


critical parameters (such as standoff, flow rate, and fuel-oxygen
ratio) of an oxyfuel flame has been identified as the most important
electrical feature under an electric field during the preheating
process in previous works [11–13]. Belhi et al. [14] found a link
between (strong) electric fields and flame standoff distance and
stability. Fialkov [10] provided an in-depth summary of the studies
undertaken on ionized flames. It has been shown that when a voltage
is introduced between the torch and the workpiece, the i–v curve
splits into three separate regimes [15]. Additional research into the
i–v curves has shed light on the rate of formation of charged species
[16,17] and the impact of electric fields on flames [1,18–20].
Martin et al. have conducted a number of experimental studies

over the years to determine the viability of automated oxyfuel
cutting sensors [1,2], and to quantify the electrical signatures in
oxyfuel flame [3,21]. To further elucidate the experimental results
and to investigate the electrical characteristics such as ion
migrations and ion distributions, a comprehensive two-
dimensional computational simulation was completed using only
the reduced combustion chemical mechanism with ion-exchange
reactions [4,22]. Nonetheless, the findings exhibit some magnitude
of differences from the experimental results [1,15].
This study aims to analyze and quantify the electrical features of

the oxyfuel flame preheating process, as well as to emphasize the
constructive comparisons between the numerical and experimental
results, by developing a comprehensive three-dimensional (3D)
computational model. As a whole, this work will illustrate the
specific electrical properties of a premixedmethane-oxygen oxyfuel
preheat flame when exposed to an electric field. Since the physical
flame is made up of twelve (12) Bunsen-like conical flames,
including a third dimension will lead to better comprehending
offluid dynamics and the interaction among the individual cones.
The current computational model provides not only a better
understanding of the physical behavior of the oxyfuel-cutting
flames but also the means to construct a more realistic i–v
relationship.

Materials and Methods

Geometry. Figure 2 depicts a pictorial viewof an oxyfuel-cutting
torch [6]. The preheat channels in Fig. 2(a) supply the premixed fuel
(CH4) and oxygen (O2) mixture via twelve (12) triangular passages.
The cutting oxygen passage in the center was not used, indicating
that no cutting oxygen is used at this stage. This is known as the
oxyfuel flame cutting process’s preheating stage.
Figure 3 provides an illustration of the geometry behind the

concept of a 15 deg wedge model that represents half of a triangular
opening (Fig. 2(a)). This is equivalent to 1/24th of the section that
deals with the physical setup and the work surface. Premixed fuel
(CH4) and oxygen (O2) are introduced through an imaginary annular

slot labeled as an inlet. The bottom triangular wedge symbolizes the
work surface, while the white-colored surfaces (conformal—front
and rear) reflect the assembly’s periodic rotation. There is a fixed
height of 12mm (� 0.5 in.) between the torch and the work surface.
Boundary conditions for walls are imposed on the remaining
surfaces, whereas the gray ones are interpreted as openings.

Governing Equations. The conservation equations for reacting
flows in the presence of electric bias voltages regulate the problem
under investigation. This includes the conservation equations for
mass, momentum, total energy, and species mass fractions, as
derived in Ref. [23]. One very recent illustration of this can be seen
in the work of Ref. [24]

r � qUð Þ ¼ 0 (1)

r � qUU þ pI � s½ � ¼ 0 (2)

r � qU Eþ U:U

2

� �� �

þ pI � sð Þ � U þ q

� �

¼ 0 (3)

r � qUYi þ Ji½ � ¼ _xi, i ¼ 1, 2, …, N � 1 (4)

The density (q), velocity vector (U), total energy (E), and mass
fraction (Yi) for N reacting species are calculated by solving

Fig. 1 Cross-sectional arrangement of oxyfuel preheating flame

Fig. 2 Oxyfuel cutting torch profile [6]: (a) torch tip and (b) torch
tip dimensions
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Eqs. (1)–(4). Since the gas is assumed to be ideal, the pressure, p, is
determined using the equation of state

q ¼ p

RuT
X

N

i¼ 1

Yi

MWi

(5)

The stress tensor s and mass diffusion Ji are defined as

s ¼ rU þrUTð Þ � 2

3
r � UI

� �

(6)

Ji ¼ � qDi,m þ lt
qDt

� �

rYi � DT,i

rT

T
(7)

where I is the identity tensor, Sct is the turbulent Schmidt number

(¼ lt
qDt

). Here, lt is the turbulent viscosity and Dt is the turbulent

diffusivity.
The realizable j� e turbulence model [25] was chosen given the

turbulent nature of the flow inside the domain. The transport
equations for j and e in the realizable j� e model are

@

@t
qkð Þ þ r � qkUð Þ ¼ r � lþ lt

rk

� �

rk

� �

þ Gk þ Gb � qe

� YM þ Sk (8)

@

@t
qkð Þ þ r � qeUð Þ ¼ r � lþ lt

re

� �

re

� �

þ qC1Se

� qC2

e2

k þ ffiffiffiffiffi

�e
p þ C1e

e

k
C3eGb þ Se (9)

The model constants [26] in Eqs. (8) and (9) are summarized in
Table 1.
The electric potential (V) can be defined through the electric field

vector (E) by Gauss law as

E ¼ �rV (10)

The Poisson equation establishes a connection between the
electric potential and the concentrations of charged species in the
following manner:

�r2V ¼ �
P

iqieni

�0
(11)

�r2V ¼ �q
nþ � n�ð Þ

�0
(12)

where qi and ni represent the charge density and number density of
species i, respectively. The permittivity of free space is denoted by
the symbol �0, which has a value that corresponds to 8.8542� 1012

farad/m. Charge density, q is defined through the following
equation:

q ¼
X

N

i¼ 1

qi ¼ eNaq
X

N

i¼ 1

Yi
Si

Mi

(13)

High voltage is used to power what has historically been referred to
as “ionic wind” [27–29]. The body forces caused by the electric field
are so significant at these energies that they affect the bulk velocity
of the fluid. Nevertheless, in this work, only low voltages, V 2
[�5V, þ5V], were utilized, and this has a number of significant
repercussions for the modeling process. At these low voltages, the
physics of semiconductors becomes most apparent; however, in this
investigation, the physics is employed for sensing rather than
actuation. So long as the low-voltage assumption is true, the bulk
velocity, temperature distribution, and species distribution (except
ions) will be unaffected by the applied voltage. The only processes
that will be impacted are ion migration and recombination.

Chemical Kinetic Mechanism. The chemistry of ions in flames
is described by combining the reactions of methane-oxygen flame
with a 25-species reduced mechanism and the ionization reactions
from Belhi et al. [14]. The reduced mechanism is obtained by
employing a “Directed Relation Graph” with the error propagation
method [30–32], using the opensource program pyMARS [33]. The
magnitudes of the coefficients of the ionization reactions are shown
in Table 2 [19]. For the charged species, the thermodynamic
properties are retrieved from the Burcat database [34]. The transport
properties are derived from Chen et al. [35].
The proton transfer reaction by formyl ion, HCOþ, results in the

production of the principal abundant cation, hydronium, H3O
þ

CHþ O()HCOþ þ e� (R1)

HCOþ þ H2O()H3O
þ þ CO (R2)

In the final step, a dissociative recombination reaction takes place,
which recombines H3O

þ with electrons (e�) as follows:

H3O
þ þ e�()H2Oþ H (R3)

Despite the fact that other cations do form [36–39], H3O
þ serves

as the “source” of all subsequent cations and has the highest
concentration. Essentially, H3O

þ and HCOþ represent the total
quantity of positively charged species, as demonstrated by Belhi
et al. [14]. Nevertheless, the rate at which H3O

þ is generated is on

Fig. 3 Three-dimensional 15deg wedge model

Table 1 j2 emodel constants

j� e model Constants Values

C1e 1.44
C2e 1.90
Cl 0.09

Realizable rk 1.0

re 1.2
Sk UD
Se UD

Note: User-defined (UD).
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par with that of e�. Furthermore, the HCOþ cation generates at a
much slower pace than the e� andH3O

þ ions. Therefore, hydronium
ion (H3O

þ) predominates in our study.
Modified Arrhenius equation is used to determine the reaction

rates k for all reactions, as shown

k ¼ ATbe�
Ea
RuT (14)

where A denotes the Arrhenius pre-exponential factor, b stands for
the temperature dependence, and Ea represents the activation
energy.
The saturation potential is significantly impacted by the

recombination reaction [39]. The rate of recombination can be
determined using the equation

d E½ �
dt

¼ d ion½ �
dt

¼ �k � E½ � ion½ � (15)

It is conceivable that the value of electron mobility plays a
significant part in determining the voltage at which saturation will
take place. In this study, the electron mobility is 0.2 m2V�1s�1 [29]
while the ionic (H3O

þ) mobility is 0.0018 m2V�1s�1 [6].
Electron species’ mobility, diffusivity, space, and bulk velocity

influence electric current density, while ion species’ molar
concentration determines ion current density. The following
equations [4,40] are used to calculate current densities:

Jion ¼ �rionKrV � Drrion þ rionU (16)

Je ¼ reKrV � Drre þ reU (17)

In Eqs. (16) and (17), rion ¼ qNacionð Þ and re ¼ qNaceð Þ are the
space charge densities for ions and electrons, respectively. In

addition, the Nernst–Einstein relation is used to determine the value
of the molecular diffusivity (D)

Di ¼
kikBT

qe
(18)

Initial and Boundary Conditions. To initiate and maintain
stable combustion in the steady-state simulation, the solution was
initialized in a particular manner following certain thought-out
steps. This was done to ensure that combustion would start without
the need for introducing high-temperature patches in the domain to
mimic artificial ignition. First, the entire domain is initiated at
standard air composition at Standard temperature and pressure with
the fuel inlet temperature set to 1500K. Then, a partially converged
solution is obtained by neglecting the enthalpy gain from chemical
reactions. This sets up a partially converged flow field and species
distribution in the domain. The high temperature (1500K) gas flow
from the inlet also establishes an approximate flame profile in the
domain. Once this partial solution is obtained, the fuel inlet
temperature is set back to the actual value (600K), and the enthalpy
gain from the chemical reactions is no longer neglected in the energy
equation. Since a high-temperature flame profile has already been
setup in the domain, combustion initiates without the need to
introduce high-temperature patches that tend to cause numerical
instabilities.
The 3D domains’ boundary conditions are consistent with the

experimental demonstrations fromMartin et al. [1,15]. Referring to
Fig. 3, the work surface temperature is assigned to be 600K and is
compatible with the experiment’s preheating procedure. In addition,
the surface of the torch is regarded to be at the same temperature,
which is 600K.An inlet velocity of 28ms�1 and a fuel-oxygen (F/O)
ratio of 0.833 (i.e., vCH4

¼ 0.45, and vO2
¼ 0.55) were specified for

Table 2 Arrhenius parameters for the ionization reaction mechanism

Reactions Pre-exponential factor, A (cm3/mol s) Temperature dependence, b Activation energy, Ea (J/mol)

CHþO() HCOþþ e� 2.512� 1011 0 7.118� 103

HCOþþH2O() H3O
þþCO 1.0� 1016 �0.0897 0

H3O
þþ e� () H2OþH 1.44� 1017 0 0

Fig. 4 Modeling procedure flowchart
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the delivery of the fuel-oxygen mixture. The work surface is
considered to be at ground potential while a range of voltages, V�

[�5V, þ5V], is applied to the torch. To ensure that the boundary
condition does not impact flow upstream, the domain’s outer
boundaries that open to ambient air, are treated as “Outflow”
boundaries assuming a zero-diffusion flux normal to the boundary
for all variables.

Computational Procedure. A 3D computational fluid dynamics
(CFD) model was developed using ANSYS FLUENT 2022R1. The
governing equations are solved using a finite volume technique. For
the purpose of discretizing the governing equations across the entire
domain, a spatial discretization method of the second order was
chosen. For the purpose of solving the governing equations, the
coupled pressure–velocity coupling algorithm was utilized. The
pressure equation was solved using the PRESTO! scheme. As a
result of the turbulent nature of the flow in the domain, the realizable
j� e turbulence model was selected to represent the viscosity. In
order to deal with the turbulence-chemistry interaction, a stiff
chemistry solver and the eddy dissipation concept were both
introduced to the CFD code. The convergence criterion for the
equations’ residual term is finally fixed to 1� 10�5. The modeling
technique is illustrated in Fig. 4.
The discretization error was estimated by a grid convergence

study utilizing Richardson extrapolation [41]. The articles from
Refs. [24] and [42–45] detail recent applications of such a method.
The investigation into the grid convergence index is illustrated by

a spider plot, which can be found in Fig. 5. Temperature, velocity,
and electric potential are the three characteristics that have been
taken into consideration at various places throughout the three-
dimensional domain and have subsequently been enumerated for a
variety of grid sizes. When compared to the values that were
acquired with a finer mesh, the results that were produced with a
medium mesh (�1.6� 106 elements) appeared to be within the
margin of error, which was a tradeoff for the increased computa-
tional expense and the acquisition of appropriate outcomes.
Figure 6 shows the surface meshing (hexahedral) for the 3D

model performed in ANSYS ICEM CFD and the total element count for
this mesh is � 1.6� 106. The inflation layer near work surface was
about � 1 lm as shown in Fig. 6(b).
While the convergence of the computational model was tracked

using the yþ � u�y
�
value, the Debye length played a pivotal role in

the electrical transport portion of this investigation. The Debye
length [15,22] is thus determined to ensure that the meshes are
adequately resolving the electrical species

kD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e0kB

qe2

ne

Te
þ

X

N

i

zi
2 ni

Ti

v

u

u

u

u

u

u

t

(19)

where the Debye length is denoted by kD, ne is the density of
electrons, Te and Ti are the temperature of the electrons and ions,

respectively, zi is the rate of ionic charge relative to electron charge,
ni is the density of atomic species i. Clements and Smy’s assumption
[46,47] assumes that the temperature of electrons and ions is the
same as the temperature of the flame (Te � T).

Results and Discussions

For the purpose of tracing the axial distribution of the combustion
and electrochemical parameters, somewhat virtual flame inspection
lines were created in the 3D domain.

Premixed CH4–O2 Flame. Because the molar fractions of
electrons and ions in the flow are relatively small, it is assumed
that electron and ion transportation does not alter the velocity and
temperature profiles of the flow when the voltage is at a low level.
In the three-dimensional domain, the flameproduced by premixed

methane and oxygen burns in a triangle pattern. Figure 7 depicts the

Fig. 5 Grid convergence index spider plot

Fig. 6 Surface meshing over 15deg wedge model: (a) meshing
in inlet region and (b) inflation layer near work surface

Fig. 7 Temperature contour plot taken from the cross section of
the 15deg wedge model
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temperature contour plot in the vicinity of the torch tip.Additionally,
it can be seen from the profile that the temperature is relatively high
directly below the triangular slit.
There is not an onset hint of a change in temperature when the

electric field is generated, and that is because the unburned gas is not
being affected. The temperature, on the other hand, has not changed
at all. Ion mobility increases with an increase in temperature,
although it is still at least two orders of magnitude lower than that of
electron mobility.
Figure 8 is an illustration of the temperature profile as it is

distributed axially. As can be observed, the area in which the fuel
(CH4) and air (O2) mixture is well premixed is the region with the
maximum temperature. Because the area near the torch tip is devoid
of electrons, currents have to be carried by heavy positive ions that
are forced upstream against the flow.
The velocity contour plot over the domain is depicted in Fig. 9.

The sudden release of heat and subsequent expansion of the flue
gases (of reaction) both have a sizeable effect on the velocity field
and result in flow patterns that are strikingly unlike those that would
be anticipated for a flow that is not reacting. In addition, if the
velocity in the reaction zone is too low, this will give the ions in the
outer cone more time to recombine. As a direct consequence of this,
ion concentrations are reduced, as are the resulting saturation
currents.

Electrons and Ions Distribution. The generation rate of e� is
displayed in Fig. 10 and has a maximum value of 0.00204 Kmol/
m3 s. When an electric bias voltage that is sufficiently strong is

supplied, the charge carriers can be pushed away to the area close to
the absorbing surfaces. Because free electrons are transported
quickly in the gas phase, the metal surfaces are able to absorb them,
resulting in the production of a positively charged “sheath” [48]. The
sheath is the region near the surface that has considerable variances
in the quantity of ions and electrons, which subsequently causes an
electrical potential difference. This region is located near the
surface.
A contrast between the two scenarios is depicted in Fig. 11; in the

first case, an electric field is not being applied, while in the second, a
potential difference of 5V is. When an electric field is present, it is
interesting to view that the peak value of the principal charge carrier
H3O

þ is reduced. This can be understood by considering the fact that
in this hypothetical situation, charged species are extracted from the
reaction zone.
Because of the greater magnitude of the electric potential, there is

a greater concentration of the positively charged hydronium ion
(H3O

þ). Due to the fact that the concentration of HCOþ is low, it
undergoes an almost instantaneous transformation into H3O

þ in
accordance with Reaction R2. The molar concentration of H3O

þ

demonstrated in Fig. 12 depicts such criteria.
Concentrations of positive ions are slightly higher when the

interaction between electrons and negative ions is disregarded, as in
the case of the recombination of electrons with the H3O

þ ion (see
Reaction R3). On the other hand, a higher recombination reaction
rate would indicate that a greater percentage of charged particles are
reacting to become neutrals, which results in a decreased number of
charged particles that may be collected at the surfaces.

Fig. 8 Axial distribution of temperature along virtual flame line.
The flame line is a vertical construction line from the torch tip to
the work surface (plate).

Fig. 9 Velocity contour plot taken from the cross section of the
15deg wedge model

Fig. 10 Generation rate of e- taken from the cross section of the
15deg wedge model

Fig. 11 H3O
1 mole fraction distributed axially
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The cross-sectional average current density does not change
across the domain in general. Figure 13 illustrates the color contour
pattern for the number density associated with H3O

þ. In order to
facilitate a deeper level of comprehension, the angle of the geometry
was adjusted to 60 deg by mirroring the periodic faces (Fig. 3). The
number density profiles of electrons and ions are generated as a
result of running the electrical species transport model. As can be
seen, the highest magnitude of species number density is 1017/m3,
and this is somewhat different from the actual measurement, which
is 1018/m3 [6]. At the surface of the torch, the concentration of H3O

þ

begins to decrease when a positive voltage is applied, however, the
concentration of H3O

þ continues to be considerable at the work
surface. Due to the fact that the electron is moving upstream while
H3O

þ is not, a pocket of e� concentration is created.

Electrical Characteristics. An electric field flows from the
negative to the positive terminal, and electrons move in the opposite
direction of positive ions, in accordance with the laws of electricity.
The presence of the electric field has a significant impact on the
manner in which the flame behaves. Whenever an electric field
(Fig. 14) is applied, the maximal concentrations of cations and
electrons shift closer to the positive terminal. This occurs because
the cations and electrons are drawn to the field. Because of the
disparity in the numbers of ions and electrons, sheaths can be seen
forming on both the torch and the work surface. Based on these
findings, it appears that the grid was successful in resolving the
Debye length.

As a result of the fact that the effect of the ionic wind has not been
taken into account at low voltages, the potential of the flame is
virtually the same throughout. It has a substantially higher level of
electrical conductivity because there is a significantly higher
concentration of ions at the front of the flame than there is anywhere
else in the flame. This suggests that it builds a conductive bridge
between the plasma in the outer cone below and the torch tip.
When a positive voltage, such asþ5V, is provided at the torch tip,

the electric potential does not decrease proportionally due to the
presence of a high density of the electrical species. This can be seen
clearly in Fig. 15. Nevertheless, if the voltage is negative, such as
�5V, the gradients might be perceived close to the work surface.
This is referred to as saturation. The more mobile of the two charge
carriers, e�, leaves the region near the negative surface, which
results in the growth of the sheath. The only way to further enhance
current is to increase the transport of the less mobile charge carrier,
H3O

þ, via the sheath. However, this process is exceedingly sluggish
in comparison to e�, and as a result, the current only increases very
slowly with increasing voltage. In addition, when a negative voltage
is supplied, a substantial voltage drop can be seen, as depicted in
Fig. 15. It is hypothesized that this is because of the ohmic losses that
occur along the length of the flame.
i–v characteristics. To illustrate how an electric field affects a

premixed oxyfuel flame, Fig. 16 shows the i–v characteristics of the

Fig. 12 Molar concentration of H3O
1 taken from the cross

section of the 15deg wedge model

Fig. 13 Number density of H3O
1 taken at a slice of Z52.0mm

from the torch tip

Fig. 14 Magnitude of electric field taken from the cross section
of the 15deg wedge model

Fig. 15 Axially distributed electric potential along virtual flame
line
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flame. At various electric bias voltages, the i–v curve transitions
through three distinct phases.
In regime 1, the flame experiences a partial saturation state.

Although Ohm’s law remains applicable, the availability of
electrons upstream of the flame becomes depleted. As a result, the
current flow is constrained by the capacity to draw positive ions
against the flow within the narrow gap between the flame and the
torch tip. While this can still be achieved due to the small distance
involved, these currents diminish rapidly as the flame begins to lift
off from the tip.
As shown, Fig. 16 depicts the i–v curve with its three distinct

regimes. Since the standoff (torch tip-to-work surface distance) is
high and the signals are weak, the experimental curve shows a lot of
scatters. Figure 16 clearly displays the linear agreement between the
experimental and computational models in regime 1. Since there are
fewer electrons in the region around the torch’s tip, currents carried
by heavy positive ions are forced upstream, against the flow. On the
contrary, regime 3 exhibits a few distinguishing characteristics to a
certain extent [49,50]. Possible explanations for why there is such a
difference in results include the following:

(I) Multiplying the ion concentration by the average velocity
and the average flame area yields the current in regime 3. As
can be seen, the ion concentration in Fig. 13 is an order of
magnitude lower than what was found in the experiment. In
addition, regime 3 has a strong velocity sensitivity. With
decreasing velocity, the regime 3 current will tend to decline.

(II) Negative voltages don’t affect i–v relationship or saturation
voltage due to electron mobility. Nonetheless, positive
saturation voltages are inversely related to electron mobility.
Consequently, the mobility of ions has a significant impact.
Since ion mobility is fairly low, the recombination rate plays
a larger role. With increasing recombination, a greater
proportion of charged particles will undergo neutralization
reactions.

Conclusions

A simplified 3Dmodel of an oxyfuel premixed (CH4–O2) flame’s
preheating step was developed using ANSYS FLUENT CFD code. The
preceding findings allow for a few interpretations. In this process,
charged “sheaths” are produced on both the torch and theworkpiece,
leading to three distinct regimes in the i–v relationship. The ions will
havemore time to recombine in the outer cone if the velocities in the
hot zone are extremely low. This leads to decreased ion concen-
trations and saturation currents. Regime 2 highlights the significance
of flame resistance in determining the standoff distance. In regime 3,
positive saturation currents play a crucial role in detecting chemical

activity on the work surface. In regime 1, “partial” saturation of the
flame is observed, and as such, the F/O ratio and flow rate have a
significant influence. This study provides the aforementioned
insights, allowing for the development of a reliable computational
model that facilitates the exploration of factors that are difficult to
measure directly. The validation of such a tool could yield valuable
insights for the design of new torch tips, enhancing specific aspects
of the signal in regime 1.
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Nomenclature

ci ¼ molar concentration of species i, Kmol m�3

Di ¼ diffusivity of species i, m2 s�1

Ea ¼ activation energy, J mol�1

k ¼ rate constant
K ¼ mobility, m2 V�1 s�1

kB ¼ Boltzmann constant (1.38� 10�23), J K�1

MW ¼ molecular weight
ni ¼ number density of species i, m�3

P ¼ density, kg/m3

qe ¼ fundamental charge (1.6� 10�19), C
Ru ¼ universal gas constant (8.314), J mol�1 K�1

t ¼ time, sec
T ¼ temperature, K
U ¼ velocity, ms�1

Yi ¼ mass fraction of species, i
b ¼ temperature exponent
�0 ¼ vacuum permittivity (8.9� 10�12), C V�1 m�1

kD ¼ Debye length, lm
ri ¼ space charge density of species i, C m�3
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