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Abstract
A mathematical model for the operation of a thermal lance is developed and validated, with the focus on its heat transfer and kinetics behavior. It has been found that
there is a “window” of combustion rates that the thermal lance can operate, which is
mainly dictated by the oxygen partial pressure. The particular value of the combustion
rate can be set by adjusting the flow rate of the oxygen supply, which is practically done
by manipulating the oxygen supply pressure. An open issue is the lack of experimental
kinetics data for thermal lance combustion.
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Introduction

A thermal lance consists of a hollow metallic tube, generally made of iron or steel, which
can also be filled with metallic wires. It is generally used to cut metals or other materials,
like concrete. 1 The basic working mechanism consists of injecting pure oxygen from one end
with an ignition source at the opposite end of the lance. When the ignition temperature is
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reached, combustion occurs, and the lance will self-consume, generating heat and iron oxides
in the process. The resulting heat is able to cut other materials by either melting them, such
as in the case of iron, steel or other metals, or by burning them, thereby releasing more heat.
A simplified, schematic drawing of the combustion of an iron rod is shown in Fig. 1.
The rod is divided into three main zones: solid iron, a layer of molten iron, and a layer of
liquid iron oxide. Combustion occurs within the molten iron oxide zone at the far left of the
diagram. Although the molten iron oxide and molten iron layers are separated by a distinct
boundary in the diagram, in actuality, the composition within the molten iron oxide layer
will vary continuously from very little iron at the far left boundary to pure iron at the right
boundary with the molten iron layer. There is no well defined boundary between the molten
iron oxide and molten iron layers. Oxygen absorbs within the iron oxide zone, and more
of the combustion occurs towards the right of the zone. The molten iron oxide attached
to the solid iron will continuously detach from the rod, such as by gravity or, as typical in
the case of a thermal lance, swept away with the oxygen flow. As the rod self-consumes,
the reaction zone moves to the right. The combustion of iron consists of four main steps,
which repeat in a cycle: iron melting, oxygen absorption into the molten phase, reaction of
the absorbed oxygen with the molten iron generating heat and iron oxide, and detachment
of molten material from the solid iron. The steps take place simultaneously, but they are a
cause/reaction of each other in a self-sustained combustion process, provided that the initial
heat required to reach the ignition temperature is supplied.
The intrinsic reaction kinetics of iron combustion are not fully understood. The determination of the chemical kinetics was attempted by Wilson et al. 2 based on experimental
measurements of the combustion of an iron rod in a stationary, pressurized oxygen atmosphere. This type of experiment provides deep insight in the process of iron combustion,
but it cannot completely explain the combustion behavior of a thermal lance, because it
disregards the influence of the oxygen flow, which continuously removes the molten material from the burning tip. The rate law suggested by Wilson and co-workers 2 describes the
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Figure 1: Schematic diagram of the combustion of an iron rod.

kinetics with the Arrhenius equation and a dependence on the oxygen partial pressure and
the oxygen absorption equilibrium constant. A simplified version has been validated for low
oxygen partial pressures, 2 which would make it suitable for a thermal lance operating at
atmospheric pressure.
Commercial thermal lances usually include a basic set of instructions on their operation.
Some of them are summarized in Section 3, but there is not much peer-reviewed work
published on the operation of a thermal lance. The usual approach on how to operate a
thermal lance is by performing experimental trials that give enough information about how
to operate it, but without analyzing the process in detail. Some attempts have been made
to understanding the underlying physical and chemical mechanisms of thermal lances, both
experimentally and through modeling. Models for the operation of thermal lances are not
abundant in the literature. Shabunja et al. 3 presented a mathematical model describing the
combustion and melting of an iron rod in a stagnant oxygen atmosphere. They calculate the
melting velocity with an expression that accounts for a difference in temperature between
the melt and the drop. They also determined, by fitting, a velocity for the oxygen transport
into the drop, and they recommend to include the modelling of the oxygen absorption with
a pressure dependence. The work of Lynn et al. 4 present a time-dependent model for the
combustion of metal rods, where the temperature profile and the regression rate of the
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melting interface are studied .
Wang et al. 5 developed a thermal lance model that includes the iron combustion kinetics
determined by Wilson et al. 2 The model described the temperature profile along the thermal
lance, but the temperature used to determine the rate of reaction was not consistent with
the predicted temperature profile.
The main gap, apart from the lack of abundant literature on the topic, is to find the
intrinsic kinetics of iron combustion, and to be able to predict the thermal lance behavior
in relation to the iron combustion kinetics. The aim of this work is to understand better
the processes involved in the combustion of a thermal lance as a whole. There is literature
on the kinetics of iron combustion, and there are a few models that predict how a thermal
lance is consumed, but this is the first model that attempts to make the combustion kinetics
of iron and the thermal lance model consistent with each other.
The remainder of this paper is structured as follows. Section 2 reviews the previous
experimental studies on kinetics of iron combustion. A parameterized rate law expression for
the combustion kinetics, which is used in the work, is also presented. Section 3 explains the
operation of a thermal lance, including how the pressure of the oxygen injected to the thermal
lance translates into different oxygen velocities. Section 4 describes the mathematical model
of a thermal lance being consumed due to combustion. In Section 5, the model of iron
combustion is combined with the model of a thermal lance to find a consistent rate of
combustion for the thermal lance, and finally Section 6 summarizes the main findings.
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Oxidation kinetics of iron

The combustion kinetics of a thermal lance correspond to the oxidation kinetics of its constituent materials, which generally consists of iron or steel. This section reviews the literature
on the kinetics of iron combustion, from the experiments performed to study it to the suggested rate laws and kinetic parameters.
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Steinberg and co-workers performed combustion experiments on vertical rods of iron
in a stagnant oxygen atmosphere. 6–8 The bottom end of the rod was ignited, and they
observed that a molten oxide droplet forms at the ignition end of the rod, which grows
until it detaches from the rod due to gravity. When this droplet falls to the bottom of the
combustion chamber, bubbles of gas are observed to form and burst from the molten oxide
droplet as it cools. These bubbles are thought to be excess oxygen in the molten material
remaining after the iron had already fully oxidized. From these observations, Steinberg et al.
concluded that the combustion of iron takes place in the liquid phase, and that its limiting
mechanism is not the oxygen absorption to the molten iron, but the combustion reaction
itself, at least for the rod diameter of 32 mm and the oxygen pressure in the chamber of
6.9 MPa.
However, Shabunja et al. 3 observed that for experiments of combustion of iron rods of
diameters between 2 and 7 mm and for atmospheric oxygen pressure, despite most of the
molten material consisted mainly of iron oxides, it could also contain molten iron that did
not have time to react completely before being detached. They concluded that the molten
material can detach from the solid rod before it has time to completely oxidise, and that when
the molten material remains attached to the lance tip for a longer time, the tip temperature
increases because a higher extent of oxidation of the molten iron into iron oxide can be
achieved. 3
Wilson et al. 2 analyzed experimental data 9,10 of combustion of iron rods also in an enclosed, oxygen-filled chamber at pressures varying between 3 and 100 bar. Figure 2 shows
their results. They observed that the rate of reaction increases with temperature, as expected, but it also depends on the diameter of the rod. Although the mass rate of iron
consumption increases for larger diameters, the velocity of consumption decreases. The
burning velocities reported in Wilson et al. 2 range from 0.2 to 1.6 cm s−1 for different rod
diameters and oxygen pressures in the chamber, similar velocities between 0.4 and 1.4 cm s−1
for diameters between 0.7 and 0.2 cm and 70 bar of oxygen pressure in the chamber are also

5

velocity/cm s−1

1.6
diameter (cm)
1.4
0.1
0.2
1.2
0.32
1.0
0.8
0.6
0.4
0.2
0.00
2

4

P/MPa

6

8

10

Figure 2: Combustion velocity of iron rods of different diameters in a stagnant oxygen
atmosphere. The data are from Ref. 2.

reported in the literature (see Ref. 11 as in Ref. 3).
Suvorovs 11 explains the decreasing combustion velocity for larger rod diameters with a
drop detachment and heat transfer theory. The diameter of a rod is related to the crosssectional area, therefore a larger diameter implies a larger cross-sectional area, which will
produce larger amounts of molten material that at some point will be detached from the rod
due to gravity. Smaller molten drops will detach less frequently than larger drops because
they are less heavy, allowing more time for the heat to transfer from the molten material to
the solid rod. This would explain why larger rod diameters have slower burning rates than
smaller diameters. The rate at which the volume of molten material attached to the rod
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increases for larger diameters does not increase linearly. When the surface area increases,
the increase in molten material slows down. The burning rate decreases with increasing rod
diameter up to the point where, unless the oxygen pressure in the chamber also increases,
the self-sustained combustion will stop.
With respect to the impact of the elevated oxygen pressure on the rate of reaction,
Wilson et al. 2 suggested that the rate of combustion should not increase indefinitely with
pressure; at a given pressure it should reach a plateau and the combustion velocity should
become independent of the oxygen pressure. The pressure of oxygen is related to the oxygen
availability to react with the molten iron, but when there is already enough oxygen to
react with all the molten iron, a further increase of the oxygen pressure should not make a
difference. They suggested that the combustion process follows the Langmuir-HinshelwoodHougen-Watson (LHHW) mechanism, 2 which takes into account the adsorption/desorption
of reactants on the surface and is widely used for fluid-solid reactions. For the combustion
of iron rods, the reaction rate per cross-sectional area of the rod, denoted by RFe , takes the
form 2
1/2

RFe =

k(T )K(T )PO2

1/2

,

(1)

1 + K(T )PO2

where k(T ) is the Arrhenius rate constant determined for the temperature of the molten
iron at the tip of the lance, PO2 is the oxygen partial pressure, and K(T ) is the equilibrium
constant for oxygen adsorption by molten iron oxide. The parameter K(T ) is temperature
dependent and controls the amount of oxygen available to react with the molten iron, and
it might be related to the rod diameter of the molten droplet. The oxygen pressure that
appears in the rate of reaction corresponds to the chamber pressure in the case of a chamber
filled with oxygen, but it corresponds to atmospheric pressure in the case of a thermal lance
burning in atmospheric conditions. This oxygen pressure should not be mistaken by the
pressure of injection of the oxygen.
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1/2

At low oxygen pressures, where KPO2  1, the reaction rate is approximately propor1/2

1/2

tional to PO2 , but at high oxygen pressures where KPO2  1, the molten iron oxide droplet
becomes saturated with oxygen, and, consequently, the reaction rate no longer depends on
the pressure of oxygen.
The kinetic parameters of the rate constant can be adjusted for a given oxygen pressure.
The kinetic parameters are the pre-exponential factor A and the activation energy E. The
rate constant is given by the Arrhenius expression


E
k(T ) = A exp −
RT


(2)

where R is the gas constant, and T is the temperature of the molten iron that reacts with
oxygen.
Theoretically, the oxygen is physically and chemically adsorbed according to equilibrium
constants that depend on the oxygen pressure, temperature, the number of adsorption sites
per unit area, and the concentration of oxygen, 12 but so far no numerical values have been
used in the literature to describe the oxygen adsorption/absorption in molten iron and in
molten iron oxide. Given that the oxygen equilibrium constant is unknown, a simplification
of the rate law that lumps the adsorption constant with the Arrhenius rate constant has
been validated for oxygen pressures between 0.3 and 10 MPa and rod diameters between 10
and 20 mm, and for oxygen pressures between 0.3 and 5 MPa and a rod diameter of 32 mm
1/2

RFe ' k 0 (T )PO2 ,

(3)

where the parameter k 0 (T ) incorporates the effect of oxygen adsorption. As already mentioned, this expression is not suitable for high oxygen pressures, because it has been observed
that the rate of reaction does not keep indefinitely increasing with increasing pressure. 2
The value of the activation energy determined by Wilson et al. 2 is E = 246.8 kJ mol−1 ,
and different values of pre-exponential factors are given depending on the rod diameters of
8

0.1, 0.2, and 0.32 cm, but their apparent pre-exponential factor also includes other parameters
depending on the form of the rate of reaction . 2
In this work, given that the rate of reaction including the Arrhenius expression is of the
form

RFe =


1/2
E
A exp − RT
KPO2
1/2

,

(4)

1 + KPO2

1/2

a parameter A0 = AKPO2 will be used to combine all the unknown factors in the previous
expression, resulting in the following combustion rate

RFe



E
.
= A exp −
RT
0

(5)

Under normal operating conditions, the oxygen partial pressure at the lance tip will be nearly
atmospheric (in the case of using pure oxygen).

3

Operation of a thermal lance

The operative principles of a thermal lance are reviewed in this section. For a thermal
lance to start burning it requires to be heated at one end while at the same time oxygen is
introduced from the opposite end, and combustion occurs when the oxygen reaches the hot
end of the lance. A thermal lance consists of an iron tube filled with iron rods/wires, Fig. 3
shows how the iron rods run inside the thermal lance, but there is still some remaining space
between the rods for oxygen to flow.
The critical parameters that determine if combustion occurs are the oxygen partial pressure and the temperature of the tip of the lance. If the temperature is not sufficiently high
or if there is not enough oxygen in contact with the hot end of the lance, combustion will
not take place.
According to Wilson et al., 2 the minimum ignition temperature of an iron rod is 1600 K,
9

Figure 3: Diagram of a thermal lance with inner rods.

and so it is expected that the tip temperature should be equal or higher than 1600 K. The
adiabatic flame temperature gives an upper bound to the tip temperature. This value depends on the particular conditions of the combustion: In the literature, a variety of estimated
adiabatic temperatures can be found: 2250 K 13 (in air at constant pressure), 2490 K 14 (in
air at constant volume), and 3400 K 2,15 (in pure oxygen at constant pressure).
One way to experimentally determine the temperature of the iron during combustion is
from the droplets of molten material. Shabunja et al. 3 estimated the temperature of the
droplets of molten material to be about 2200–2800 K, which is lower than the temperature
of 3600 K determined by Steinberg et al. 7 in experiments with reduced gravity, where the
droplets do not separate from the iron rod. It is argued that when the droplets separate
from the rod, they do not have time to completely oxidize to generate more heat.
The backpressure required for a thermal lance at atmospheric conditions has to be at
least slightly higher than the atmospheric pressure. An analysis in more detail of the oxygen
delivery pressure is given in Subsection 3.1.
A summary of the operating conditions reported in some instruction manuals from commercial thermal lances 16–20 can be found in Table 1. The recommended operating back
pressures of oxygen are between 1 and 17 bar. The maximum oxygen back pressure corresponds to a value of the oxygen flow rate at which the combustion process extinguishes due
to the high loss of heat from the combustion zone to the oxygen flow.
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Table 1: Thermal lance diameter D, length L, operating oxygen pressure PO2 , and estimated
reaction temperature T obtained from the instruction manuals of commercial thermal lances.
Source
Minco Pipe 16
Tube Special 17
Daiwa Lance Int. 18
Humberg 19
Broco Prime-cut 20

D / mm
3-50
10–20
13–27
12.5–21
5–13

L /m
0.3–0.5
—
2.75–3
1.5-6
—

PO2 / bar
7–17
5.5–7
8–12
6–8
1–5.5

T /K
1922–6822
—
> 3273
2473
5811

The velocity of combustion of a thermal lance has not been reported in many studies.
Wang et al. 5 reported an experimental velocity of combustion of 0.77 cm s−1 for a thermal
lance at atmospheric conditions, although no specifics on the thermal lance dimensions used
in the experiment are mentioned. In the same work, a tip temperature above 2000 K is
measured, which they say is not reliable because the flame was flickering and the temperature of the flame surface is much lower than the inside flame temperature, so the expected
temperature would be higher than that. Another similar experiment 21 with a thermal lance
of the dimensions reported in Section 4 yielded a combustion velocity of 0.8 cm s−1 , similar
to the one reported by Wang et al. 5
It is not obvious whether a thermal lance burning with continuous oxygen flow will selfconsume more quickly or more slowly than an iron bar in a stagnant oxygen environment. In
a system with flowing oxygen, the molten material will not remain attached to the solid iron
for long, and that might decrease the temperature of the tip in comparison with a bar in a
stagnant oxygen. If the temperature of the tip decreases, the rate of reaction will decrease.
Another factor that acts to decrease the tip temperature is the heat lost to the oxygen flow
by thermal convection. On the other hand, at low oxygen pressures the melting velocity
depends on the extent of reaction, 11 and if oxygen is constantly blowing without the layer
of oxide acting as a barrier, the extent of reaction will always be 100% and the velocity of
iron consumption and melting might actually increase.
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3.1

Delivery of oxygen

In this section, the required backpressure of oxygen is discussed. The equations that describe
the pressure drop along a pipe are used to know how the oxygen backpressure translates in
terms of oxygen velocity, to use it later in the energy balances in Section 4. The pressure
drop along the lance has been calculated for fluid in a pipe with the following expression
2
2ρO2 (p)vO
(p)
dp
2
=−
f (p)
dy
DH

(6)

where y is distance from the lance entrance, ρO2 is oxygen density that might change with
pressure p, and f is the friction factor. For turbulent flow in a pipe at high Reynolds number
(i.e. Re ≥ 4000), the friction factor can be estimated by 22

f = 0.079Re−1/4
Re =

DH vO2 ρO2
µO2

(7)
(8)

where DH is the diameter of the pipe, vO2 is the velocity of the oxygen, and µ is its dynamic
viscosity. For pipes with complex geometrical cross-sections, the hydraulic diameter is used,
which is defined as DH = 4A/Pwet , where A is the flow area of the inner cross-section and
P is the wetted perimeter of the cross-section. The velocity is calculated according to

vO2 =

ṁO2
,
ρO2 A

(9)

where ṁ is mass flow rate.
Figure 4 shows how different oxygen back pressures translate into different oxygen mass
flow rates depending on the length of the lance. The maximum oxygen back pressure should
be determined with the energy balance of the thermal lance (see Section 4), and the minimum
pressure should be above the corresponding atmospheric pressure. The minimum oxygen
back pressure is the one that allows the minimum oxygen mass flow required for steady-state
12
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Figure 4: Dependence of oxygen mass flow rate on the oxygen back pressure for a lance
length of 1 m (solid line), 2 m (dashed line), and 3 m (dotted line); and dependence of the
oxygen velocity inside the lance, on the oxygen mass flow rate (crosses).

rate of combustion. In this case, for the given lance dimensions (see Table 2), the minimum
oxygen mass flow rate required is 1.7 g s−1 .

4

Thermal lance model

In this work, the thermal lance consists of an iron tube filled with iron rods (see Fig. 3), and
the diameter of the lance and the rods are given in Table 2. A one-dimensional model is used
to study the operation of a thermal lance at steady-state. Variations in temperature and
other properties are assumed to occur only along the longitudinal axis of the lance; changes
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along the radial directions are neglected.
The thermal lance is divided into three main layers, pictured in Fig. 1: solid iron, molten
iron, and iron oxide. The longest layer is the solid iron layer, which is in contact with a
molten iron layer. The interface between these two layers continuously recedes as the solid
melts from the heat generated by the combustion of the lance tip. The end of the molten
iron layer is continuously consumed by the combustion reaction to form iron oxide at the
end of the thermal lance. The iron oxide layer is assumed to be thin and have a uniform
temperature that is equal to the temperature of the end of the molten iron layer. Oxygen
absorbs into the this layer. The oxygen flow detaches iron oxide from the lance tip at the
same rate as it is generated by the oxidation reaction.
The combustion rate is assumed to only depend on the temperature of the oxide layer (i.e.
the tip temperature of the lance) and on the oxygen partial pressure, in this case atmospheric
pressure. The tip temperature used in the calculation of the rate of combustion at that end
of the lance needs to match the temperature predicted by the energy balance, therefore, the
solution of the model will be found where both models agree. The influence of the interface
between solid and liquid iron is analytically studied to have an idea of how it can affect
the temperature distribution of the thermal lance, but it has been excluded from the full
model for simplification purposes, since the ignition temperature of iron of 1588 K at a 1 atm
oxygen pressure 23 is below its melting temperature 1811 K. As long as sufficient oxygen is
available, it is expected that the iron will react as soon as it melts. The ignition temperature
versus the oxygen pressure was studied by Bolobov et al., 24 they performed combustion
experiments with iron and steel rods of 1.5 and 3 mm and at oxygen pressures between 0.2
and 50 MPa, and they concluded that, at least for their experimental range of pressures, the
ignition temperature did not have a strong dependence on the oxygen pressure. The ignition
temperatures were measured by a contact method, and they were between 1523 and 1613 K.
The combustion of iron generates iron oxide as a product with different levels of oxidation,
the three stable oxide compounds are FeO, Fe2 O3 and Fe3 O4 . The oxidation level of the
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product depends on the temperature and the excess of oxygen available, but above 2000 K
only FeO is found in the product. 6 If there is excess of oxygen that has been dissolved in the
liquid iron and liquid oxide, the remaining iron oxide can be generated during the cooling
of the molten product, additionally, remaining dissolved oxygen can be released in the form
of gas during the cooling period if the product has already reached the maximum oxidation
level. In this work, only the reaction Fe + 21 O2 → FeO is included, because this model is
only focused on the heating and combustion of the thermal lance.
The combustion of iron also generates heat, some of which is used to melt the solid
iron and raise its temperature, and some is lost to either the inner oxygen flow or to the
surrounding air.
The mathematical model used in the current work is based on the one-dimensional stationary model from Wang et al., 5 but instead of using the combustion kinetics from Wilson et al. 2 without modification, the kinetics have been adjusted in order to make the temperature used in the kinetics calculation consistent with the energy balance of iron, and also
to obtain a rate of reaction consistent with available experimental data from the combustion
of thermal lances.

4.1

Model parameters

The thermal lance is modeled as a bundle of n iron rods, each with diameter dr , that are
encased in an iron tube with inner diameter di and outer diameter do . These dimensions
and the other parameters used in the model are summarized in Table 2. Oxygen and air are
assumed to behave as ideal gases, and their properties are fixed at their values at a temperature of 25◦ C and a pressure of 1 atm. The values referring to iron have been determined
with correlations depending on the temperature, which are explained in this section.
The main thermo-physical properties of iron, oxygen and air are also given in this table,
such as the thermal conductivity (λFe , λO2 and λa ), the density (ρFe , ρO2 and ρa ), and the
heat capacity (Cp,Fe , Cp,O2 and Cp,a ). The iron density used in the model (ρFe ) is given by the
15

Table 2: Values of the parameters used in the model.
parameter
do (cm)
di (cm)
dr (cm)
n
Ta (◦ C)
σ (W m−2 K−4 )
Fe
FeO
ρFe,s (kg m−3 )
ρFe (kg m−3 )
ρO2 (kg m−3 )
ρa (kg m−3 )
Cp,Fe (J kg−1 K−1 )
Cp,FeO (J kg−1 K−1 )
Cp,O2 (J kg−1 K−1 )
Cp,a (J kg−1 K−1 )
λFe (W m−1 K−1 )
λO2 (W m−1 K−1 )
λa (W m−1 K−1 )
∆Hc (kJ kg−1 )
µO2 (Pa s)
µa (Pa s)

value
1.6
1.4
0.2
14
25
5.67 × 10−8
1
1
7874
correlation
1.291
1.225
824.3
949.7
920
1006
correlation
0.026
0.026
−4537.6
2.055 × 10−5
1.18 × 10−5

notes

is the same as T∞

Eq. (10)
at 25◦ C and 1 atm
at 25◦ C and 1 atm
constant after 2000 K
constant after 1600 K 25
at 25◦ C and 1 atm
at 25◦ C and 1 atm
Eq. (11)
at 25◦ C and 1 atm
at 25◦ C and 1 atm
from Ref. 25
at 25◦ C and 1 atm
at 25◦ C and 1 atm

correlation in Eq. (10). However, a constant density of solid iron (ρFe,s ) is used to determine
the minimum oxygen required for the combustion of the given mass of iron. Properties
related to the iron oxide were also required in the boundary conditions: λFeO and Cp,FeO .
Some properties are specific to the solid, like the emissivity constant for iron Fe and iron
oxide oxide , others are specific to the fluids, like the oxygen viscosity µO2 and the air viscosity
µa . The heat released from the combustion of iron ∆Hc is estimated for Fe + 12 O2 → FeO
using the enthalpies of formation at 3000 K, and the surrounding temperature T∞ is the
temperature of the air Ta , which corresponds to the initial temperature of the lance.
Based on two density correlations for liquid iron, one for a temperature range between
1809 and 2480 K 26 and another for a temperature range between 1900 and 5000 K, 27 and for
solid iron in the temperature ranges 673–1183 K, 1183–1673 K and 167–1812 K, 28 a single
expression approximating the ρFe in kg m−3 ) across temperatures from the liquid to solids
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Figure 5: Density and thermal conductivity correlations fitted as a single curve (solid line)
to the literature values (dashed line).
phases was developed

ρFe = a0 + a1 T + a2 T 2 + a3 T 3 .

(10)

where a0 = 8.1 × 103 kg m−3 , a1 = −1.7 × 10−1 kg m−3 K−1 , a2 = −2.6 × 10−4 kg m−3 K−2 ,
and a3 = 2.9 × 10−8 kg m−3 K−3 . Figure 5(a) shows a comparison of our fit with a correlation
reported in the literature.
Data for the thermal conductivity of iron in the liquid 29 and solid phases 30 were fit to
obtain the following expression for λFe
λFe = b1 T + b2 T 2 + b3 T 3 + b4 T 4 .

(11)

where b1 = 97.3 W m−1 K−2 , b2 = −6.4 × 10−2 W m−1 K−3 , b3 = 2.1 × 10−5 W m−1 K−4 , and
b4 = −2.2 × 10−9 W m−1 K−5 . For temperatures higher than the experimental data provided
in the literature, the last value of thermal conductivity has been assumed to be constant.
Above 2000 K, iron is assumed to have a constant thermal conductivity of 46 J mol−1 K−1 .
Figure 5(b) shows the correlations and values reported in the literature for the given temperature ranges along with the fitted curve.
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4.2

Mathematical model

The energy balance of iron and the energy balance of oxygen are described next, followed by
the boundary conditions of our system. The model equations are solved in two ways, first a
simplified version of the model is solved analytically to have a preliminary analysis and also
to validate the numerical model, after that, the full model is solved numerically using the
open-source software FEniCS. 31

4.2.1

Iron energy balance

The iron energy balance describes how the heat is transferred along the lance, and it is
mathematically described as
d
dx



dT
dT
− S1 σFe (T 4 − Ta4 )
λFe
+ ρFe Cp,Fe vFe
dx
dx
−S1 ha (T − Ta ) − S2 hO2 (T − TO2 ) = 0

(12)

where T is the temperature of the iron, S1 and S2 are ratios of the inner diameter and outer
diameter over a cross-section area, σ is the Stefan-Boltzman constant, Fe is the emissivity
of iron, ha is the heat transfer coefficient from the iron to the air, hO2 is the heat transfer
coefficient from the iron to the oxygen, and TO2 is the temperature of the oxygen. Note that
the velocity of iron consumption vFe at the reaction front is dependent on the temperature
at the interface and the kinetics of reaction.
The first term describes the heat conduction through the iron; the second term describes
the heat convection of the solid iron receding as it is consumed; the third term describes the
heat loss by thermal radiation from the lance to the air; the fourth term describes the heat
loss from the lance to the air by natural convection, and the fifth term describes the forced
thermal convection caused by the oxygen flowing inside the lance.
S1 refers to the surface area in contact with the air and S2 refers to the surface area
in contact with the oxygen. The ratios are respectively estimated by dividing the outer
18

perimeter in contact with the air (i.e. πdo ) and the wetted perimeter in contact with the
oxygen (i.e. π(di + ndr )) by the cross-sectional area A = π(d2o − d2i + nd2r )/4 of the iron in
the lance.
The heat transfer coefficient due to the forced convection of oxygen is

hO2 =

where DH =

4×cross-sectional area
wetted perimeter

NuλO2
DH

(13)

is the hydraulic diameter of the oxygen flow, and Nu is the

Nusselt number calculated using the Dittus-Boelter 32 correlation

0.8

Nu = 0.043 Re Pr

0.4



µO2 ,bulk
µO2 ,wall

0.14
(14)

where µO2 ,bulk corresponds to the oxygen viscosity at room temperature and µO2 ,wall is the
oxygen viscosity at an estimated mean combustion temperature of 3000 K, which is 8.9 ×
10−5 Pa s. The Reynolds (Re) and Prandtl (Pr) numbers are calculated as
di vO2 ρO2
µO2
Cp,O2 µO2
Pr =
λO2

Re =

(15)
(16)

where vO2 is the velocity of the oxygen flow. In the literature model, 5 the velocity of the
oxygen flow is considered to be much larger than the velocity of the lance being consumed,
therefore the velocity used in calculating the Reynolds number is the velocity of the oxygen
flow.
The heat transfer coefficient for the natural heat convection with air is

ha =

Nu λa
do
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(17)

where the expression used for Nu corresponds to natural convection, 32 and is calculated as
d3 ρ2 g βa ∆T Cp,a µa
Nu = b o a 2
µa
λa


m
(18)

where b = 1.09 and m = 1/5 are constant model parameters, 5 g is the gravitational acceleration, βa is the volume expansion coefficient of air which has a value of 0.00338 K−1 at 25◦ C
and 1 atm, and ∆T is the temperature difference between the surface of the thermal lance,
more specifically at the burning end, and the air.
To solve the differential equation for the iron energy balance, given by Eq. (12), two
boundary conditions that describe each end of the thermal lance are required.
The first boundary condition is that the temperature of the rod infinitely far from the
reacting tip must approach T∞ (i.e. T (x) → T∞ as x → ∞). The second boundary condition
applies at the tip of the thermic lance, which is expected to be covered by an oxide layer
where the combustion of iron is expected to occur. The oxide layer is assumed to be very thin
and to have a uniform temperature, equal to the tip temperature. The boundary condition
at the tip (i.e. x = 0) is given by

ρFe vFe ∆Hc − λFe

dT
dx

4
− h(T − T∞ ) − σFeO (T 4 − T∞
) = 0.

(19)

The first term on the left side of the equation is the rate of generation of heat due to the
oxidation of iron. The second term is the conduction of heat into the iron rod. The final
two terms are the heat loss to the environment from the surface of the oxide layer due to
convection and radiation.
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4.2.2

Oxygen energy balance

The energy balance of the oxygen accounts for the velocity of the oxygen and how it heats
up due to heat convection from the lance combustion

ρO2 Cp,O2 vO2

dTO2
+ S2 hO2 (T − TO2 ) = 0.
dx

(20)

The diffusion term in this case is neglected due the system being dominated by convection,
where the oxygen flows due to a pressure drop, not by difference of concentrations.
The driving force for the convective heat transfer from the lance to the oxygen is the
difference between the temperature of the iron and the temperature of the oxygen TO2 .

4.3

Reduced model and its analytical solution

In this section, we analyze a simplified version of the thermal lance model where radiation
is neglected. The reduced model still takes into account heat conduction along the lance,
forced thermal convection from the lance towards the oxygen, and generation of heat from the
combustion reaction. It will allow us to determine the importance of radiation. Additionally,
if the parameters of the model are assumed to be constant, it can be analytically solved, which
helps to validate the full model and provides a preliminary overview and better physical feel
of the problem.
The energy balance equation for iron in this simplified model, which is a reduced version
of Eq. (12), is given by
d
−
dx



dT
λFe
dx


− ρFe Cp,Fe vFe

dT
+ S2 hO2 (T − TO2 ) = 0.
dx

(21)

The boundary condition of this equation at the tip of the thermal lance (cf. Eq. (19)) is
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given by

λFe

dT
+ ∆Hc vFe ρFe = 0,
dx

(22)

and the boundary condition as x → ∞ is T (x) → T∞ . The energy balance for the oxygen is
the same as Eq. (20), with an identical boundary condition.
Table 3 gives the values of the parameters of the reduced model that differ from those
of the full model, which are shown in Table 2. The oxygen velocity has been estimated
from Fig. 4 for an oxygen pressure over the atmospheric. The oxygen pressure has to be
higher than the atmospheric pressure to reach the other end of the lance, and there is also a
minimum oxygen flow required to obtain stoichiometric combustion of the iron. For the given
lance dimensions, the given chemical reaction, and the given enthalpy of combustion, the
minimum required oxygen flow is 1.7 g s−1 , corresponding to an oxygen velocity of 11.6 m s−1 .
When the parameters of the model are assumed to be constant, the solution of these two
coupled linear differential equations is
∆Hc Pe −λs x/Lc
e
+ T∞
Cp,Fe λs
∆Hc Bi Pe/λs −λs x/Lc
TO2 (x) =
e
+ T∞ .
Cp,Fe PeO2 λs + Bi
T (z) =

where Lc =

cross-sectional area
wetted perimeter

1
λs =
2

(23)
(24)

is the characteristic length, the decay rate λs is given by
"

Bi
Pe +
PeO2

#1/2

2
+ 4Bi

1
+
2



Bi
Pe −
PeO2


.

(25)

with the dimensionless numbers defined as Pe = vFe Lc ρFe Cp,Fe /λFe , PeO2 = vO2 Lc ρO2 Cp,O2 /λFe ,
and Bi = hO2 Lc /λFe .
According to the given lance dimensions, Lc is 0.7 mm. This means that the properties
of the system might vary in the space of less than 1 mm, therefore if we want a numerical
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Table 3: Values of the parameters used in the reduced model that are different from the full
model.
Parameter
ρFe (kg m−3 )
λFe (W m−1 K−1 )
vFe (cm s−1 )
vO2 (m s−1 )
hO2 (W m−2 K−1 )

Value
6980
36.3
0.8
15
251.5

Observation
at melting temperature
at melting temperature
21

for PO2 ' 5 bar
determined

model that captures all the changes, the mesh has to be refined accordingly.
In the reduced model, the only heat loss included is the convection from the lance to
the oxygen, because it is much larger than the heat transfer from the lance to the air. To
support this assumption the values of the heat transfer coefficients have been compared. The
heat transfer coefficient with respect to air ha depends on the properties of air and on the
temperature of combustion. It has a value between 28 and 37 W m−2 K−1 for combustion
temperatures between 1800 and 6000 K, respectively. The heat transfer coefficient with
respect to oxygen hO2 depends on the oxygen flow rate. It has a value between 210 and
1590 W m−2 K−1 for a vO2 range between 12 and 150 m s−1 . The heat transfer coefficient
with respect to oxygen is at least 7 times larger than the heat transfer coefficient with
respect to air.
The Biot number describes how the heat is transferred from the thermal lance to the
surroundings. It can be calculated with respect to the oxygen BiO2 and with respect to the
air Bia . Bia depends on the value of ha , and it has a value between 0.004 and 0.005 for
the conditions studied. BiO2 depends on hO2 , and it has a value between 0.004 to 0.03 for
the conditions studied. For Bi  0.1, heat conduction is faster than heat convection. That
means that the changes in the radial direction inside the thermal lance are very fast and the
possibility of having inner temperature gradients can be neglected. This validates the choice
of a one-dimensional model in which only the changes along the lance length, and not the
changes in the radial direction are accounted for.
The expected heating behavior of the lance and the oxygen can be analyzed by observing
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the resulting analytical expressions. The minimum temperature of the oxygen and the thermal lance is the surrounding temperature, but the temperature profile of the thermal lance
increases closer to the combustion area. However, the temperature of the oxygen flowing inside the lance depends on the value of the oxygen flow rate. From the analytical solution for
the temperature profiles, given in Eqs. (23) and (24), it can be observed that for PeO2  1,
TO2 is going to be very similar to T . This means that for low oxygen back pressures, and
therefore low oxygen flow rates, the temperature of the oxygen inside the thermal lance is
going to be very similar to the temperature profile of the thermal lance. If on the other hand
PeO2 is large, TO2 is going to be smaller than T , meaning that for a large oxygen flow the
temperature of the oxygen is going to be lower than the temperature of the thermal lance.
The dimensionless values obtained in the analytical solution for the given conditions are
Bi = 0.005 and Pe = 0.88. The heat transfer coefficient hO2 = 251.5 W m−2 K−1 . The
resulting temperature profiles can be found in Fig. 6, in this case the thermal lance reaches
a temperature of 5770 K at the burning end, and the oxygen reaches a temperature of 384 K,
barely increasing from its initial temperature. It should also be noted how drastically the
temperature of the lance decreases in the space of 3 mm, which confirms the need of a very
refined mesh when numerically solving the problem.

4.4

Comparison of the reduced problem with the numerical solution
of the full problem

The full model has been solved with the finite element method (FEM) and its solution has
been compared with the analytical solution of the reduced model. A further comparison has
been made by using variable or constant values for the parameters ρFe and λFe in both, the
reduced and the full model. The four cases can be calculated numerically, but the result from
the reduced model with constant parameters is the same as the analytical solution already
seen. The model parameters are given in Tables 2 and 3.
Figure 7 shows a comparison of the lance and the oxygen temperature profiles for the
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Figure 6: Analytical solution of the simplified thermal lance model with constant thermophysical parameters. Temperature profile of the thermal lance (purple solid line) and
temperature profile of the oxygen (orange dashed line) along the length of the lance.
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Figure 7: Comparison of the lance temperature distribution (solid line) and the oxygen temperature distribution (dashed line) from the numerical solution of different models. Reduced
model and constant ρFe and λFe (blue), reduced model and variable ρFe and λFe (green), full
model and constant ρFe and λFe (red), and full model and variable ρFe and λFe (purple).
four different lance models solved numerically. All the curves are very close to each other
and partially overlapping, but the temperature at the burning end of the lance can be very
different due to the steepness of the curve. Table 4 compares the iron and the oxygen temperature at the tip of the lance for the four models. The most complex model (4) has the
lowest iron tip temperature, and the simplest model (1) has the highest iron tip tempera-
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Table 4: Temperature (K) at the burning tip of the lance for the different versions of the
lance model.
#
1
2
3
4

Model
Reduced
Reduced
Full
Full

ρFe & λFe
constant
variable
constant
variable

Ttip (lance)
5770
4291
4516
3783

Ttip (oxygen)
384
370
364
360

ture, meaning that the simplification mechanisms applied on the lance model contribute to
increasing the tip temperature with an additive effect. It also seems that neglecting some
heat transfer terms in the lance energy balance (2) has less impact than fixing the values of
the model parameters (3).

4.5

Effect of latent heat

In the previous sections, we assumed that the iron rod remained in a single phase up until
it undergoes the oxidation reaction at the tip. At room temperature and moderately high
pressures, the stable form of iron is the solid α phase, which is a face-centered cubic crystal
(ferrite). As it is heated, the solid undergoes transition at 1185 K to the γ phase (austenite),
which is body-centered cubic, 33 and then another transition at 1167 K to the solid δ phase,
which has face-centered cubic structure, before melting at 1811 K. 34,35 Each of these transitions is accompanied by an absorption of latent heat. The enthalpy of the α to γ transition
is 900 J mol−1 , while the γ to δ transition has an enthalpy of 8500 J mol−1 . 34 These, however,
are significantly lower than the heat of fusion, which is 13800 J mol−1 . 34 In this section, the
influence of the iron melting on the temperature profile of the thermal lance is examined.
As was shown previously, in the typical operation of a thermal lance, the convection of heat
from the lance to the surrounding oxygen is much slower than the conduction of heat along
the lance (i.e. Bi  0.1), and so to simplify the analysis, we take the limit Bi = 0, neglecting
the convective cooling. In this case, λs = Pe.
The layer between the solid and liquid iron can be described as a Stefan problem, involving
a “moving” boundary due to a phase transition. At one side of the boundary there is a solid
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phase, and at the other one a liquid phase, each of them with their own energy balance. The
temperature at the interface corresponds to the melting temperature of iron of Tm = 1811 K.
The position of the solid/liquid interface is taken to be located at x = xm , and the reacting
tip is at x = 0.
The molten and solid layers can be considered separately. Assuming that the properties
of the solid and molten iron are the same, the energy balance within the molten portion of
the lance, where 0 ≤ x ≤ xm , is

−λFe

dTliquid
d2 Tliquid
=0
− ρFe vFe Cp,Fe
2
dx
dx

(26)

where Tliquid refers to the molten iron. The energy balance for the solid portion of the lance,
where x ≥ xm , is

−λFe

d2 Tsolid
dTsolid
− ρFe vFe Cp,Fe
=0
2
dx
dx

(27)

where Tsolid refers to the solid iron.
As for the single phase analysis, we still retain the boundary conditions at x = 0 (see
Eq. (22)), which applies to the molten layer, and at x → ∞, which applies to the solid
layer. However, we have two additional conditions that apply at the solid/liquid interface
at x = xm . The first is that the temperatures of the solid and molten phases must be equal
at the interface (i.e. Tsolid (xm ) = Tliquid (xm )). The second is that the difference between the
heat that conducts into the interface from the molten layer and from the interface into the
solid layer is due to the heat of fusion

λFe

dTsolid
dTliquid
− λFe
= ∆Hm ρFe vFe .
dx
dx

(28)

These equations can be analytically solved to give the temperature profile in the molten
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portion of the lance for 0 ≤ x ≤ xm

Tliquid (z) =

∆Hc −xPe/Lc
∆Hm
e
+ T∞ −
,
Cp,Fe
Cp,Fe

(29)

and the temperature profile in the solid portion of the lance for xm < x

Tsolid (z) =

(Tm − T∞ )∆Hc
e−xPe/Lc + T∞ .
Cp,Fe (Tm − T∞ ) + ∆Hm

(30)

The location xm of the solid/liquid interface, where temperature of the lance corresponds to
the melting temperature of iron, is given by
Lc
xm =
ln
Pe



∆Hc
Cp,Fe (Tm − T∞ ) + ∆Hm


.

(31)

The temperature profile of the thermal lance is shown in Fig. 8. The red curve denotes
the molten portion of the lance, while the blue curve denotes the solid portion. There is a
slight kink in the temperature profile at the solid/liquid interface due to the heat of fusion.
This subtle change in the slope of the temperature curve before and after melting, which is
not very noticeable, decreases the final tip temperature.
The tip temperature is Ttip = T∞ + (∆Hc − ∆Hm )/Cp,Fe . This should be compared to the
tip temperature without the consideration of melting Ttip = T∞ + ∆Hc /Cp,Fe (see Eq. (23),
with Bi = 0). These expressions for the tip temperature assume all the heat released by the
iron oxidation is used to melt and heat the iron rod. The temperature at the combustion
tip is 5503 K, which is lower than the tip temperature obtained in the analytical solution
excluding melting but including oxygen flow of 5770 K (see Table 4). These tip temperatures
are higher than the experimental adiabatic flame temperatures because of the assumptions
that the heat capacity of the iron is constant and that the iron oxide remains molten. In
reality, some of the molten iron oxide will decompose to iron vapor and oxygen, 36 thereby
“absorbing” sensible heat and reducing the temperature.
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Figure 8: Temperature profile of a thermal lance including melting and excluding oxygen
flow. Liquid iron (red line) and solid iron (blue line).
Up to this point a constant burning velocity was assumed, but in reality this velocity
depends on the tip temperature at the reacting end. In the next section, the thermal lance
model is coupled with the iron kinetics to find a tip temperature that is compatible with
both, the energy balance and the reaction kinetics.

5

Consistent solutions

In this section, the thermal lance energy balance has been combined with the kinetics model
in order to obtain a solution that is consistent with both. It includes the effect of the oxygen
flow, but it excludes the effect of the iron melting.
As previously mentioned, the iron energy balance describes the temperature profile along
the lance length, but the combustion velocity vFe that appears in the balance should be
determined from combustion kinetics. Figure 9 is a scheme that shows that the iron tip
temperature determines the burning velocity, and the burning velocity determines how much
heat is transferred to the lance tip. At the same time, the oxygen flow rate influences the
tip temperature because it takes heat away from the tip, but it also influences the burning
velocity because the rate of combustion depends on the oxygen pressure. Other parameters
included in the expression to determine the rate of combustion are the kinetics parameters
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Figure 9: Dependence of the iron tip temperature on the burning velocity and other contributing factors.
characteristic of the reaction of iron oxidation.

5.1

Using the analytical solution

A prediction of the temperature profile of the lance can be obtained by using the kinetics
parameters from the literature 2 to determine a burning velocity instead of using a constant
value, and using an initial guess of a tip temperature. However, to make the temperature of
the lance and kinetics consistent, the tip temperature predicted by the iron energy balance
was used as the temperature to calculate the rate of reaction and it was assessed if the
resulting rate of reaction was suitable to sustain the same temperature at the tip, which in
first instance it was not.
The challenge was to find an iron tip temperature that makes the temperature profile
distribution and the rate of combustion consistent with each other. To find the possible
values of the tip temperature that are consistent with the energy balance and the rate of
reaction, a single expression including both models has been developed.
The energy balance for the iron rods imposes a relationship between the rate of combustion, as given by vFe , and the tip temperature through the boundary condition. For the
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simplified model, the analytical solution provides a relation between the rate of combustion
with the tip temperature (see Eq. (23))

Ttip =

∆Hc Pe
+ T∞ .
Cp,Fe λs

(32)

Neglecting the temperature change of the oxygen, the expression for λs can be simplified to

λs =

1
Pe 1
+ (Pe2 + 4Bi) 2 .
2
2

(33)

The rate of reaction is directly related to the temperature at the tip by Eq. (3), which
can also be written in terms of vFe as
RFe = A0 e−E/(RTtip ) = ρFe vFe .

(34)

This expression can be rearranged to give the “dependence” of the lumped pre-exponential
factor on the burning rate
Pe λFe
exp
A =
Lc Cp,Fe
0



E Cp,Fe
∆Hc R (Cp,Fe T∞ /∆Hc + Pe/λs )


.

(35)

Once a consistent solution is found, the value of the burning velocity can be compared
with experimental data, and if the determined velocity does not match the observed velocity,
then the kinetic parameters can be adjusted. The values of the kinetic parameters available
in the literature may only be suitable for the specific experimental conditions in which they
were determined. For that reason, it has been considered acceptable to adjust the value of
the pre-exponential factor A0 in order to obtain realistic burning velocities for our system.
The same process of finding a consistent tip temperature is repeated for different values of
the pre-exponential factor A0 until a satisfactory burning velocity is found.
The sensitivity of A0 to different parameters has been analyzed in Fig. 10, Fig. 11 and
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Figure 10: Sensitivity of A0 to the variation of the activation energy (E = 246.8kJ mol−1 ,
∆Hc = −253.2 kJ mol−1 , Bi = 0.005). Experimental Pe (dotted line).
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Figure 11: Sensitivity of A0 to the variation of the enthalpy of reaction (E = 246.8 kJ mol−1 ,
∆Hc = −253.2 kJ mol−1 , Bi = 0.005). Experimental Pe (dotted line).
Fig. 12 by modifying the values of the activation energy, the enthalpy of reaction and the
Biot number respectively. The three figures show how the value of A0 changes with respect
to Pe for the different values of the varying parameters, and the Peclet number determined
from the experimental data has been clearly marked as a reference point.
Figure 10 shows that for the literature value of the activation energy and for the determined Peclet number, the lumped pre-exponential factor should be in the order of 9 ×
103 m−2 s−1 . By reducing the activation energy by a 20%, a lower A0 is required, and the
opposite is true when increasing the activation energy by a 20%. Figure 11 shows that in32
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Figure 12: Sensitivity of A0 to the variation of the Biot number (E = 246.8 kJ mol−1 , ∆Hc =
−253.2 kJ mol−1 , Bi = 0.005). Experimental Pe (dotted line).
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Figure 13: Iron combustion velocity and value of A0 with increasing tip temperature (E =
246.8 kJ mol−1 , ∆Hc = −253.2 kJ mol−1 , Bi = 0.005). Experimental combustion velocity
(dotted line).
creasing the enthalpy of reaction will decrease the required A0 . The magnitude of its influence
is the same as that of the activation energy.
Figure 12 shows that the combustion behavior is not very much affected by having a Biot
number of zero or by increasing the Bi number determined from the experimental observation
by a factor of 10. Biot number is related to the heat transfer coefficient from the combustion
to the oxygen, and the heat transfer coefficient is related to the velocity of the oxygen flow.
From this figure it could be concluded that the velocity of the oxygen flow does not have a
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Figure 14: Iron combustion velocity with increasing Pe (E = 246.8 kJ mol−1 , ∆Hc =
−253.2 kJ mol−1 , Bi = 0.005). Experimental combustion velocity (dotted line).
great impact on the velocity of combustion, except for very large velocities of oxygen flow.
The relationship between A0 and the velocity of combustion in relation to the temperature
at the tip of the lance is shown in Fig. 13. The velocity of combustion increases with
increasing tip temperature and increasing lumped pre-exponential factor. Also using the
expression of Pe, Fig. 14 shows how the velocity of combustion increases with an increasing
Pe.

5.2

Full numerical model

The full numerical model involves the full balance equations and variable thermal properties.
In this case, on the one hand a range of given tip temperatures are used to determine the
corresponding vFe for each, and on the other hand the determined vFe for each given tip
temperature is used to determine a tip temperature from the iron energy balance. Finally,
we see if the the given tip temperature and the determined tip temperature are the same.
The velocity is calculated as follows

vFe =

A0 −E/(RTtip )
e
.
ρFe
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Figure 15: Combustion velocity versus tip temperature at atmospheric pressure for different
pre-exponential factors (symbols) and different oxygen flows (colors). The horizontal line at
0.8 cm s−1 corresponds to the experimental velocity.

A consistent solution is found when the difference between the given tip temperature and
the determined tip temperature from the energy balance is zero. The oxygen velocities could
range from a minimum velocity of 11.6 m s−1 corresponding to the stoichiometric oxygen flow
and assuming a burning velocity of 0.8 cm s−1 , to a maximum oxygen velocity that is too
high to sustain the iron combustion.
The velocities calculated and the given tip temperature for each case are reported in
Fig. 15. For each pre-exponential factor, if a solution is not found for a given oxygen flow
that appears in the legend, it means that that value is either too small or too large to give
a solution.
In this case, from the experimental data, we expect a consumption velocity of approximately 0.8 cm s−1 ; 21 therefore, from all the possible consistent solutions, we would pick the
conditions that match this velocity, which are a pre-exponential 1.1 × 105 kg m−2 s−1 and an
oxygen velocity of 15 m s−1 , corresponding to an oxygen flow rate of about 2.5 kg s−1 and an
initial back-pressure slightly above the atmospheric pressure. It should be noted that this
pre-exponential factor is only an apparent kinetic parameter, not an intrinsic one, because
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it lumps the effect of the oxygen absorption and the oxygen partial pressure.
The determined mean pre-exponential factor in Wilson et al. 2 transformed into the same
units as the pre-exponential factor determined in this work and also for atmospheric pressure
is 2.2 × 104 kg m−2 s−2 , which is smaller than the value determined in this work of 1.1 ×
105 kg m−2 s−2 . This observation is not conclusive, but it seems to imply that the value
determined in the literature would lead to a slower combustion velocity, and therefore that
the effect of having oxygen blowing through a thermal lance would make the iron combustion
faster than having an iron bar in an stagnant oxygen atmosphere.
Looking back at Fig. 2, it can be observed that for an iron rod in a stagnant atmosphere,
the combustion velocity that is similar to the one observed for a thermal lance of 0.8 cm s−1
and for an oxygen pressure similar to the atmospheric, the iron rod in an stagnant oxygen
atmosphere should be of a diameter of 0.1 cm or smaller, which according to their findings,
the smaller the rod diameter, the higher is the velocity of consumption. From this observation
it could be concluded that the effect of having oxygen blowing through a thermal lance is
comparable at having a very thin iron rod, which seems to agree with the fact that a thermal
lance is constantly blowing the molten material away and leaving the surface of the tip of
the lance available to absorb more oxygen, and a smaller rod diameter has a higher surface
area of molten material with respect to its volume, which increases the oxygen absorption.

6

Conclusions

This work covers a review of iron and thermal lance combustion, develops a model for the
thermal lance combustion, and makes an analysis of the thermal lance operating conditions
and their impact on the combustion performance.
The mathematical description for the operation of a thermal lance developed has been
based on the model of Wang and co-workers 5 and on experimental data related to the
combustion kinetics of iron also from the literature. A key insight from the model on the
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operation of a thermal lance is that there is a “window” of possible rates at which it can
burn. The location and size of this window depends on the steady-state temperature of the
lance tip, which is established through interplay between the combustion reaction kinetics
and the heat transfer rate.
The steady-state temperature of the lance tip is a result of the balance between the rate
at which heat is generated from the combustion of the lance and the rate at which heat is
transferred to its surroundings. The heat transfer rate is dependent on the properties of
the surroundings, such as its temperature, thermal conductivity, relative velocity, etc. In
particular, the flow rate of the oxygen supply plays a big role in dictating the heat transfer
from the lance tip. It can be used to control the rate of combustion; however, it is restricted
to lie within the operating window.
The operating window is delimited by a minimum and a maximum oxygen flow rate
which correspond to a minimum and maximum oxygen back pressure. There is a minimum
pressure required for the oxygen to reach the other side of the thermal lance, and there
is also a minimum amount of oxygen required for stoichiometric combustion of the total
mass of iron. The maximum oxygen pressure is reached when the oxygen flow takes too
much heat away from the combustion zone, decreasing its temperature. Below the minimum
oxygen back pressure the combustion will not happen. Above the maximum oxygen back
pressure the combustion could still happen, but it would not be self-sustained and it would
require an external source of heat. The minimum oxygen pressure to reach the other end
of the lance can be determined independently of the combustion reaction rate, but the
minimum stoichiometric oxygen required and the maximum oxygen flow, both depend on
the combustion reaction rate.
The suggested kinetics parameters found for a thermal lance at atmospheric pressure are
an activation energy of 246.8 kJ mol−1 , a pre-exponential factor of 1.1 × 105 kg m−2 s−1 , and
an oxygen back pressure slightly over the atmospheric pressure. These parameters could be
further adjusted given additional experimental data.
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Nomenclature
Latin symbols
∆H

Enthalpy

ṁ

Mass flow rate

A

Iron cross-sectional area

A

Pre-exponential factor

A0

Apparent pre-factor

Cp

Heat capacity

DH

Hydraulic diameter

di

Inner tube diameter

do

Outer tube diameter

dr

Rod diameter

E

Activation Energy

f

Friction factor

h

Heat transfer coefficient

K

Adsorption equilibrium constant

k

Rate constant

k0

Apparent rate constant

n

Number of rods

p

Pressure
38

PO 2

Oxygen partial pressure

Pwet

Inner wetted perimeter

R

Gas constant

RFe

Rate of reaction

S1

Normalized surface area in contact with air

S2

Normalized surface area in contact with oxygen

T

Temperature

vFe

Velocity of iron cosumption

vO2

Oxygen velocity

x

Distance along the lance from the reacting tip

y

Distance along the lance from the oxygen injection

Bi

Biot number

Nu

Nusselt number

Pe

Peclet number

Pr

Prandtl number

Re

Reynolds number

Subscripts
∞

Surrounding environment

a

Air

c

Combustion
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m

Melting

Fe

Iron

FeO

Iron(II) oxide, wüstite

O2

Oxygen

Greek symbols
β

Volume expansion coefficient



Emissivity constant

λ

Thermal conductivity

λs

decay rate of temperature profile

µ

Dynamic viscosity

ρ

Density

σ

Stefan-Boltzman constant
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