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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 

One of the byproducts during the metal reduction process is 
energy rich off-gas of which the energy is normally not used. In 
the present paper, a novel concept for energy recovery from 
process gas is discussed. The concept is founded on the idea of 
introducing a combustion chamber in the off-gas section, which 
will provide an additional degree of freedom for optimizing 
energy recovery and minimizing Polycyclic Aromatic 
Hydrocarbon (PAH) and NOx concentrations. Design and 
operation of the combustion chamber depend on many 
parameters, including the total power capacity of the 
combustion chamber, residence time for combusting the 
complex PAH. The design criteria for the combustion chamber 
have been identified and discussed. The scaling of the 
combustion chamber based on proposed design criteria is 
presented.  Engineering methods and Computational Fluid 
Dynamics (CFD) has been utilized extensively for scaling the 
combustion chamber. The results from our CFD simulations of 
the flow in the combustion chamber, exploring different off-gas 
fuel compositions, are presented. In brief, the paper covers all 
aspects which influences the scaling of the combustion 
chamber, including insulation thickness, choice of insulating 
material, heat transfer through extended surfaces, multi-staging 
and secondary air injection.  

Keywords: CFD, Combustion chamber, Ferro Alloys, 
Furnace.  
 

NOMENCLATURE 
A complete list of symbols used, with dimensions, is 
required. 
 
Greek Symbols 
ρ  Mass density, [kg/m3]. 
λ Thermal Conductivity, λ, [W/m.s]. 
 
Latin Symbols 
h Heat transfer coefficient, [m]. 
p  Pressure, [Pa]. 

re outer radius of the chamber, [m]. 
ri inner radius of the chamber, [m]. 
rn Radius of nth insulating radius, [m]. 
 
 
Sub/superscripts 

i  Index i. 
j  Index j. 

 

INTRODUCTION 

Ferroalloys is produced in submerged arc furnaces (SAF) 
where ore and carbon (coke, coal, etc.) are mixed into a 
charge and allowed to react when electric energy is 
supplied through electrodes. The reactions produce 
alloys and an energy rich process gas. The alloys sink to 
the bottom where it is collected in ladles through a 
tapping hole.  Hot process gas rises upwards through the 
charge surface into a furnace hood. Simultaneously, in 
case of open furnace hood, air is sucked into the hood 
through various open areas due to the pressure drop.  The 
air and process gas reacts inside the hood through a 
combustion process and produces an off-gas potentially 
containing CO2, H2O and other components. This is 
illustrated in Figure 1. Most of the energy of the process 
gas is lost due to uncontrolled combustion of CO inside 
the hood. This is a kind of intriguing system where first 
energy is supplied to produce a desirable metal and then 
the energy rich by products are not used. A viable 
solution to the problem is to recover the energy from the 
process gas.   There are two main potential sources for 
energy recovery; 1) an off-gas with a high temperature 
and 2) the cooling water used for cooling the system.  An 
energy analysis carried out by Kamfjord et al. (Kamfjord 
et al. 2010) has shown utilization of hot water obtained 
from the furnace for other industries including 
agriculture, sports etc.  

Currently, most of the Si furnaces are open, where use 
of the energy available in the process gas for electricity 
production is a challenge. However, in closed furnace the 
process gas CO does not go through the uncontrolled 
combustion inside the hood and therefore it is possible to 
utilize the energy for electricity generation. Heimir 
Hjartarson et al. (Heimir Hjartarson, Halldor Palsson, and 
Saevarsdottir 2010) performed an energy and exergy 
analysis on a 47 MW SAF producing FeSi75 based on 
measurements. It was concluded that the production of 
ferrosilicon involves large exergy destruction, estimated 
to be 46.5 MW, and the exergetic efficiency of the 
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furnace is about 30%. The energy analysis shows that 
much of the energy used in the production of ferrosilicon 
goes into the environment as a waste heat. Only 35.6 MW 
of the 98 MW of the energy supplied to the process are 
retrieved as chemical energy in the product.  

 

 
 
Figure 1: Principle sketch of the metal reduction process. Schei 
et al (Schei, Tuset, and Tveit 1997) 
 

To obtain energy from the submerged arc furnace, a 
heat recovery system needs to be designed. One of the 
principle requirement of heat recovery system is that it 
should not affect the quantity and quality of the product 
and it should not increase primary energy (coal, oil or 
natural gas) consumption. The heat recovery system 
should extract energy available in sensible heat of waste 
hot water and from chemical energy available in flue gas. 
The recovery system needs to be safe, reliable, 
sustainable, and stable with reduced amount of 
smoke/dust and other pollutant production. Proposed 
waste heat recovery system is based on the utilization of 
the chemical energy available in process gas. The system 
includes a combustion chamber and the primary 
objective of the proposed combustion chamber is to 
combust the process gases obtained either from Ferro 
manganese or from Ferro silicon furnace. The process 
gas mainly consists of CO, H2O, CO2 and Si component 
(dust/gas) in Ferro Silicon furnace and Mn components 
(dust/gas) in Ferromanganese furnace. The process gas 
also consist of some amount of PAH and oxidation of the 
PAH is a challenge due to their stable complex rings. One 
of the objectives of the proposed combustion chamber is 
to oxidize the PAH.  The minimum residence time and 
temperature to oxidize these PAH rings is around 2s and 
8000C respectively (Mati et al. 2007). The other 
requirement for this combustion chamber is to have better 
control of the NOx formation, which again depends on 
the temperature and residence time. The peak 
temperature and simultaneous higher residence time 
leads to higher NOx formation. Thus the two 
requirements of complete PAH combustion and 
minimized NOx formation are contradictory to each 
other. However, it is possible to meet both requirements 

by having more uniform temperature. Temperature 
should not exceed the critical temperature responsible for 
the higher NOx formation. The critical temperature for 
thermal NOx formation is above 15000C. It is possible to 
optimize the chamber with respect to temperature and 
residence time. The residence time of the combustion 
chamber can be calculated either with Langrangian 
approach or with species transport. Langrangian 
approach is computationally demanding and therefore 
approach based on the species transport is employed. In 
this approach an inert specie/tracer is released from the 
process gas inlet. It is assumed that effect of tracer on the 
global flow field is insignificant. Residence time is 
calculated by solving an unsteady transport equation for 
inert specie. The concentration of inert specie over a time 
is monitored at the outlet.   

 

Figure 2: Flow diagram of heat recovery system from flue 
gas. 

An overall concept of the entire system is shown in 
Figure 2. The objective of the lab scale plant is only to 
demonstrate the functioning of the combustion chamber 
and therefore the current lab scale plant is not equipped 
with a power generation system. Process gas from the 
SAF is transported to the combustion chamber via a 
suitable connection. Measurements of temperature, 
species concentration, and other emissions is performed 
not only downstream and upstream of the combustion 
chamber, but also inside the combustion chamber. A 
robust safety system integrated with measurement system 
is developed to avoid any accidents. The hot exhaust 
gases from the combustion chamber is quenched to a 
suitable temperature before entering into the filter unit.  

DESIGN CRITERION OF COMBUSTION CHAMBER 
The combustion chamber is normally designed 

considering two different types of flames, either diffusion 
or premix. In the diffusion or non-premixed flame, fuel 
and oxidizer come from a separate stream prior to 
entering the combustion chamber. However, in the 
premixed flame both fuel and oxidizer are mixed prior to 
entering the combustion chamber. Apart from type of 
flames, the combustor performance is also governed by 
the size and shape of the combustion chamber. 
Historically, most of the research has been done for the 
jet engine combustion chamber scaling and therefore 
most of the design criteria have been laid down for the jet 
engines combustion chamber.  In addition, the existing 
gas fired boiler/furnaces design criteria do not meet our 
requirements and therefore the new design criteria are 
needed to design a combustion chamber to meet our 
requirements. These are some of the proposed design 
criteria for scaling the combustion chamber. 
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1) The combustion chamber has to be based on the 
pure diffusion flame concept. Operating the combustion 
chamber with a premixed flame is a challenge due to 
uncontrolled flame that can affect the furnace safety.  

 
2) Transport of the process gas from the furnace to 

the combustion chamber requires special attention to 
avoid any clogging of the pipes due to dust and tar 
available in the process gas. There are also possibilities 
of condensation of SiO gas inside the transport pipes and 
this has to be considered while scaling the transport 
pipes.  

 
3) The residence time and temperature of the gases 

inside the combustion chamber should be sufficiently 
high to achieve a proper mixing and subsequent 
combustion of PAH.  

 
4) The inner wall temperature of the combustion 

chamber should not exceed the critical temperature at 
which the insulating materials have been designed. 

 
5) The maximum temperature on the outer wall of 

the combustion chamber should not be very high. The 
outer wall temperature of the combustion chamber shall 
not exceed 60-100 0C. 

 
7) The temperature of the combusted gases out of 

the combustion chamber should not be more than 8000C 
otherwise cooling of the exhaust hot gases will be a 
challenge.  

 
8) The capacity of the combustion chamber should 

be around 30 kW. Aim of the combustion chamber was 
not to produce power but to show an oxidation of PAH 
and NOx formation. Therefore combustion chamber with 
small capacity was designed.  
 

9) Last but not least is the price and weight of the 
whole assembly should not exceed the limit. It is difficult 
to come with price now and this information is sensitive 
and could not be shared. It was made sure that pipe size, 
chamber internal and outer dimension, insulations are of 
standard dimensions to avoid unnecessary costs. 

COMPUTATIONAL FLUID DYNAMICS (CFD) MODEL 
OF COMBUSTION CHAMBER 

CFD has been matured enough to be used for 
designing any industrial or laboratory scale system 
involving flow, heat and mass transfer. In the present 
study CFD is utilized for designing and scaling the 
combustion chamber.  All the design parameters 
discussed earlier have been independently evaluated with 
CFD. Commercial CFD software ANSYS FLUENT 
(ANSYS 2016) has been utilized for studies. The 
geometry and mesh was generated using ANSYS design 
modeler. The generated mesh was imported into the 
FLUENT flow solver. 

 
Figure 3: Combustion chamber   
 

In current steady state CFD model setup, the 
convective and diffusive terms in all the transport  
equations (mass, momentum, energy, turbulence and 
species) were discretized using first order accurate 
scheme during the initial phase of chamber scaling, 
however, for final scaling, second order scheme was 
employed. The turbulence-chemistry was modeled with 
the eddy dissipation concept model.  Turbulence was 
handled with k-e model and for radiation, Discrete 
Ordinance (DO) model was employed. The process gas 
mainly consists of 70-75% of CO and 20-25 % of H2O. 
Oxidation of CO with air was modeled using a detailed 
chemical kinetic mechanism involving 12 species and 28 
elementary reactions (Drake and Blint 1988) as shown in 
Table-1. The pressure-velocity coupling was achieved by 
SIMPLE algorithm. Meshing of the geometry was carried 
out using ANSYS MESH.  

 
Table-1: CO/air mechanism used for present study 
 

ELEMENTS 
H  O  C  N 

END 
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SPECIES 
H  O2  O  OH  H2  H2O  HO2  CO  CO2  HCO  H2O2 N2 
END 
REACTIONS        CAL/MOLE 
Units are moles, cubic centimeters, and calories per mole. Temperature 
in Kelvin. 

H+O2=O+OH 5.10E+16 -0.816 16507 

OH+H2=H2O+H 1.20E+09 1.3 3630 

H2+O=H+OH 1.80E+10 1 8920 

OH+OH=H2O+O 1.50E+09 1.14 0 

H+HO2=OH+OH 1.50E+14 0 1000 

H+HO2=H2+O2 2.50E+13 0 690 

H+HO2=H2O+O 1.00E+13 0 1073 

HO2+OH=H2O+O2 1.50E+13 0 0 

HO2+O=O2+OH 2.00E+13 0 0 

H2O2+OH=H2O+HO2 1.00E+13 0 1800 

HO2+HO2=H2O2+O2 2.00E+12 0 0 

H2O2+H=HO2+H2 1.70E+12 0 3750 

H+O2+M=HO2+M 2.30E+18 -0.8 0 

H2O2+M=OH+OH+M 1.20E+17 0 45500 

CO+OH=CO2+H 1.50E+07 1.3 -770 

CO+HO2=CO2+OH 1.50E+14 0 23650 

CO2+O=CO+O2 2.80E+12 0 43830 

HCO+M=H+CO+M 7.10E+14 0 16800 

HCO+H=CO+H2 2.00E+14 0 0 

HCO+OH=CO+H2O 5.00E+13 0 0 

HCO+O2=CO+HO2 5.00E+11 0.5 835 

H+H+M=H2+M 9.00E+16 -0.6 0 

H+OH+M=H2O+M 2.20E+22 -2 0 

O+H+M=OH+M 6.20E+16 -0.6 0 

CO+O+M=CO2+M 5.80E+13 0 0 

HCO+O=CO+OH 3.00E+13 0 0 

HCO+O=CO2+H 3.00E+13 0 0 

 
The model initial mesh was 6.5 million tetrahedral 

cells, which was converted into polyhedral mesh of 1.8 
million cells. The grid was refined close to all walls. In 
addition, a boundary layer mesh was generated. While 
converting from tetrahedral mesh to polyhedral mesh, the 
boundary layer mesh does not change. Global 
stoichiometric ratio of combustion system is maintain 
closer to one. Amount of process gas was calculated 
considering the combustion chamber of 30 kW. The air 
need for complete combustion is calculated based on the 
amount of process gas. 20% of air was supplied at the 
primary air inlet located at the top and remaining 80% of 
the air was equally distributed into the secondary air inlet. 
Optimization of stoichiometric ratio through secondary 
air injection is not performed in the present study.  
 

DESIGN CRITERIA FOR COMBUSTION CHAMBER 
SIZING 

The length and diameter of the combustion chamber 
were based on two parameters initially 1) desired power 

capacity of combustor which is around 30 kW and 2) 
desired residence time require for oxidation of PAH. 
However, controlling the temperature and residence time 
only through chamber diameter and length was a 
challenge; therefore some other parameters/functions on 
the combustion chamber need to be introduced. The other 
parameter that can control the residence time inside the 
combustion chamber could be the arrangement of the air 
supply. In the combustion chamber, the fuel and oxidizer 
can be supplied either coaxially or circumferentially. In a 
coaxial arrangement of fuel and air inlet, the dominating 
flow direction is along the axis of the combustion 
chamber and some of the air might travels in a lateral 
direction due to diffusion. However, in this configuration 
the residence time is mainly governed by the fuel and air 
inlet velocities at the coaxial inlet and length of the 
chamber. Based on our initial finding it was found that 
the coaxial configuration does not give residence time of 
2s necessary for the PAH oxidation. Furthermore, co-
axial injection does not provide uniform mixing. The 
other possibility to improve the residence time is to 
supply air circumferentially. The air supplied 
circumferentially is referred here as a secondary air 
injection. These secondary injections are provided at the 
offset (see Figure 4) to improve a mixing between fuel 
and oxidizer. 
 

 
Figure 4: Cross section of the combustion chamber with 
secondary air injection in offset plane 
  

 Figure 4 shows cross section of the combustion 
chamber with secondary air injection in offset plane. The 
secondary air was injected at four different locations 
along the length of the combustion chamber (see Figure 
3). At each longitudinal locations four air inlet pipes were 
provided. In the initial design phase of combustion 
chamber, all the four pipes were provided 
circumferentially at offset from the center to obtain the 
circulation pattern inside the combustion chamber which 
helps to improve the mixing and subsequent combustion. 
This arrangement of inlet pipes also increases the 
residence time of the gases and maintain the gas 
temperature at lower level, which helps in reduced NOx 
formation.     

However, a challenging problem with this 
arrangement is a lesser penetration of air deep inside the 
chamber where most of the process gas is available. This 
problem was solved by removing offset for the secondary 
air inlet at second and fourth stations. The offset was only 
provided at first and second station for secondary air 
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inlet. The perpendicular locations of air inlet at second 
and fourth gave deeper penetration of the air.  This 
configuration also gave sufficiently enough residence 
time required for the oxidation of PAH.  

One of the major requirements of the combustion 
chamber is the outer casing temperature of the 
combustion chamber should be order of 100-1500C.  This 
can be achieved via two ways, first by providing 
insulating layers on the combustion chamber and second 
by passing a coolant fluid on the walls of the combustion 
chamber. The second alternative is quite complicated at 
this stage and therefore first alternative was chosen for 
further study. Parameters such as thermal shocks, thermal 
gradients, structural properties, thermal conductivity of 
insulating material were considered while selecting the 
insulating material. The combustion chamber was 
designed using three different insulating layers. 
Thickness of each layer of insulating material was 
estimated based on temperature gradient requirements.  
For estimating the insulating thickness initially an 
engineering approach was used (see Equation 1). 

 

 𝑹𝑹 = 𝟏𝟏
𝟐𝟐𝟐𝟐𝒉𝒉𝒊𝒊𝒓𝒓𝟏𝟏

+ ∑
𝒍𝒍𝒍𝒍 �𝒓𝒓(𝒌𝒌+𝟏𝟏)

𝒓𝒓𝒌𝒌
�

𝟐𝟐𝟐𝟐𝝀𝝀𝒌𝒌
𝒍𝒍−𝟏𝟏
𝒌𝒌=𝟏𝟏 + 𝟏𝟏

𝟐𝟐𝟐𝟐𝒉𝒉𝒆𝒆𝒓𝒓𝒍𝒍
 (1) 

 
A final check on the effect of insulating materials on 

the heat distribution was carried out using CFD. Any 
discrepancy between the estimated insulating layer 
thickness using engineering model and CFD was 
adjusted in the final design of the combustion chamber.  

 
Controlling the outer layer temperature only with 

insulating material is a challenge due to non-linear 
behavior of insulation thickness on the temperature drop 
through insulating layers. The study indicated that the 
effect of insulation thickness and insulating material 
properties on the temperature drop is non-linear and 
beyond certain insulation thickness the temperature of 
the outer shell does not reduce significantly. On the other 
hand, the outer diameter and weight of the combustion 
chamber should not exceed the critical values. The outer 
diameter of the combustion chamber was fixed at 650 
mm. Controlling the outer temperature with insulating 
material alone was not sufficient and therefore extended 
surfaces (Fins) were provided to achieve the higher heat 
transfer rates. The fin was very useful in controlling the 
outer wall temperature. 

 
After going through many iterations the final design 

and size of the combustion chamber was proposed and 
shown in Figure 3. CFD simulations of the final 
configuration was performed and presented in following 
sections. The CFD results of intermediate design is not 
presented here and it is beyond the scope of the paper. 

 
Figure 5: Pathlines coloured with gas temperature (0C) 

RESULTS AND DISCUSSIONS  
 
A maximum velocity at the outlet of the chamber is 

around 4 m/s. The first and third stations had offset for 
secondary air injection (see Figure 3 and Figure 8/9), but 
second and fourth air injections were perpendicular to the 
chamber (see Figure 10/11). The second and fourth 
station of secondary air injection is supplying air normal 
to the combustion chamber to achieve a deeper 
penetration of the air. The penetrated air interacts 
strongly with process gas and thus helps in better 
combustion of the process gases. The converging section 
of the combustion chamber close to the outlet makes flow 
streamline along the wall of the combustion chamber. 
The flow inside the combustion chamber is somewhat 
complicated due to offset supply of air (see Figure 5). The 
pathlines from the fuel inlet is shown in Figure 5. The 
pathlines are colored with gas temperature. Highest 
temperature is nearly 1900 0C.  A circulating pattern of 
the gas stream can be seen in the Figure 5. The gas 
released from the co-axial fuel/air inlet is along the 
direction of the combustion chamber, the gas undergoes 
to a circulation flow pattern when it meets the secondary 
air released from the offset injection (first stations of 
secondary air inlet). This circulating pattern helps in 
increasing the residence time of the PAH gas 
components. It can also be observed that the temperature 
of the gas stream is never less than 850oC, which ensure 
a possibility of having the complete combustion of PAH. 
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The maximum temperature is also not more than 1950 0C 
which is very helpful for not allowing the substantial 
NOx. Formation. There are mainly three routes for NOx 
formation; 1) thermal NOx, 2) fuel NOx, and 3) prompt 
Nox, among them the rate of thermal NOx formation 
exponentially varies with the gas temperature and for 
every increase in 90 degree the rate of NOx formation 
doubles at temperature above 1927 0C . 

 
 

Figure 6: CO mass fraction in the central plane 

CO in the middle plane of the combustion chamber is 
illustrated in Figure 6. It can be seen that the most of the 
CO is consumed before the second station for secondary 
air injection. However, increasing the secondary air 
injection velocity beyond optimum at injection 
perpendicular to the combustion chamber might lead to 
the some challenges.  
 

 
 

Figure 7: Temperature distribution in the central plane (0C) 

 
 
Figure 8:  Temperature distribution at first station of 

secondary air injection  
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Figure 9: Velocity vector colored by velocity magnitude 

(m/s) at the first station 
 
Temperature distribution in the central plane is shown 

in Figure 7. The highest temperature of gas is around 
1950 0C and the outlet temperature of the gas is around 
850 0C. The peak temperature occurs close to the lab 
burner region, in this region fuel and oxidizer reacts and 
develops a stabilized flame.  The temperature distribution 
of the combustion chamber section at first secondary air 
inlet is shown in Figure 8. A flame (squared shape high 
temperature zone) is visible at a location where fresh air 
from the secondary air inlet interacts with gas coming 
from co-axial fuel and air inlets. In the same location, 
velocity distribution is shown in Figure 9. The velocity 
distribution shows two distinct pattern first one is 
recirculating pattern due to secondary air injection and 
the second zone is due to co-axial flow.  The temperature 
and velocity distributions are completely different at the 
second station for secondary air injection (see Figure 10 
and Figure 11). The circulation pattern around the 
secondary air injection is not visible anymore and air is 
penetrating deeper inside the combustion chamber.  
 

 
Figure 10: Temperature distribution at second station of 

secondary air injection 
 

 
 
 
Figure 11: Velocity vector colored by velocity magnitude at 

the second station 

CONCLUSION 
The design concept of combustion chamber for 

combusting the process gas obtained during the SAF 
reduction process has been presented. Design principle of 
the proposed combustion chamber is different from the 
traditional jet engine combustion chamber and 
boiler/furnace combustion chamber. New design 
principle of combustion chamber has been presented for 
scaling the combustion chamber design. The major 
parameter such as residence time and maximum/average 
temperature of the process gas, outer diameter and outer 
shell temperature of chamber and power of the 
combustion chamber are considered while designing the 
combustion chamber. CFD studies have shown that the 
secondary air injection is necessary for minimization of 
NOx formation. The secondary air injection also 
increases the residence time of the process gas while 
maintaining a uniform temperature inside the chamber, 
which is required for an efficient combustion of the PAH. 
The proposed combustion chamber gave an average 
residence time of 2s and an average temperature of 
around 800 0C suitable for PAH oxidation. 
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