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Abstract
The attachment of the DC arc on the anode is usually affected by surface morphology such as
protrusions due to ablation or melting deformation. A three-dimensional thermodynamic and
chemical non-equilibrium model is used to numerically simulate the effect of artificially assumed
surface protrusions on the arc anode attachment. The numerical simulation results show that the
arc deflects toward the protrusions on the anode and attaches to them in a constricted mode,
resulting in an increase in the temperature of the arc attachment region. The analysis shows that
the presence of protrusion on the anode surface changes the electric field distribution, intensifies
the degree of thermodynamic and chemical non-equilibrium in its vicinity, further influences the
chemical kinetic process of the plasma around it, which is the main reason for the deflection of
the arc toward the protrusions and the arc anode attachment in a constricted mode. In order to
verify the numerical simulation results, verification experiments are also performed using similar
size scale anode protrusion, and the results showed that the presence of protrusion can indeed

cause the deflection of the arc and even cause the ablation of the protrusion.

Keywords: DC arc, arc anode attachment, anode protrusion, chemical non-equilibrium

(Some figures may appear in colour only in the online journal)

1. Introduction

The anodes of the DC arc devices used in the fields of electric
propulsion and material processing are often subjected to high
current and heat flow fluxes. In the case of extremely high
heat flux or insufficient cooling, the anode suffers noticeable
damage at the attachment region, especially for the con-
stricted arc attachment mode. The temperature of the arc
anode attachment region continues to rise, which may cause
deformation, melting, and even ablation of the anode surface
to form some structures with different sizes, such as protru-
sions or craters. These protrusions or craters have important
effects on the arc anode attachment, causing the arc parameter
distribution lose symmetry and even stability. Although there
have been intensive investigations on the anode phenomena
of DC arc which are related to the anode-plasma interaction,
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such as the physics of anode spots [1-5] and arc attachment
mode [6-9], most studies are based on the assumption of a
smooth anode surface. Our understanding on the effects of
anode morphology on the arc attachment mode is still
inadequate, mainly due to the complicated interaction
mechanisms of the arc plasma and anode involved.

Previous studies have shown that surface morphology of
the electrodes, such as bumps, burrs, roughness, etc, has
substantial influence on the mode of electrode arc attachment,
while most of the studies focused to the interaction between
the cathode and the arc [10-12]. In the field of vacuum arc
research, the effect of the protrusion on the cathode surface
has attracted wide attention, which is because the protrusion
plays an important role in the arc spot formation and evol-
ution [13, 14]. Actually, the effect of protrusions on the DC
arc attachment on the anode surface is also important which is
closely related to the ablation of anode. Since the protrusions
are inside the anode boundary layer which is characterized by
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Figure 1. Schematic diagram of wall-stabilized transferred arc setup
and computational domain used in calculation.

large gradients of the plasma parameters, so it is very difficult
to analyze and study their effect on arc attachment. Therefore,
the development of numerical simulation approach is
important to investigate this process. As demonstrated in
previous studies [15-19], at the arc fringes and inside the arc
anode boundary layer, the plasma deviates significantly from
the thermodynamic and chemical equilibrium [20-30].
Therefore thermodynamic and chemical non-equilibrium
should be important features of the region near the anode
protrusions and should be considered in the physical model.
A reasonable chemical kinetic model should be used to
simulate the effect of protrusions on arc anode attachment
[31-35].

The main purpose of this paper is to provide a pre-
liminary understanding of the influence of protrusions on arc
anode attachment. An artificially assumed millimeter-level
protrusion on the anode surface is adopted to study the
influence of the protrusion on the arc attachment. In the study,
the anode solid zone is also coupled to computational domain,
allowing to obtain the temperature distribution of anode
protrusion. Numerical simulation results of the effect of
protrusions on arc anode attachment are presented, followed
by preliminary experimental validation.

2. Modeling approach

2.1. Computation domain

Figure 1 shows the schematic diagram of the wall-stabilized
transferred arc device used in the calculation. The length and

radius of the water-cooled constrictor tube are 40 mm and
5mm, respectively, which are the same sizes with the
experimental setup in [36]. The distance between the outlet of
the water-cooled constrictor tube and the anode surface is
12 mm, the radius of the anode is 15 mm, and the thickness of
the anode is 10 mm. The cathode is assumed to be a round rod
with a radius of 2 mm, with a top cone angle of 60°, and a
small platform with a radius of 0.5 mm. In this study, we
artificially set a trapezoidal protrusion on the anode surface.
The radii of the bottom and the top of the protrusion are
0.5 mm and 0.2 mm, and the height is 1 mm. Considering that
the protrusion of the anode surface may cause the arc to lose
axi-symmetry, three-dimensional simulation is adopted in this
study. Since the arc and the device are symmetric about the
yz-plane (x = 0 mm), ABCDEFGHIJ in the figure 1 is set as
computational domain, which is the half of the arc device in
this simulation. In this simulation, the governing equations of
arc plasma and anode region are solved together.

2.2. Main assumptions and governing equations

The following assumptions are used in this simulation. (1)
The flow is considered as steady and laminar. (2) The arc
anode is operated without ablation, even if it is considered
that the artificially set protrusion may be heated to a higher
temperature. (3) Arc plasma is electrically neutral, and the
radiation loss is evaluated by net emission coefficient with
absorption radius R = O mm. (4) The thermodynamic non-
equilibrium chemical non-equilibrium are considered, and a
five-species (ground state atoms, excited state atoms, atomic
ions, molecular ions and electrons) is include in the chemical
kinetic model.

Based on the above assumptions, the required governing
equations are as follows.

Gas species equation

9p,

L+ VI 4+ V- (V) = Se (1)
ot

Here, p, and js are the mass density and diffusion flux of
species s. In this simulation, the diffusion flux js is calculated
by the self-consistent effective binary diffusion approx-
imation developed by Ramshaw [37-39]. S ; is the chemical
reaction source term which is determined by different kinetic
processes shown in table 1. The diffusion flux jx are obtained
from equation (2) [40, 41]. Here, p is the gas pressure. M; is
the molecular weight and D is effective diffusion coefficient.
T, is the heavy-species temperature solved by heavy-species
energy equation. R, is the universal gas constant and y, is the
mass fraction of species s. (}g is the volumetric driving force
defined as G, = H, — psqsl_iamb /p. Here, g, is the charge per
unit mass of species s and Eamb is the ambipolar diffusion
electric field. H, is the driving force shown in equation (3)
where z; = p, /p, p, is the partial pressure of species s, and §y;
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Table 1. The reactions taken into account in the numerical model.
Reactions Rate coefficients (m*s~! or m®s™}) References
e+ Ar — e + Ar* k=49 x 1075(T.(eV))* exp(—11.65/T.(eV)) [42]
e + Ar — 2e + Art k= 1.27 x 107 '%(T;(eV))*> exp(—15.76 /T, (e V)) [42]
e + Ar*—2e + Art ks = 1.37 x 107 3(T.(eV))*d exp(—4.11 /T, (eV)) [42]
e + Ar*—e + Ar ky = 4.8 x 10719(T,(eV))*d [42]
2¢e + Art — e + Ar ks = 8.75 x 1073(T.(eV))*? for T, < 0.276 eV [43]
_ _44( 11.659 4.
ke = 1.29 x 10 (T(CV) +2) p(T(V))for > 0276 eV

e+ A — Ar+ Art +e k= L.11 x 107 2exp(—(2.94 — 3(T,(eV) — 0.026)) /T.(eV)) [44]
e + A — Arf4Ar - 12300 \27_1 —exp(-418 / 1, (K)) 45

2 ks = 1.04 x 10 (T(K)) 1= 031 exp(—418 / Th(K)) 1431

+ 13( T (K) 0.67 Th(K) —0.58
e + Al — Ar + Ar ko = 8.5 x 10~ (m) (;00) [46]
Ar*4+Arf—e + Art + Ar ko= 6.2 x 1071° [47]
2Ar + Art — A + Ar g, =225 x 10~ 43(71;(()‘;)) (48]

+ + _ 522x 10716 1.304
Ar + Al — 2Ar + Ar ko = 22 (_ Th(eV)) [44]
is the thermal diffusion coefficient between species s and j Electron energy equation
= pMD H p j 3 6
= n k T 5 - =3
2 ot 2
H,=Vz,+ (&, — y)Vinp — (1/p) =j -E+ Qu + Oine + Oras ®)

x> (B4V InT; — 3,V In Ty). 3)
J

Momentum conservation equation

p% +pV-VV=V_ (—pi + n(VV + (V¥

-

— %n(v . V)i) +j x B, 4)

where V is the gas velocity. i represents the identity matrix and the
superscript T is the tensor transpose operation. 77 is the gas visc-
osity. In this equation, j x B represents the Lorentz force, j is
the current density calculated by current continuity equation,
and B=V x A represents the self-induced magnetic field.
Here, A is magnetic vector potential calculated by Maxwell’s
equation.
Current continuity and Maxwell’s equation

v-j=o, (5)
VA = —p1), 6)

where i, is the the permeability.
The electrical conductivity is given by equation (7).
Here, e. is the elementary charge. n. and m. are number
density and mass of electron respectively. vy, is the sum of

collision frequencies between electrons and heavy-species
including the atoms and ions

TR
— @)

MeVm

where T; and kg are respectively the electron temperature and
Boltzmann constant. G, is the electron energy flux density,
which can be expressed as follows

Gee = —ke VT, + heJ, ©)
where k. is the electron thermal conductivity, . is the specific
enthalpy of electron and J, is the diffusion flux of electron

L3, [35].

. Lo i

which can be calculated by relation J. = w >, g
In the right-hand of equation (8), j ‘E represents the Joule
heating and E is the electric field which is calculated by
relation E = V¢, here, ¢ is the electric potential. Qcj, O, . are
respectively the electron elastic collision term and the reaction
heat due to electron impact reactions, which can be calculated

by

0.5
3 8kgT.
EkB@—n)nens( Z ) Qo (10)

T

Qel - _22

sZ=e my

Qin,e - —Z AgikineVi,cH nSVi,s’ (1 1)

where ¢,_, represents the cross sections for collisions between
electrons and heavy-species, which are obtained from [49].
Ag; is the energy loss due to inelastic collisions which is
related to the corresponding kinetic process. v; ; represents the
stoichiometric coefficients corresponding to species s in
reaction i. In equation (8), Q.4 is net radiation losses obtained
from [50].
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Table 2. The boundary conditions of the numerical model.

Electron Electric Vector
Boundary Species energy potential potential Velocity Heavy-species energy Anode temperature
Inlet (AJ) ii-Vp=0 TI,=300K 7#-Vp=0 A=0 il -V = Vgiven Th =300K —
Outlet (CDGH) Mn-Vp=07a-VI,=0 7n-Vp=0 A=0 p=1latm T,=300K —
Cathode flat tip (PQ) 77 - Vp, =0 7 - VIL =0 jyen n-VA=0v=0 Ty = 3500 K —
Cathode conical i-Vp=0 i -VI.=0 jii o i-VA=0 v=0 7 = 320030~ Va2 +y?) —
( s giv b= —— ~ + 300K

region (OPRQ) 1.5 .
Anode top i-Vp=0 i V=0 — 7-VA=0 v=0 T, =T, qwa:L(Z‘SkBTZ:”’ECAa)q

(DMLKNG) ' 3 ’

—€ECu JT\ 4

Anode side- — — n-Vo=0 — — — in-VI;=0

wall (DEFG)
Anode bottom (EF) — — Ground — — — T, = 300 K
Walls (ABCHIJ) i-Vp=07a-VI,=0 7-Vp=0 A=0 v=0 T, = 300K —

" A, is the work function, ¢, is the surface emissivity and 3 is the Stefan-Boltzmann constant. The data are from [51].

Heavy-species energy equation

200hT) 1 (Smksis) - V| KV
2 Ot 2

-3 hj) = —Qel + Oinn- (12)

Here, ny, and ky, are respectively the number density and the
thermal conductivity of heavy-species. h; and represent the
species specific enthalpy. Qi, is the reaction heat due to
heavy-species impact reactions.

In this paper, five-species are considered in the model.
The excited state atoms (Ar"), molecular ions (Ar3), and
atomic ions (Ar") are obtained from species equation. The
electron density is determined by the charge neutrality con-
dition, ne = n,.; + naf. The density of ground state atom
(Ar) is calculated by state equation.

p = (nar + narx + nar + np)kpTh + nekgle.  (13)

Since in this simulation, the copper is chosen as anode
material. The anode is coupled to plasma region and its
energy equation is as follows

oT;

PaCpa o V- (ko VT) = 0, E. (14)
t

Here, T; is the temperature of the solid anode. p,, Cy, 4, k, and o,
are the density, specific heat, thermal conductivity and electrical
conductivity in copper anode, the data are obtained from [51].

Thermodynamic and transport properties involved in the
previous governing equations are important for obtaining
reasonable arc parameters and distributions, especially in the
region with large parameter gradients. In this paper, these
properties are calculated based on the temperature and species
number density of the grid nodes during each iteration. The
calculation methods of thermodynamic and transport proper-
ties of plasma under non-equilibrium conditions can be found
in [52-54]. The transport properties are calculated based on
the Chapman—Enskog method, in which the collision between
the particles is evaluated by collision integral. The collision
integral can be obtained by integrating the interaction
potential between particles. The collision integrals between
neutral particles are calculated by HFDTCS2 potential [55],
and the interaction potential of ions and neutral particles is

obtained from [56]. The Coulomb potential is used for the
calculation of collision integral between charged particles,
and the collision integrals of electrons and neutral particles
are obtained from [57].

2.83. Boundary conditions

The boundary conditions used in the calculation are shown in
table 2. The gas enters from the annular channel between the
inner wall of the constrictor and the outer wall of the cathode with
flow rate of 0.35 slpm. The gas flows out from the gap between
the bottom wall of the constrictor and the anode surface and the
pressure is set as 1 atm at outlet. Non-slip flow conditions are set
at the walls of water-cooled constrictor and the anode surface.

For heavy-species temperature, the gas temperature is set
as 300K at the inlet, outlet and inner and bottom walls of
constrictor. Along the cathode surface, the temperature is
assumed to gradually change from 300 K at the rod part to
3500K at the cathode flat tip. The anode bottom is water-
cooled, and its temperature is set to be 300 K, while the upper
surface of anode is coupled to the arc plasma and its temp-
erature can be obtained self-consistently. For the electron
temperature, it is set to be 300K at the inlet. At other
boundaries, zero electron temperature gradient is adopted.

For anode, several important heat transfer processes, such
as electron condensation heat, electron enthalpy transport,
conduction heat and radiation loss are taken into account
[23, 51, 58, 59]. The conduction heat transfer between the arc
plasma and anode is solved by coupling. Therefore, the
boundary conditions of anode heat transfer in this model can
be set as follow:

Qo = LQ2.5ksTe + €cA)) — ecuBT (15)

€c
Here, the first term is the electron enthalpy transport and the
electron condensation heat, and the second term is the anode
radiation loss. A,, ec, and (§ are respectively the work
function, surface emissivity and Stefan—-Boltzmann constant,
which are taken from [51].

At the cathode surface, the current density is assumed to
be a Gaussian distribution as in [60], the peak value of
Jmax = 3.0x 107 A m 2 is chosen for I = 50 A. At the anode,
the electric potential on the bottom surface of anode is
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Figure 2. Comparison between the calculated electron temperature (lines) and the experimental data (symbols).
connected to ground. Electric insulation is adopted along the other ~Chapman—Enskog method, and the collision integrals

boundaries. For the magnetic vector potential equation, the
Dirichlet boundaries are set at inlet, outlet and the walls of con-
strictor tube, and zero gradients are adopted at other boundaries.
For species equation, zero gradients are set at all boundaries.

It is expected that the presence of protrusion would lead
to the ablation of the copper at the tip of protrusion, and then
the copper vapor would enter the plasma zone. Therefore it is
necessary to properly consider the effects of copper vapor on
the plasma properties near the protrusion, especially the
electrical conductivity. A more reasonable method is to
develop a reasonable chemical non-equilibrium kinetic model
that includes the mixing of metallic copper vapor and its
ionization process with argon plasma. However, this is a very
challenging task. In this simulation, we use a method similar
to previous literatures [61, 62] to improve the conductivity of
the boundary layer. In this simulation, an artificially high
electrical conductivity of a mixture of 50% Ar and 50% Cu is
used to increase the conductivity of the boundary layer within
the thickness of 0.2 mm around the protrusion. The electrical
conductivity of the Ar—Cu mixture is calculated based on the

required for the calculation are obtained from the [63].

A non-uniform mesh with 30 (x-direction) x 56 (y-direc-
tion) x 94 (z-direction) is used in the simulation, and a refined
grid is adopted near the electrodes, especially around the pro-
trusion region of the anode surface. The parameter distributions
are the same compared with those calculated by finer mesh so
that the numerical results do not depend on grid accuracy. For
decrease of computational effort, therefore, the mesh with 30 (x-
direction) x 56 (y-direction) x 94 (z-direction) is used. The
complete set of coupled governing equations listed above is
solved based on the COMSOL software platform [64].

3. Results and discussion
3.1. Comparison and verification of numerical simulation
results and experimental measurement results

To verify the reliability of code in this simulation, we com-
pared the calculated results with the experimental results
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Figure 3. Heavy-species temperature distributions for the cases without (a) and with protrusion at different radial positions. (b) y = 1 mm, (c)

y =2mm, (d) y =3 mm.

reported in [36] based on the same conditions. The anode
region of arc with a superimposed cold flow was investigated
in [36] for the wall-stabilized arc device shown in figure 1. In
[36], three-dimensional electron temperature distributions are
obtained with a laser Thomson scattering system, for the case
with arc current of 100 A and the argon flow rate of 5 slpm,
and cross flow rate of 12 slpm.

From the comparison of the calculated electron temper-
ature and the experimental measurement results given in
figure 2, it can be seen that the calculated temperatures are in
good agreement with the experimental results. However, in
the upstream region of the lateral gas flow, which is the region
with a larger parameter gradient, the numerical results deviate
from the experimental data. The temperature gradients of
experimental data are steep, while the gradients at the same
position are underestimated by the numerical model. The
predicted results of the same numerical approach are also
compared with the experimental results presented in [65], as
shown in [40]. Generally, the results of numerical simulation
predictions are acceptable in this simulation.

3.2. Effects of the existence of protrusion on arc temperature
and electron number density distributions

In this section, the effects of protrusion on temperature and
electron number density are discussed. The arc device is
operated at current of 50 A and argon flow rate of 0.35 slpm. It

12000 | Without protrusion ~  With protrusion-
[ T
10000

8000

Temperature (K)

y (mm)

Figure 4. Temperature distributions for the cases without and with
protrusion at the radial position y = 2 mm.

can be seen from figure 3 that in the case without protrusion,
the temperature distribution of the arc column is axi-sym-
metric. However, in the case with the protrusion, the arc anode
attachment shifts to the position of the protrusion. For the cases
where the protrusion is located 1 mm and 2 mm away from the
device axis, the protrusion makes the arc attachment more
constricted, and a high temperature zone with a temperature of
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Figure 5. Electron number density distributions for the cases without (a) and with protrusion at different radial positions. (b) y = 1 mm, (c)

y =2mm, (d) y =3 mm.

10000 K is formed in the arc column above the protrusion. In
the case where the protrusion is located 3 mm away from the
device axis, the constriction and attraction effects of the pro-
trusion on the arc is weakened so that the maximum temper-
ature around the protrusion decreases. The protrusions of the
anode are intensively heated by arc plasma. The highest
temperature at the tip of the protrusions in three cases has
already exceeded the melting point of copper, 1357 K, which
increases the likelihood of the protrusion being ablated.

Figure 4 presents the distributions of electron temper-
ature and heavy-species temperature along the y-direction
1.1 mm above the anode, i.e. 0.1 mm above the protrusion. In
the case without protrusion, the deviation of heavy-species
temperature from electron temperature is small at the device
axis, while the degree of thermodynamic non-equilibrium
increases with the increase of distance from device axis. For
the case with protrusion located at y = 2 mm, the electron
temperature around protrusion increases to 12 000 K due to
the arc constriction, while the heavy-species temperature
decreases to 5500 K. This indicates that the presence of anode
protrusion strengthens the degree of thermodynamic non-
equilibrium in this region.

The comparisons of electron number density for different
cases are shown in figure 5. The presence of protrusion leads
to the electron number density near the protrusion being
comparable to that in the central area of the outlet of the
water-cooled constrictor tube. As the distance between
the protrusion and the device axis decreases, the influence of
the protrusion on the electron number density distribution
around it increases.

3.3. Analysis of the effects of protrusion on the plasma non-
equilibrium process near the anode

As presented above, the presence of protrusion causes the
changes of parameters distribution, further leading to changes
in the non-equilibrium plasma processes. Therefore, it is
necessary to further analyze the influence of the presence of
protrusion on the electric field strength, current density and
electrical conductivity. The electric field, current density and
electrical conductivity distributions along the y-direction
1.1 mm above the anode, i.e. 0.1 mm above the protrusion,
are given in figure 6. It can be seen that the presence of
protrusion greatly increases the electric field distribution. The
current density and electrical conductivity also increase.
Moreover, the closer the position of the protrusion is to the
device axis, the more significant the increase in electric field
strength, current density and electrical conductivity.

The chemical non-equilibrium process is essential to
accurately and reasonably describe the characteristics of the
plasma near the arc fringe and the electrode regions. The
ionization non-equilibrium degree is calculated by the fol-
lowing equation [66]

o Zikiion Hs nsv,-_: _ Zi kirec HS l’lSv"‘s
Zi kiion Hj nxv[J + Zi kirec Hs n‘yvf.s .

Here, k/°" and k;° represent the rate coefficient of ionization
reaction and recombination reaction respectively. The ioniz-
ation non-equilibrium degree 0 is between —1 and 1. A value
of f equal to 1 indicates that only ionization reactions occur in
plasma, whereas a value of 6 equal to —1 indicates that only
recombination reactions occur in plasma. Moreover, a value

(16)
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Figure 6. Distributions of (a) electric field strength, (b) current density and (c) electrical conductivity for the cases without and with
protrusion at different radial positions of y = 1 mm, y = 2 mm, and y = 3 mm.
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Figure 7. Ionization non-equilibrium degree distributions for the
cases without and with protrusion at the radial position y = 2 mm.

of 6 equal to zero means that ionization-recombination
equilibrium.

Figures 7 and 8 show the distributions of ionization non-
equilibrium degree and ionization and recombination pro-
cesses along the y-direction 1.1 mm above the anode, i.e.
0.1 mm above the protrusion respectively. In the case without
protrusion, the degree is approximately 0.1 at the device axis,
which indicates that the ionization and recombination reac-
tions are close to equilibrium. However, the ionization
non-equilibrium degree approaches —1 as the distance from
device axis increases. This means that the ions and electrons
are recombined to atoms in this region.

It can be seen from the figure 8 that the main ionization
and recombination mechanisms are respectively the ionization
of the excited state of argon atom by electron impact and the
three-body recombination of electrons and ions at the device
axis. The chemical reaction rate of three-body recombination
is slightly lower than that of argon atom excited state
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Figure 9. The main heating processes along the anode surface for the
cases with and without protrusion at the radial position y = 2 mm.

ionization. However, recombination reactions of molecular
ions and electrons become the dominant reactions at the arc
fringe. For the case with protrusion, ionization non-equili-
brium degree increases to 0.5 at the protrusion, which is
consistent with the increase of electron number density shown
in figure 5. It can be seen that the increase of ionization non-
equilibrium degree is caused by the considerable increase of
rate of excited state atom ionization reaction. Moreover, the
rates of recombination reactions have also increased. In
addition to the three-body recombination reaction of electrons
and atom ions, the recombination reactions of molecular ions
and electrons also become important.

As shown in figures 3(b)—(d), the protrusion region on
the anode surface is intensely heated by the plasma, making
the tip temperature of protrusion much higher than other areas
on the anode surface, which may further lead to anode mat-
erial melting and ablation. Therefore, it is necessary to further

Figure 10. Experimental photo of a free burning argon arc with
protrusion on anode.

analyze the main heating process that affects the temperature
distribution of the protrusions. Figure 9 shows the distribution
of heat flux on the anode surface with or without protrusion.
In the attachment region, the electron condensation heat is
dominant, and its value is higher than the electron enthalpy
transport and heat conduction to the anode. For the case with
protrusion, the peak heat flux density is almost twice that of the
case without protrusion. The presence of protrusion penetrates
into the high temperature plasma environment like pin ribs. The
water cooling on the lower side of the anode is not enough to
reduce the temperature of the top of protrusion, so that the heat
at the top of the protrusion accumulates, and the temperature
even exceeds the melting point of the metal material.
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Figure 11. Spectral lines of copper vapor in free burning argon arc.

3.4. Preliminary experimental verification and discussion on
the influence of protrusion on arc anode attachment

As mentioned above in this study, an artificially assumed
millimeter-level protrusion on the anode surface is adopted to
study the influence of the protrusion on the arc attachment. In
order to verify the results of the numerical simulation, we also
set up a protrusion of which the size is the same with that in
numerical simulation, and conducted experimental observa-
tions on a free burning arc device as shown in figure 10. In the
experiment, the free burning arc is operated at 50 A current
and 15 mm electrodes gap. The presence of protrusion on the
anode surface does cause the arc to deflect to the protrusion. It
is worth noting that the high temperature of the surface of the
protrusion extending into the arc leads to ablation, and the
green metallic copper vapor can be observed in the arc fringe.
The anode ablation and the presence of copper vapor can be
verified by the spectral lines shown in figure 11.
Preliminary experiments verify the rationality of the
numerical simulation in this paper, that is, the presence of
protrusion on the anode surface will cause the arc deflection
and the change of the arc attachment state. However, it should
be pointed out that the current numerical simulation has
certain limitations. The main problem is that the process of
the metal evaporation in the protrusion area is not considered
in a consistent manner. The ablation of protruding metallic
copper will lead to two effects on the arc. First, it would
change the chemical kinetic process, that is, the chemical non-
equilibrium model used in the numerical simulation should
take the chemical kinetic process related to copper into
account, and second, it should further consider the impact of
copper vapor on the plasma transport process and properties.
Even with these shortcomings, considering the difficulty and
complexity of the above-mentioned problems, our current
work is still helpful to improve the understanding of the
influence of protrusion on the arc anode attachment.

10

4. Conclusion

In this simulation, artificially assumed protrusion on the
anode surface is used to study the influence of protrusion
on arc attachment. Thermodynamic and chemical non-
equilibrium models are used considering the importance of
the non-equilibrium processes in the boundary layer and the
arc fringe. Numerical simulation results show that the pre-
sence of protrusion causes the arc column deflect to the pro-
trusion and increase of temperatures near the protrusion because
of arc constriction. Compared to the case without protrusion, the
presence of protrusion strengthens the degree of thermodynamic
non-equilibrium around it. Moreover, protrusion extends into the
high temperature plasma zone like the pin ribs, so that the
protrusion is intensively heated, making the temperature much
higher than other anode areas. Therefore, the anode ablation is
more likely to occur at the protrusion.

The presence of protrusion significantly increases the electric
field and current density around it. The closer the position of the
protrusion is to the device axis, the more significant the increase
in electric field strength and current density. The chemical
reaction rates also change significantly near the protrusion. For
the case with protrusion, the ionization non-equilibrium degree
increases resulting in the production of electrons and ions around
the protrusion. Moreover, both the electron—ion three-body
recombination reaction and molecular ions recombination reac-
tions become dominant recombination processes.

Preliminary experiments have qualitatively verified the
rationality of the numerical simulation in this paper. In the
experiment, the arc deflection caused by the presence of
protrusion and the ablation caused by the high temperature in
the protrusion tip were observed. Although the current non-
equilibrium model used in numerical simulation has some
limitations, it can still provide a reference for in-depth
understanding of related processes.
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