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During tapping of metal from silicon furnaces, a significant amount of gas is
often released through the tap-hole. The gas is combustible, and a flame jet is
created which poses a safety threat to operators. Due to the high temperatures
involved, thermal NOx is also produced. This is a threat to the environment
and the health of the operators. These phenomena, known as gassing, have
been studied here by a mathematical model for reactive turbulent flows. The
results show that the flame jet can extend several meters out from the tap-
hole, and that the strength of the flame jet increases with the amount of
gassing. The simulations also show that the NOx production increases with
the amount of gas exiting the tap-hole, and that the thermal NOx formation
does not substantially impact the length of the gas jet.

INTRODUCTION

Tapping of metal and other products from metal-
lurgical furnaces is the process step in which
products are transferred from the furnace to a ladle
for further downstream processing. The process step
is important for both furnace operation and down-
stream logistics.1 Tapping of silicon and ferrosilicon
faces an additional challenge compared to other
metal furnaces: strong gas jets are emitted through
the tap-hole, exposing operators to high risks. The
focus of this study is on tapping of silicon and
ferrosilicon (hereafter silicon) and gassing from the
tap-hole.

Tapping of metallurgical furnaces have been
extensively studied and is well presented in the
literature.1 Most of the literature addresses tapping
of blast furnaces, but submerged arc furnaces have
also been studied. Findings on tapping of silicon
furnaces, however, are less frequently reported.
Tveit et al.2 described the most important problems
and challenges in the tapping process in silicon
production. The possible impact of improper drain-
ing of the silicon furnace was described, as well as
some root causes of the formation of the tapping gas.
Kadhkodabeigi et al.3 investigated the ability of a

new hood system (for Elkem) to extract the com-
bustion products from the tap-hole gas jet.
Kadhkodabeigi et al.4 studied tapping of molten
silicon and found that the flow in the tap-hole is
highly dependent on the conditions inside the
furnace. They found an increase in tapping flow
rates with increasing crater pressure in a sub-
merged-arc furnace. Tangstad et al.5 presented a
conceptual model on Si/FeSi tapping, in addition to
discussing findings from excavations and how fur-
nace conditions could influence tapping of furnaces
and drainage from the back electrodes. CFD mod-
eling applied by Olsen et al.6 to study flow of gas and
metal through the tap-hole found that burden
permeability affects gassing (the flow rate) and the
magnitude of crater pressure.

Most of the existing studies in the literature deal
with the drainage of the furnace and predictions of
metal and gas rates out of the tap-hole, while the
reactive nature of tap-hole gas jets is seldom
investigated. To address this lack of knowledge,
we apply CFD to primarily study how the gas
emitted from the tap-hole reacts with the atmo-
sphere outside the furnace to create a hazardous gas
jet. In this study, the focus is on the reactive single-
phase flow of the gas emitted from the tap-hole.
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SILICON PROCESS

Silicon is produced in submerged arc furnaces by
adding quartz (SiO2), and carbon-rich materials,
like coke, coal, charcoal, and wood chips (C), from
the top of the furnace. The raw materials react
according to the overall reaction

SiO2 þ 1 þ yð Þ C ¼ y Si þ 1 � yð Þ SiO
þ 1 þ yð Þ CO

where y is the silicon yield.7 The energy needed to
drive the reaction is supplied via three electrodes
submerged in the burden of raw materials and
reaction products. The overall reaction consists of
multiple step reactions (some of which are endother-
mic and others exothermic) that complicate the
furnace operation, and influences the yield, as the
reactions in the furnace are influenced by temper-
ature (see Ref. 7). A silicon furnace with its main
features and operating principles is illustrated in
Fig. 1. It should be noted that many furnaces
operate with a rotating furnace shell with tapping
performed continuously or in batches.

The flow of metal and gases in the furnace is
driven by gravity and gas pressure. This flow of
gases and liquid metal is resisted by the particle
bed, and by zones of low permeability (see discus-
sion in Ref. 6). A crater is formed underneath the
electrodes, where electric arcs spark between the
electrode tip and the metal pool at the bottom of the
furnace. Highly viscous melted silica (SiO2) drains
downwards at the outside of the crater, forming a
sticky crater wall together with the particles in the
burden. The permeability of the crater wall is lower
than the permeability of the main bulk of the
burden. A condensate layer, which is sticky and has
a low permeability, is formed higher up in the
furnace where SiO gas is cooled. This condensate

layer tends to make the overall permeability of the
burden lower than the burden of submerged arc
furnaces for other alloys and metals.

Due to the high temperature within the reaction
zone of the furnace and the added flow resistance
from the low permeability, there is a heightened
pressure of gases in the crater/cavity region when
compared to the surroundings.3,6 This gives an extra
force to drive the metal and gas out of the furnace.
While the metal normally only drains through the
tap-hole, gas will escape through both the top of the
furnace and the tap-hole. The area of the furnace top
is much greater than the tap-hole opening, and thus
most gas leaves through the top. The tap-hole
opening area is roughly only 0.01% of the top area.
Since the burden is relatively dense, there is some
resistance to the flow upwards through the top,
forcing gases through the tap-hole. Compared to
furnaces for other alloys and metals, more gas exits
the tap-hole in silicon furnaces. This causes a safety
issue since the gas is combustible (see Ref. 3).

If we assume a reasonable yield of 0.9 in the
overall reaction, stoichiometry dictates that, for a
production of 100 tonnes/day of Si (which is typical
of a 40-MW furnace), 226 tonnes/day, or 2.6 kg/s, of
gas is produced with a mass fraction of 0.075 of
SiO.7 If 2% of the gas leaves through the tap-hole,
the gas rate through the tap-hole is 0.05 kg/s. It
must be noted that the numbers used above are
averaged values, which in normal operations vary
quite significantly. The molten metal has been
measured to leave the tap-hole with temperatures
in the order of 2000 K, so it is reasonable to assume
the same temperature for the gas.

The tap-hole gasses, consisting of CO and SiO,
react with ambient air consisting of N2 and O2 (in
addition to small amounts of argon) to produce CO2

and SiO2, based on the following reactions8:

2 CO þ O2 � 2 CO2; ðIÞ

Fig. 1. Vertical (a) and horizontal (b) cross-sections of a simplified typical silicon furnace. The vertical cross-section is given by the dashed line in
the horizontal cross-section.
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Table I. The forward reaction kinetics parameters
for SiO and CO combustion reactions in m3, kmol,
and K

A b Ta

2 CO + O2 � 2 CO2 (I) 2.24e12 0.0 2403.51022
2 SiO + O2 � 2 SiO2 (II) 1.00e12 0.0 0.12077941

The tabulated data is obtained after conversion to compatible
units from Ref. 8.

2 SiO þ O2 � 2 SiO2: ðIIÞ

These reactions are exothermic and create a flame
of high temperature at the tap-hole, which results in
the formation of nitrous oxides (NOx), commonly
referred to as thermal NOx, which adversely impact
human health and the environment.8,9 The thermal
NOx, which predominately consist of NO, is gener-
ated by two reactions described by the Zeldovich
mechanism (see Ref. 9):

O þ N2 � NO þ N; ðIIIÞ

N þ O2 � NO þ O: ðIVÞ

In a simplified form, the thermal NOx formation
can be described by a global NO formation reaction,
which combines the two reactions of the Zeldovich
mechanism:

N2 þ O2 � 2 NO: ðVÞ

MATHEMATICAL MODEL

The combustion of the tap-hole gas jet has been
modeled using rhoReactingBuoyantFoam (a turbu-
lent reacting flow solver available in OpenFOAM
810), which solves conservation equations of mass,
momentum, and energy and transport equations for
the relevant chemical species:
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@
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where q is the mixture density, ~U is the velocity, p is
the pressure, and prgh ¼ p� q~g �~x, s is the viscous
stress tensor, ~g is gravity, Yi is the mass fraction of
species (i), hs is the sensible enthalpy, and K is the

specific kinetic energy. In Eq. 1.1, ~Ji is the diffusion
flux calculated based on Fick’s 1st law, with species
diffusivity approximated based on momentum dif-

fusivity, and ~Js is the heat flux vector calculated
based on conductive heat transfer and neglecting
the effect of species diffusion, see Ref. 11. In Eq. 1.1,
_wi corresponds to the generation or consumption of

species (i) due to chemical reactions, _Qr is the heat
generated or consumed due to chemical reactions,

and _Qrad is a source term in the energy equation
related to the radiation. Further details of the

governing equations used by the reacting flow
solvers in OpenFOAM are described in Ref. 11.
The equation of state used to describe the depen-
dence between density, temperature, and pressure
is based on a perfect gas model.10 The transport
properties, like the dynamic viscosity and thermal
conductivity of each species, have been calculated
using the Sutherland viscosity model and the
modified Eucken correlation, respectively.9,12 The
thermodynamic properties of the species are calcu-
lated based on the NASA 7-coefficient polynomials,
which are defined for two temperature ranges13 (see
supplementary Table S1 in the online supplemen-
tary material).

The turbulence in the gas jets has been modeled
using a k–x SST model which involves solving for
turbulent kinetic energy (k) and turbulent specific
dissipation rate (x) (see Ref. 14 for more details). As
the flow is highly turbulent, the interaction between
turbulence and chemical kinetics is treated using
the Eddy Dissipation Concept (EDC) proposed by
Ref. 15. The EDC model, which assumes that
chemical reactions occur within the ’fine structures’
or the smallest scales of turbulence, includes finite-
rate chemistry to estimate _wi (see Ref. 15–17). The
kinetics of the reactions are estimated based on the
Arrhenius equation, kf ¼ ATb exp �Ta=Tð Þ, where A
is pre-exponent factor, Ta is the activation temper-
ature, and b is the temperature exponent.17 The
reaction kinetics data of CO and SiO combustion
used in this work are tabulated in Table I. It should
be noted that OpenFOAM computes the backward
reaction rate constant of a given reaction at run-
time, based on the computed forward and equilib-
rium reaction rate constants, which means that the
user needs to provide the pre-exponent factor,
activation temperature, and temperature exponent
just for the forward reaction (as shown in Table I).

The thermal NOx formation can be described by
the Zeldovich mechanism,9 as briefly described in
the previous section, which consists of two reactions
involving N2, O2, N, and O. To simulate the
formation of thermal NOx involves solving for the
transport equations of the O and N radicals, as well
as the N2 and O2 molecules, in addition to using a
detailed reaction scheme, discussed in, Ref. 8 which
complicates the model and increases the
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computational overhead. A pragmatic approach to
model NO formation is to use the global reaction N2

+ O2 � 2 NO or (reaction V). Since the kinetics of
this global reaction is not available in the literature,
to the best knowledge of the authors, the reaction
rate of this reaction is assumed to be bound between
the upper and lower reaction rates of the two
reactions in the Zeldovich mechanism, as tabulated
in Table II.

The radiative heat transfer is considered using
Finite Volume Discrete Ordinate Method (fvDOM)
radiation model which solves radiative transfer
equations (RTE) to obtain radiation intensity as a
function of location and direction vectors.18 The
fvDOM model also accounts for absorption of radi-
ation by gases based on species-specific tempera-
ture-dependent polynomials, which are used to
describe the mean absorption coefficient (see Ref.
19) of CO2, SiO2, SiO, O2, and N2;, further informa-
tion is included in the supplementary Table S3. The
source/sink term in the conservation of energy

related to the effect of radiation, _Qrad, is calculated
based on the divergence of the radiative flux as
described in Ref. 20.

The governing equations are solved for the
pseudo-steady solution and discretization schemes
used are based on,10,21 and summarized in the
supplementary Tables S4–S6. The convergence cri-
teria used in the simulation are set based on
universal absolute tolerance of 1e�6 (but a non-
zero relative tolerance of 0.1 is used for velocity,
sensible enthalpy, and the turbulence terms like k
and x)22 with an under-relaxation factor for equa-
tions set to 0.9 (see Ref. 23). The convergence of the
solution is assumed when the values of the molar
flow rate of CO and SiO through the tap-hole agree
reasonably with the molar outflow of CO2 and SiO2

through the outlets over a range of iterations (a
deviation below 5% is accepted).

MODELING STUDY

The nature of the gas jet emanating from the tap-
hole has been studied by the model presented above.
The computational domain includes the tap-hole
and a box representing the zone outside the furnace.
This is illustrated in the left part of Fig. 2. Gas is

injected through the tap-hole with an inlet velocity
as the boundary conditions, where flow rate, tem-
perature, and composition of the gas is specified (the
red region in Fig. 2). The furnace wall is a no-slip
wall with a zero gradient temperature condition
(the gray surfaces in Fig. 2). A small zone (0.03 9
0.2 m2) at the furnace wall underneath the tap-hole
is given an elevated temperature to represent the
radiation from the metal being poured out of the
tap-hole (the green rectangle in Fig. 2). At the outlet
(top and end of domain—identified as yellow sur-
faces in Fig. 2), a zero-gradient condition is applied
for the outflow and, in case of any inflow, a fixed
value is specified. For the sides and bottom (the
surroundings—identified as white/transparent sur-
faces in Fig. 2), an inlet (with specified mass flow
rate, temperature, and standard air composition of
species) is applied, since that enhances convergence
and allows for the study of wind effects. Note that a
series of inlet rates for the surrounding air was
tested and a sufficiently low value was chosen which
does not affect the flow field of the emanating gas
jet. The different tap-hole mass flow rate and gas
composition values used in the parametric study
discussed in this work are summarized in Table III
along with a summary of the boundary conditions
used. It should be stated that the combustion of the
tap-hole occurs in an air (or oxidizer)-rich environ-
ment, as the mass flow rate of air (= 3 kg/s) is much
larger than the mass flow rate of the tap-hole gases,
which is substantially low (between 0.05 kg/s and
0.1 kg/s). The turbulent characteristics of the inflow
through the tap-hole is given by turbulent intensity
for turbulent kinetic energy (k) which is set to be
equal to 8%, and the mixing length (length scale for
turbulent momentum transfer) for x is set equal to a
value much smaller than the tap-hole diameter
(arbitrarily chosen to be 0.735 mm).

Mesh convergence was investigated by comparing
the results from three meshes with nearly 0.65
million, 1.1 million, and 4.72 million cells, respec-
tively, for the case with a gas flow rate of 0.1 kg/s
and SiO mass fraction of 0.05. All three grids were
made of hexahedral cells. To verify mesh conver-
gence, the isotherm of 1500 K (which is averaged
over the last 10,000 iterations) was used for com-
parison of the results from the simulations using the
three grids as seen in Fig. 3. Since there is good
agreement between the isosurfaces between the two
finest grids, the second finest grid (with nearly 1.1
million cells) was used in the simulations discussed
in this study.

RESULTS

With the case setup defined in III, a series of
simulations were performed for different inlet flow
rates and inlet mass fractions of SiO/CO. Each inlet
mass flow rate represents a different inlet velocity,
which results in spatially different velocity fields
after the tap-hole, as seen in the contour plots in

Table II. The forward reaction kinetics parameters
for global NO formation reactions in m3, kmol, and
K

A b Ta

O + N2 � NO + N (III) 1.8e11 0.0 38370
N + O2 � NO + O (IV) 1.8e7 1.0 4680

The tabulated data is obtained after conversion to compatible
units from Ref. 9
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Fig. 4. The maximum velocity reaches up to 87 m/s
for the case with the highest mass flow rate. Such
high velocities of the tap-hole gas jets are not
unrealistic when compared against operator obser-
vations and earlier studies.2,3 The flow decelerates
shortly after its release out of the tap-hole, where it
is allowed to expand. The expansion of the gas-jet
results in reducing its momentum, and eventually
the influence of buoyancy of the gases (caused by the
reduction in density due to high temperatures)
becomes dominant. This results in the upwards
bend of combusting jets after a distance from the
tap-hole: the higher the inlet velocity of the tap-hole
gases, the further away the bending of the jet occurs
from the tap-hole.

Due to the exothermic nature of the CO and SiO
combustion reaction mechanisms, the temperature
increases in the region outside the tap-hole, as seen
in Fig. 5. The temperature is seen to rise to 2700 K

Fig. 3. Mesh convergence shown based on 1500 K isosurface of
temperature.

Table III. Case definition (boundary conditions)

Inlet Mass flow rate: 0.05, 0.075, 0.1 kg/s
Mass fraction of SiO: 0.05, 0.1, 0.15
Mass fraction of CO: 0.95, 0.9, 0.85
Mass fraction of remaining species: 0.0
Turbulent intensity of 8% with a mixing length of 0.735 m
Temperature: 2000 K with gray-diffuse condition for radiation intensity

Wall sections with
elevated temperature

Zero gradient for all species and prgh

Wall functions conditions and no-slip for velocity
Temperature: 2000 K with grey-diffuse condition for radiation intensity

Walls Zero gradient for all species, temperature and prgh

The gray-diffuse condition is used for radiation intensity
Wall functions conditions and no-slip for velocity

Pressure outlet Zero gradient for outflow (and fixed value for any inflow used is specified
for each parameter within brackets): Ar (0.01), N2 (0.76), O2 (0.23), remaining
species (0.0) and velocity (zero normal and tangential inflow velocity)
The gray-diffuse condition for radiation intensity
Constant total pressure of 101325 Pa for prgh

Surrounding flow Mass flow rate: 1 kg/s
Mass fraction of Ar, N2, O2: 0.01, 0.23, 0.76
Mass fraction remaining species: 0.0
Turbulent intensity of 8% with a mixing length of 0.735 m
Temperature: 310 K with gray-diffuse condition for radiation intensity

Fig. 2. Geometry of domain with dimensions (left) and boundary conditions (right). Boundary conditions are velocity inlet (red), pressure outlet
(brown), walls (gray), wall section with elevated temperature (green), and surrounding flow (white/transparent) (Color figure online).
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Fig. 4. Contours of velocity magnitude (in m/s) with 1500 K isosurface for gas rates of 0.05 kg/s (left), 0.075 kg/s (middle) and 0.100 kg/s (right)
and inlet SiO mass fraction of 0.05. The black line is the 1500 K isotherm (Color figure online).

Fig. 5. Temperature contours (in K) with 1500 K isosurface for gas rates of 0.100 kg/s (left), 0.075 kg/s (middle) and 0.050 kg/s (right) and inlet
SiO mass fraction of 0.05. The black line is the 1500 K isotherm (Color figure online).

Fig. 6. Contours CO2 and SiO2 mass fractions for inlet flow rate of 0.05 kg/s and inlet mass fraction of SiO of 0.05. The black line is the 1500 K
isotherm (Color figure online).
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from 2000 K at the inlet. Higher gas rates produce
larger flames and subsequently larger regions with
high temperatures.

Contour plots of CO2 and SiO2 mass fractions are
shown in Fig. 6. An interesting result from the
simulation is the two rather distinct regions, at
which CO and SiO combustion seems to occur in the
gas jet flame. This could be attributed to the faster
reaction rate of SiO combustion when compared to
CO combustion, due to the higher activation tem-
perature of the latter reaction (see Table I).

Contour plots of NO mass fractions for the two
different assumptions on reaction kinetics (tabu-
lated in Table II) are shown in Fig. 7. The
figure qualitatively shows that lower amounts of
NO are transported from the flame towards the
outlets when the global reaction mechanism used
the kinetics of N + O2 � NO + O (or reaction IV) in
comparison to when the kinetics of O + N2 � NO +
N (or reaction III) was used. This is somewhat
contradictory to the kinetic coefficients of these
reactions tabulated in Table II, and can be attrib-
uted to the fast reverse reaction rate of reaction IV
when compared to reaction III. At equilibrium,
when the forward and reverse reaction rates are
equal, the reverse reaction rate constant (kr) can be
estimated using the equilibrium constant (kc) and
forward reaction rate constant (kf ) for the global NO
reaction:

kf N2½ � O2½ �¼kr NO½ �2) kf
kr

¼ NO½ �2

N2½ � O2½ � ¼ kc ) kr ¼
kf
kc

:

ð1:2Þ

Since the equilibrium constant is dependent only
on the reactants and products, and is independent of
the reaction kinetics, the equilibrium constant of
the global NO reaction is the same using kinetics of
both reaction III and reaction IV. Thus, the ratio of
the reverse and forward reaction kinetics of reaction
III and reaction IV can be estimated as:

krjgoverned by reaction III

krjgoverned by reaction IV

¼
kf
��
governed by reaction III

kc

kc

kf
��
governed by reaction IV

¼
kf
��
governed by reaction III

kf
��
governed by reaction IV

¼ 104

T
e�33690=T :

ð1:3Þ

This ratio of the reverse and forward kinetics of
reaction III and reaction IV is much smaller than 1,
which means that, with the kinetics of reaction IV,
NO is formed quickly, and subsequently the rever-
sible reaction splits the NO to form N2 and O2 (when
compared to reaction III). So, the NO formation is
governed predominantly by the kinetics of reaction
III or O + N2 � NO + N, due to its slower kinetics
(see discussion in Ref. 9).

Another parameter of interest in tap-hole gas jets
is the length of these jets as it directly affects the
personal working near the tap-hole. In this study,
we define the length of the gas jet as the extension of
the 1500 K isosurface into the domain. The choice of
1500 K to investigate the tap-hole flame length
represents a critically high temperature which can
cause damage. It should be noted that this length is
not an indication of a ‘safe’ distance from the tap-
hole, but a parameter to compare the length scale of
the different scenarios considered in this work. The
length of the tap-hole gas jets is observed to increase
with larger tap-hole exit mass flow rate and higher
amounts of CO (or lower amounts of SiO) (see
Fig. 8). The NOx kinetics have been observed to not
substantially impact the length of the gas jets in
these simulations.

Fig. 7. Contours of NO mass fraction inlet flow rate of 0.1 kg/s and inlet mass fraction of SiO of 0.05 with assumption of kinetics from O + N2 NO
+ N or reaction III (left) and N + O2 NO + O or reaction IV (right). The black line in the figures is the 1500 K isotherm (Color figure online).
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A similar plot has been made for the mass flow of
NOx as a function of tap-hole exit rate of gas, as
shown in Fig. 9. This is in principle the NOx
production. The results are somewhat inconclusive
since the exact kinetics have not been applied. The
results indicate a range between which we expect to
find the production of NOx.

CONCLUSION

The reactive flow of the tap-hole gas jet from
silicon furnaces has been simulated using rhoReact-
ingBuoyantFoam solver in OpenFOAM. The simu-
lations included three global reactions which
governs the combustion of CO and SiO as well as
generation of thermal NOx, i.e., NO. Since kinetics
of the global reaction for NOx is not available in

literature, the kinetics data available for the Zel-
dovich mechanism were used to simulate the upper
and lower limits of the NOx formation. The simu-
lations of tap-hole gassing were performed for a
range of tap-hole exit gas flow rates and composi-
tions. The main conclusions from the studies per-
formed are

� Longer tap-hole gas jets are observed for larger
values of tap-hole exit flow rates and higher
amounts of CO (or lower values of SiO). The
influence of NOx kinetics on the tap-hole gas jet
length is not substantial.

� When buoyancy effect become dominant com-
pared to inertial effects, an upwards bend of the
flame is observed after some distance from the
tap-hole. This upwards bend of the flame is
closer to the tap-hole for lower tap-hole exit rate
of the gases.

� CO and SiO combustion have been observed to
occur on two distinct regions of the flame due to
the faster kinetics of the latter reaction.

� NOx generation is dominated by slower O + N2

� NO + N when compared to the faster N + O2

� NO + O. Since N + O2 � NO + O has a very
high forward and reverse reaction rate, when its
kinetics was used in the global NOx mechanism,
it generated less NOx than the slower mecha-
nism kinetics. More NOx is generated with
larger tap-hole exit mass flow rates and higher
amounts of CO. Using the global NOx reaction
with the two-reaction kinetics to obtain the
upper and lower bounds of the NOx generated
provided an overall trend of NOx formation
during gassing of silicon. For accurate determi-
nation of the NOx produced in these phenomena,
treatment for the N and O radicals either using a
detailed reaction mechanism (discussed in Ref.
8) or using assumptions (like equilibrium of the
oxygen dissociation–recombination step) to ob-
tain the distribution of these radicals (see Ref. 9
for more details) is required.

� Obviously, it can be stated that the gassing
hazards will reduce if less gas is allowed to exit
through the tap-hole.

As we have investigated the influence of a range of
tap-hole gas composition and flow rate for a generic
tap-hole geometry using a single-phase reactive flow
approach, there are some topics which should be
further investigated to develop a comprehensive
understanding of these reactive gas jets:

� The influence of the various tap-hole geometries
on the shape and size of these gas jet

� Impact of the turbulence conditions (at the
entrance of the tap-hole) on the nature of the
tap-hole gas jets

Finally, the modeling used in the current work does
not consider the impact of microsilica particles
formed during the phenomena.

Fig. 8. Length of gas jet defined by the 1500 K isotherm as a function
of gas tap-hole exit rates for various gas compositions as well as NO
kinetics based on reaction III ðOþ N2ÐNOþ NÞ and reaction IV
ðNþO2ÐNOþOÞ.

Fig. 9. NOx or NO obtained at outlet as a function of tap-hole exit
rate and gas composition (based on mass fraction of SiO) as well as
NO kinetics: reaction III ðOþ N2ÐNOþ NÞ and reaction IV ðNþ
O2ÐNOþOÞ
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