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ABSTRACT

A three-dimensional (3D) computational model is presented
in this paper that illustrates the detailed electrical character-
istics, and the current-voltage (i-v) relationship throughout the
preheating process of premixed methane-oxygen oxyfuel cutting
flame subject to electric bias voltages. As such, the equations
describing combustion, electrochemical transport for charged
species, and potential are solved through a commercially avail-
able finite-volume Computational Fluid Dynamics (CFD) code.
The reactions of the methane-oxygen (CHy— O ) flame were com-
bined with a reduced mechanism, and additional ionization reac-
tions that generate three chemi-ions, H;O*, HCO*, and e™, to
describe the chemistry of ions in flames. The electrical char-
acteristics such as ion migrations and ion distributions are in-
vestigated for a range of electric potential, V € [—5V,+5V].
Since the physical flame is comprised of twelve Bunsen-like con-
ical flame, inclusion of the third dimension imparts the resolu-
tion of fluid mechanics and the interaction among the individual
cones. It was concluded that charged ‘sheaths’ are formed at
both torch and workpiece surfaces, subsequently forming three
distinct regimes in the i-v relationship. The i-v characteristics
obtained out of the current study have been compared to the
previous experimental and two-dimensional (2D) computational

*Ph.D. Student, ASME Student Member, E-mail: mahbobur@ vt.edu

TMS Student, E-mail: rohithwarrier@vt.edu

* Assistant Professor, ASME Member, E-mail: alexu@vt.edu
Associate Professor, ASME Member, E-mail: crm28 @psu.edu

Christopher R. Martin
Department of Mechanical Engineering
Altoona College
Pennsylvania State University
Altoona, PA 16601, USA

model for premixed flame. In this way, the overall model gen-
erates a better understanding of the physical behavior of the
oxyfuel cutting flames, along with a more validated i-v charac-
teristics. Such understanding might provide critical information
towards achieving an autonomous oxyfuel cutting process.

Keywords: Oxyfuel flame, Electrical characteristics, Pre-
heating process, Bias voltages, CFD, i-v relationship

NOMENCLATURE

p Density kg/m>

T Temperature K

U Velocity ms—1

! Time sec.

Y; Mass fraction of species i

D; Diffusivity of species i m2s!

k Rate constant

B Temperature exponent

E, Activation energy cal mol~!

Ap Debye length Hm

& Vacuum permittivity (8.9E-12) CV-im!
Ci Molar concentration of species i Kmol m—3
q Fundamental charge (1.6E-19) C

1 Number density of species i m-3

o; Space charge density of species i Cm3

kp Boltzmann constant (1.38E-23) JIK!

K Mobility m2vV-lg1
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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 (CHy4) and oxygen (O;) 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 1/24'" of the section that
deals with the physical setup and the work surface. Premixed
fuel (CH4) and oxygen (O») 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.
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[J 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=-VV (1)

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

v2y — _ Lidien @)

(nt=n")

VAV = —
A

3)

where ¢; and n; represent the charge density and number
density of species i, respectively. The permittivity of free space
is denoted by the symbol &y, which has a value that corresponds
to 8.8542 x 10'2 farad /m. Charge density, ¢ is defined through

the following equation:

N N Si
q=Y qi=eN,p )Y, )
i=1 i

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,
H;07".

CH+O0 <= HCO" +¢~ (R1)
HCO" +H,0 <= H30" +CO (R2)

In the final step, a dissociative recombination reaction takes
place, which recombines H3O™ with electrons (¢™) as follows:

H;0" +e¢~ <= H,O+H (R3)

Despite the fact that other cations do form [34-37], H;0™"
serves as the ‘source’ of all subsequent cations and has the high-
est concentration. Essentially, H3O1 and HCO™ represent the
total quantity of positively charged species, as demonstrated by
Belhi et al. [14]. Nevertheless, the rate at which H30™" is gen-
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TABLE 1: ARRHENIUS PARAMETERS FOR THE IONIZATION REACTION MECHANISM

Reactions A (cm?® /mol — sec) B E,(J/mol)
CH+0 <= HCO" +e"~ 2.512 x 101 0 7.118 x 10°
HCO" + H,0 <= H30* +CO 1.0 x 1016 -0.0897 0
H;O" +e~ <= H,0+H 1.44 x 10Y7 0 0

erated is on par with that of e~. Furthermore, the HCO™ cation
generates at a much slower pace than the e~ and H3;O" 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= ATBe T 5)

where A denotes the Arrhenius pre-exponential factor, § stands
for the temperature dependence, and E, 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] _d[ion] )
7 = —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 m*V~1s~! [27] while the ionic (H30") mobility is 0.0018
m?vV=ts7H1].

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.

Ji()n = *O-ionKVV - DVGi()n + O-ionU (7)

J.=0.,KVV —DVo,+ o,U ®)

In Eqns. (7) and (8), Gion (= gNaCion) and o, (= gN,c,) 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).

 kiksT
Ge

D; €))

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™!
and a fuel-oxygen (F/O) ratio of 0.833 (i.e., ¥cn, = 0.45, and
Xo, = 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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2.4.2 Computational Procedure. A three-
dimensional (3D) 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
k—¢ turbulence model was selected to represent the viscosity.
In order to deal for the turbulence-chemistry interaction, a stiff
chemistry solver and the eddy dissipation concept (EDC) were
both introduced to the CFD code. The convergence criterion for
the equations’ residual term is finally fixed to 10 x 10™*. The
modeling technique is illustrated in Fig. 3.

ICEM
Meshing

ANSYS
i | SpaceClaim

Continuity
Eqn.
Momentum
Eqn.
Energy
“qn.

Spec
Transport

k-€ Model
Turbulence

EDC Model

UDS, UDF
Capabilities

Stiff Chem.
Solver

Steady
State

CFD Post

MATLAB

Tecplot 360

FIGURE 3: MODELING PROCEDURE FLOW-CHART.

The discretization error was estimated by a Grid conver-
gence study utilizing Richardson extrapolation [39]. The articles
from [24, 40-43] detail recent applications of such a method.

The investigation into the grid convergence index is illus-
trated by a spider plot, which can be found in Fig. 4. Tem-
perature, velocity, and electric potential are the three character-
istics 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 Million elements)
appeared to be within the margin of error, which was a trade-off

\  lonization

" Reduced ™
/ X
] /" Mechanism

!

1 Sl

\

\

for the increased computational expense and the acquisition of

appropriate outcomes.

Temperature [K]

—@— Coarse Mesh
28907 —@— Medium Mesh
Fine Mesh

861\4

" 36

A
Electric Potential [V]

FIGURE 4: GRID CONVERGENCE INDEX SPIDER PLOT.

Fig. 5 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 Million. Inflation layer near work
surface was about ~ 1 im as shown in Fig. 5b.

While the convergence of the computational model was
tracked using the y* = ”;y value, the Debye length played a piv-
otal 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.

10)

where the Debye length is denoted by Ap, n, is the density
of electrons, T, and T; are the temperature of the electrons and
ions, respectively, z; is the rate of ionic charge relative to electron
charge, n; is the density of atomic species i. Clements and Smy’s
assumption [44, 45] assumes that the temperature of electrons
and ions is the same as the temperature of the flame (7, ~ 7).

3 RESULTS & DISCUSSION

For the purpose of tracing the axial distribution of the com-
bustion and electrochemical parameters, somewhat virtual flame
inspection lines were created in the 3D domain.
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(a) Meshing in inlet region

(b) Inflation layer near work surface

FIGURE 5: SURFACE MESHING OVER 15° WEDGE (1/24" SECTION).

3.1 Premixed CH4;~0; Flame

Because the molar fractions of electrons and ions in the flow
are relatively small, it is assumed that electron and ion trans-
portation 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 flame produced by pre-
mixed methane and oxygen burns in a triangle pattern. Fig. 6 de-
picts the 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.

Temperature (K)
2.86e+03

2.63e+03
2.41e+03
2.18e+03
1.96e+03
1.73e+03
1.50e+03
1.28e+03
1.05e+03
8.23e+02
5.97e+02

FIGURE 6: TEMPERATURE CONTOUR PLOT.

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.

Fig. 7 is an illustration of the temperature profile as it is dis-
tributed axially. As can be observed, the area in which the fuel
(CHy) and air (O,) 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.
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FIGURE 7: AXTAL DISTRIBUTION OF TEMPERATURE.

The velocity contour plot over the domain is depicted in the
Fig. 8. The sudden release of heat and subsequent expansion of
the CH4 both have a sizeable effect on the velocity field and re-
sult in flow patterns that are strikingly unlike to those that would
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Velocity Magnitude
(m/s)

5.15e+01

4.42e+01

3.68e+01

2.94e+01

2.21e+01

1.47e+01

7.36e+00

0.00e+00

FIGURE 8: VELOCITY CONTOUR PLOT.

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 satu-
ration currents.

3.2 Electrons and lons Distribution

The generation rate of e~ is displayed in Fig. 9 and has a
maximum value of 0.00204 Kmol /m? —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 pro-
duction of a positively charged ‘sheath’ [46]. 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.

0.00e+00

2.91e-04

(T T S S __ _

5.83e-04 8.74e-04 1.17e-03 1.46e-03 1.75e-03 2.04e-03

E- Generation Rate (Kmol/m”3-s)

FIGURE 9: GENERATION RATE OF e~.

H;0" Mole Fraction (x)

Axial Distance (mm)

FIGURE 10: H;O* MOLE FRACTION DISTRIBUTED AXI-
ALLY.

A contrast between the two scenarios is depicted in Fig. 10;
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™ is reduced. This can be understood
by considering the fact that in this hypothetical situation, charged
species are extracted from the reaction zone.

4.96e-18 5.04e-07 1.01e-06

1.51e-06

I I I I B B B A
Molar Concentration of H30+ (e)(Kmol/m”3)

2.02e-06 2.52e-06 3.02e-06

FIGURE 11: MOLAR CONCENTRATION OF H;0".
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Because of the greater magnitude of the electric potential,
there is a greater concentration of the positively charged hy-
dronium ion (H30™). Due to the fact that the concentration of
HCO™ is low, it undergoes an almost instantaneous transforma-
tion into H3;O™ in accordance with Reaction R2. The molar con-
centration of H3O" demonstrated in Fig. 11 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 H;O™" 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 de-
creased number of charged particles that may be collected at the
surfaces.

Number Density of H30+ (e) (/m”3)

. 1.76e+17

L 151e+17
1.26e+17
1.01e+17
7.56e+16

5.04e+16

2.52e+16

6.02e+00

FIGURE 12: NUMBER DENSITY OF H;0™.

The cross-sectional average current density does not fluctu-
ate significantly anywhere across the domain in general. Fig. 12
illustrates the color contour pattern for the number density asso-
ciated with H3O™. In order to facilitate a deeper level of compre-
hension, the angle of the geometry was adjusted to sixty degrees
by mirroring the periodic faces (Fig. 2). The number density
profiles of electrons and ions are generated as a result of run-
ning the electrical species transport model. As can be seen, the
highest magnitude of species number density is 10'7 /m?, and
this is somewhat different from the actual measurement, which
is 1018 / m3 [1]. At the surface of the torch, the concentration
of H30" begins to decrease when a positive voltage is applied,
however the concentration of H3O™" continues to be considerable
at the work surface. Due to the fact that the electron is mov-
ing upstream while H3O" is not, a pocket of e~ concentration is
created.

3.3 Electrical Characteristics

According to the findings of Belhi et al. [38], the application
of an electric field causes charged species to be driven by the lo-
cal gradient of the electric potential. In this manner, the positive
charges are evacuated from the reaction zone, while the negative
charges flow in the opposite direction. The contour plot for the
electric field over the domain is shown in Fig. 13.

1.89e+04

3.77e+04 5.66e+04  7.54e+04 9.43e+04 1.13e+05

1.62e+00

Electric Field Magnitude (N/A-s)

FIGURE 13: MAGNITUDE OF ELECTRIC FIELD.

An electric field flows from the negative to the positive ter-
minal, 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 is applied,
the maximal concentrations of cations and electrons shift closer
to the positive terminal. This occurs because the cations and elec-
trons are drawn to the field. Because of the disparity in the num-
bers of ions and electrons, ‘sheaths’ can be seen forming on both
the torch and the work surface. Based on these findings, it ap-
pears that the grid was successful in resolving the Debye length.

As a result of the fact that the effect of the ionic wind (see
Section 2.2) 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 as +5V, 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.
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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, H;0™T, 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~! (present
study) and 12ms~! (prior study), whereas experimental results
were collected for a volumetric flow rate of 25 scth.

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

15 : , : : : :
= Experimental

—O0— Computational: 2D Study

10 |- | —¢— Computational: Current Study

Regime3

Current (puA)

-10

-5 -4 -3 -2 -1 0 1 2 3 4 5
Voltage (V)

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 — O,) 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
H;0" and HCO™ are cations.

In this process, charged ‘sheaths’ are produced on both the
torch and the workpiece, leading to three distinct regimes
in the i-v relationship.

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.

ACKNOWLEDGMENT

The work presented here was made possible by awards
1900540 and 1900698 from the National Science Foundation
(NSF).

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(7]

Martin, C. R., Untaroiu, A., and Xu, K., 2022. “Spa-
tially resolved ion density measurements in an oxyfuel cut-
ting flame”. Combustion Science and Technology, 194(5),
pp. 930-945.

Martin, C. R., 2017. “Mechanized oxyfuel control with ion
current sensing”. Welding Journal, 96(5), May, pp. 154—
162.

Martin, C. R., 2017. “Replacing mechanized oxyfuel cut-
ting sensors with ion current sensing”. In ASME 12" Inter-
national Manufacturing Science and Engineering Confer-
ence, Vol. 3 of Manufacturing Equipment and Automation,
ASME, pp. 1-8. Paper number MSEC2017-2789.

Martin, C. R., 2018. “Work piece condition detection using
flame electrical characteristics in oxy-fuel thermal process-
ing equipment”. US Patent # 10067496.

Xu, K., Untaroiu, A., and Martin, C. R., 2020. “Simu-
lation of ion current in oxyfuel flame subject to an elec-
tric field”. In ASME International Mechanical Engineering
Congress and Exposition, Vol. 10 of Fluids Engineering,
ASME, pp. 1-8. Paper number IMECE2020-24601.
Martin, C. R., Untaroiu, A., and Xu, K., 2021. “A one-
dimensional model for ion transport in a flame with two
absorbing surfaces”. Combustion Theory and Modelling,
25, pp. 22-43.

Wilson, H., 1916. “The electrical conductivity and lumi-
nosity of flames containing salt vapours”. Phil. Trans. R.
Soc. Lond., 216, pp. 63-90.

10

(8]

(9]

(10]

(11]

[12]

(13]

(14]

[15]

[16]

[17]

(18]

(19]

(20]

(21]

Calcote, H. F,, 1961. “Ion production and recombination
in flames”. Symposium (International) on Combustion, 8,
pp. 184-199.

Lawton, J., and Weinberg, F. J., 1969. Electrical aspects of
combustion. Oxford: Clarendon Press.

Fialkov, A. B., 1997. “Investigations on ions in flames”.
Progress in Energy and Combustion Science, 23, pp. 399—
528.

Han, J., Belhi, M., Casey, T. A., Bisetti, F., Im, H. G., and
Chen, J.-Y., 2016. “The i-v curve characteristics of burner-
stabilized premixed flames: detailed and reduced models”.
Proceedings of the Combustion Institute, 36, pp. 1241—
1250.

Pond, T. L., and Martin, C. R., 2020. “Electrical character-
istics of the oxyfuel flame while cutting steel”. Experimen-
tal Thermal and Fluid Science, 112, p. 109985.

Martin, C. R., Untaroiu, A., Xu, K., and Rahman, S. M. M.,
2022. “A study of the efficacy of flame electrical resistance
for standoff measurements during the oxyfuel cutting pro-
cess”. Journal of Manufacturing Science and Engineering,
144(7), July, pp. 071010(1-8).

Belhi, M., Domingo, P., and Vervisch, P., 2010. “Direct nu-
merical simulation of the effect of an electric field on flame
stability”. Combustion and Flame, 157(12), December,
pp. 2286-2297.

Martin, C. R., 2018. “A study of ion currents in an oxyfuel
flame due to work surface chemical action”. Experimental
Thermal and Fluid Science, 98, pp. 239-250.

Goodings, J. M., Guo, J., Hayhurst, A. N., and Taylor, S. G.,
2001. “Current—voltage characteristics in a flame plasma:
analysis for positive and negative ions, with applications”.
International Journal of Mass Spectrometry, 206, pp. 137-
151.

Karnani, S., and Dunn-Rankin, D., 2015. “Detailed charac-
terization of dc electric field effects on small non-premixed
flames”. Combustion and Flame, 162, pp. 2865-2872.
Imamura, O., Chena, B., Nishida, S., Yamashita, K., Tsue,
M., and Kono, M., 2011. “Combustion of ethanol fuel
droplet in vertical direct current electric field”. Proceed-
ings of the Combustion Institute, 33, pp. 2005-2011.
Speelman, N., de Goey, L. P. H., and van Oijen, J. A., 2015.
“Development of a numerical model for the electric current
in burner-stabilised methane—air flames”. Combustion The-
ory and Modelling, 19, pp. 159-187.

Luo, Y., Gan, Y., and Jiang, Z., 2020. “Study on the elec-
trical response of small ethanol-air diffusion flame under
the uniform electric field”. International Journal of Energy
Research, 44, pp. 11872-11882.

Martin, C. R., Pond, T., Tomas, J., Schmit, J., Miguel, E.,
Untaroiu, A., and Xu, K., 2020. “Semiconductor aspects
of the oxyfuel cutting torch preheat flame: Part II — the
flame’s internal electrical structure”. In ASME 15" Inter-

Copyright © 2022 by ASME

€20z dunf /g uo uewyey Jnqoquei N S ‘Asieaiun ejeis pue aimsu| oluydsiklod eiuibiia Aq ypd-28/66-220ze08wWi-Z€08011800A/8681.869/2€0V0 L L800A/00.98/2202303NI/4pd-sBuipaaooid/303NI/B10 awse uonos|j0djebipawse//:dpy woly papeojumoq



national Manufacturing Science and Engineering Confer-
ence, Vol. 1 of Manufacturing Equipment and Automation,
ASME, pp. 1-10. Paper number MSEC2020-8259.

[22] Xu, K., 2021. “Simulation of Electrical Characteristics in
Oxyfuel Flame Subject to an Electric Field”. MS Thesis,
Virginia Tech, Blacksburg, VA, February.

[23] Poinsot, T., and Veynante, D., 2005. Theoretical and Nu-
merical Combustion. Wiley.

[24] Untaroiu, A., Rahman, S. M. M., and Martin, C. R., Sub-

mitted. “Role of secondary ions on the i-v characteristics of

oxyfuel flame subject to an electric field”.

Farraj, A. R. D., AL-Naeemy, A. M., Al-Khateeb, A. N.,

and Kyritsis, D. C., 2017. “Laminar non-premixed coun-

terflow flames manipulation through the application of ex-
ternal direct current fields”. Journal of Energy Engineering,

143(4), p. 04017002.

Belhi, M., Han, J., Casey, T. A., Chen, J.-Y.,, Im, H. G,

Sarathy, S. M., and Bisetti, F., 2018. “Analysis of the

current—voltage curves and saturation currents in burner-

stabilised premixed flames with detailed ion chemistry and
transport models”. Combustion Theory and Modelling,

22(5), pp- 939-972.

Belhi, M., Lee, B. J., Cha, M. S., and Im, H. G., 2019.

“Three-dimensional simulation of ionic wind in a laminar

premixed Bunsen flame subjected to a transverse dc electric

field”. Combustion and Flame, 202, pp. 90-106.

Lu, T., and Law, C. K., 2005. “A directed relation graph

method for mechanism reduction”. Proceedings of the

Combustion Institute, 30(1), pp. 1333-1341.

Desjardins, P. P, and Pitsch, H., 2008. “An efficient error-

propagation-based reduction method for large chemical ki-

netic mechanisms”. Combustion and Flame, 154(1-2),

pp. 67-81.

Niemeyer, K. E., and Sung, C.-J., 2011. “On the impor-

tance of graph search algorithms for DRGEP-based mecha-

nism reduction methods”. Combustion and Flame, 158(8),

pp. 1439-1443.

Mestas III, P. O., Clayton, P., and Niemeyer, K. E., 2019.

“pyMARS: automatically reducing chemical kinetic mod-

els in python”. The Journal of Open Source Software,

4(41), p. 1543.

Burcat, A., 2006. Ideal gas thermodynamic data

in polynomial form for combustion and air pollution

use. http://garfield.chem.elte.hu/Burcat/
burcat.html.

Chen, B., Wang, H., Wang, Z., Han, J., Alquaity, A. B. S.,

Wang, H., Hansen, N., and Sarathy, S. M., 2019. “Ion

chemistry in premixed rich methane flames”. Combustion

and Flame, 202, pp. 208-218.

Goodings, J. M., Bohme, D. K., and Ng, C.-W., 1979. “De-

tailed ion chemistry in methane-oxygen flames. 1. positive

ions”. Combustion and Flame, 36, pp. 27-43.

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

11

[35] Fialkov, A. B., Kalinich, K. Y., and Fialkov, B. S.,
1992. “Experimental determination of primary ions in
flame”. Symposium (International) on Combustion, 24(1),
pp. 785-791.

Pedersen, T., and Brown, R. C., 1993. “Simulation of elec-
tric field effects in premixed methane flames”. Combustion
and Flame, 94, pp. 433-448.

Prager, J., Riedel, U., and Warnatz, J., 2007. “Modeling ion
chemistry and charged species diffusion in lean methane-
oxygen flames”. Proceedings of the Combustion Institute,
31, pp. 1129-1137.

Belhi, M., Lee, B. J., Bisetti, F., and Im, H. G., 2017. “A
computational study of the effects of dc electric fields on
non-premixed counterflow methane-air flames”. Journal of
Physics D: Applied Physics, 50, p. 494005.

Celik, I. B., Ghia, U., Roache, P. J., and Freitas, C. J., 2008.
“Procedure for estimation and reporting of uncertainty due
to discretization in CFD applications”. Journal of Fluids
Engineering, 130, p. 078001.

Alam, M. D., and Soeimanikutanaei, S., 2021. “Effects
of geometrical configuration on the aerodynamic perfor-
mance of the joined wings”. In ASME 2021 International
Mechanical Engineering Congress and Exposition, Vol. 10
of Fluids Engineering, ASME, pp. 1-9. Paper number
IMECE2021-72087.

Alam, M. D., and Cao, Y., 2021. “Static and modal analysis
of a crankshaft reciprocating driver for reciprocating-airfoil
(RA) driven VTOL aircraft”. Mechanics Based Design of
Structures and Machines, pp. 1-16.

Fu, G., and Untaroiu, A., 2021. “Investigation of tire rotat-
ing modeling techniques using computational fluid dynam-
ics”. Journal of Fluids Engineering, 143(11), November,
pp- 111206(1-8).

Hayden, A., and Untaroiu, A., 2022. “Strain response and
aerodynamic damping of a swirl distortion generator using
Computational Fluid Dynamics”. Journal of Fluids Engi-
neering, 144(3), p. 031204.

Clements, R. M., and Smy, P. R., 1969. “Electrostatic-probe
studies in a flame plasma”. Journal of Applied Physics, 40,
pp- 4553-4558.

Clements, R. M., and Smy, P. R., 1970. “Ion current from a
collision-dominated flowing plasma to a cylindrical elec-
trode surrounded by a thin sheath”. Journal of Applied
Physics, 41, pp. 3745-3749.

Boucher, P. E., 1928. “The drop of potential at the cathode
in flames”. Physical Review, 31, pp. 833-850.

Martin, C. R., Oswald, D., Untaroiu, A., and Rahman, S.
M. M., Submitted. “Secondary ions in the oxyfuel flame
due to carbon in the workpiece”.

(36]

(37]

(38]

(39]

[40]

[41]

(42]

[43]

[44]

[45]

[40]

[47]

Copyright © 2022 by ASME

€20z dunf /g uo uewyey Jnqoquei N S ‘Asieaiun ejeis pue aimsu| oluydsiklod eiuibiia Aq ypd-28/66-220ze08wWi-Z€08011800A/8681.869/2€0V0 L L800A/00.98/2202303NI/4pd-sBuipaaooid/303NI/B10 awse uonos|j0djebipawse//:dpy woly papeojumoq



