


1. Introduction

Due to persistent shortcomings in available sensing

technologies, mechanized oxyfuel cutting systems have never 

benefited from the degree of autonomy demonstrated by their 

competing processes, such as laser, water jet, and plasma cutting. 

Since typical sensors are highly unreliable in the harsh 

environment near the high-temperature flame, an alternative 

method involves finding the co-dependence between critical 

parameters (standoff, flow rate, F/O ratio, etc.) and the electrical 

characteristics of the flame. This can be easily measured using a 

data acquisition unit and power supply. 

To understand the relationship between critical parameters 

and the current-voltage characteristic, the physics of electrons 

and ions inside the flame needs to be studied. In this paper, a 

two-dimensional model is proposed to analyze the transport and 

distribution of electrons and ions. This allows the derivation of 

the current-voltage characteristic between the torch and work 

surfaces. To validate the model, a laboratory experiment with a 

similar geometry arrangement as Martin et al. is used [1]. 

Recently, a three-dimensional model has been studied for 

methane-air flame without the work surface [2]. Also, several 

one-dimensional models have been developed by different 

researchers [3-5]. Almost all the models are based on a free 

propagating flame without touching any surface. Two-

dimensional models analyze the flame touching a surface under 

very high voltage and considered only ions as contributing to the 

current [6]. In our study, a two-dimensional model with methane 

oxygen flame touching a surface is used to represent an oxyfuel 

cutting process. Ions and electrons are studied to get the current-

voltage characteristics in this process. A two-dimensional model 

has benefits over a one-dimensional model since it produces 

important parameters which are difficult to generate in the latter 

case. Additionally, it requires much less computational time 

compared to a three-dimensional model.  

The main objective of this paper is to present a two-

dimensional flame model, which includes the generation and 

movement of electrons and ions between two absorbing surfaces. 

The physics of electrons and ions can help illustrate the current-

voltage characteristic of the flame. From the model, the electrical 

characteristic of the flame is analyzed and compared with the 

laboratory experiment. The commercial software Star CCM+ is 

used to develop this computational model by splitting the 

simulations into parts for combustion and electrochemical 

species transportation.  

2. MATERIALS AND METHODS

Since the molar fractions of electrons and ions are very

small (maximum is around 10-7 in magnitude) in the flow, the 

velocity and temperature profiles of the flow are assumed to not 

be affected by the transportation of electrons and ions under a 

low voltage condition [6]. The whole numerical simulation is 

split into two parts: a section for combustion and a section for 

electrochemical species transportation. The combustion part 

calculates the temperature and velocity profiles of the flow as 

well as the generation rates of electrons and ions. The model part 

determining electrochemical species transportation uses the 

results from the combustion part of the model and calculates the 

transportation of electrons and ions. This analysis provides the 

number densities of electrons and ions and the electric potential 

of the domain. In parallel, the electric current density is 

illustrated from the electrochemical species transportation and 

recombination part. 

2.1 Geometry 

A computational model of the oxyfuel torch was created to 

replicate an experiment from Martin et al. [1]. Figure 1 shows 

the experiment setup. 

FIGURE 1: Oxyfuel cutting preheating process experiment [1]. 

The torch, which is made from either copper or steel, is fixed 

12mm (.5in) above the work surface. The diameter of the work 

surface is varied in the laboratory experiment. As present in the 

laboratory experiment, the preheating process, which is a stable 

methane-oxygen flame, is analyzed in this paper. Figure 2 shows 

the simplified two-dimensional CAD domain.  

FIGURE 2: Two-dimensional model for the simulation. 

To further simplify the two-dimensional model, only half of the 

physical setup and part of the work surface is considered due to 

the axial-symmetry of the system. The vertical line of surface 3 

represents the symmetry line of the CAD assembly. Together, 

surfaces 1,2,7,8, and 9 represent the torch tip while surface 1 

corresponds to an imaginary annular slot through which the 

fuel/oxygen mixture is delivered. All other surfaces are 

prescribed as wall boundary conditions, while surfaces 5 and 6 
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are set as constant pressure outlets. Surface 3 represents the 

symmetry plane, while surface 4 represents the work surface. 

The surface 4 has 0.022m width, and the distance between 

surface 8 to surface 4 is 0.0127m. The initial conditions are 1 

atm pressure, 300K temperature, and composition of standard 

air. The inlet boundary conditions are selected to correspond to 

the physical conditions in the experiment, which are 12m/s inlet 

velocity, 600K inlet temperature, and F/O ratio of 0.833 by 

volume. A 600K work surface temperature is consistent with 

conditions during a preheat operation, and matches conditions 

tested by Martin et al. [7]. The torch surfaces have specified the 

same fixed temperature of 600K, while the electric potential is 

varied from -40V to 40 V in 5V increments. The work surface, 

represented by surface 4 in the figure, has a fixed 600K 

temperature and 0V. The electrochemical species number 

densities are 0 at both the torch surface and the work surface 

because those electrochemical species are absorbed by the metal. 

     A grid convergence study is performed to select the proper 

mesh density, resulting in a model with 75,227 grid elements. A 

much finer model with 1,478,548 number of elements is also 

analyzed while several flow variables are monitored and 

compared. Similar velocity, temperature profiles, and number 

density results are calculated. Thus, the model with 

approximately 75K cells is selected to save computational time 

while maintaining the accuracy of the solution. 

2.2 Combustion 

A premixed laminar methane-oxygen flame is applied in this 

study. The governing equations of the two-dimensional model 

are the mass, momentum, energy, and species conservation 

equations [8]. 

𝜕𝜕𝑡 ∫ 𝜌𝑑𝑉 + ∮ 𝜌𝐯 ∙ 𝑑𝑎 = 0,𝐴𝑉   (1) 

𝜕𝜕𝑡 ∫ 𝜌𝐯𝑑𝑉 + ∮ 𝜌𝐯⨂𝐯 ∙ 𝑑𝑎 = − ∮ 𝑝𝐼 ∙ 𝑑𝑎 + ∮ 𝑇 ∙ 𝑑𝑎𝐴𝐴𝐴𝑉 ,  (2) 

𝜕𝜕𝑡 ∫ 𝜌𝐸𝑑𝑉𝑉 + ∮ 𝜌𝑌𝑖𝐯 ∙ 𝑑𝑎 = − ∮ 𝑞́′′𝐴 ∙ 𝑑𝑎 + ∮ 𝑇 ∙ 𝐯𝑑𝑎𝐴𝐴 ,  (3) 

𝜕𝜕𝑡 (∫ 𝜌𝑌𝑖𝑉~ )𝑑𝑉~ + ∮ 𝜌𝑌𝑖𝐯 ∙ 𝑑𝑎~ = ∮ (𝜌𝐷𝑖𝛻𝑌𝑖) ∙ 𝑑𝑎~𝐴𝐴 . (4) 

The reactions of the methane-oxygen flame are combined 

with GRI 3.0 [9] and three additional ionization reactions from 

Belhi et al. [10], 𝐶𝐻 + 𝑂 ⇌ 𝐶𝐻𝑂+ + 𝑒−,                 (R1) 𝐶𝐻𝑂+ + 𝐻2𝑂 ⇌  𝐶𝑂 + 𝐻3𝑂+,           (R2) 𝐻3𝑂+ + 𝑒−  ⇌ 𝐻2𝑂 + 𝐻. (R3) 

Those three ionization reactions are considered the primary 

reactions to generate charged species in the methane-oxygen 

flame. The reaction rates are calculated by the Arrhenius’ 
equation, as follows: 

𝑘 = 𝐴𝑇𝛽𝑒𝑥𝑝 (−𝐸𝑎𝑅𝑢𝑇).  (5) 

The coefficient magnitudes of the three additional ionization 

reactions are listed in Table 1 [3]. The transportation properties 

are extracted from a methane-air reaction presented by Chen et 

al. [11].   

Table 1: Arrhenius’ equation parameters for ionization 
reactions 

Reaction A 𝛽 Ea 

R1 2.512 × 1011 0.0 7.118 × 103
R2 1.0 × 1016 -0.0897 0.0 

R3 1.44 × 1017 0.0 0.0 

Since the species in the combustion simulations can only act 

as a non-charged species, the electrons and ions are extracted and 

parsed into the electrochemical species transportation model to 

complete the analysis. 

2.3 Electrochemical species transportation 

The electron and ion transportations are analyzed in the 

second module of the analysis. In the electrochemical species 

transportation model, a voltage varying from -40V to 40V with 

a 5V increment is applied to the torch, while the work surface is 

always grounded. The governing equations [8] of this model are 

shown below:  

𝜕𝜕𝑡 ∫ 𝜌𝑌𝑖𝑑𝑉 + ∮ 𝜌𝑌𝑖𝐯 ∙ 𝑑𝑎 = − ∮ (𝑁𝑖𝑚𝑖) ∙ 𝑑𝑎 + ∫ 𝑆𝑌𝑖𝑑𝑉𝑉 ,𝐴𝐴𝑉   (6) 

𝑁𝑖 = −𝑛𝑖𝐾𝑖𝛻𝜙 − 𝐷𝑖𝛻𝑛𝑖 , (7) 

− ∮ 𝜀𝛻𝜙 ∙ 𝑑𝑎 = ∫ 𝜌𝑑𝑉𝑉𝐴 .   (8) 

where the source term SYi is the summation of the generation rate 

and the recombination rate, while the recombination rate is 

calculated by equation,  

𝑑[𝐸]𝑑𝑡 = 𝑑[𝐼𝑜𝑛𝑠]𝑑𝑡 = −𝑘 ∙ [𝐸][𝐼𝑜𝑛𝑠].  (9) 

Transportation of the electrochemical species is consisting of 

three transport mechanisms: advection, diffusion, and migration 

as shown in equation 7. The bulk velocity and the temperature 

profile are imported from the combustion model results. 

With the assumption that ions and electrons have a 

negligible effect on the flow under a low electric potential 

environment, the results from the combustion model are now 

considered to be fixed. With these results used as the initial 

conditions for the electrons and ions transportation model, the 

generation rate of both ions and electrons are extracted from the 

combustion model. The mobility of electrons is 0.2 m2 V-1 s-1 [2] 

and 0.0018 m2 V-1 s-1 for the ions [12]. The molecular diffusivity 

is calculated by the Nernst-Einstein relation. 

Copyright © 2020 ASMEV010T10A064-3

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
0
/8

4
5
8
4
/V

0
1
0
T

1
0
A

0
6
4
/6

6
3
8
4
4
1
/v

0
1
0
t1

0
a
0
6
4
-im

e
c
e
2
0
2
0
-2

4
6
0

1
.p

d
f b

y
 T

h
e
 P

e
n

n
s
y
lv

a
n
ia

 S
ta

te
 U

n
iv

e
rs

ity
 u

s
e
r o

n
 0

3
 J

u
n
e
 2

0
2

2



𝐷𝑖 = 𝐾𝑖𝑘𝐵𝑇𝑞 .  (10) 

For the electrical characteristic analysis, since we only have a 

part of the work surface, the electric current density is calculated 

by equation [8], 𝐽𝑖𝑜𝑛 = −𝜎𝑖𝑜𝑛𝐾𝛻𝜙 − 𝐷𝛻𝜎𝑖𝑜𝑛 + 𝜎𝑖𝑜𝑛𝑣,  (11) 

𝐽𝑒 = 𝜎𝑒𝐾𝛻𝜙 − 𝐷𝛻𝜎𝑒 + 𝜎𝑒𝑣, (12) 

𝜎𝑖𝑜𝑛 = 𝑞𝑁𝐴𝑐𝑖𝑜𝑛 ,  (13) 

𝜎𝑒 = −𝑞𝑁𝐴𝑐𝑒 .      (14) 

where the electric current density is related to ion mobility, 

diffusivity, and bulk velocity. The ion charge density can be 

calculated based on the molar concentration of ion species.  

3. RESULTS AND DISCUSSION

3.1 Premixed laminar methane oxygen flame 

The premixed laminar methane-oxygen flame generated in 

the two-dimensional domain has a triangular flame shape as can 

be seen in the temperature profile shown in figure 3. The velocity 

profile and generation rate of electrons and ions are illustrated in 

figures 4 and 5, respectively.  

FIGURE 3: Temperature contour plot of premixed laminar 

methane oxygen flame. 

From the temperature profile illustrated in figure 3, one can 
observe that the temperature is high beneath the V-shape slit, 
where the diffusivity of electrons and ions is high according to 
the Nernst-Einstein equation. In the velocity profile in figure 4, 
the magnitude and direction of the velocity vectors are shown. In 
a two-dimensional flame, the radial velocity is large in the flow. 

FIGURE 4: Velocity profile of premixed laminar methane 

oxygen flame. 

FIGURE 5: Generation rate of electrons in premixed laminar 

methane-oxygen flame. 

On the left side, at the top and bottom corners along the 
symmetry line, a recirculation region can be seen. In figure 5, the 
generation rate of electrons is displayed, and the hydronium and 
formyl cation contain a similar distribution of generation rate as 
well. Hydronium and formyl cation are the two ions in the 
ionization reactions. The magnitude of the generation rate for 
hydronium is close to that of the electrons. Since the magnitude 
of the generation rate of the formyl cation is substantially less 
than that of electrons and the hydronium, the formyl cation is 
neglected to simplify the calculation. Therefore, the ions are 
essentially the hydronium in the following analysis. 

3.2 Electrons and ions distribution 

In the electrochemical model, the number density profiles of 

electrons and ions are resulting from the electrochemical 

transportation model. The two-dimensional color scheme is 
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