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PREFACE  

This book contains all manuscripts approved by the reviewers and the organizing committee of the 

12th International Conference on Computational Fluid Dynamics  in the Oil & Gas, Metallurgical and 

Process Industries. The conference was hosted by SINTEF in Trondheim in May/June 2017 and is also 

known as CFD2017 for short. The conference series was initiated by CSIRO and Phil Schwarz in 1997. 

So far the conference has been alternating between CSIRO  in Melbourne and SINTEF  in Trondheim. 

The conferences  focuses on  the application of CFD  in  the oil and gas  industries, metal production, 

mineral processing, power generation, chemicals and other process industries. In addition pragmatic 

modelling  concepts  and  bio‐mechanical  applications  have  become  an  important  part  of  the 

conference. The papers in this book demonstrate the current progress in applied CFD.  

The conference papers undergo a review process involving two experts. Only papers accepted by the 

reviewers  are  included  in  the  proceedings.  108  contributions were  presented  at  the  conference 

together with  six  keynote presentations. A majority of  these  contributions  are presented by  their 

manuscript in this collection (a few were granted to present without an accompanying manuscript).  

The organizing committee would like to thank everyone who has helped with review of manuscripts, 

all  those who  helped  to  promote  the  conference  and  all  authors who  have  submitted  scientific 

contributions. We are also grateful for the support from the conference sponsors: ANSYS, SFI Metal 

Production and NanoSim. 

Stein Tore Johansen & Jan Erik Olsen 
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ABSTRACT 

Polycyclic Aromatic hydrocarbons (PAHs) are organic 
compounds consisting of only hydrogen and aromatic carbon 
rings. PAHs are neutral, non-polar molecules that are produced 
due to incomplete combustion of organic matter. These 
compounds are carcinogenic and interact with biological 
nucleophiles to inhibit the normal metabolic functions of the 
cells. In Norway, the most important sources of PAH pollution 
are considered to be metallurgical industries, offshore oil 
industries, transport and wood burning. Stricter governmental 
regulations regarding emissions to the outer and internal 
environment combined with increased awareness of the 
potential health effects have motivated Norwegian metal 
industries to increase their efforts to reduce emissions 
considerably. One of the objective of the ongoing industry and 
Norwegian research council supported "SCORE" project at 
SINTEF is to remove PAH from a hot gas stream through 
controlled combustion of the PAH inside a dedicated 
combustion chamber. The sizing and configuration of the 
combustion chamber depends on the properties of the bulk gas 
stream and the properties of the PAH itself. In order to achieve 
efficient and complete combustion of the PAH, the residence 
time and temperature need to be optimized. In the present study, 
the oxidation of pure PAH and PAH mixed with process gas is 
modelled using a Perfectly Stirred Reactor (PSR) concept. PSR 
concept was useful for understanding the influence of residence 
time and temperature on the oxidation of PAH to CO2 and 
water. Furthermore, a computationally fast approach based on 
Chemical Reactor Network (CRN) is proposed for 
understanding the oxidation of PAH inside complex 
geometries. The Chemical Reactor Network (CRN) yields a 
detailed composition regarding species and temperature in the 
combustion chamber.    

Keywords: PAH, PSR, Energy recovery, Ferro alloy furnace 
 

INTRODUCTION 
 olycyclic Aromatic Hydrocarbons (PAHs) are one of 
the most stable classes of compounds and the largest 

organic chemical species known so far. It was in 
existence even before life started on Earth and it is 
considered to be one of the building blocks responsible 
for life on Earth. In the universe, PAH molecules are 
formed from carbon-rich, dying, giant red stars. These 
molecules grow in size and finally become larger dust 
particles. Formation of a nucleus takes place at around 

2000 K and then the growth from nucleus to the larger 
PAH structure happen continuously. In Earth's 
atmosphere, PAHs are formed as a result of incomplete 
combustion of organic material or natural gas and also 
due to smoking and sometimes also natural processes 
such as carbonization.  There are several hundred 
available PAHs and among them benzo[a]pyrene (BaP) 
is widely known and most frequently detected.  The 
PAHs are found in air, water, food, and soil.  In 
submerged arc furnaces, PAHs are major components 
formed during coal pyrolysis and combustion processes. 
Efficient pyrolysis of coal should result in the breakdown 
of large organic molecules to smaller hydrocarbons and 
in efficient combustion the only products should be CO2, 
H2O, CO etc. However, such complete degradation of 
coal rarely occurs and fairly large organic compounds, 
including PAHs, can be released from combustion 
sources. The formation of PAHs during coal combustion 
follows a complex pathway. Their formation depends on 
many variables such as temperature, oxygen 
concentration, and carbon-to-hydrogen ratio of the fuel. 
In principle it is difficult to control the PAH formation 
especially when the metal reduction processes take place 
inside the submerged arc furnace. Since controlling the 
formation of PAH is a challenge, a post-treatment of the 
PAH is therefore a viable option. There are many 
treatment methods for removal of PAH from liquids (e.g., 
liquid-liquid extraction, column liquid chromatography, 
and solid-phase extraction). However, few of these 
methods can be applied for efficient removal from 
gaseous streams (i.e., absorbent or adsorbent injection). 
Most of the available technologies are also expensive and 
some of them require dealing with complex chemicals. In 
these processes PAHs are not removed, but are merely 
transferred to another phase, up-concentrated and treated 
as a waste stream.  

 
One of the byproducts during the metal reduction 

process is energy-rich off-gas and usually this energy is 
not harnessed. SINTEF Materials and Chemistry along 
with Ferroalloy industry is developing a novel concept 
for energy recovery from ferroalloy furnaces. The 
concept is based on the idea of introducing a combustion 
chamber in the off-gas section, in which controlled 
combustion of process gas will be carried out. A 

P 
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combustion chamber will be designed in which the 
process gas consisting of PAH obtained from furnace will 
be oxidized with air. This oxidation process is performed 
inside a combustion chamber and the design of the 
combustion chamber has been presented elsewhere 
(Panjwani 2017). The oxidation rate of PAH depends on 
the local temperature and reaction kinetics of the PAH.  
There is a plethora of kinetic data available on the 
formation of PAH during pyrolysis or combustion, but 
the kinetic data on mechanisms dealing with oxidation of 
PAH are very limited. It has become apparent that PAH 
combustion at high temperature is not the most actively 
studied field, but rather closely related fields such as 
PAH and soot formation from smaller hydrocarbons as 
well as room temperature atmospheric oxidation of 
PAHs. Such related studies do contain highly relevant 
data for the study of PAH combustion as well, but care 
must be taken to find and extract relevant data on the 
complete combustion of PAHs. The paper by Mati et al. 
(Mati et al. 2007)  stands out in this respect, reporting on 
a study of 1-methylnaphthalene combustion involving 
both experiments as well as including a kinetics model 
with 146 species and 1041 reactions. The kinetic data 
used in the model consists of a mixture of literature data 
and estimated data based on chemical considerations and 
similar reactions wherever literature data were 
unavailable. The oxidation of                                   
methylnaphthalene has been performed experimentally 
by Mati et al. in a Jet stirred Reactor (JSR) over a wide 
range of temperatures (800–1421 K) at 1 atm and 10 atm 
pressure, and residence times 0.5 to 1.5 s.  The                         
1-methylnaphthalene kinetic mechanism consists of 146 
species and 1041 elementary reactions. There is also a 
wealth of useful kinetics models from the CRECK 
Modelling group (http://creckmodeling.chem.polimi.it/) 
in Milan who deal with kinetics modelling of combustion 
and pyrolysis systems involving, e.g., conversion from 
coal and biomass to PAHs and small molecules as well 
as from small hydrocarbons to PAHs and soot.  

 
An accurate prediction of PAH combustion inside a 

combustion chamber requires a coupling between 
complex chemical kinetics and CFD. Incorporating 
reaction kinetics of 1-methylnaphthalene within 
Computational Fluid Dynamics (CFD) requires solving 
around 150 transport equations which is indeed 
computationally demanding and the computational cost 
will increase further when including more complex PAH. 
Therefore a simplified approach is developed in which 
oxidation of 1-methylnaphthalene is studied 
independently at different pressures, temperatures and 
species concentration. It is assumed that the oxidation of 
PAH will not affect the overall flow pattern or 
temperature. The temperature, pressure and species 
concentration including PAH concentration will be 
obtained from the CFD simulation of a combustion 
chamber. The present study is divided into two parts. In 
part-1, the kinetic study using a perfectly stirred reactor 
is performed to estimate a minimum residence time and 
temperature required for oxidation of                                        
1-methylnaphthalene in the presence of process gas 

consisting of mainly CO and H2O. This information has 
been used for the sizing of the combustion chamber1. In 
part-2, the oxidation of 1-methylnaphthalene inside the 
combustion chamber will be assessed using the Chemical 
Reactor Network (CRN) approach (Falcitelli et al. 2002; 
Fichet et al. 2010; Skjøth-Rasmussen et al. 2004).  An 
algorithm to construct CRN was proposed by Falcitelli et 
al. (Falcitelli et al. 2002) They showed that this 
methodology could be successfully applied to several 
industrial cases and in each case, the NOx prediction 
presents a great accuracy compared to measurements 
with less than a 5% error. 

 

EXPERIMENTAL AND THEORETICAL SOURCES OF 
KINETIC DATA 
Even though there is a limited amount of literature data 
on kinetics, one can find data on PAH oxidation in for 
instance the atmospheric chemistry literature, which 
deals with reactions of a large number of different PAHs 
emitted to the atmosphere (Keyte, Harrison, and Lammel 
2013; Saggese et al. 2014). The most well studied 
oxidizing species are OH, O3, and NOx. One must 
remember that contrary to combustion, such reactions, 
typically studied at room temperature, give only partially 
oxidized PAH derivatives rather than leading to complete 
destruction. These reaction products are of particular 
interest not only as intermediates in the degradation of 
PAHs, but also since they potentially are more toxic than 
the parent PAHs. The crucial rate-determining steps are 
in these cases found in the first few reaction steps of PAH 
oxidation, since the products generally are more reactive 
than the PAHs themselves. 
 
 Reactions with OH will be particularly relevant if there 
is a significant amount of water vapour is available in the 
gas. With some caution the room temperature kinetic data 
could be extrapolated to combustion conditions. A useful 
support in this case is to complement experimental data 
with atomic-scale quantum chemistry calculations, as has 
been performed on the oxidation of naphthalene (Qu, 
Zhang, and Wang 2006; Zhang, Lin, and Wang 2012). 
Such calculations can be used to directly calculate 
activation energies, allowing for safer extrapolation of 
kinetic data from one temperature to another. One should 
just be careful to validate the calculated data against 
reliable benchmark literature data as far as possible. Such 
comparisons have for instance been made for the 
chemically related initial steps of benzene oxidation 
(Taatjes et al. 2010). 

ALTERNATIVE PROCESSES FOR PAH OXIDATION 
AND DESTRUCTION 
One alternative way of oxidizing PAHs is to use suitable 
catalysts. Recent work by Varela-Gandía et al. (Varela-
Gandía et al. 2013) focused on achieving complete 
oxidation of naphthalene by using palladium 
nanoparticles protected by polymers sitting in porous 
support materials, such as zeolites and alumina. The 
results were very promising and 100% conversion was 
achieved between 165°C and 180°C. Best performance 
and stability were found using the BETA zeolite as 
support. 
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A number of research groups are also working on 
plasma-assisted conversion of PAHs (Chun, Kim, and 
Yoshikawa 2011; Odeyemi, Rabinovich, and Fridman 
2012; Yu, Li, et al. 2010; Yu, Tu, et al. 2010). The studies 
by Yu et al.(Yu, Li, et al. 2010; Yu, Tu, et al. 2010)  
report on the destruction of naphthalene, acenaphthene, 
fluorene, anthracene and pyrene in a direct current 
gliding arc plasma reactor at a temperature of 130°C. The 
PAHs are found to be destroyed to within 93-98% in pure 
oxygen, with slightly lower values in air. The products 
are mainly CO, CO2, H2O and O3. In air a rather 
significant amount of NOx is also formed along with 
partially oxidized PAH molecules containing keto and 
NO2 groups. These PAH derivatives will likely react 
further much more readily than the parent PAH 
molecules. 

METHOD AND TOOLS: 
The residence time and flame temperature are very 

important for designing the combustion system. These 
two parameters are estimated using a perfectly stirred 
reactor (PSR) (Ellen M. 1996). The PSR is an ideal 
reactor in which uniform mixing is assumed inside the 
control volume due to diffusion and forced turbulent 
mixing. This means the rate of reaction is mainly 
governed through chemical kinetics and not through 
mixing. In other words the mixing time scale is much 
shorter than the chemical time scale.  The residence time 
(τ) inside the reactor is defined as   𝜏𝜏 = 𝑉𝑉𝑟𝑟

�́�𝑚
 , where 𝑉𝑉𝑟𝑟 is 

volume of the reactor. Figure 1 illustrates the conceptual 
representation of the reaction, where the reactant is 
introduced at the inlet with specified temperature and 
species concentration. The reactants are ignited inside the 
reactor at constant pressure. The product will be formed 
depending on the kinetic of the reactants.  
 

 
Figure 1 Schematic of PSR 

The product leaving the reactor has a certain 
composition and temperature. If the residence time is too 
short or the temperature is too low there will be an 
insignificant amount of reactions occurring and in that 
situation the outlet properties (temperature and species 
composition) will be same as those of the inlet. Before 
using the PSR concept for more realistic problems a 
verification test case is performed. A suitable test case for 
verification of the PSR approach would be oxidation of a 
hydrocarbon.  Here, an oxidation study of methane with 
air at different equivalence ratio (phi) is performed using 
the PSR code. Figure 2 illustrates the comparison of the 
present study (symbol) with literature data (solid line) 
(W.-C. Chang and J.-Y. Chen). The results show that the 
reactor temperature is well predicted for both lean 
(phi=0.7) and rich (phi=1.2) fuel conditions for an initial 
temperature of 295K and atmospheric pressure. 

 

OXIDATION CHARACTERISTIC OF PAH  
The oxidation of a PAH is mainly governed by 

temperature and residence time and will only take place 
if temperature and residence time are above critical 
values. These critical values depend on the kinetic data 
of the PAH itself. In the mechanism (Mati et al. 2007), 
the initiation reactions for the oxidation of            
methylnaphthalene includes C-H bond cleavage yielding 
the methylnaphtyl radical (C10H7CH2).  

C10H7CH3 = C10H7CH2 +H 
A detailed description involving the different chains of 

reactions and intermediate products has been given by 
Mati et al. (Mati et al. 2007). It is worth mentioning that 
the oxidation of 1-methylnaphthalene also produces 
many complex intermediate such as Indene, A2R5C2H, 
A3R5AC, etc. The stoichiometric chemical reaction 
between 1-methylnaphthalene and air is given below. 
Oxidation of 1 mole of                                   
methylnaphthalene requires 13.5 mole of air.   

 
C10H7CH3+13.5(O2+3.76N2) = 10CO2+5H2O+50.76N2 

 
While performing PSR simulations; 0.0153 moles of 

C10H7CH3, and 0.207 moles of O2 and 0.77 moles of N2 
were fed at the inlet of PSR reactor. For a given inlet the 
temperature and pressure of the reactor were maintained 
constant but the residence time was increased from 0.2 to 
2 s. The resulting output of the PSR was mole fractions 
of the reactant and product.  Figure 3 illustrates                     
1-methylnaphthalene mole fraction (y-axis log scale) as 
a function of residence time at temperature from 800-
16000C. The results show that the oxidation of                     
1-methylnaphthalene will not take place below 8000C 
and a residence time shorter than 0.2 s. For a given inlet 
temperature, the increase in residence time accelerates 
the rate of oxidation of 1-methylnaphthalene.  Figure 4 
illustrates the CO2 mole fraction (y-axis log scale) as a 
function of residence time at different temperature (800-
1600 0C). The formation rate of CO2 is also very small at 
temperatures below 8000C since there are no reactions 
occurring at this temperature. 

 
The results obtained from this study have been utilized 
for sizing of the combustion chamber (Panjwani 2017). 
While designing the combustion chamber it was ensured 
that the temperature inside the combustion chamber is not 
lower than 800 0C and that the residence time of the PAH 
component should be more than 2 s.  Current study was 
useful for finding intermediate during the oxidation of 
PAH. The detail of the full combustion chamber design 
in not presented here but a simplified 2D axisymmetric 
design is presented and discussed here. The simplified 
design is used for understanding the PAH oxidation. The 
results from the study will make a platform for designing 
the full scale 3D combustion chamber design.  
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Figure 2 Effect of residence time on the reactor temperature 
 

 
 
Figure 3 Mole fraction of 1-methylnaphthalene at 
different temperature as a function of residence time 
 

 
 
Figure 4 CO2  mole fraction at different temperature as a 
function of residence time 

GEOMETRY AND MODELLING SETUP 
The design and operation of the combustion chamber 

depend on many parameters, including the total power 
capacity of the combustion chamber, and the residence 
time for combusting the complex PAH, NOx. The 
process gas mainly consists of CO, H2O, CO2 and Si 
components in a Ferro Silicon furnace and Mn 
components in a Ferro Manganese furnace. The process 
gases also consist of a certain amount of PAH and the 
treatment of these PAH is a challenge due to their stable 

complex rings. Axisymmetric combustion chamber has 
been be proposed for PAH oxidation.  

A CFD-based approach has been used for designing 
the combustion chamber. CFD has become mature 
enough to be used for designing any industrial or 
laboratory scale system involving flow, heat and mass 
transfer. The commercial CFD software ANSYS 
FLUENT (ANSYS 2016) has been utilized for this 
purpose.  

An axisymmetric combustion chamber with primary 
and secondary inlets for air has been proposed (see Figure 
5). The geometry and mesh were generated using the 
ANSYS design modeler.  The generated mesh was 
imported into the FLUENT (Finite Volume Solver). In 
the model setup, the convective and diffusive terms in the 
transport equation were discretized using second-order 
schemes. The turbulence-chemistry was modeled with 
the eddy dissipation concept model.  Turbulence was 
handled with the k-ε model and for radiation a well-
known Discrete Ordinance (DO) model was employed. 
The process gas mainly consists of 70-75% of CO and 
20-25 % of H2O. The oxidation mechanism of CO with 
air was modeled using a detailed chemical kinetic 
mechanism involving 12 species and 28 elementary 
reactions (Drake and Blint 1988). Pressure-velocity 
coupling was achieved by the SIMPLE algorithm. The 
PAH modelling principle described in the earlier sections 
has only been validated for one set of conditions such as 
pressure, temperature and species concentration. 
However, in the actual combustion chamber all these 
parameters i.e. pressure, temperature, species 
concentration, residence time and PAH concentration 
vary with time and space. CFD modelling of complex 
hydrocarbons having hundreds of species and thousands 
of reaction mechanisms is a computationally demanding 
task.   

 Furthermore, performing CFD simulation for several 
flow conditions will be a daunting task. In the present 
study an approach called chemical reactor network 
(CRN) analysis is utilized in which flow parameters such 
as concentrations of major species (CO, CO2, H2O), 
temperature and pressure are extracted from the CFD 
simulation. These variables are subsequently supplied to 
a stand-alone reactor. In principle each numerical cell of 
the CFD is treated as a PSR. Here we assumed that the 
temperature and concentration changes due to oxidation 
of the PAH has insignificant effects on the global flow 
parameters i.e. velocity, temperature and pressure. The 
approach has previously been applied to different furnace 
geometries, such as pilot-scale and full scale boilers, low-
NOx burner flames, incinerators and glass furnaces. A 
similar approach was introduced by Skjøth-Rasmussen et 
al. (Skjøth-Rasmussen et al. 2004) who solved larger 
geometrical problems considering each computational 
cell of the CFD grid as a perfectly stirred reactor.  The 
results obtained from this approach were encouraging 
therefore this approach is utilized for current study. 

 
 

590



 
 

 
 
Figure 5 Geometry and Mesh of the combustion chamber 

RESULTS AND DISCUSSION 
Results obtained from CFD simulations without PAH 
oxidation is presented. The temperature distribution on 
the middle plane of the combustion chamber is shown in  
Figure 6. There are mainly four hot pockets, one close to 
the primary air inlet and the remaining three hot pockets 
are close to the secondary air inlets. The maximum 
temperature is around 17000C for a chosen fuel/air ratio. 
The peak temperature varies for different fuel/air 
compositions.  
 

 
 

Figure 6 Contours of Static Temperature (0 C) 
 

 
 

Figure 7 Contours of velocity magnitude (m/s) 
 

 
 

Figure 8 Contours of O2 mass fraction (-) 
 

 
 

Figure 9 Contours of CO mass fraction (-) 
 
 
Ignition of the process gas starts when it comes into 
contact of fresh air. The magnitude of velocity is shown 
in Figure 7. The average velocity is around 1.5 m/s and 
the maximum exit velocity is around 3 m/s. A distribution 
of O2 mass fraction is shown in Figure 8. The maximum 
mass fraction is close to the inlet. It can be observed that 
air is not able to penetrate due to strong axial momentum 
force. As soon as air is injected from the secondary inlets 

it is subjected to an axial force and it follows along the 
direction of the combustion chamber.  The incoming CO 
mixes with the air and starts combusting close to the 
secondary air inlets. A contour plot of CO mass fraction 
is shown in Figure 9. It can be seen that the CO mass 
fraction is much higher ahead of the secondary air inlets. 
The CO will start combusting when it mixes with air 
coming from the secondary air inlets.  
 

 
 

Figure 10 Contours of PAH mass fraction (Without any 
oxidation) 

 
A contour of PAH distribution without any oxidation is 
shown in Figure 10. In the CFD study PAH is behaving 
as a non-reacting species because an oxidation process of 
PAH is not considered. This PAH concentration along 
with other species such O2, N2, CH4, CO2, CO will be 
input to the PSR reactor model. As mentioned earlier, 
each numerical cell of the CFD is treated as a PSR. The 
major output from the PSR reactor model will be change 
in PAH, O2, N2, CH4, CO2, CO concentration and 
intermediate species concentration. It is assumed that the 
flow is frozen and in steady state and effect of change in 
temperature and species concentration due to PAH 
oxidation is insignificant on the global flow field. 
 

 

 
 
Figure 11 Contours of PAH mass fraction (after PSR 
simulations) 
 
Results from CRN analyses is shown in Figure 11, which 
is illustrating the contours of PAH mass fraction after 
PSR simulation. Higher mass fraction can be observed at 
entrance of the combustion chamber due to unavailability 
of the oxidizer, lower temperature and lower residence 
time. As we move further downstream, the PAH 
concentration keeps on diminishing. It should be 
mentioned that during the PSR calculation a residence 
time of 2 s was assumed everywhere. In reality, however, 
this residence time will be a function of space. This 
varying residence time might have some impact on the 
PAH concentration but is not considered in the present 
study.  

CONCLUSIONS 
Estimating the chemical kinetics data of PAH is a 
challenging task. An extensive literature survey was 
performed for finding the chemical kinetic data of PAH 
and based on this study we were only able to find kinetic 
data for 1-methylnaphthalene. A PSR simulation of          
1-methylnaphthalene for a given set of chemical 
mechanisms clearly indicates that the combustion of        
1-methylnaphthalene depends on the residence time and 
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initial temperature. The minimum temperature at which 
combustion of 1-methylnaphthalene starts is around 
8000C. This study shows that the effect of residence time 
is weaker than the effect of temperature on the 
combustion of 1-methylnaphthalene. A residence time of 
2s is essential for the oxidation of       methylnaphthalene. 
A CRN analysis approach is utilized for understanding 
the oxidation of PAH inside the combustion chamber. 
The oxidation of PAH occurs at much longer time scales 
than the oxidation of process gas, which occurs on time 
scales on the order of micro- to milli-seconds. The study 
clearly showed that almost all the PAH is oxidized as far 
as 1-methylnaphthalene is concerned. However, we do 
not have any kinetic data on the complex PAHs and with 
the present results we cannot make definite conclusions 
about the oxidation behavior of these more complex 
species.  
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