHCIHOLS | HFE+12 ih o I
358 E'ICB+C4H51"-’|1_4I3D=HH5CL HIDH2CTA 1,00E+12 ¥ o T
150, CICLAWOCLICH=-C2NCL T2 014 1.E+]2 ik 0 I
3l CICLMCHCLOCL=CACLIHIHOLS 1L.ODE+12 1] i I
Al CHIOOLAHCH2ODL=CHCL VM 1AHME+12 | onJ
£l {fﬂm+C4H5_ELBD-CﬂH_DTH.-'E‘M 1. HHE+]12 il a T
a3, CH2OCLHCARS_LED=C4H4 DTV 1. HE+]2 ] a I
d6d, CH2OCLHCAHGCLS 1134=08H%0L3 1344V M 1.0E+]12 il a I
nd. CHAOCLAHC4HBCLI. 1234=CAHGCLT HDCH2OTL 1HIE+]12 1l o
af,  CHROCLHCARSCL2_A3D=C4HSCL L AD=CH20012 1.HE=12 L} a I
IV, CH2OCL+CAHACLE 334004501, 203D-CH200L2 1LO0E+]12 i a1
h68, CHRIOCLAHCAHAC0LI 4134D=C4H4012 14 130+CHBOCL2 1008+12 L] a ol
Inl, LHIWLfCﬂHﬂJ_Hl]dB-CﬂHEU_HHD—H}EEEU 1.0E+12 LI} a I
I CH2OCL+CAHACLY N4D=C4HS0L 113 D-CHROOL2 100E+12 i a ]
ET uﬂE:ELﬂHﬁm_ﬂll]D-Cﬁﬂﬁtl_ll]DﬂlEm 1LIHE+12 il ol
372, CH2OCL+CAHACL 43D=CAHACL 313+ LIE+12 { a1
375 CH2OCLHCAHAOL 14=0aHTEL 4D+wioid 100B+-12 L} o
ETC S ¢HI¢CL+DHH?_4D—C4HE_I3D+#'EI'-I 1LO0E+1Z il o 1
A8, CH2OCLHCHHTCL2 1 3d=CAHSCTE 3405 1B+ Z LI} o ]
3T CHIOCLHTLICH=CHCL+CH2OOL: 1LOE+12 { a7
Y. CH2OCLAHCHCLOCL =202 =% 0 100+ 2 i oo
TR, UCLACHHCT 2T H=C2 L 3 +CHHCL 1LINE+HLZ L1} o1
M, OCLICHCHCLOCL=CHAOCL I+ 1LO0E+12 LI} a7
IR0, CECLICCT RO AL =L 3 +-DIR0LE 100B+12 i} (K|
1E1, mm::::mumcﬁmscxﬂm_mnmcuﬂcu LOOE+HLE 0 oI
1B, CHOL2OCLIHCHMOCL=CRCLPCHCLHCYHCL 1LOOE+LE i} o]
1L CHOLIOCLIHCMMS 2 30=CHOL20HOL2H09E DT LODE+HIZ O ool
kg ".’T-I-::‘L!E{:l,z-rﬂ!l-ﬂﬁ 1130=CHCL2CHCL 2 -+C4E4 T LOOE+HIE 0 o]
aES, CHOLZOCLIHC4HGCLE LL]ﬂ-C:]-]I:!]..ll::ELCLI-I-I!‘.-!HEL‘IJ 1340 LB+ E i} (1 I
1B, CHCOLIOCTI+HC4MGCLS 113#--?'1-1:3_.1-;‘::3LI+¢4HE:]_1_34D OB+ E i o]
IET. CHCOLIOCT-C4E500.2 _AMD=CHCLOCL3HCHHSCL 113D LOOE+L2 i} [F |

Figure A.11: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n Es - Ref
Bl Fi=sclion (s -maod-a) {ealimsal)
IEE, CHCOLIOCL2+CAHSCL2 33dD=CRCL20CLI-CAHSCL 213D 1.00HE+12 il [
380, CHCOLIOCL2+CAHACLS 413540=CHCLAOCLS+CAH4CLE 14130 1.00E+12 L o T
3540, ﬁlﬂiﬂm*ﬂ*ﬂﬂ]_ﬂl‘mmu_]l]m 1.O0E+12 L] {1
191, CHCLIOCL2+CAHSCL2 31dD=CHRCL2CCLI«CAHSCL_ 1130 1.0HE+12 il ol
3oz, CHCOLMOCL2+C4HSCL_43D=CHOL20CLS-C4HG_ 131 1.00E+12 L] (L}
23, CHOLPOCLZHCAHGCL, HD=CHUL2CCLI-CHHS 130 1 O0E+12 L] oI
394, CHOLIOCL2+C4HSCL2 d]3D—IZ!I'I'ET_E'EI13+CIE'IR'_'I'_ 113 100E+12 L] o ]
195, ﬂlm*ﬂﬂﬁ:L_ﬂD—fHElthﬂdﬂiﬂ_lﬂD 1 HHE+12 il (LI
s, CHOLPOCLI+CAHECT, 14=CHOLICHOLASCAHTOL 41 L.ODE#12 i T
297, CHOLIOCL2+CAHT #D-IZ!I']I.'.!].EI]'I!.TLE-PE-1-HE- 13D 1.iHB+12 L] o T
198, mm.mzmwm J.H-C]IC‘LEEHE]J-I-E-IHEELE T4 1.008+12 L] [ I
140, Cill'_"I_'H'_‘l'_'L'!—C#I-I'_"'{I_'! A230=CHCL20CL3+-CaHSCL, 130 1,0E+12 i m
441, m::mm—::ﬂim-m-:::,m HIHCL |.0E+12 L] (LI}
401, CHCOLIOCOL2-CHOLOCL=CHCLZCHCLIHCT2CLT 1.HE+12 i o
Hydrogen Abstraction
12, H+Hi=HI+H 1.20E=1% L] G 0
405, F+CHMNCL2=HIT+CHCLY 1.20HE+13 il HHHE 1)
404, HHCHCLI=H2+O01L3 1.20E+13 L1 OHHE Q)
405, HHCHROLCHOL2=HIHCHCLCHCL 1=CL 1.20E+13 L] S 0
408, H+CHCL2CHCL2=HI+CIHCLI+CL 1. 20E+13% L] e 0
4407, HHCHCL2OCLA=H2+C20La+CL 1.2(HE+13 L] HHHE
408, HHCHMOLI=HI+OCLIH? 1.20E=13 i S
4, CH2COLHCHICL=CHICL+THECL 2 A0E+11 L] MMMy 1)
410, CH2CLACHICLI=CH3CL~CHCLY 240E=11 il Y )
411, CHACTAHCHCLA=-CHICL LA 2A40E+11 0 10000 03
412, CH2CLACHICLCHCL2=CHICL+CHCLCHTL HCL 2A4HE=11 L] 1{HHHy 1)
415 CH2CLACHCLXCHCL2=CHIC LA HCLAHCL 2A4A0E=11 il TN 03
414, (HACLAHCHOLIOCLA=CHICLAC2OLA+HCL 2AME#11 L1 JEL LR
415 CH2CL+CHICCL=-CHACL+OCLICHS 2 AME+11 d THHHY 1)
416, CHCOLI+CHa=CHICL2=CHY J02E=11 il 15(HHy 03
417, CHCOLMHCHIC 3=CHAC 2 -CHOLE 303E=11 i 13000 Q
418, CHCOLIHCHCLI=CHACL2I-0O0LS J02E+11 L] 130Hr 1)
419, CHCLI+CYHE=CELACL2C2HS 3.02E=11 L] 150000
43 CHCOLMHEDC=-CHMN 1 2+CHMLCHCL 3.03E+11 il 1530000 0
471, CHOLIHCHACHOLI=CHICLI+CHIOULT J.02E+11 L] 13HHE )
412, CHCOLEHCHICHCLI=-CHICTLI+CRCLICHT J.02E+11 L] 1308 1
423, CHCLACHICLCHCL2=CHICTI4+CHELCHCL 1+CL 4.00E+11 i 130000 )
424, (HCLACHOLICHCL2=CHICLI+CTHCLAHL 102E+11 1 130000 1)
425, CHCLZACHCLICCL3=CHRCLEWCICLACL J.02E+11 { L300 Q)
426, CHCL2+CrHy=CH2CLIH2HY 3.02E+11 il 130000
427, CHOLZHYOM=CH2OLI+CHCTL 102E+11 0 130000 0}
428, CHCOLIHCHIOCL=CHICL2 0T 3CHE J.02E=11 L1 13000 )
420 CCLRCHA=-CICLI+-CHS S01E+11 i 140000 Q)

Figure A.12: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E, -~ - Ref

T, Reaction fem'-mol-5) {zalimal)

430,  CCOLMCHCLI=CHCLI40TL SO1E+HT ] 14000 0
43, OOLMCHIE=-CHOLY+CTHS SO1E] a L4000 0
437,  COLWCHAICHOLI=CHOLIHCHAOOLT SOMEHL] i 14000 0
433, CCLMCHACHCL2=CHCLCHCL2CH2 SIME+ 0 14000 )
434,  CCLWCHICLCHCL2=-CHCLMCHCLCHUL 0L SLE*] ] ] 4000
435, COLSHTHOLAHOLI=CHOLHCIHCL AL S+ il L4000 0
436, CCLIHCHCLMOCL3=CHCL 3+ CHCLA+CL SME+H ] 14000 0
437, OOLMCYH4=-CHCL3+CTHY S E+ a [ 0
438, COLMYOM=CHCLI-CHATL SO+ a 4 0
4%, COLWCHICCLA=CHCLOOLWTHE SOLEHT 0 14000 Q)
480,  CH2CLOHCL -0 HG=EDC+HHA ZOZE+LD i 50 0Q
481, CHICLCHCL+EDD=EDN+CHICLOHCL LOZEHIT ] 14500 0
482,  CHICLCHCLACHICHCLI=EDiC nZTHMCLE LB+ ] 14500 Q)
4l CHRCLCHCLACHICHCLEDC+CHCL3CH? JOREFI 0 L4500 0
44, CHACLCHCLHCH2CLCHCL2=EDC+CHOLCHOL 1+CL L02E+I 1 ] L4300 0§
445, CHICLCHCLACHCLICHCL 2=EDCs CIIHCLEHCL OB+ 0o 14500 Q)
446,  CIECLCHCL-CHICLIOCL S =EDC+ a0 4+ OB+ ] L4500 0§
457, CHACLCHCLACHIODL 3=EDC+0rLACH? L02B+L1 ] L4300 0
B, CHICHOLACHICL=CHICLCHI+CHOLE L02EHLT ] L4 0
480,  CHICHCLACHCLI=CH2CLOAI#OCLI LOZE+LT i 14500
450,  CHICHCLACYHG=CHACLCHI-CIHS OB+ 1] 14500
451, CHACHOLARDC=CHICLOCHAHCHICLCHCL TOE+ ] 4300 0O
452, CHICHCLACHMCHCLI=CHICLCHI #CHMOCLD LOZEHIL 0] 14500 0
4535, CHECHCLHCHMCHCL2=CH20LCH 3+ CHOL 3082 10ZE+L 1 1] 14500 0
454, CHICHOLAHCHICLOHOL = CHICLCHASCHOLOCHOL, 0L 3OZEHD 1] 14500 O
455, CHICHOLACHCL2CHOL2=CHICLCHI+CTHCL 3«01 TOE+L i 14500 Q
456, CHICHCLACHCLICCL b=CHWLCHY W CICLA+ 0L 03B+ ] 14500 0
457, CHACHOLAHCY=CHNLOHIHCIHE OB+ 0 14500 0
438, CHICHOLAYCM=CHICLCHI-CHICOL IOYE+IT 1] 4500 0Q
450, CHICHCLACHMWCLI=CHICLOHI+CCLCH? IA0IEHT i 14500 0
460, CH2OCL+CHEG=V T IHS 30ZE+HIT 1] L1g
461, CHIOCLAHCHICHOLZ=VOMACHICTLZ LOFE+L1 1] Lo g
462, CHICCLHTHW HCL =V O+ CHOLICH? LOFE+HT i) 1iee Q
461, CH2OCLHCHICLCHCLI=VOM-HHOLCHCL toL JOZEHLT 1] 1 g
a4, CHIODLAHCHCLZOHCLI=VOM-+HT2ZHCLI+CL TOFEHLL 1] [looe §
465, CHICCLHTHCL2OCL = VCMHCICL4+CL L0IEHT ] (AL
466,  CHIOCLHCFHA=\ChA-CIES IAOZEHLT 1] 110
467, CHIOCLAHYOM=VCMACHZOOL LO2E+LL 1] Llg 0§
68, CHIOCLACHWICLI=VCM+ CCLICH? OB+ ] (RIHE R ]
460,  CHICLOHE+CHICLI=CHICLOHI-CHCL? LOPEHL T 1] 14500
47, CHICLCHEHCHCLI=CHICLOHI+OOLS L0%B+11 i s 0
471, CHICLCHEHCIHG=CHICLOCHI +CTHS SAZEHT i 14500 0
472, CHICLCHE+CHICHCL =CHICLOH +CH WL 302E+HL] 1] 4500 0
473, CHICLOHR+CHACHOT 3=0HICLOHISCHOL2H? OB+ i 14500 Q@

Figure A.13: List of reactions used on the mechanism by Borsa [2] (cont.)
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A i E, Ref.
Mo. Raeaction jem'-mal-g) {cal’mel)
4, CHXLOHM+-CHLCHCLI=CHIC LCHIHCTHOLOHCL HHOL JOZE+L] o 1450
475, CHICLCHZ+CHCLRCHCLE=CHICLOCHI+CIHCL I« CL JOYEHLL 0 1450
476, CHICLCH2+CHCLPOCT Y=CTERCLCHE-C L4+ CL I0IEH i 18500 Q
41 CHICLOCHIHCIHS=CHSOLCHA -+ HE J0ZE+LT L] 14500 Q
478, CHICLCH2Z-YCM=CHMCLOCHICHZOCL SOZE+L1 1] 1450 G
479, CHICLCH2 +CHWCL3=CHICLCHY-OCLCTE IOZE+11 [ 1450 Q
dan.  CHAIHCHA-CHEHTH JOZEHIN 1] 124my 0
441, CHIHCHICLCHCLI=CHA-CHOLOCHOL 101 IOZE+11 ] 12400 O
482, CHICHCLICHCL2=CEa--C2HCLI=CL IZE+11 ] 124 Q
4833, CH3HCHCLIOOLI=UHAHICLAH JNZETLI ] L2400 Q
44, CHIHCHIOCL3=CHAHOCLICHD I0ZE+LI ] 12400 Q)
485, CHSCIHE=CI6+C2HS S0ZE+LL 1] 14800 O
486 CIHSHCHACHCLA=CEHHCHBTLD INIEFL] 1] 1450 ©)
37, CIHAHCHICHCLI=CIH6+CHCL2CH2E JAZE+L1 1] 4800 Q)
488, CIHSCHICLCHCL2 =CIH6+CHCLCHCL, t+CLL J0ZE+11 1] 14BMF )
4% CIHSHCHCLBCHCL 2= He-CIHCLACL FIEFLD ¥ 1480y 03
460, CIHSHCHOLIOCL 3= HECHCT A+ CLL IMETL ] 1480 O
491, CIHSHCIHA=CIHG-C2H3 S0ZE+LE 1] ldgog
45 CIXHS-CHADCL S =CYHGOCTACHE JEE+11 ] LT
451, CIHMCHACHCL2=CZHE+-CHMOTLY GAEETL] L] 112 O3
484, CIHAHCHACHCL2=CIH4-CHCL2CHT G.O3E+L 1 0 120 Q)
495 CAHMCHICLOBCL2=CIHA-+-CHCLCHCL, 0L nAEE+L D ] 20y
doh.  CIHIHCHCLAHCLI=CH4HIHCL3HTL 6A3E+HI ] ] 1120 0Q
497, CIHFHCHCLIOCLI=CIH4 CICLA+CL GO3ErL ] L1120y O
458, CZHAWCEHA=CIE44C2H3 6.05E+11 0 L12F
469 CIHWCHAOCLS=CTHE ST ACHE AR+ ] 12 O
00, CHICLHUHICHOL2=CHICHCL 2 HCHAIOCLT JBIEHL] L] LGHME 0
30l CHMCL2+CHICHCLI=-CHMCHCL2 »CHCLICHI LAZE«L] ] LG8
S CH3OCL2+CH2CLCHCL2=CHACHCL - CHCLCHCL t+CL ABIE+ED ] .11
A, CHW OO L-CHCTACHC L 2=CHACHCTL IO HTL 3+ ARIE+I] 1] S
i, CHAMOCLI+CHOL2OCLI=CHICHCLI+CHCLACL JG3ETII 1] LE0E 0
505, CHICCLI+CHIOCT A=-CHMHCL I+ OCLRCH2 L63E+11 1] 1 E
a6, CHOLACHI-CHICHOCLI=CHIHCT 2 -CHCLICHE A02E+11 1] ETHE
HT, CHCL2CH2-CH2OLCHOL2=CHMCHULIHCHCLCHCL L 1RErI] 1] 1400 Q
SoE,  CHCL2CH2=CHCL2CHCL2=CHWHCLI+CEICLICL Jo2E+11 1] Lo
39, CHCL2CHI-CHCLIOCLA=CHICHCTI+CHCLA+CL J02E+11 1] 40 Q
210, CHOLCHISCHAOULI=CHICHOL 2 -00L3CH? J.02E+11 o 1400 03
511, CCLACHI+CH2CLCHCL2=CHICCT 3 CHCLCHCL, reCL JO02E+11 1] LAy
£ OCLACHMCHCLWCHCL2=CHIOCLAHCZBCL AL J02E+11 1] 14y ()
513, CCOLACHIHHOLIOOLI=CHIODL A HE20LAHTL 1.02E#11 0 140000 03
514, CCOLACHIFCHAIOCLE=CIIROCLI OOLMCHDY IME+1] 0 Ly
Ei5.  CHd+H=CH3+I1} S AE+OT I LT B
16,  CHasCL=CHI+HCL S16E+06 1.1 1380 B
517, CHIOL+CL=CHMCL+HCL J16E+13% 0 i B

Figure A.14: List of reactions used on the mechanism by Borsa [2] (cont.)
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E,  Rel

A fn
Mo, Reaction fom'<mod-s) {zalimal)
518, CHICL+H=CH3I+IICL 37IE+13 (1] EH I
510, CHICL+H=CHHCL+H2 1.O0DE+13 (1] o B
520, CHMCL-CHI=CHICLHTHY LS1B+10 0.5 550 &
521, C2He+H=CIHS+HI SANEHE A3 21 B
533, CIHE-CL=CYXHS+HCL 4. 64E+13 (1] 1™ B
525 CMHoHCHA=CIHS+CHS L.S0B-01 4 24 B
524, CIHGHCHZOL=CIHSHCHICL 1LEH2 1] RS B
535, CHICLCH3+H=CYHS+HCL 6.316+13 (1] EGD) B
S3.  CH2OLCH3+H=CHXCLLCHZHHEZ L0+ (1] 1 E
327, CH2COLCHI+H-CHMCHCL+H2 IAMEFL2 ¥ IHHKl B
528, CHICLCHI+CL=CH2CLCHI+HCL EAGE+I2 ] il E
520, CHICLCH3I+CL=-CHACHOL-HOL LAdB+H12 ] Gl B
530, CHOLCHI+CH3=CHICLCH2HCHY HHEHLE i B3l B
531, CHZOLCH3+CH3I=-CHYWHCL+CH4 L MEHED 1] B500 E
531, CHAXCOLCHI-CHACL-CHICLOCH2+CHICL 1.80E+[2 1] a0 E
533, CH2OLCH3I-CH2CL=CHAICHCLA+CHCL 1.26E+12 1] A E
53, CHMWHCLI=H=CHICCL2+HL 1.25E+13 0 100 E
533, CHMHCL2-H=CHCLICHI+H2 ] = ] 1M B
536, EDCHH=CHRCLCHCL-AH2 LHE+13 1l 1N B
537, CHMHCLI+CL=CHYWCLI+HCL H.ITE+I2 1 D E
538, CHMHOL2-CL=CHCL2ZCHZHHCL 1.BEE+13 0 D E
53, CHICHCL2+CHI=CHMOCL2-CEH4 THIEHL 1 200 E
540,  CHMCHCL2«CHY=-CHCL2CH2+CHY T.HIEH T a ESp) E
541, EDCHCHA=CHICLOCHOLACHS 1LE+I2 0 E5p) E
542, CH3WHCLI-CHICL=CUCHICUL2+CHMCL TAIE+LL ] L
53, CHMHCOLI=CHICL=CHCLICH2 +CHICL TATEH2 {l GO E
544, CHICLCH2=CL=%CKHICL 1MHIE+I3 L1 nm E
545, CHWHCOLACL=VOMH+HCL 1ME+L3 1] e E
46, CHCLACH2+H=VIM+HCL 1MIE+13 L] I E
547, CHICLCHCLAH=%CMHICL 10E+13 il 1S E
S4B, VCM+II=CHCLCH-+H2 HATE+LI L] 1000 E
580, VOM+H=CH2OCL+HH2 13TE+L3 1] 1000 E
55, VCMHCH3=CHCLCH+CHA BATEHL 1] 1106060 E
551, VM CHY=CHACCL+HCH4 133E+I] n 110 E
552, WOMHCHECL=CHOLCHHCHICL SSEE+LL 1] 12000 E
533, VOMHCHML=CHIOCL-CHACL IBIE+HL 1] X0 E
554, C2HS+H=CIHE+H2 1.RE+2 i o B
588, CAHSHCL=CXHA+HCL LE+L2 L] 0 B
S50, CIHE+H=IH3HHZ TOIE+LA 1] 45 B
557, C2H4+CHI=CIH3I+CH4 1A7EH i T¥ER H
B8R, CAH4+CHXCL=-CEFHIHCHICL TE+L2 1] 13 B
550, VOMAH=CZH3HHOL 1{E+14 il 4500 B
560, C2HI+HH=CIHZ+H2 1HIE+13 il 0 B
61, CXHICL=-CIHI+HCL 1LE+L3 q 0B

Figure A.15: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E, © Refl
No. Resctian {cm’-mel-s) {calimal)
362 EDCHOL=CHICLOCHOLAHCL 1.336+13 0 1576  Ac
561, WOMHCOL=CHCLCH+HCL 1.20E+14 4 1331 X
S, WOMCL=CHMOCT +HCL SE+1T i I X
588 CHCLCH+EDC=VOM+CHICLCHOL 1 20E+13 i oo U
a&6,  CHICOOLAEDC=VCRMCHICLCHCL LBIE+13 & ([ VI
567, CHICLOHI+EDC=CHMLOH+HCH2OLCHTL T OOE+12 [} K
JeE  CYHA-+-CL=CEHI+HCL 1MIE+14 i K
560 CAHBULE MIHCL=CAHSCLI 434D+HCL TO0E+1Z 0 1576 e
570 CAHSCLE MD+CL=C4HSCLE 2340+-HOL 1 S0E+12 il 1978 Mo
7. CAHACLA 134IW-CL=C4H40L3 41340+-HOL TOE+IE ] 15706 Ac
e CI-HEJ:L}_IH-[I'P-EI.-EIH!CIJ_B 134D=FHCL IHIEHLT [N 1576 Ax
373 CAHSCLA_B34D+CHACLCHCL=CAHACLY 4154D+ETHC LOJE+ 2 i Iy e
5. Ed-H_'FCT..J- DD CHACLCHOL=C4HACLS 31 340HEINC 5 O0BE+11 i {4y I
575, C4HSCLY MIHCH2OLCHOL=CAHSCL? 434D4HEDC [ e iy 140 T
iTe fm&ﬁﬂmuﬂﬂﬁﬁm_ﬂlﬂ+ﬂf S.00E+11 i |4HHF D
577, COLMEDC=-CHCLIHCHICLCHCL I O0E+1 2 ik iSO
78 CHCLAHA~OCLF+HCL SR+ 2 ] iRag  Af
1% CIHCLAHCL=CICLI+HCL [L.OOE+12 i 2 Ac
5800 CIH4CL4 1323+ =-CHMTOCL2CHOL+HCT. 1. 3IE+11 it 1576 Ao
41. Wﬁjﬂmmmﬂiﬂﬁﬂﬁﬁ_ﬁﬂ 1.OOE+1 3 Ik BMEI U
s CL+2HZ=CIH+HCL 1.55E+14 | 16500 K
583, CLACHCL=-CHCL+HCL 1. 55E+14 i 16500 K
S84, OCLAHHI=CIHATHCLI 1.45E+H14 1 K B
535 OCLA+EHOL=C20L+CHCLY 1.558E+14 1 162 K
586, CHICLCHCL+C2H2=EDC+C2H 1.55E+14 a 169300 E
587, CHACLCHCL-C2HCL=EDC+H20L L.5EE+14 1 16300 K
SH8.  CH2OCLAHCZH2=VOMH+CIH 1.35E+14 L] 16800 K
S8 CHAOCLAHC2RCL=VCM+CHL 1.58E+14 L] 16800 E
S0y CAICTAHIHI=CIYHOLAHTIH 1.52E+14 a 16500 E
01, CACLIHZHOL=CIHCLIHCHCL 1.54F+14 il A0 E
502, CEH+«CHICLCHCLE=CFHY +CHELMCHCL 1.E+13 a 4000 [
503, CIHHCHACHCL=CYHI-CHCLICHT T.00E+12 i 10 0
84, ML ACHRACLCHOL2=C2HCLHCHCLICHCL 1.00E+13 L 4000 [
505, QCL+CHICHCL2=CXHCL W CHCLACH2 T.ME+]2 L] W 0
S5, CAH«CHACCLY=CrHIHOCTLA0CH2 200E+13 L] Ieadh L
507, CACLACHMOCL3=02H0L 0L CHS 2O0E+13 i o L
S08.  CHACCLI-C2HI=CIHHTHACHCLE 0. 14E+12 i 1% P
500, COIRCCLI-CIHCL=C2CL+«CHACHCLY 0. 14E+12 0 I F
G0, CLACIHICLY IFD=-HCLHCYHICLY 313D 2.00E+14 a a F
G601, CL=CSHICLE 1130=H01-+0IH03 330 20E+14 Q a F
a2, CLACIH4CLE 33 D=HCL+C3HICL2 323D 2.00FE+14 a o F
B3, ﬂ,ﬂ[ﬂlﬂu IADe=fCLCTHCTLA 1D 20E+14 a o F
604, CL+CYH4CLE 13D=HOL+CHIC2 313D 2 O0E+14 bl i F
s, CL+CIHECL AD=-HCL-CIHACL 33D 2, HE+14 a o F

Figure A.16: List of reactions used on the mechanism by Borsa [2] (cont.)
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A i
Mo, Feaction {em’-mol-g) {calimal)
flt.  CL+HCIHACTS DMD=HOLHTEHCLE 210 X {{HE+14 i i F
T, CLAHZIHACLI _333AD=HCL+ACIHRCLI 211D T E-14 | o F
608, CL+CIHICLS 112=HCL+CIHECLS 2 TAHE-14 i 0o F
6059 CCLR+CYHICLY IMD=CHCLSCIHICLY 33D TODE+#]] L] L0y 3
Gl COLH+CYHICLI 1130=CHOLIHTIHICLY 323D 200811 1 LM G
Gl CQULAHIH4CLY ID=CHCLIMCIHICLE 3D FIHEE il 100y 4;
Gl OCLIHCIHICLA EH‘E‘I‘]JICJ-]ICIA 3D ZANE+]] i 100 G
3 Eﬂ]m lin-ﬁmﬂmcu L1 TO0E+]] a 1 O
G4, OCLSHCIHACL _A=CHCLAHCIHSCL, 33D 2 O0e+11 L] 1O 4G
615 OCLI+CIHICLA 1 ID=CHCLICIHCL4 21D LB+ Lt JRLEL
Glé.  OCLI+CIHACTA MLPHHWL? b T00E+1] i LHMHE O3
17, (,-.'I:U'H:!-l'ﬂ-':l-'} T=CHOLIHCIHDRCILS 211 2B+ i} THHHY &
i, mamlﬂm_lmd]ﬂa+mm 2HEHL] 0 TODHY €3
Gl%  CHICCL2CIHACLY IND=CHMWHCL2HCIHRLE 313D TOE+]] il 1000 O
vl i) EFBEEU%PHCU_IIJD-EHEFH;LIEMEL}_H}D 2 O0B+11 L] T G
621, CHIOCL2AHCIHACLE 3ID=CHICEHCLE #CIIIMWCLE XD TO0E+ L] 1M G
522, mmm AD=CHACHCLPHCSHCLA HD LB+ i 10 G
623, EHE.EELE-I-"_‘!HM"L: IQHHEEELHM 313 20E+#1] L] 10 G
G, CHIOCLAHCIHSCL AN=CHWHCLI+CIHACL 33D 1 HE+I] i} THHH: &
625, CHICLEHCIHICLA I1D-|:[-|3-|:E[-::L:+ﬂ-1-[cu 21D 2MIEH]] L 1HHH 3
g2t CHICCLAHCIHACLS HMH%L]&M I10I 2 00E+11] i) 10 G
627, I:!]-I?-ECLHEE-]-IBI:!I.J 1 2=CHMCHCL2 #CIHMCLS 211 2 G0E+11 a 1HHH &
628, CHICCLZCHIACLA Iiﬂ-ﬂﬁﬁmumHELm_inam. 2O0E+I1 a THHH &
20, mﬂmmLmaﬂJ_lz3ﬂmﬂmm_3 30 20E+E] 8] JECH LI
ik, KHHL:;HL;LHBHJC;.J_HBD-EI}BCEHEm_ﬂJD 2O0E+L] i 1M G
631, CHICLCHCLACIHACL2 23D=EDC+C3HICLD 3230 2 00E+1] a 1M G
632, CHICLCHCL+CH20L4 330=-EDCHC5H0L4 330 200E+] [i] THHH] &
B33, E:J'IEL{H:EL"‘GI']“QJ 13ID=FLHC+C3HACL2_ 3130 2 O0E+I] i 100 O
634, CHICLCHCLHCIHSCL 3|3-E|:I'|:'-I'I:'3EH|:'I- 33D A G0E+11 i 1HHH &
635, CHWLCHCL+CIH2CLA lll:l"ml'.‘-'ﬁm.ﬂ_llﬂ 2O0E+I o 1HHK G
git, CHICLOHCLAHTIHACLS AIAD=EDC-CIH2CL3 21D 20OE+L] i 1M G
637, CH2ACLCHCLHZIHZCLS 11 2=EDCHCIH2CLS 2 AIEHN [} 1K &
638, CHICLCHCLAHCIHACLA 1223=EDCHHACTOCTL 20T, 2E+H i 10HH O
G630, CH2AOCLHTIHACLY 120=%CMAHTIH2CL3 3130 2 EFI i 10000 O
. CH2OCLAHZIHICLI 1 1ID=% A Cﬂlﬂm 11 2 HIE+IL i 10 &
1. EECELIEBH#EM 2AD=WCM+CIHACTLE EleLeh b 2EAE+HN o 100 G
42, C']-].'ICEL-I-C!-]-EC[A A30-VOMHCIHCLA 3-3-!1- 2O0E+I] i 1 G
43, CHXCCL +'::3-]"|'1-¢LI D=V CMHIRICLE 23D 2B+ i 1000 G
i, E:lim:LﬂHm_m-vm.hEﬂHﬂl::L_J}D A G0E+H i 10 &
6di.  CHICCL+HCIHNCLY DID=VEMHCIHCTLY D 2EIE+L] Q THHH O3
(21 Eﬂiﬂflmmu_aam-‘-'mﬁmmm}]m 2 0B+ i 100 O
Y, CH2OCLHZIHICLS 1I2=VOM+CIH2CLS 211 2B+ i 1000 &
GdB. CH2OCL+CIHACLA [ 233=NCh-CHICLOCT20HCT. LIE+H Q 100M G
{40, E}H-:Lt_ilm-Eb:;n{:mmmm:mHMJ_ 120 2E+L] i 1M 3

Figure A.17: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E, = - BRef

N Reaction [em-mol-s) {cal’'mal)

650, CIHICLY MITHEDC=CHICLOHCL-CIHACTY 11D 100E+11 0 100 G
651, CIHACL 1MD-EDC-CHICLOHOL+CIHSCL 20 I00E+11 O 0000
852, CIH2CLI 333HEDC=CHICLOCHCL+C3HICLY 112D 200E=11 0 o0 G
653, CIHACL 31D+ EDC=CHACLCHCL+CIHSCL 10 IN0E-11 O 10000 G
654, CIHS_D+EDC=CHICLCHCLAHCIHS 200E+14 0 000 G
655, CIH2CL3_MITHEDC=CHICLCHCL+CIHICLY 133D 200E+11 O 0G0 G
656, CIHICLI_ 13ID+EDC=CHICLCHCLCIHACLY 33D 200E=11 O 10000 G
657. CIHICLY_MID=VOM=CHCLOH=CYHACLE 12D 200E+11 0 10000 G
(58, CIHICLL_IIHVOM=CHOLCH+C3H4CLT_ 11D I00E<11 O OG0 G
659, CIH4CL_3D=VOM=CHCLCH#CIHSCL_2D 100E+11 0 10000 G
GE0.  CIHRCLE mmum-ﬁuum-mmu 11 2.ME=-11 i |
G661, CIHACL IID+VOM=CHCLCH-CIHSCL 1D 200E+11 0 0000 G
662. CIHS_ID+VCM=CHCLCH-CIHS I00E=10 O 10000 G
663, CIH2CLI IDDVOM=CHOLCH-CIHICL 133D I00E<11 O oo G
BS4  CIHICLI 3DVOM=CHOLOH-C3H4CLT_ 33D 200E+11 O 10000 G
865, CIHACLI_MITHCHICHCLI=CHOL2CH2Z+CIHACLE 12D 200B<11 O 10000 G
666, CIHICLI M IDHCHICHCLI=CHCL2CH2HCXHACLY 11D IO0ESI] 0 10000 G
667, CIHACL DD CHICHCLI=CHOLICHI-CIHACL 2D 2.00E+11 ] 10 G
68, CIHACLI 3DHCHICHCLI=CHOL2CH2+CIHICLI 112D 100E+11 0 o G
669, CIHACL_ITH+CHICHCL2=CHOL2CH2+C3HECL 1D 200E411 O 10000 G
670, CIHS AD+CHICHCLI=CHCL2CH2+-C3HE 200E<12 0 10000 G
671, CAHICLA MDHCHACHOLZ=CHCL20H2-03HACL3 133D 200E+11 O 10000 O
672, CIHACLI 13IHCHICHCLI=CHCLACH2 +CYH4CLE 230 200E=11 O 1000 G
673, CIHACL 3D VOM=CIHSCL_3D+CHCLCH IN0E-11 O 10000 G

Chlorine Abstraction

674, HCL+H=CL+#H2 SO0E=10 O 4600 )
675, CLACH2CLCHCL=HOLACHOLCHCL_+0L I00E-10 O e Q
676, CLACHOL2CHTL2=HOL+C2H0LI+CL L5010 O 0 g
677. CLACHCL2CCLI=HCL+C2CLA+CL 740E=08 O o0
678, CLACH2CL2=HCL+CHCL2 2E+10 0 oo Q
679, CLACHSOCLI=HOL-COLICH? 2.50E«08 0 3600
630, CL+HCL=CLI+H I00E=11 O 40000 )
681. CLHCHSCL=CL2+CH3 1.00E=11 O 25000
682 CL+CHICLI=CLI+CH20L LOOE=11 O 21400
633, CL+CHCL3=CL2+CHCL2 1.00E+11 0 2000 0
684. CLHCCLA=CL2+0CLI BSOE-10 O 0000
i85, (L+CH2OLCHI=CL24C2HS 200E+]1] 0 21500
686, CL+EDC=CLI+CHICLCH? 200E+11 O 2300
687, CLHCH3ICCLI=CLIHCHICCL2 1.50E+11 0 21800 )
658, EDC+H=CHICLOCHIHHEOL 631E+13 0 B0 E
689, CHICHCLIHH=CHICHCL+HOL 631E+13 0 B0 E
&9, CHICLCHZHH=C2HA+HCL 316E+12 0 0 E
621, CHCLCH+EDC=CHCLCHCL o+ CHICLOH? GO0E+1Z O 10000 U

Figure A.18: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n E, ~ - Rei
Mo Reaction (e -mol-5) {calfmol}
692, CHIOCL~EDC=CHMCLI+CH2CLCI & 0E=11 i BHHF 1T
9%, CHICLCHCL*EDC=CI2CLCHCLI+CH2CLCH2 |.03E=12 il 1B W
a0l CHHAEDC=NVI+HCHMCLCHS [ 2DE=14 il 135312 X
s, CHICLCHOL-CL2=CHICLCHCLIA+CL 1.0E+13 i N =
&b, CH2CCLACL2=CHAOCL 2+, 1.0OE=13 i 0 Z
&Y, CHCLCH+CLE=CHULCHOL o+CL l.0OE#]3 i 0 £
HU8,  CHHSCLA 134D+-CH2OLOCHCL=C4HSCL? 4130+ CHICLCHCL? 1.0E+12 i 1M W
&9, CIHSCLY 1 3dDeCH2CLCHCL=CAHSCLY 3 1dD+-CHCLEHCTLE 1.DOE+12 0 TEHEl ¥
00, CAHSCLE SMD+-CHROLCHCL=CAHGCL. 43D+-CHICLCHTLY |.MME#1X il %0 W
Il CAHSCLE 34MDHCH2CLCHCL=CAHGCL 34 D+CHACLCHCLY 1. E+12 i a0
E CCLaCHN LCHCL=CCL W +CH AT HCT 2 |.M¥E+=12 i BOOD W
5. CHOLCH+CL2=CHOLOCHCL 0L LIGE#1T @ 0 Z
e, CHCLCHHEDC=CHCLCHCL +CH2CLCH? t.00E=12 i 1 U
TS, CHICLAEDC=CHACL+CHILCHCL 2.M0E+1Z 1} 130 Y
6. CAHTCL dAD+CHMOCL=C4HT ab+CHIOCL2 LB+ 12 i 18000 R
wrF, CAHTCL 4D CHOLCH=CAHT SHCHCLCHCL © 1. HEE+1T ] 1800 R
TR, CHHTCL 4D+EI-[EL|I}]-E:IH? -ID+IZHIZ!]..CL[CL i 1HME+HIZ ] 18000 R
TR, CdH'J'CL ADHCHICLCHCL-CaHT dl.':IH"Fn{'L{“H::L,t 1.00E+13 i) 18000 B
TI0, C4HACLE SADHCHROCL=C4HACL._34D-CHI0CT.2 L.OE+12 [} 18300 R
T, CAHGCLE 3MOHCHCLCH=CAHG6CL 3MMO+-CHCLCHCL 1B+ [} 1R R
T1Z CAHSCLE 3-IIJ+C[-ICI.-I'_'I-]-DII-I-E|'_'I. FAD-CHCLCHCT. 8 1.00E+12 [} 15K R
Ti%, E-!HECL? ADHCH RO =C4HRCL -'-I-.‘-ID—CHJ:'LH.I | MME#LX i I8l R
T4, C4HECLY 3EDHCHCLCH=CAHGCL, 43D+CHCLCHCL 1.HHE+12 [i] PRS-
T15. C4HSCLE FDHCHCLCH=-CHHECL I]D—I—:‘.’I-[CLEI-[CL i 1.00E+12 i) 15WE R
TG, C4HSCL 21]D+€“FI1{I_':IF¢4H! A-CHMCTY G e i WY
TIT. CAHSCL Z213D+HCHCOLOCH=C4HS IIDHCHCLCHCL & LGB+ [} Bl Y
71, CH4HSCL_Z13D+CHCLCH=CAHS 2130 CHCLCHCL ¢ 1 OE+12 o LE LU
719, CIHSCL_RI3D+-CHRCLCHCL=CAHS 21 SDHCHICLCHCLY L.HE+L2 0 R
T30, CIHCLAH=H-HCL | B+ 5 i 14572 A
TEl, CACLIHH=C2CLAHCL 1HHEE+1E i 14872 M
TEE, CIHCLAOCL3=C2 -0 1, HIE+DLE 0 4572 M
TE, CHCLMOCLI=CACT+HOC1 A 1.0E+15 o 14572 M
T, CHICLCHOLA2HCL=CH-CHICLCHCL? L.0OOE+15 (i} 14E72 B
TI5, CHICLCHCL=CICLr=-CHCL4+CHICLOHCLY 1.ODE+15 o 14572 M
THE. CHIOCL+CIHCL=CIH+CH200.2 LODE+IS O 4572 M
T, HIOOLACAOL =0 LA CHN LT 1. HE+1% i 14872 M
TR, CHCLWCIHCL=-C2H+C2 LA 1.00E+1E o 14572 M
THE, CHCLWCH IO AHIHCLE 1.00E+LE o T4ETE B
T, CIHACHCLI=CIHCLHCHCLE LIE+1A i L
73, CHI+EDC=CIHCLAHCHICLCHD 2.0E+13 o IE0E L
TIE,  CHH-YVOM=CIHCLA+CIHD 3.98E+11 i OFE  As
TR COHACHAICHCL 2= HCLACHACHOL 2B+ [i] MO L
T, CIHACIHCL 3=CIHCLYCHCLOCL JATE+12 1] 0 Aw
Ti5, CICLHCHCLF=CAC1LI-+HTHCL2 2.00E+13 o 1E000 L

Figure A.19: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n T Rel
Min Beaction (om’-mel-5) (calimal)
Tae CROL+EDC=CICL2HCHRCLCHD 2.00E+13 Q 200 L
TAT. CACL+VOMW=CHCLIHTHS J5EE+13 a SIGE As
T CAOLAHHMCHOL2=(2CLIHCHICHCL LOOE+1Y g D000 L
T8 CACLC2HCLA=C2CLI+-CHCLOCL 2.0E+13 Q H0 L
Tl CHMCCL-CHCL~{H-CHIOOA L2BE+]15 i TET: A
4l CHACLIHIOLI=CGCLHCHMOCLS 1L ABE+15 G 14573 A
T COLICIHMCLY 1 23D=CCT4+CIHACEE 3120 J.00E+1] 1] o H
T4 OCLI-CSHICLE 113D=00T4+CIHACL2 3110 5.00E+]11 (5] Joog [T
4. OULAHEGHECLD 230=CCL4-+CIHACL 32D S.008+11 0 A H
T35, Cﬂaﬂm 3][I-I:l:l.4-l-|:'.:ﬂ]1m EEE{ 1) SE]D (1] iy H
Tdb  OCLI+CTHACLI_ AN 44 C3HACT, 310 5.00E+11 o My H
7. COLAHCEHECL_3D=CCL4+C3HS 3D 300E=1 o ioe H
Td&. m-ﬂﬂﬂlfl’.ﬂ lWﬂ!-ﬂEIJ 32D JO0ES]] 1] My H
T4 CCLISCIHMCLY 333D=CCL4+CIHICLE 333D S00E<11 0 so00 H
T QULACIHACLE 1 12=C0TA+CIHICLA 3112 S.E+11 o o H
T5l.  CCLI=CIHACLA 1 33=CCT 4+ HACLY 2123 5ME] o o H
751 CHMOCL2-CIHIMCLA ERD=CHIOULAHEIHMCLE 3120 5.00E+11] o Sk H
T8 CHICCLIACIHICLA_II3D=CHIOCL3HCIHICL? 311D MBI i sy H
T4, CHMOCLISCIHACL2 23D=CHICCL3+CRHACL 2D 5.00E+11 i AhHE H
155, CHMOCL2=CIHMCLA HMHCCL’HUHI{“I 3 330 5.00E+1] i My H
T CHACCLICIH40LE 13D=CHICCLI+HOIHACL_31D SOODE+I] 0 S0k H
T, CHMCLI=CFHHCL_ 3['-':1'!3'::1[.34-:}1'5 i 5E+14 i i H
TiE. EEDEE].J--E!U:CI.A IMHCCLS*HI-EE‘I.! 2 5.D0E+1] o My H
TG CH3OCLIHCSHMCT 3_333D=ﬂ113KLL3+L3H3LL1_333D 5.00E+11 o My H
Ten,  CHMIZLI-CAHMCLS_NI2=CHICCL3+C3HA0LE_ 3112 5.00E+11 o oy H
ol CHMCLI-CIHACLA |m3+f3“1m 2123 S.00E+11 i S0y H
762 CHACLCHCL+CIH3CLA ]ﬂD-ﬂ-IiCLFHﬁ.’!*—LJH}Lu £ I 500E+1 1] My H
L] CHM.E‘HH.&H&EL&_HMGLLMJME_H]D 5.00E+01 o S0 H
Vi CHILCHCLACIHACLD D=-CH2CLCHCL2 «CIHACL 32D S.00E+11 i S0y H
Tes.  CHMCLOTCL+CIH2CT A Mmmu 335D 5,00E+11 i S H
T66  CHICLCHCLHCIHACLY R=CHACLCHUL 203 H4CTL, 3D 5.00EHL] 0 il H
767, CHICLOHOLHCIHSCL IN=CHICLCHCLZACYHS A0 500814 1} ity H
TEE. mmum IMEI.CHCL!J-C’H{EU 312D 3IEI ¥ s H
ey CHAHCLCHCL+HCIHICLA H}Fmﬁ.mfﬂil‘ﬂ-ﬂE EEEIE S.METE] 1 ik H
. CHICLCHCLACIHICLS 112=CHICLCHCLI+CIHMCLA 3112 SO0E+1T i iy H
7L mmm 122%=CHICLCHOL2-C3HA01Y 4 b 3.00E+1T i M H
L CHMOCLHCIHICLA IEJJ'H“HEM[‘E{J.] 3z 5.00E*1] i S0y H
EEE: m*mma_"]mLEfcm_ﬂ o SAMELD i Sty H
T CHAMOCLACHH4CLY 1AD=-CHACCL2+CIHACL, 320 S0E+11 1 o H
TTS.  CHECCLACIHICLA MIEFEHJHH,U RERI S.00E#11] L My H
6 CHICCLHEGHACL? 13D=CHICCLEHCIHACL 31D ML i oy H
7. CHRCOCLHCHHSCL. 3D=CH20CL24 CIHS 3D 3,00E+14 ] e H
TTE E[-I:I'I:f].-l"l:']m# Immm 320 5.00E+11 i Sy H
. ﬁMﬂw_mmufﬂleljﬂﬂ 5.00E+11 i S0y H

Figure A.20: List of reactions used on the mechanism by Borsa [2] (cont.)
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A n Es Ref.
Mo, Reaction (epn-nol-5} (eal'mal)
780, CHACCLACIHICLS 112=CHICCL24+CIHICLY 3112 4.008+11 0 0000 H
TEl. CHROCTACIHACLA 132%=CHIOCL2+C3HACLa 2123 5 DOE+11 0 ot H
782 CIH2CLI 33D+ EDC=CHICLOH2+HCIHICL 13D 5.00E+11 ] o0 H
783. CIH2CL3_323D+EDC=CHMCLCH24+C3HICLA 1D 5 00T+11 ] S0 H
784, CIHICL 3ADEDC-CHICLCH24-CIHICLI 213D 5 OE+11 ] 00 H
7RI, CIHCLYA IAMERC=CHICLOH2HCIHCLS 30 5.00E+11 ] ;o0 H
786, CIHICLZ 3130+EDC=CHICLCH2+CIHICLI 133D 5.00E+11 ] o0 H
787, CIHACL_ 33D+ EDC=-CHACLOH2HCIH4CLD 32D 5.00E+11 ] 5000 H
788, CIHCLA 2ID-EDC=-CH2CLOH2+-CIHCLA 1D 5 00E+11 ] oo H
78%. CIHZCL3 21 ID=EDC=CH2CLCH2+C3H2CL4_11D 5.00E+11 ] 00 H
700. CIHZCLA AIDVOM=CIHI+CIHICLA 13D 5.B0E=11 ] 5000 T
791, CIH2CLA AND=VOM=-COHE+CIHICLY 1D 5.00E+11 ] oo H
702 CIHACLZ AXBDVOM=CIHA-CIHAOLA 13D 500E+11 ] 5000 H
703, CL+CL=CL} 251E+14 @ 1200 As
704, CIHCL4 33D=VOM=CHII-CIRCLS 3D 5 BOE+11 i o H
TU5.  CIHICLE MADHVOMaCIHI+CIHICL 133D 5.00E+11 ] 00 H
796, CIHACL 13D VOM=CHIZ+CIHACL2 33D 4 00E=1] ] B0 H
T, CIHCLA 2IDVOM=CIH3+5H0LS 1D 5.00E+11 L1} oo H
T8  CIHICLI_2ID+VOM=CIHI+CIH2CLA_1ID 5.00E+1] ] 00 H

. Molecular Weighi Growth

T CLACZHISCHZOCL 5.00E+10 LI oo
B  CLAVCM=CHICITLZ LGE+10 0 oG
8. CL+CHCLCHCL =CCLICH2 400F+0E 0 oo
BOZ.  CIHASCAHG=CLHA 1IDH0HD ZE0EHIE 0 sd
803, CIHI+CAHG 1AD=herzens~H+HIE ASOEHIE 0 o0 0
8. CHICCLACIHA=CAHS 130401 LOEHIE 0 SO0 1)
805, CHICLCHCL+VOM=CZHGCLY 1134 [ A0E+ 1 i 10150 Aa
806, CHICLCHOLAVOM=CSHGCLY 1234 TOEEHID 4 £120 Aa
807. CHICLCHCLAVOM=CAHGCL2 34D+CL TEIE+Il 0 13900 Aj
B0E.  CHICLCHCL+VOM=CAHSCLY 134D+ [EIE412 0 AROD A
405, CHICCLACITHA=CAHACL 2130+ AOAE+HIL 0 T An
BI0. CHICCL+CIH4=CAHSCL 420 ZOOE+] ] i WD K
E11. CHICLCH24+CIH4=CAHECL 14 ISOE+1L 0 TUN  Ad
412 CHICLCHZ+CIHA=CAHTCL_4DHH AMEHT 0 a Al
813, VOMHCIHISCAHGTL 430 ZO0E+ 1 ] W00 K
El4. VOMHCIHI=CHHG _13D+CL SME+HIT 0 A0 Am

Figure A.21: List of reactions used on the mechanism by Borsa [2] (cont.)
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A 1 'E; - Ref.

Mo Reaction {em’-mod-5) {cak'mal}
815, CH2OLCHCLAHIIHY=CAHMOL2 134 1.608+11 i} TIE A
it CH2CLCHCLAHZ2Hd=CallfeCL2 54D+ 5 2EHOT {i i Al
AT VEM+HCHICL=C4HSCLY 4230 2A0EF]] i K
13 VOM+CHMOCL=C4HSCL_2030CL SE+1] L} TUEl An

A estnated from Degeal (1991), B: Earra (1988), ©: Shi (1994), I estimated from Tsang (156E), E- Fisher {19940), F:
estimated from Wallington (1 988), G: estimaied from Matheson (1982), H: estimated from Timomen | 1984), 1: Ranzi [ 1900,
I: estimaied with method of Ranzi (1994}, K: estmated from Weissman (1984), L: esomaied foen Bell (15977}, b estimated
from Teemg (199010, M: estsmaed from Tachulkew-Boux [ 1986), O estimaied fom Techaikow-Roux {1985), P estimaind
from Techuikow-Roux (1985), Ox Berolini (1592), R: esiimated from Barat (1992}, 5: estemaded from Barat (1992) by
decreasing B, by Skoal, T: estimated from Adkinson (1592), U estmased from CIHI+-C2HS in Mallard {1993), V2 estimaied
from CXHE-CSHE in Mallard {1592, X estimated firom Schmetder (1980), Y entimaned, 2 entimated from Timonems | T9HE),
A esrimased from Kem (1972), Ab) cenmansd finpm Howlen (1952), Ac: cetimated rom Wime (19831, Ad: estimaied o
Mlamacm [ 19E6), fe: estimated from Shilowr (1959), AT Enox (1962), Ap: estimaied from Schuog (197%), Ak estimated from
Tiee (1980, Al gk analysis performed, Ak: estimaied froen Diean (1985), AL estimated from MacKinzic [1984), ame
cetimatead from Fahr (1986), An: cetimangd fom Tsang (1935), Ap: cstimatad Tom Zabel (1974), Ag: estimabed fom NeA
Data, Ar: estimated from Warnatz {1985), As: estenafed from Banios (1 %88), At estimated frons Tsamg (1991), A Bemson
(1982).

Figure A.22: List of reactions used on the mechanism by Borsa [2] (cont.)
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The list of the species used for these mechanism is presented below:

Species character strings Chemical structures

10 C2HE :_: :..

HL
14, CHICHCL2 CL

—>—£::L
15. CH3CCLY CL

16, CHOLASELI L

Figure A.23: List of species used on the mechanism by Borsa [2]
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apecies characier strings

Chemical structures

17, WM H' 'H
H H
18, CRAHY HﬂH
H 1.
A
19, CHICCLE I_-["IIIF -M"‘m__
CL L
A
A CHCLCHCL o H/_\H
H CL
M
21 CHCLCHCL _t CL H
i At
= CAHGLA CL’ CL
CL\_/'CL
23, CaCL4 L L
H- =———H
24, CaH2
CL—————-H
25 CIHCL

Figure A.24: List of species used on the mechanism by Borsa [2] (cont.)
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species character strings Chermical structures

{L——.
36. C2CL2 -
27, GaHe \%g\

-

28, C3HE

29, CAHACLE_1223

CL
CL

30, CIHICLS 112

s
L

31. C3HACLA_1113 EI%
e

e
(e
.-l-_.ll‘
|
[

-

e
",
c

32 CEIHECL2 13 m‘>7§ﬂ-
e
“\

32, CAHECLI_123 g

Figure A.25: List of species used on the mechanism by Borsa [2] (cont.)
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Species character stringe Chermical structures
CL, (L
L
s
34. CIHICLS 113 o “ H
CL
A6, CEHACLA 330
CL
- =CL
CL
A5, CEHR2CL4 920
L
i B
CL
AT, CEH2CL4_ 11D
e o
CL
CL
I8, CAHCLE 1D
CL
CL
39, CAHCLE_2D L
-'_._.J
CL
40, CAHECL 3D

41, CRHACL2 130

Figure A.26: List of species used on the mechanism by Borsa [2] (cont.)
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Specien characier airings — Chemical strachrce

._.-l'
CL
l“ﬁ“
42, CIHICL4 33D L

/LK{L
A5 CAHACLE HbD )

%/
CL
44, CIHACLI 113D CL

.—"I

45, CIHICLE 1230

46, CIH4CL2 120

48, CIHEGL_20

L
CL -
4T, CAH4CLE 11D

Figure A.27: List of species used on the mechanism by Borsa [2] (cont.)
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Species character strings “Chemical structures

o

[1
48, CIHACLI_112D

L1

et
"
L

L

51. CIHICLI_133D M

4. CAHAGLE 330

ol GIHZCL_1D BKT(
1

cL
—J%?A#’
53 CIHZGLA_130 cL

L

CL L

e

CL

54, CIHZCLA 230 CL

CL

¥ re

B CAHICLE 2330 cL

Figure A.28: List of species used on the mechanism by Borsa [2] (cont.)
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Species charscter strngs - - Chemical stractures

L
CL -
L
e e I |
57. C3CLE D

Bl CAHTCLE 124

of. C4HGCLY_ 1234

B0, CAHTEL 4D

B, CAHBCLZ D

G2 C4HBCLE_2dD

61 CaHaCLe 140

Figure A.29: List of species used on the mechanism by Borsa [2] (cont.)
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Species character sinngs . . Chemical stractures

B4, CAHSCLE 134D ¢, CL

Cl‘réj\rﬁ’{\
5. C4HBCL 113D _

CL
85, C4HECL_2130 WL

g7, CAH4CL2 14120

= T

B9, C4HE 13D

Ck"JfL
B8, CAR4CLZ 13130
N

0. CaHa_DT

T1. banzang

Figure A.30: List of species used on the mechanism by Borsa [2] (cont.)
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Species characier stnngs Chemical structures

H

CL -
CHA -
CCL3 =
. CCL2 -
CHCL -
. CH2 -
CHZCL -
L CHCLZ -

R N T

S
10. CH2CLCH2

11, GH3HCL

L
__>_4
12, CH3CCLZ CL

{:.E-.H
135 CHCL2CH2

CL
34
14, CH2CLCHCL T

15, CHCLZCHCL H

r_Ll.:I-}—é
16, GCLACH2

Figure A.31: List of species used on the mechanism by Borsa [2] (cont.)
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Species character sinngs “Chemical structures
L 1.
24
1T CHCOLIGELZ 1’ L
18 C2HA H H
19 C2HE -
H\_-
20. CHCLCH CL H
H
_ _ m
21. CHICCL a e
CL
L
22. CICL3 L’ CL
CL
L] e
23 GELACH H “C'L
ME‘L
24. CHCLCCL g
*——=H
25. GFH

Figure A.32: List of species used on the mechanism by Borsa [2] (cont.)



Species character strings Chemical structures

26, C3CL

27, CHICLCCLACHEL * ",

28, CIHZCLS 211

CL
1
L]
28, CIHICL4_3112

n;?"\f.m.
o, CEHLCLE 2123 ™

3. G3HS_30 A%

ﬂ_ L |
32, CIH2CL3_313D
Ny

33, CIHZCLI 323D

Figure A.33: List of species used on the mechanism by Borsa [2] (cont.)

89



bpecies chamcter sinngs

Chenmical strechires
L
34, CIH3CLE 323D
CL
':L L]
35, CIHCL4_330
L
4
CL
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Figure A.34: List of species used on the mechanism by Borsa [2] (cont.)
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Figure A.35: List of species used on the mechanism by Borsa [2] (cont.)
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Figure A.36: List of species used on the mechanism by Borsa [2] (cont.)
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Figure A.37: List of species used on the mechanism by Borsa [2] (cont.)
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Appendix B

Heat Capacity

As mentioned in chapter 4, when using a radical mechanism, the heat capacity is estimated using
equation 4.8. The parameters used were estimated using the data present in Borsa [2], and are present

in this appendix:

Table B.1: Heat capacities for the molecular species

ao ay as b
H2 5.2E-10 -9.0E-07 8.5E-04 6.72
CL2 1.6E-09 -5.2E-06 5.7E-03 6.85
HCL -1.1E-09 3.3E-06 -1.9E-03 7.28
CH4 -3.4E-09 4.5E-06 1.1E-02 4.74
CCL4 1.0E-08 -3.4E-05 3.7E-02 11.77
CHCLS3 8.6E-09 -3.0E-05 3.7E-02 6.98
CH2CL2 5.9E-09 -23E-05 3.4E-02 3.94
CH3CL 1.9E-09 -1.2E-05 2.6E-02 3.06
EDC 1.2E-08 -4.5E-05 6.5E-02 1.88
C2H6 1.7E-09 -1.6E-05 4.2E-02 1.23
CH2CLCHCL2 1.3E-08 -49E-05 6.7E-02 4.84
CH2CLCHS3 8.4E-09 -3.4E-05 b5.6E-02 1.02
CHCL2CHCL2 1.6E-08 -5.8E-05 7.4E-02 6.47
CH3CHCL2 8.4E-09 -3.4E-05 5.6E-02 1.02
CH3CCL3 9.2E-09 -3.6E-05 54E-02 8.64
CHCL2CCL3 1.6E-08 -5.6E-05 6.7E-02 13.06
VCM 7.8E-09 -3.0E-05 4.4E-02 1.93
C2H4 3.3E-09 -1.8E-05 3.6E-02 1.04
CH2CCL2 9.7E-09 -3.5E-05 4.7E-02 5.00

CHCLCHCLc 1.0E-08 -3.6E-05 4.8E-02 4.07
CHCLCHCLt 1.0E-08 -3.6E-05 4.8E-02 4.07

C2HCL3 1.0E-08 -3.7E-05 4.6E-02 8.51

CaCL4 1.1E-08 -3.8E-05 4.4E-02 12.71
C2H2 5.0E-09 -1.7E-05 2.3E-02 5.00
C2HCL 54E-09 -18E-05 23E-02 7.75
C2CL2 2.8E-10 -1.9E-06 4.8E-03 16.16
C3H8 6.6E-09 -3.5E-05 7.1E-02 -0.70
C3H6 5.1E-09 -2.8E-05 5.6E-02 0.93

C3H4CL4.1223 2.6E-08 -8.9E-05 1.1E-01 4.62
C3H3CL5.112 1.8E-08 -6.8E-05 9.0E-02 12.37
C3H4CL4.1113 1.6E-08 -6.1E-05 8.4E-02 10.52
C3H6CL2_13 1.3E-08 -5.2E-05 8.2E-02 2.86
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Table B.2: Heat capacities for the molecular species (cont.)

ap ay as b
C3H5CL3.123 1.5E-08 -6.1E-05 9.0E-02 4.04
C3H3CL5.113 2.9E-08 -9.7E-05 1.1E-01 7.35
C3H3CL3.333D 1.2E-08 -46E-05 6.5E-02 10.06
C3H2CL4_12D 1.5E-08 -5.3E-05 6.9E-02 12.18
C3H2CL4_11D 1.1E-08 -4.3E-05 5.9E-02 15.65
C3HCL5.1D 1.6E-08 -5.5E-05 6.5E-02 18.24
C3HCL5.2D 1.5E-08 -5.3E-05 6.6E-02 16.39
C3H5CL.3D 59E-09 -3.4E-05 6.5E-02 1.63
C3H4CL2_13D 1.1E-08 -4.3E-05 6.6E-02 4.80
C3H2CL4_33D 1.1E-08 -41E-05 5.6E-02 15.04
C3H4CL2_23D 1.1E-08 -4.1E-05 5.6E-02 15.04
C3H3CL3.113D 1.1E-08 -4.4E-05 6.4E-02 8.86
C3H3CL3.123D 1.1E-08 -4.2E-05 6.1E-02 8.95
C3H4CL2_12D 8.3E-09 -3.4E-05 55E-02 8.54
C3H4CL2_11D 8.4E-09 -3.6E-05 b5.8E-02 7.24
C3H5CL_2D 5.8E-09 -2.7E-05 5.1E-02 6.40
C3H3CL3.112D 8.8E-09 -3.4E-05 5.1E-02 13.29
C3H5CL.1D 7.8E-09 -3.5E-05 6.0E-02 3.18
C3H3CL3.133D 1.4E-08 -5.2E-05 7.2E-02 6.96
C3H4CL2_33D 1.1E-08 -4.4E-05 6.7E-02 5.15
C3H2CL4_13D 1.2E-08 -45E-05 6.3E-02 12.18
C3H2CL4_23D 1.4E-08 -5.3E-05 7.1E-02 10.78
C3H3CL3_233D 1.1E-08 -4.2E-05 5.9E-02 11.28
C3HCL5.3D 1.4E-08 -49E-05 6.1E-02 17.19
C3CL6.D 5.8E-09 -2.3E-05 3.4E-02 27.84
C4H7CL3.124 1.8E-08 -7.4E-05 1.1E-01 3.84
C4H6CL4_1234 1.8E-08 -7.4E-05 1.1E-01 3.77
C4H7CL_4D 1.3E-08 -5.6E-05 9.0E-02 0.73
C4H6CL2_34D 1.7E-08 -6.1E-05 8.5E-02 6.54
C4HeCL2_24D 1.4E-08 -5.5E-05 8.5E-02 6.04
C4HeCL2_14D 1.9E-08 -6.7E-05 9.4E-02 3.95
C4H5CL3.134D 7.4E-09 -3.9E-05 7.6E-02 6.92
C4H5CL_113D 1.7E-08 -6.2E-05 8.7E-02 1.20
C4H5CL_213D 1.5E-08 -5.6E-05 7.8E-02 4.17
C4H4CL2_.1413D 1.9E-08 -7.0E-05 9.2E-02 2.99
C4H4CL2.1313D 2.6E-08 -8.6E-05 1.0E-01 3.03
C4H6_13D 1.6E-08 -6.1E-05 8.7E-02 -1.81
C4H4.DT 9.9E-09 -3.9E-05 b5.9E-02 3.05
Benzene 2.0E-08 -8.2E-05 1.2E-01 -9.87

Table B.3: Heat capacities for the radical species

ag

ai

az

b

H 0.00E+00 0.00E+00 0.00E+00
CL 1.37E-09 -4.12E-06 3.53E-03
CH3 -5.09E-10 -7.85E-07 8.70E-03
CCL3 7.30E-09 -2.43E-05 2.68E-02
CCL2 4.02E-09 -1.25E-05 1.49E-02
CHCL 2.03E-09 -7.54E-06 1.12E-02
CH2 -1.66E-09 4.20E-06 2.53E-04
CH2CL 1.77E-09 -8.48E-06 1.61E-02
CHCL2 5.16E-09 -1.84E-05 2.35E-02

4.97
4.51
6.66
9.26
7.69
6.05
7.65
6.24
7.13
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Table B.4: Heat capacities for the radical species (cont.)

ago

ai

ag

b

CH2CLCH2
CH3CHCL
CH3CCL2
CHCL2CH2
CH2CLCHCL
CHCL2CHCL
CCL3CH2
CHCL2CCL2
C2H3

C2H5
CHCLCH
CH2CCL
C2CL3
CCL2CH
CHCLCCL
C2CL

C2H

CH2CLCCL2CHCL

C3H2CL5 211
C3H3CL4.3112
C3H4CL3.2123
C3H5.3D
C3H2CL3.313D
C3H2CL3_323D
C3H3CL2_323D
C3HCL4_33D
C3H3CL2_313D
C3H4CL_33D
C3HCL4. 21D
C3H2CL3.211D
C3H3CL2.312D
C3H3CL2_311D
C3H4CL_32D
C3H2CL3_333D
C3H4CL_31D
C3H2CL3.312D
C3H3CL2_333D
C3H4CL_14D
C4H8CL_14
C4H7CL2_134
C4H6CL3.1134
C4H6CL3.1234
C4H7.4D
C4H6CL 43D
C4H6CL_34D
C4H6CL 42D
C4H5CL2.434D
C4H5CL2_334D
C4H5CL2.314D
C4H5CL2_413D
C4H5CL2_423D
C4H4CL3.4134D
C4H4CL3.3134D
C4H5_213D
C4H5_113D

6.48E-09
8.59E-09
1.06E-08
1.06E-08
8.84E-09
1.80E-08
1.15E-08
1.80E-08
4.49E-09
2.08E-09
7.72E-09
6.80E-09
8.89E-09
7.18E-09
9.24E-09
2.53E-09
8.76E-11
2.77E-08
1.57E-08
1.96E-08
1.17E-08
1.09E-08
1.28E-08
1.46E-08
9.86E-09
9.79E-09
1.28E-08
1.06E-08
1.84E-08
8.39E-09
8.48E-09
1.07E-08
7.74E-09
1.15E-08
9.98E-09
1.13E-08
1.31E-08
9.59E-09
1.42E-08
1.67E-08
1.89E-08
1.95E-08
1.37E-08
7.20E-09
1.54E-08
1.23E-08
9.77E-09
9.80E-09
1.76E-08
1.57E-08
8.04E-09
1.57E-08
1.42E-08
3.55E-09
2.41E-09

-2.63E-05
-3.38E-05
-4.02E-05
-4.02E-05
-3.32E-05
-5.79E-05
-4.17E-05
-5.79E-05
-1.89E-05
-1.49E-05
-2.84E-05
-2.48E-05
-3.06E-05
-2.61E-05
-3.24E-05
-9.37E-06
-9.35E-07
-9.25E-05
-5.87E-05
-7.11E-05
-4.91E-05
-4.52E-05
-4.65E-05
-5.38E-05
-3.76E-05
-3.71E-05
-4.82E-05
-4.22E-05
-6.36E-05
-3.37E-05
-3.49E-05
-4.16E-05
-3.23E-05
-4.23E-05
-4.04E-05
-4.46E-05
-5.03E-05
-3.55E-05
-5.93E-05
-6.80E-05
-7.51E-05
-7.72E-05
-5.63E-05
-3.69E-05
-6.10E-05
-4.94E-05
-4.39E-05
-4.50E-05
-6.72E-05
-6.04E-05
-3.73E-05
-6.04E-05
-5.80E-05
-2.18E-05
-2.05E-05

4.26E-02
5.10E-02
5.56E-02
5.56E-02
4.73E-02
6.64E-02
5.33E-02
6.64E-02
3.11E-02
3.62E-02
3.81E-02
3.44E-02
3.59E-02
3.36E-02
3.94E-02
1.26E-02
4.60E-03
1.06E-01
7.80E-02
9.10E-02
7.53E-02
7.02E-02
5.98E-02
6.98E-02
5.34E-02
5.03E-02
6.60E-02
6.27E-02
7.54E-02
4.99E-02
5.35E-02
5.95E-02
5.13E-02
5.61E-02
6.12E-02
6.25E-02
6.92E-02
5.36E-02
9.58E-02
1.04E-01
1.10E-01
1.12E-01
8.83E-02
7.07E-02
9.09E-02
7.63E-02
7.49E-02
7.67E-02
9.45E-02
8.65E-02
6.60E-02
8.65E-02
8.67E-02
4.79E-02
4.94E-02

4.89
1.69
4.24
4.24
6.44
4.87
9.23
4.87
2.69
2.49
3.94
4.64
10.02
8.29
6.79
7.80
8.79
4.90
13.48
7.22
5.94
-3.14
10.88
6.76
8.81
15.45
4.59
2.21
8.69
11.84
7.55
6.88
6.07
11.83
2.77
8.78
4.10
4.46
1.46
2.60
4.08
4.14
-1.40
4.62
0.49
4.87
6.62
6.62
2.78
7.25
9.86
7.25
7.16
7.74
5.60
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Appendix C

Emissivity estimation

In this appendix the parameters for the different emissivity correlations are presented.

For correlation 2.10, two parameters are used, b and n, which vary according to the temperature of

the flue gas and its H.O : CO, ratio. For pL between 0.046 to 1.15 m.atm, the following values are

reported by Perry et al. [23]:

Table C.1: Values for the parameter b for correlation 2.10

PH,0/(Pco, + PH,0)

Temperature (K) 0-0.2 0.2-0.4 0.4-0.6 0.6-0.7 0.7-0.8 0.8-1
1000 188 384 416 444 455 416
1500 252 448 495 540 548 548
2000 267 451 509 572 594 632
Table C.2: Values for the parameter n for correlation 2.10
pw,0/(Pco, + PH,0)
Temperature (K) 0-0.2 0.2-0.4 0.4-0.6 0.6-0.7 0.7-0.8 0.8-1
1000 0.21 0.33 0.34 0.34 0.35 0.40
1500 0.26 0.38 0.40 0.42 0.42 0.52
2000 0.32 0.45 0.48 0.51 0.52 0.64

For correlation 2.11, the parameters used, ag, a1, a2, and a3 also vary according to the temperature

of the flue gas and its H,O : CO- ratio, and are valid for pL between 0.005 to 10 m.atm [23]:

Table C.3: Values for the parameter a for correlation 2.11

PH,0/(Pco, + PH,0)

Temperature (K) 0-0.2 0.2-0.4 0.4-0.6 0.6-0.7 0.7-0.8 0.8-1

1000 2.2661 25754 2.6090 2.6367 2.6432 2.5995
1500 2.3954 2.6451 2.6862 2.7178 2.7257 2.7083
2000 2.4104 2.6504 2.7029 2.7482 2.7592 2.7709
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Table C.4: Values for the parameter a; for correlation 2.11

pu,0/(Pco, + PH,0)
Temperature (K) 0-0.2 0.2-04 0.4-0.6 0.6-0.7 0.7-0.8 0.8-1

1000 0.1742 0.2792 0.2799 0.2723 0.2715 0.3015
1500 0.2203 0.3418 0.3450 0.3386 0.3355 0.3969
2000 0.2602 0.4279 0.4440 0.4464 0.4372 0.5099

Table C.5: Values for the parameter a, for correlation 2.11

pH,0/(PCO, + PH,0)
Temperature (K) 0-0.2 0.2-04 04-06 0.6-0.7 0.7-0.8 0.8-1

1000 -0.0390 -0.0648 -0.0745 -0.0804 -0.0816 -0.0961
1500 -0.0433 -0.0685 -0.0816 -0.0990 -0.0981 -0.1309
2000 -0.0651 -0.0674 -0.0859 -0.1086 -0.1122 -0.1646

Table C.6: Values for the parameter a3 for correlation 2.11

PH,0/(Pco, + PH,0)
Temperature (K) 0-0.2 0.2-04 0406 0.6-0.7 0.7-0.8 0.8-1

1000 0.0040 0.0017 -0.0006 0.0030 0.0052 0.0119
1500 0.0056 -0.0043 -0.0039 -0.0030 0.0045 0.0012
2000 -0.0016 -0.0120 -0.0135 -0.0139 -0.0065 -0.0165

For a mixture of water vapour and carbon dioxide where p = 1bar and 0.5 < pu,o0/pco, < 2, VDI-

Gesellschaft [28] considers the following parameters for correlation 2.13:

Table C.7: Constants for the degree of emission of the pure gas phase
i bo; bo; (1/K)  k (1/(bar m))
1 0.130 0.000265 0.0
2 0.595 -0.000150 0.824
3 0.275 -0.000115 25.907
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