


1 INTRODUCTION

Due to the design restrictions imposed by the very benefits

that prompt many manufacturers to choose the oxyfuel flame cut-

ting technique over its more sophisticated competitors such as

laser, plasma, and water jet cutting, it is difficult to find a sensor

suite suitable for fully automating a mechanized system. Despite

challenges with fully automating the procedure, oxyfuel cutting

has maintained its global relevance over the century since it was

widely embraced as a favored method for cutting thick metallic

surfaces. In this procedure, the metallic work parts are heated

by the cutting torches using a premixed fuel-oxygen gas mixture

so that they can be chemically cut by a high-velocity stream of

pure oxygen. Fig. 1 depicts a pictorial view of an oxyfuel cutting

torch. The red preheat channels in Fig. 1a supply the premixed

fuel (CH4) and oxygen (O2) mixture via twelve (12) triangular

passages. The green 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.

(a) Torch tip (b) Torch tip dimensions

FIGURE 1: OXYFUEL CUTTING TORCH PROFILE [1].

Nevertheless, the mechanized oxyfuel cutting process has

never profited from autonomy because of the limits of existing

sensing technology at high-temperature operating conditions. As

a result, an experienced labor force is necessary to operate the

system, diminishing the efficacy of this cutting procedure.

Initial studies [1–6] have shown that certain electrical events

connected with the flame itself, known as ‘ion currents’, can ac-

curately signal vital process conditions. These findings have pro-

vided the impetus for a potential solution to this problem. Pro-

vided that an autonomous process is achieved, this work could

realize reliable cost-effective control of the oxyfuel cutting pro-

cess. This capability is of great interest to many core US indus-

tries involved in construction, as well as major equipment manu-

facture for defense and energy applications.

Due to the chemi-ionization process, it is well recognized

that high temperature reaction zones in flames carry electric-

ity [7, 8]. Extensive research was conducted into the chemical

mechanisms responsible for the generation and recombination of

these ions in flames [8–10]. The current–voltage (i-v) relation-

ship with various critical parameters (such as standoff, flow rate,

fuel-oxygen ratio, etc.) of an oxyfuel flame has been identified

as the most important electrical feature under electric field dur-

ing 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 work piece, 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 [2, 18–20].

Martin et al. have conducted a number of experimental stud-

ies over the years to determine the viability of automated oxyfuel

cutting sensors [2, 3], and to quantify the electrical signatures

in oxyfuel flame [4, 21]. To further elucidate the experimen-

tal 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 [5, 22]. Nonetheless, the findings exhibit some magni-

tude of differences from the experimental results [2, 15].

This study aims to analyze and quantify the electrical fea-

tures of the oxyfuel flame preheating process, as well as to em-

phasize the constructive comparisons between the numerical and

experimental results, by developing a comprehensive 3D compu-

tational model. As a whole, this work will illustrate the specific

electrical properties of a premixed methane-oxygen oxyfuel pre-

heat flame when exposed to an electric field. Since the physical

flame is made up of twelve (12) Bunsen-like conical flames, in-

cluding a third dimension will lead to better comprehend fluid

dynamics and the interaction among the individual cones. The

current computational model provides not only a better under-

standing of the physical behavior of the oxyfuel cutting flames,

but also the means to construct a more realistic current–voltage

(i-v) relationship.

2 MATERIALS & METHODS

2.1 Geometry

Fig. 2 provides an illustration of the geometry behind the

concept of a 15◦ wedge model that represents half of a triangular

opening (Fig. 1a). 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 imagi-

nary annular slot labeled as inlet. The bottom triangular wedge

symbolizes the work surface, while the white-colored surfaces

(conformal—front and rear) reflect the assembly’s periodic ro-

tation. There is a fixed height of 12mm (≈ 0.5in) 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.

2 Copyright © 2022 by ASME

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

s
m

e
d
ig

ita
lc

o
lle

c
tio

n
.a

s
m

e
.o

rg
/IM

E
C

E
/p

ro
c
e
e
d
in

g
s
-p

d
f/IM

E
C

E
2
0
2
2
/8

6
7
0
0
/V

0
0
8
T

1
0
A

0
3
2
/6

9
8
1
8
9
8
/v

0
0
8
t1

0
a
0
3
2
-im

e
c
e
2
0
2
2
-9

5
7
8
7
.p

d
f b

y
 V

irg
in

ia
 P

o
ly

te
c
h
n

ic
 In

s
titu

te
 a

n
d
 S

ta
te

 U
n
iv

e
rs

ity
, S

 M
 M

a
h
b
o
b
u
r R

a
h
m

a
n
 o

n
 2

7
 J

u
n
e
 2

0
2
3



Inlet

Nozzle

Opening

Wall

Work Surface

Rotational Periodic Faces

FIGURE 2: THREE-DIMENSIONAL WEDGE MODEL.

2.2 Governing Equations

The conservation equations for reacting flows in the pres-

ence of electric bias voltages regulate the problem under inves-

tigation. This includes the conservation equations for mass, mo-

mentum, total energy, and species mass fractions, as derived in

[23]. One very recent illustration of this can be seen in the work

of [24]. Only those features of the models that are directly re-

lated to the consequences of an electric field will be discussed in

this article.

The electric potential (V) can be defined through the electric

field vector (E) by Gauss law as:

E =−∇V (1)

The Poisson equation establishes a connection between the

electric potential and the concentrations of charged species in the

following manner:

∇2V = −
∑i qieni

ε0
(2)

∇2V = −q
(n+−n−)

ε0
(3)

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 ε0, which has a value that corresponds

to 8.8542×1012 f arad/m. Charge density, q is defined through

the following equation:

q =
N

∑
i=1

qi = eNaρ
N

∑
i=1

Yi

Si

Mi

(4)

High voltage is used to power what has historically been re-

ferred to as ‘ionic wind’ [25–27]. The body forces caused by

the electric field are so significant at these energies that they af-

fect the bulk velocity of the fluid. Nevertheless, in this work,

only low voltages, V ∈ [−5V,+5V ], 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 be-

ing 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 unaf-

fected by the applied voltage. The only processes that will be

impacted are ion migration and recombination.

2.3 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 Error Propagation method [28–30], using

the opensource program pyMARS [31]. The magnitudes of the

coefficients of the ionization reactions are shown in Table 1 [19].

For the charged species, the thermodynamic properties are re-

trieved from the Burcat database [32]. The transport properties

are derived from Chen et al. [33].

The proton transfer reaction by formyl ion, HCO+, results

in the production of the principal abundant cation, hydronium,

H3O+.

CH+O ⇐⇒ HCO++ e− (R1)

HCO++H2O ⇐⇒ H3O++CO (R2)

In the final step, a dissociative recombination reaction takes

place, which recombines H3O+ with electrons (e−) as follows:

H3O++ e− ⇐⇒ H2O+H (R3)

Despite the fact that other cations do form [34–37], H3O+

serves as the ‘source’ of all subsequent cations and has the high-

est concentration. Essentially, H3O+ and HCO+ represent the

total quantity of positively charged species, as demonstrated by

Belhi et al. [14]. Nevertheless, the rate at which H3O+ is gen-
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TABLE 1: ARRHENIUS PARAMETERS FOR THE IONIZATION REACTION MECHANISM

Reactions A (cm3/mol − sec) β Ea(J/mol)

CH + O ⇐⇒ HCO+ + e– 2.512×1011 0 7.118×103

HCO+ + H2O ⇐⇒ H3O+ + CO 1.0×1016 -0.0897 0

H3O+ + e–
⇐⇒ H2O + H 1.44×1017 0 0

erated is on par with that of e−. Furthermore, the HCO+ cation

generates at a much slower pace than the e− and H3O+ ions.

Therefore, hydronium ion (H3O+) predominates in our study.

Modified Arrhenius equation is used to determine the reac-

tion rates k for all reactions, as shown:

k = AT β e
−

Ea
RuT (5)

where A denotes the Arrhenius pre-exponential factor, β stands

for the temperature dependence, and Ea represents the activation

energy.

The saturation potential is significantly impacted by the re-

combination reaction [37]. The rate of recombination can be de-

termined using the equation:

d[E]

dt
=

d[ion]

dt
=−k · [E][ion] (6)

It is conceivable that the value of electron mobility plays

a significant part in determining the voltage at which satura-

tion will take place. In this study, the electron mobility is

0.2 m2V−1s−1 [27] while the ionic (H3O+) mobility is 0.0018

m2V−1s−1 [1].

Electron species’ mobility, diffusivity, space, and bulk ve-

locity influence electric current density, while ion species’ mo-

lar concentration determines ion current density. The following

equations [5, 38] are used to calculate current densities.

Jion =−σionK∇V −D∇σion +σionU (7)

Je = σeK∇V −D∇σe +σeU (8)

In Eqns. (7) and (8), σion (= qNacion) and σe (= qNace) 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 =
kikBT

qe

(9)

2.4 Model Configuration

2.4.1 Initial & Boundary Conditions. To initiate

and maintain stable combustion in the steady state simulation,

the solution was initialized in a particular manner following cer-

tain 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 STP with the

fuel inlet temperature set to 1500K. Then, a partially converged

solution is obtained by neglecting the enthalpy gain from chem-

ical reactions. This sets up a partially converged flow field and

species distribution in the domain. The high temperature (1500

K) 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 (600 K) and

the enthalpy gain from the chemical reactions is no longer ne-

glected in the energy equation. Since a high temperature flame

profile has already been set up in the domain, combustion initi-

ates 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 from Martin et al. [2, 15]. Re-

ferring to Fig. 2, the work surface temperature is assigned to be

600K and is compatible with the experiment’s preheating proce-

dure. In addition, the surface of the torch is regarded to be at the

same temperature, which is 600K. An inlet velocity of 28 ms−1

and a fuel-oxygen (F/O) ratio of 0.833 (i.e., χCH4 = 0.45, and

χO2 = 0.55) were specified for the delivery of the fuel-oxygen

mixture. The work surface is considered to be at ground po-

tential while a range of voltages, V ∈ [-5V, +5V], is applied to

the torch. To ensure that the boundary condition does not im-

pact flow upstream, the domain’s outer boundaries that open up

to ambient air, are treated as ‘Outflow’ boundaries assuming a

zero-diffusion flux normal to the boundary for all variables.
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FIGURE 14: AXIALLY DISTRIBUTED ELECTRIC POTEN-

TIAL.

This can be seen clearly in Fig. 14. 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+, 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 sub-

stantial voltage drop can be seen, as depicted in Fig. 14. It is

hypothesized that this is because of the ohmic losses that occur

along the length of the flame.

3.3.1 i-v Characteristics. To illustrate how an electric

field affects a premixed oxyfuel flame, Fig. 15 shows the current-

voltage (i-v) characteristics of the flame. At various electric bias

voltages, the i-v curve transitions through three distinct phases.

A comparison is also shown between the experimental [47]

and 3D computational i-v curves that were generated from the in-

vestigation. As such, the computational outcomes of the earlier

two-dimensional model [24] are likewise included. The compu-

tational results correspond to an inlet velocity of 28ms
−1 (present

study) and 12ms
−1 (prior study), whereas experimental results

were collected for a volumetric flow rate of 25 scfh.

As shown, Fig. 15 depicts the i-v curve with its three (3) dis-

tinct regimes. Since the standoff (torch tip-to-work surface dis-

tance) is high and the signals are weak, the experimental curve

shows a lot of scatters. Fig. 15 clearly displays the linear agree-

ment between the experimental and computational models in

FIGURE 15: i-v CHARACTERISTICS.

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. 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. 12 is an

order of magnitude lower than what was found in the ex-

periment. In addition, Regime 3 has a strong velocity sen-

sitivity. 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 sat-

uration voltages are inversely related to electron mobility.

Consequently, the mobility of ions has a significant im-

pact. Since ion mobility is fairly low, the recombination

rate plays a larger role. With increasing recombination, a

greater proportion of charged particles will undergo neu-

tralization reactions.

4 CONCLUSIONS & FUTURE WORK

A simplified three-dimensional (3D) model of an oxyfuel

premixed (CH4 − O2) flame’s preheating step was developed us-

ing ANSYS FLUENT CFD code. The preceding findings allow

for the following interpretations:

(I) Despite the formation of additional anions and cations, it

is a reasonable approximation for modeling purposes to
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presume that only e− carries negative charge and that only

H3O+ and HCO+ are cations.

(II) In this process, charged ‘sheaths’ are produced on both the

torch and the workpiece, leading to three distinct regimes

in the i-v relationship.

(III) The ions will have more time to recombine in the outer

cone if the velocities in the hot zone are extremely low.

This leads to decreased ion concentrations and saturation

currents.

The follow-up work will include a complete set of i-v curves

for V ∈ [−10V,+10V ] to further investigate the changes in elec-

tric current throughout Regime 3. In addition, a sensitivity anal-

ysis would be conducted to identify operating factors (standoff,

F/O ratio, flow rate, etc.) that are crucial to the process.
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