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ABSTRACT
Flue gas Recycling (FGR) is a well-known method for NOx reduc-
tion. A feasibility study is presented on the potential use of FGR in
ferro-silicon production. The aim of the study is to illustrate how
recycling of flue gas into the furnace for temperature control will
affect local temperatures and NOx formation in the furnace hood
(the flue gas combustion zone) of a conventional furnace design.
Computational fluid dynamic (CFD) simulations using a generic
model of a submerged arc furnace (SAF) developed in previously
NFR financed projects like ProMiljø are performed. The SAFmodel
consists of seven charging pipes, three electrodes and one flue gas
stack. ANSYS FLUENT was used for modelling the interaction
between process gas, ambient air, and flue gas. The simulation re-
sults show that introduction of recirculated flue gas affects the peak
temperatures since the reduced oxygen concentration of flue gas
significantly reduce the reaction rates compared to injection of air.
A corresponding effect on NOx formation has been demonstrated,
results indicate an order of magnitude reduction in NOx formation
when recirculated flue gas ( 6vol% O2) is used in the combustion
zone instead of air (21vol% O2). Simulations of the rapid increase
in NOx production during an avalanche within the furnace is simu-
lated using theoretical flow profiles. The effects of 1) recirculated
flue gas, 2) rapid increase in the process gases from charging bed
(burst), and 3) effect of radiation on NOx have been studied. The
study showed that FGR has significant effect on NOx reduction. The
study also showed that accounting for radiation is very relevant for
an accurate estimation of NOx. The formation of process gas burst
through a charging surface increase the rate of NOx formation.

Keywords: CFD, NOx, radiation, combustion, flue gas recycling
(FGR).

INTRODUCTION

Ferroalloys are produced in a submerged arc furnaces (SAF)
where ore and carbon (coke, coal, etc.) are mixed inside the
furnace and allowed to react. The electric energy for the re-
action is supplied through electrodes. Furnace operation and
raw material properties determine the metal yield and qual-
ity of the metal and how much process gas will be formed.
Process gases mainly consisting of CO and metal oxide are
formed underneath the charge surface due to the reduction
processes and these process gases travel upward through the
charge surface into the furnace hood. The liquid metal sink
to the bottom where it is collected in ladles through a tap-

ping hole. As the hot process gas rises upwards through the
charge surface into a furnace hood, in case of open furnace
hood, air is sucked into the hood through various open ar-
eas on the furnace walls due to the pressure drop. The air
and process gas reacts inside the hood in a combustion pro-
cess and produces an off-gas containing SiO2, CO2, H2O and
other components. In the open furnace, most of the chemical
energy of the process gas is lost due to uncontrolled combus-
tion of CO inside the hood. The uncontrolled combustion
can be hindered by closing the furnace hood which prevents
the reaction between fresh air and process gases. However,
closing the Si furnace is a challenge due to many practical
and technical constraints and therefore closed Si Furnaces are
not in industrial use today. Nevertheless, in the Open furnace
usually, temperature and material stream are high enough,
and it is possible to produce electricity from the heat. In an
open furnace, there are two main potential sources of energy
recovery, 1) from the off-gas with a high temperature and 2)
from the cooling water used for cooling the SAF. An energy
analysis carried out by Kamfjord et al. (Kamfjord, 2012) has
shown utilization of hot water obtained from the furnace for
other industries including agriculture, sports etc. Some of
the Si plant have installed a steam power plant to recover the
energy.

One of the major challenges with open SAF is uncontrolled
combustion of process gases inside the furnace hood resulting
in an excessive NOx formation due to the formation of high
temperature zones. There are various kinds of health related
issues with NOx once it is released into the atmosphere. NOx
can cause breathing problems, chronically reduced lung func-
tion, eye irritation, loss of appetite. It mainly contribute to the
acid rain and formation of ground-level ozone that can dam-
age the ecosystems. All the metallurgical companies have to
follow the governmental regulations on theNOx emission and
therefore these companies have been developing many tech-
niques to reduce the NOx emissions. NOx emission can be
reduced by primary methods such as water direct injection,
water emulsification, flue gas recirculation (FGR) and sec-
ondary method such as selective catalytic reduction (SCR).
Three main mechanisms have been identified for the NOx for-
mation: the thermal or Zel’dovichmechanism, the Fennimore
or promptmechanism andN2O intermediate mechanism, cor-
responding NOx are respectively called thermal, prompt and
fuel NOx. Thermal NOx generally dominates in high temper-
ature turbulent diffusion flames. At temperature around 1527
℃, oxygen radicals are formed from the dissociation of atmo-
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spheric oxygen. These atoms react with nitrogen molecules
and produce NOx and nitrogen atoms. The nitrogen atom
again reacts with oxygen molecules and OH radicals and pro-
duces NOx. A detailed mechanism of NOx formation have
been discussed in this paper.
An improved understanding of the combustion process inside
the SAF is essential for minimization of the NOx formation
and maximization of energy recovery. In SAF, high temper-
ature processes makes it difficult to perform extensive exper-
iments and most of these experiments are performed on the
small pilot scale experiments. Numerical techniques such
as Computational fluid dynamic (CFD) is a good alternative
to understand the dynamics and functioning of SAF, CFD
techniques can be deployed to understand complex solid-gas,
liquid-solid, and liquid-gas reactions prevalent in SAF. Many
studies have been performed on the modelling of SAF to un-
derstand the operational behavior of the furnace (Scheepers
et al., 2006a; Darmana et al., 2012; Scheepers et al., 2006b;
Panjwani andOlsen, 2013; Kadkhodabeigi et al., 2010). CFD
tools validated with experiments enable us to understand the
complex reactions between process gas and air taking place
inside hood. CFD simulation of furnace hood (Panjwani and
Olsen, 2013) indicates, many hot pockets inside the furnace
hood which results in excessive NOx formation. The hot
pockets are also responsible for radiation losses and reduces
the potential for energy recovery. To alleviate this problem, a
NOx reduction techniques flue gas recirculation (FGR) have
been utilized.
The results from previous techno economical evaluations
(Pettersen et al. (Pettersen et al., 2017)) indicated the po-
tential of using recirculated flue gas in silicon production as a
mean for both increased energy recovery and simultaneously
improved temperature control in a semi-closed submerged arc
furnace. This potential has been further explored through the
following activities:

• A base case has been defined for silicon production in a
semi-closed submerged arc furnace

• Results from a computational fluid dynamics simulation
of the combustion zone are presented.

• Some critical design trade-offs are discussed

FGR involves recirculating part of the flue gas back into the
furnace or the burners tomodify conditions in the combustion
zone by lowering the peak flame temperature and reducing the
oxygen concentration, thereby reducing thermal NOx forma-
tion. FGRhas been used commercially formany years at coal-
fired units, waste incinerators (WI), gas turbines(Tsiliyannis,
2013; Liuzzo et al., 2007; Chen et al., 2015; Guethe and
Burdet, 2009). Flue gas recirculation (FGR) emerges as a
promising method for reducing WI atmospheric pollution,
mainlyNOx and volatilemetal emissions by resulting in lower
total off gas volumes. In WI plant, a portion of flue gas is re-
cycled back to the incinerator and the secondary combustion
air is manipulated by measuring the oxygen concentration
of the incineration chamber flue gas. Being a mass recycle,
FGR is fundamentally different than the heat integration (ex-
change of the heat of flue gases with the feed, air or wastes);
the latter redirects enthalpy to the WI and raises its tempera-
ture, whereas oxygen concentration in both the primary and
secondary air are not affected. The application of FGR in
new plants has allowed a reduction of the total amount of
incineration air and flue gas in the range of 10–15%.

In the present study a CFDmodel of generic furnace is devel-
oped and effect of FGRon theNOx reduction and temperature
controlled have bee studied with the help of CFD simulations.

FLUE GAS RECYCLING IN SAF

Figure 1 shows a conceptual design of a semi-closed silicon
production process, where recirculated flue gas is used for
temperature control in the combustion zone1 following the
submerged arc furnace. Semi-closed in this context means
that the amount of ingress air into the SAF is limited and
used to actively control the oxygen concentration in the flue
gas at the exit of the combustion zone. The ingress air which
in current processes are used for temperature control is in
this concept replaced by flue gas taken downstream of the
hear recovery steam boiler and filter system. The recirculated
flue gas which is available at "flue gas stack temperature",
typically around 150 ℃and is used to control the flue gas
temperature at the exit of the combustion zone up-stream
inlet to the convective part of the heat recovery steam boiler.

Figure 1: Conceptual design of a semi-closed silicon production
process, where recirculated flue gas is used for temper-
ature control in the combustion zone following the sub-
merged arc furnace (SAF

A dedicated flue gas combustion zone is indicated in Fig-
ure 1. This corresponds to the staged combustion chamber
as described by Wittgens et al. (Wittgens et al., 2018) in the
SCORE-project. In this study, we have focused only on the
effect of replacing ingress air with recirculated flue gas in a
conventional SAF design. Base case conditions are defined
in Table 1. The combustion of the SAF process gas (leaving
the charge surface) is simplified by merging the content of tar
components and SiO(g) into CO on a volumetric basis, never-
theless the overall energy balance is correct and combustion
is described properly. The SAF process flow rate correspond
to a furnace with around 40 MW electric effect.

DESIGN TRADE-OFFS

The oxygen concentration in the flue gas leaving the combus-
tion zone (and the stack) is the most important design variable
in terms of mass and energy balance for a semi-closed silicon
process, as outlined in Figure 1. The O2-concentration in
the flue gas will have major impact on both the stack-loss and
the gross flue gas flow rate through the SAF combustion zone
and the heat recovery steam boiler. The stack loss is affected

1The combustion zone is defined as the void volume above the charge
until flue gas is exiting the furnace hood.
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Table 1: Base case conditions used as basis for CFD simulations.

Components Nm3/h ℃
SAF process gas 11 500 1500

CO=70.3%; H2=6.4%; H2O=23.3%; N2 rest.
Net flue gas to stack 40 703 150

O2=6.2%; CO2=20%; H2O=9%; N2 rest.
Total combustion air 33 583 20
Recirculated flue gas from boiler 94 975 150
Gross flue gas to boiler 135 678 745

through the amount of "excess" air which is heated up from
ambient to stack temperature. The lower the oxygen concen-
tration is (less excess air), the lower the stack loss will be.
The gross flue gas flow rate is a result of the amount of recir-
culated flue gas which is needed to meet the desired flue gas
temperature at the entrance of the convective part of the heat
recovery steam boiler system (another key design parameter).
With less excess air available for cooling in the combustion
zone, more recirculated flue gas is needed to meet the desired
design temperature.
The oxygen concentration of the recirculated flue gas has a
significant effect on local peak temperatures within the com-
bustion zone. Figure 2 shows theoretical flue gas temperature
(from a simple energy balance model) versus stoichiometric
ratio, λ during combustion of the flue gas using mixtures of
combustion air and recirculated flue gas. The stoichiometric
ratio, λ is here defined as the ratio between the amount of O2

added to the SAF flue gas and the amount of O2 needed to
completely convert CO and H2 in the SAF flue gas to CO2

and H2O. Thus, λ = 0 corresponds to the flue gas leaving
the SAF charge, λ = 1 corresponds to completely combusted
flue gas (with O2 = 0 vol in the flue gas) and λ = 1.57 cor-
responds to the specified base case O2 concentration of 6.2
vol% O2.
Case 1 shows the theoretical flue gas temperature as a func-
tion of λ when combustion air is added first to the flue gas
leaving the SAF charge. The theoretical flue gas temperature
at λ = 1 is very high - above 2500degC and represents a
theoretical peak temperature during combustion of the SAF
process gas in air. After combustion to the specified excess air
concentration of 6.2 vol% O2 which corresponds to λ = 1.57
the flue gas temperature is slightly below 2000 ℃. Cooling
down to the target temperature at 745 ℃is achieved by injec-
tion of recirculated flue gas available at 150 ℃downstream
of the heat recovery steam generation system.
Case 2 shows the corresponding temperature profile if com-
bustion air and recirculated flue gas streams are mixed prior
to injection to the SAF combustion zone (which is assumed
to start above the SAF charge surface). This mixture of air
and flue gas will with the given base case conditions have a
concentration of around 10 vol% O2 which leads to signifi-
cantly lower temperatures. The theoretical peak temperature
(at λ = 1) is below 1600 ℃. Although still above the temper-
ature where thermal NOx formation is likely to dominate the
extreme temperatures are avoided when compared to Case 1.
Case 3 shows the temperature profile which can be achieved if
the process gas leaving the SAF charge surface is combusted
using recirculated flue gas at 6.2 vol% O2. Where the flue
gas temperature drops down to below 1200 ℃at λ = 1 and
the specified exit conditions for the SAF charge represents the
peak temperature in this case.
The results from this simple model (energy and mass bal-
ances) provides the following insights relevant for implemen-

tation of a semi-closed silicon furnace:

• Avoid introducing air to flue gas at sub stoichiometric
conditions otherwise extreme peak temperatures may
occur.

• Recirculated flue gas with sufficiently low oxygen con-
tent is an efficient way of avoiding extreme peak tem-
peratures while ensuring complete burnout of the flue
gas.

• Sufficiently low oxygen content for recirculated flue gas
is in this case most likely below 10vol%O2 if significant
NOx formation and operational challenges with high
temperatures are to be avoided.

The potential in a conventional SAF furnace is explored fur-
ther using 3D CFD models in the following chapter.

Figure 2: Theoretical flue gas temperature versus stoichiometric ra-
tio for base case conditions outlined in Table 1. Case 1:
Combustion of process gas with combustion air followed
by cooling with recirculated flue gas; Case 2: Combus-
tion and subsequent cooling of air using a mixture of
combustion air and recirculated flue gas; Case 3: Com-
bustion of recirculated flue gas and subsequent cooling
using combustion air.

MODELLING

The main objective of CFD simulations was to study the
how recirculated flue gases affects the NOx emission during
SAF operation. As described in the previous section, when
recirculated flue gases are admitted into a combustion system,
it primarily reduces the peak temperature which results in
NOx reductions. Aswe know that theNOx formation depends
on the local temperature resulting from the reaction between
fuel (process gas) and oxygen concentration (air + FGR). In
FGR, the oxygen concentration is altered by introducing the
additional flue gas with low oxygen concentration and high
CO2 concentration. However, there aremany questionswhich
need to be answered before implementing the FGR in the real
operating SAF

• Which strategy for recirculation of the gas into the fur-
nace hood need to be adapted is not very clear?

• At what location the flue gas should be injected?

• How "burst" will affect the overall NOx formation?
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• How radiation losses will affect both the temperature
and NOx formation?

To answer these questions, a CFD model of a SAF is con-
structed. In the present study, the SAF charge surface is
modelled as a wall, where flow of process gas is modelled
as a mass flux boundary condition. The escaping of process
gas through the charge surface is non-uniform and in the real
operation a strong burst of SiO and CO have been observed
inside the furnace. These bursts are responsible for increased
in a local temperature and also increase in a NOx formation.
The other objective of this study is to asses the effect of these
burst on the NOx formation.

Geometry

The geometry used for understanding the effect of recirculated
flue gases on the NOx formation is shown in Figure 3. This
model geometry of furnace hood was developed in two NFR
financed projects, namely Promiljø and FUME. The model
furnace consists of seven charging pipes, three electrodes,
charging surfaces (top surface of the charge bed), simplified
single stack, gates, slits and gapes. The charging surface is
further divided into three different zones inner, middle and
outer.

Figure 3: Schematic of the model furnace

Mathematical modeling

ANSYS Fluent was used in the present study. Steady state
model solving for continuity, momentum, energy, species bal-
ances and radiation equations was used. Flow inside the fur-
nace is turbulent in nature and flow dynamics depend on the
initial temperature and turbulence distribution. Fluent solves
the Reynolds averaged Navier-Stokes equation (RANS) on
the grid scales and turbulence is modeled using an appropri-
ate turbulence model. In the present study we used the RNG
k-εmodel for turbulence modelling and radiation is modelled
with Discrete Ordinates (DO) model. Both the k-ε model for
turbulence and DOmodel for radiation were chosen based on
our previous experience on modelling such kind of furnaces.
In DO model, the number of theta and phi divisions were set
to 5 and theta and phi pixels were set to 3.

Combustion and kinetics

A variety of combustion models (i.e. Eddy dissipation con-
cept (EDC), Flamelet model, Presumed PDF model) can be
used for simulating the combustion related problems with
great difference in terms of computational costs, accuracy
and complexity. A non-premixed turbulent methane flame
was studies by Rohani et al. (Rohani et al., 2012) using EDC

model and Presumed PDF model. Their studies revealed that
presumed-PDF model shows considerably better agreement
with experimental data which is mainly due to implementing
a probabilistic approach for relating the turbulence charac-
teristics of the flow field to thermo-chemical properties of
the flame. However, the presumed PDF model was compu-
tational demanding and very complex and therefore it is very
challenging to use this model for simulating the complex ge-
ometries such as SAF. Therefore, in the present study, EDC
model is applied. The original version of the EDCmodel was
developed by Magnussen (Magnussen and Hjertager, 1977)
and after that various version of EDCmodel have been devel-
oped. In the current study the model available in FLUENT
have been used in which the chemical reaction rate is gov-
erned by the large-eddy mixing time scale and also by the
chemical time scale. ANSYS FLUENT provides the finite-
rate/eddy-dissipation model, where both the Arrhenius and
eddy-dissipation reaction rates are calculated. The net reac-
tion rate is taken as the minimum of these two rates. The
EDC model accounts for the chemical kinetics through Per-
fectly Stirred Reactor (PSR) concept in which each numerical
grid is assumed as a stand alone reactor.
Combustion of CO does not take place in a single step, there
are many intermediate steps involved in CO combustion. Ac-
counting all the intermediate steps is indeed computationally
expensive because many species transport equations need to
be solved in CFD framework. Nevertheless, combustion in-
side the furnace takes place at very high temperatures and
therefore a simplified CO mechanism is assumed to be suffi-
cient for our analysis. In the present study, a two-step reaction
mechanism for the CO combustion is used. How a detailed
kinetic model could affect the NOx formation is presented in
our previous publication (Panjwani and Olsen, 2013). The
soot formation is not considered in the current paper.

NOx modeling

In present study it is believed that the main source of NOx
production is thermal NOx, therefore only thermal NOx is
considered. Formation of NOx depends on the instantaneous
temperature, species concentration, and radical concentra-
tion. NOx is the common notion for the two gases nitric
oxide (NO) and nitrogen dioxide (NO2). For simplification,
we only calculate the formation of NO. In combustion system
the NO kinetics is very slow, and concentration is generally
low, and because of this NO chemistry has negligible influ-
ence on the overall flow pattern, temperature field and other
species concentration. Therefore, a post processing approach
is used for estimation of NO concentration. The post process-
ing approach implemented in FLUENT solves the transport
equation for NO concentration with a source term expressed
as an Arrhenius rate of law. With post processing-based ap-
proach we expect to capture trends based on different furnace
hood designs, but we do not expect to find the correct overall
emission of NO.
First, the fundamental equations of mass, momentum and
energy were solved. Once the chosen convergence criteria
were fulfilled, then the post processing tool was used for
modeling the NO. The principal reactions governing the
formation of thermal NOx from molecular nitrogen are as
follows:

O +N2 ⇔ N +NO (1)

The forward and backward coefficient for above reaction were
1.8× 108e−38370/T and 3.8× 107e−425/T respectively.

N +O2 ⇔ O +NO (2)
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The forward and backward coefficient for above reaction were
1.8× 104e−4680/T and 3.8× 103e−20820/T respectively.
A third reaction has been shown to contribute, particularly at
near-stoichiometric conditions and in fuel-rich mixtures:

N +OH ⇔ H +NO (3)

The forward and backward coefficient for above reaction were
7.1× 107e−450/T and 1.7× 108e−24560/T respectively.
The net rate of NOx formation now depends on the above
mentioned forward and backward reaction rates and also N2

and O2 concentration

Boundary conditions and case description

In Figure 3, some of the boundary conditions are illustrated.
The inlet of process gases is divided into three zones andmost
of the gas comes from the center (zone 1) near the electrodes.
The zone 1 (inner) gets 60 % of the fuel (process gas), Zone 2
gets 30 % and Zone 3 gets 10 % of the fuel. The fuel consists
of 77 % CO and 23 % of H2O (mass basis). The flow rates,
temperature and species concentration at various inlets were
specified based on the value provided in Table 1. In total
four simulation were carried out and description of these
simulations are provided in Table 2 In all the simulations,
it was assumed that all the gates of SAF were closed. In
Case-1, 25% fresh air (O2=21%, N2=79%) was supplied at
charging pipes and 75% fresh air (O2=21%, N2=79%) was
supplied through gaps and slits. In Case-2, 75% fresh air was
supplied at charging pipes and 25% fresh air was supplied
through gaps and slits. In Case-3, 75% recirculated flue gas
(O2=6%, CO2=20%, H2O=9%, N2=65%) was supplied at
charging pipes and 25% fresh air was supplied through gaps
and slits. In Case-4, 25% fresh air was supplied at charging
pipes and 75% recirculated flue gas supplied through gaps
and slits.

Table 2: Simulation description

Simulation Flow rate charging Flow rate gaps
pipes (Nm3/h) (Nm3/h)

Case-1 Fresh air: 33 583 Fresh air: 94 953
Case-2 Fresh air: 94 953 Fresh air: 33 583
Case-3 Flue gas: 94 953 Fresh air: 33 583
Case-4 Fresh air: 33 583 Flue gas: 94 953

RESULTS

Steady state simulations

The abovementionedmodel has been validated with pilot fur-
nace and the results from this validation has been presented in
a previous conference (Panjwani and Olsen, 2013). FGR can
be a highly effective technique for lowering NOx emissions
and it is relatively inexpensive to apply. The recirculation
ratio R, as a key parameter in gases combustion system, was
defined as mass ratio between the amounts of recycled and
total flue gases, as expressed:

R =
MRFG

MRFG+MTFG
(4)

where MRFG is the recycled flue gas mass flow rate and
MTFG is the total produced flue gas mass flow. For example,
R = 0 means that there is no flue gas that was recycled back
to the hood, and in extreme case, R = 1 represents that total
flue gas was recycled back to the hood. The effect of FGR
on NOx is shown in Table 3. In Case-1, NOx is around

Table 3: CFD simulation results

Simulation description NOx Tout O2 R
[g/s] degC

Case-1 (without FGR) 150 640 16.5% 0
Case-2 (without FGR) 90 560 17% 0
Case-3 (with FGR ) 10 640 6.2% 0.75
Case-4 (with FGR ) 17 720 5.8% 0.75

150 g/s but by replacing the fresh air with flue gases on the
slits and other opening(Case-4), the NOx was reduced to 17
g/s. Similarly, in Case-2 and Case-3, when fresh air through
charging surface was replaced with flue gas NOxwas reduced
from 90 g/s to 10 g/s.
Thermal NOx is produced by the reaction of atmospheric
oxygen and nitrogen at elevated temperatures, and is consid-
ered to be the dominant mechanism. ISO clip temperature of
the furnace for Case-1 (without FGR) and Case-4 (with FGR
through the gaps) are shown in Figure 4, and 5 respectively
to understand the effect of FGR on temperature.

Figure 4: Case-1: Iso-clip of temperature ℃

High temperature pockets responsible for thermal NOx for-
mation are clearly visible in CASE-1 (see Figure 4). The
number of hot pockets has been reduced with FGR (see Fig-
ure 5).

Figure 5: Case-4: Iso-clip of temperature ℃

The effect of temperature on the NOx is exponential and small
reduction in temperature causes significant reduction in NOx
formation and thus concentration of NOx in the furnace off-
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gas. The amount of thermal NOx formed not only depends
on the temperature of the flame but also the residence time.
Both higher temperature and the longer residence time re-
sult in more NOx production. However these simulations
have been performed assuming steady state conditions and
therefore the effect of residence time is not shown in the
current calculations. The prediction of temperature in a tur-
bulent flame is important because the temperature affects the
chemical kinetics considerably (i.e. reaction rates of all in-
termediate reactions) and therefore the combustion behavior.
If the temperature is poorly predicted a realistic estimation of
the pollution (i.e soot, NOx) is less likely to be achieved.

Effect of radiation

Due to the high temperatures involved in combustion pro-
cesses, e.g. 2000 ℃, radiation heat transfer appears as an im-
portant heat transfer mechanism in many combustion devices
including combustion inside the furnace hood. Infrared (IR)-
active species such as CO2, CO and H2O are often present in
the products of combustion of fuel consisting of Carbon and
Hydrogen. The combustion products such as CO2, CO and
H2O are responsible for the non-luminous radiation.

Figure 6: Iso-clip of NOx without Radiation

In fuel-rich flames, soot is also formed and, as a consequence,
a significant amount of radiation is emitted in the luminous
region of the spectrum (Pessoa-Filho, 1999). In industrial fur-
naces, there are many hot particles such as dust and soot and
because of these hot particles a significant amount of radia-
tion is emitted in the luminous region of the spectrum. Many
studies have indicated that radiation is found to reduce the
flame temperature with a consequent reduction of the overall
reduction in NOx concentration. Radiation is the dominant
mechanism of energy transfer in combustion systems like fur-
naces, turbines, engines, combustion chambers, etc. Many
studies have shown that heat transfer by radiation should be
considered in the CFD combustion simulation.
The radiation effects proved to have a great influence on the
velocity and temperature profiles. Although in many com-
bustion calculation effect of radiation is neglected assuming
combustion gases as a transparent. However, the combustion
gas inside the furnace contain H2O and CO2 and both these
gas components are not transparent to the radiation. The
effectiveness of CO2 addition in reducing flame temperature
and NOx emission have been studied widely and CO2 primar-
ily increase the heat capacity and radiation loss (Park et al.,
2008).
The previous simulations as given in Table 3 were carried out
with radiation model but it was assumed that gas is transpar-

Table 4: The effect of radiation model on NOx formation

Case Charge pipes Gaps Radiation NOx
(Nm3/h) (Nm3/h) (g/s)

Case-2 94 953 (F)* 33 583 (F)* NO 90
Case-2A 94 953 (F)* 33 583 (F)* YES 2.44

ent to the radiation. This had resulted in higher temperature
and therefore higher NOx formation. These assumptions
were modified and additional simulations with and without
radiation were performed. WSGGM-domain-based model
was used for estimating the absorption coefficient. Although
scattering also affects the radiation intensity along the path
for purposes of simplicity, here scattering is neglected. The
simulations results with and without radiation are shown in
Table 4. The NOx formation rate without radiation is 90
(g/s) and with radiation the rate of NOx formation is 2.44
(g/s). The results from this study without radiation and with
radiation are shown in Figure 6 and Figure 7. The figures 6
and Figure 7 show the iso-clip of the local NOx concentration
without and with radiation. A peak in the NOx corresponding
to the high temperature zone are quite visible. In absence of
the radiation, the heat losses to the surrounding is extremely
small which results in higher temperature inside the furnace
and therefore many pockets with a larger concentration of
NOx (as shown in Figure 6) are observed. However, the tem-
perature becamemuch lower when simulations were repeated
with radiation and therefore the larger NOx concentration dis-
appear see Figure 7.

Effect of gas burst

One of the challenging issue with the submerged arc furnace
used in the silicon and high silicon alloy industries is the
existence of high gas pressure condition inside the crater
zone of the furnace. Crater zone is formed as cavity in the
bulk of charge materials around the electrodes tip. In fact
due to the existence of chemical reactions inside the charge
materials, there is always a high gas pressure situation in the
furnace heart. Because of reduced permeability of charge
materials and melting of charge materials in the region near
by the electrode tips (the crater walls), the gas pressure in
the crater zone increases to higher levels than what can be
expected from a porous bed. Furthermore, a submerged-arc

Figure 7: Iso-clip of NOxwith Radiation (scales are given in Figure
6)
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Table 5: Base case conditions used as basis for CFD simulations.

Case Charge pipes Gaps burst NOx
(Nm3/h) (Nm3/h) (g/s)

Case-2A 94 953 (F)* 33 583 (F)* NO 2.44
Case-5 94 953 (F)* 33 583 (F)* Inner 2,73
Case-6 94 953 (F)* 33 583 (F)* Outer 2.94
Case-7 94 953 (FGR)* 33 583 (F)* Inner 0.026
Case-8 94 953 (FGR)* 33 583 (F)* Outer 0.286

furnace is continually fed with carbon and quart to produce
liquid metal which is tapped from the base of the furnace).
To maintain the continuous production of liquid metal, the
raw material such as ore and carbon sources (coke, coal, and
wood chips) are injected in an regular intervals. During the
reduction process, gas cavities are formed underneath the
charge surface and a solid crust region builds up above a gas
cavity. This crust is composed of a mixture of carbon, molten
quartz, silicon carbide, and condensate. (Sloman et al., 2017).
During the furnace operation, the cavity pressure becomes so
high that gas escapes rapidly to the charge surface and the
rapid release of the gas are known as a burst (Schei et al.,
1998; Kadkhodabeigi et al., 2010).
Burst of high velocity hot gases from the furnace charging is
one of phenomena which seems to be related to the existence
of the high pressure crater zone of the furnace. A 2D view
of the inside of the silicon furnace is presented in Figure 8.
Results of furnace excavations confirm the formation of the
cavities around the electrodes tips. Normally these burst
consist of the process gases with a high concentration of
SiO and CO gas. These gases reacts with air and produces
high temperature zone responsible for NOx formations. The
proposed CFD model of the furnace with burst allows better
understanding of the burst effects on the NOx formation.

Figure 8: Schematic of the inside conditions of a submerged arc fur-
nace used for Silicon production (Kadkhodabeigi et al.,
2010)

In the present study, CFD simulations of the submerged arc
furnace with and without burst were performed. The sim-
ulations and corresponding results for burst simulations are
given in Table 5. In Table 5, (F)*Means fresh air and (FGR)*
Means Flue gas recirculation
In total, four simulations were performed to establish the
effect of burst and FGR on the temperature and NOx distribu-
tion. The burst results in a higher rate of process gas formation
and the combustion of additional process gases from the burst
results in an increased temperature and therefore increase in
thermal NOx formation. The process gas in silicon furnace

consist of both CO and SiO and the combustion of SiO re-
sults in micro-silica (SiO2) formation. The heat of formation
of SiO2 is approximately three times higher than CO2. In
practice, the burst results in more SiO formation and this SiO
will react with air resulting in an increase flame temperature.
However, the SiO reaction is not considered in the present
calculations instead equivalent CO reactions are considered.
Again to model the burst, mass flow rate boundary condition
was used at the charge surface. For burst, the process gasmass
flow rate was provided as an input. Case-5 is a baseline case
where the fresh air is injected through charging pipes and also
through other openings. The process gas was released from
the charging surfaces and burst at inner location of charging
surface was considered. The Case-6 is similar to the Case-5
except the burst was considered at the outer location of the
charging surface. In case-7, flue gas was injected equally
through the seven charging pipes and fresh air was injected
through other openings. The burst was considered at the

Figure 9: Iso-Clip of NOx concentration with radiation, without
FGR, and with burst

Figure 10: Iso-Clip ofNOxconcentrationwith radiation, with FGR,
and with burst

inner location of the charging surface. The Case-8 is similar
to the Case-6 but with FGR through charging pipes. The
effect of burst on the NOx can be seen in Table 5. The NOx
without burst is 2.44 g/s (Case-2A) and with burst at outer
location (Case-6) is 2.94 g/s. With FGR and with burst, the
NOx production rate was decreased from 2.93 g/s (Case-6)
to 0.286 g/s (Case-8). The Iso-clip of Case-6 and Case-8 are
shown in Figures 9 and 10.
A localized pocket of NOx at the burst location can be seen
that indicates the localized high temperature zone resulting
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from the reaction between burst gases and ambient air. How-
ever, with FGR, with a reduced amount of fresh air the rate of
NOx formation is also reduced. The location of burst also af-
fects the NOx formation, the rate of NOx formation is higher
when burst occurs at the outer location of the charge surface.
Therefore, the effect of location of burst has a prominent
effect on the rate of NOx formation with FGR.

CONCLUSIONS

It is demonstrated how the use of recirculated flue gas in the
flue gas combustion zone of a ferro-silicon furnace affects
the peak temperatures. The reduction in peak temperature is
achieved because recirculated flue gas with reduced oxygen
concentration has a significantly lower adiabatic flame tem-
perature than air. The corresponding effect onNOx formation
has been demonstrated through computational fluid dynamics
simulations. The results indicate an order of magnitude re-
duction in NOx formation when recirculated flue gas ( 6vol%
O2) is used in the combustion zone instead of air (21vol%
O2). The recirculation ratio (R) has significant influence
on both peak temperature and NOx rate. Furthermore, the
studies also indicated that the accounting of radiation model
is extremely important for modeling the combustion related
problems. The studies show that both the burst and its loca-
tion play a significant role in the NOx production.
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