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Numerical simulation of anode heat transfer of nitrogen arc
utilizing two-temperature chemical non-equilibrium model∗
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A detailed understanding of anode heat transfer is important for the optimization of arc processing technology. In this
paper, a two-temperature chemical non-equilibrium model considering the collisionless space charge sheath is developed
to investigate the anode heat transfer of nitrogen free-burning arc. The temperature, total heat flux and different heat flux
components are analyzed in detail under different arc currents and anode materials. It is found that the arc current can affect
the parameter distributions of anode region by changing plasma characteristics in arc column. As the arc current increases
from 100 A to 200 A, the total anode heat flux increases, however, the maximum electron condensation heat flux decreases
due to the arc expansion. The anode materials have a significant effect on the temperature and heat flux distributions in
the anode region. The total heat flux on thoriated tungsten anode is lower than that on copper anode, while the maximum
temperature is higher. The power transferred to thoriated tungsten anode, ranked in descending order, is heat flux from
heavy-species, electron condensation heat, heat flux from electrons and ion recombination heat. However, the electron
condensation heat makes the largest contribution for power transferred to copper anode.

Keywords: nitrogen arc, anode heat transfer, chemical non-equilibrium model, space charge sheath

PACS: 52.80.Mg, 52.40.Hf, 52.65.–y, 52.40.Kh DOI: 10.1088/1674-1056/ac133a

1. Introduction
Understanding anode heat transfer is of great significance

for the improvement of arc processing performance and exten-
sion of arc device lifetime.[1–6] Considerable studies of heat
transfer between plasma and anode have been conducted for
argon free-burning arc.[7–9] Compared with argon, nitrogen is
a shielding gas with good protection, cheap cost and better en-
ergy source property, which is usually used in gas tungsten
arc welding.[10,11] However, to our knowledge, there are few
researches on the anode heat transfer of nitrogen arc both in
experiments and numerical simulations.

At present the experimental measurements of nitrogen
free-burning arc mainly focus on the temperature distributions
and arc voltage characteristics. In Ref. [12], in order to avoid
the anode ablation, a tungsten disc with 2% thorium oxide was
used as the water-cooling anode to obtain the temperature dis-
tribution of nitrogen arc by the spectroscopic technology.[12]

The laser-scattering measurement technology was adopted to
get the temperature distributions of nitrogen arc without the lo-
cal thermal equilibrium (LTE) assumption in Ref. [13]. How-
ever, it is difficult to accurately measure the anode surface pa-
rameters such as temperature and heat flux distributions due
to the steep parameters gradient, strong light emission, arc in-
stability, etc. Therefore, the numerical simulation is required
to investigate the plasma characteristics of nitrogen arc, espe-
cially the anode parameters distributions.

Compared with the numerical modeling of argon and he-

lium arc, there have been few simulations of nitrogen free-

burning arc. Most of the existing nitrogen arc models are

based on the local thermal equilibrium (LTE) and local chem-

ical equilibrium (LCE) assumptions without complete con-

sideration of the space charge sheath.[10,14] However, the

plasma near electrodes obviously deviates from LTE[15–17]

and LCE,[18,19] thus the thermal and chemical non-equilibrium

model is required to study the anode heat transfer of nitrogen

arc. In our previous paper,[20] a thermal and chemical non-

equilibrium model has been developed for nitrogen arc, but we

did not focus on the anode heat transfer characteristics. More-

over, in the previous studies,[21,22] the space charge sheath can

significantly affect the plasma energy flux and species flux on

the anode surface. Therefore, the space charge sheath model

should be included in the non-equilibrium model to accurately

solve the species, current components, heat fluxes, and other

parameters on the anode surface.

In this paper, a two-temperature chemical non-

equilibrium model, coupled with collisionless space charge

sheath model, has been developed for nitrogen arc. The nu-

merical results are first compared with experimental data to

validate the numerical model. Then the anode heat transfer

of nitrogen arc is investigated utilizing this non-equilibrium

model under different input current conditions and different

anode materials.
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2. Model description
In this section, the conservation equations and boundary

conditions used in the non-equilibrium model are illustrated.

2.1. Assumptions

The calculation domain of the numerical model is shown
in Fig. 1. ABCDHG is the flow affected region, ABC is the
cathode surface, and EFGH is the anode region. The radius of
the cathode tip, i.e., AB is 0.5 mm, and the cone angle of the
cathode is 60◦. The calculation domain is consistent with the
structure of the experimental device in Ref. [12].
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Fig. 1. The computational domain for the numerical model.

The non-equilibrium model is developed on the basis of
the following assumptions: (1) the arc is rotationally sym-
metrical operated with a non-ablating plane anode perpendic-
ular to the arc axis. (2) Only self-induced magnetic field is
included in the numerical model, i.e., no external magnetic
field. (3) The shielding gas is atmospheric pressure nitrogen

and the gas flow is laminar. (4) Radiation loss is considered
through net emission coefficient method. (5) Gravity and the
effects of viscosity dissipation are negligible. (6) The elec-
tron and heavy-species temperatures are assumed in their own
Maxwellian distributions. Therefore, the electron and heavy-
species energy equations are separately solved, and the energy
exchange between electron and heavy-species is based on the
elastic collision processes.

2.2. Species and chemical reactions considered

Species considered in this paper include electrons (e), ni-
trogen molecules (N2), nitrogen molecular ions (N+

2 ), nitro-
gen atoms (N), monovalent atomic ions (N+) and divalent
atomic ions (N++). Ten forward reactions are described in Ta-
ble 1 and the corresponding backward reactions are also taken
into account in the model. The species and kinetic processes
of reactions numbers 1–9 are based on the previous studies
of nitrogen thermal plasma.[23–25] Since the maximum tem-
perature can reach 29000 K in our calculation, the divalent
atomic ions and reaction process 10 and corresponding re-
verse process are considered in this paper. The rates of for-
ward reactions numbers 1–9 are given by Arrhenius equation
α f

l = alT bl exp(−cl/T ), al , bl and cl are the constants obtained
by Dunn and Lordi.[25] The rate of reaction 10 given in Ta-
ble 1 is obtained from Ref. [26]. Backward reaction rates are
obtained by the equilibrium constant method α r

l = α f
l Kl(T ),

where Kl(T ) is the equilibrium constant. In Table 1, Ψl is the
reaction heat.

Table 1. The reactions taken in account in the numerical model.

No. Reactions al bl cl Ψl (eV)

1 N2 +N2↔ N+N+N2 4.98×10−9 –1.5 113260 9.759
2 N2+N ↔ N+N+N 2.49×10−8 –1.5 113260 9.759
3 N+

2 +N ↔N2 +N+ 1.30×10−19 0.5 0 –1.047
4 N+

2 +e ↔ N+N 2.49×10−8 –1.5 0 –5.821
5 N++e+ e ↔ N+ e 2.29×10−20 –4.5 0 –14.534
6 N+

2 +N2+e ↔N2 +N2 6.07×10−34 –2.5 0 –15.580
7 N+

2 +N+ e ↔N2+N 1.66×10−35 –2.5 0 –15.580
8 N++N2+e ↔ N+N2 6.07×10−34 –2.5 0 14.534
9 N++N+ e ↔ N+N 1.66×10−35 –2.5 0 –14.534

10 N+++e+ e ↔N++e 2.2×10−12( Te
10000[K]

)−0.639
–29.600

2.3. Governing equations

Mass continuity equation

∂ρ

∂ t
+∇ · (ρ𝑣) = 0, (1)

where ρ is the mass density and 𝑣 is the mass-averaged veloc-
ity. ρ is calculated by the relation ρ = ∑i nimi, where ni and
mi are respectively the number density and mass for specie i.

Momentum equation

∂ (ρ𝑣)

∂ t
+(ρ𝑣 ·∇)𝑣 =−∇p+∇ · τ̂ +𝑗×𝐵 (2)

where p is the gas pressure. 𝑗×𝐵 is the Lorentz force, 𝑗 is

the current density and 𝐵 is the self-induced magnetic field.

τ̂ is the viscous stress tensor, expressed for Newtonian flow as

follows:

∇r · τ̂ =
∂

∂ z

[
µ

(
∂vr

∂ z
+

∂vz

∂ r

)]
+

2
r

∂

∂ r

[
µr
(

∂vr

∂ r

)]
−2µ

vr

r2 , (3)

∇z · τ̂ = 2
∂

∂ z
(µ

∂vz

∂ z
)+

1
r

∂

∂ r

[
µr
(

∂vz

∂ r
+

∂vr

∂ z

)]
, (4)
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where µ is the viscosity of the shielding gas calculated by[27]

µ = ∑
i

Xiµhi

∑
j

X jφi j
, (5)

where Xi is the mole fraction of species i. φi j is a dimension-
less quantity calculated by the relation

φi j =
1√
8

(
1+

mi

m j

)−0.5[
1+
(

µhi

µh j

)0.5(m j

mi

)0.25]2

.

The µhi is the viscosity of species i described as

µhi =
5

16

√
πmikBT

πσ2
i Ω (2,2)∗ , (6)

where kB represents the Boltzmann constant and T is the tem-
perature of the corresponding species. σi is the collisional di-
ameter and Ω (2,2)∗ is the collisional integral.[28]

General species equation

∂ρi

∂ t
+∇ · (ρi𝑣) =−∇ ·𝐽i +Si, (7)

where 𝐽i is the mass diffusive flux calculated by Eq. (8),
Si is the reaction source term. In Eq. (8), Di is the effec-
tive diffusion coefficient of species i obtained by the relation
Di = (1−Yi)/

(
∑
j 6=i

X j/Di j
)
, Yi = nimi/ρ is the mass fraction

and Di j represents the binary diffusion coefficient[29] calcu-
lated by Eq. (9),

𝐽i =−ρDi∇Yi, (8)

Di j =
3
16

√
2πk3

BT 3
i j/mi j

pπσ2
i jΩ

(1,1)∗ , (9)

where Ti j is the reduced temperature and mi j is the reduced
mass for the species i and j. For the ion equations, the ambipo-
lar diffusion coefficient Damb,i instead of Di is used to calculate
the ion diffusive flux.[30]

The densities of N, N+
2 , N+, and N++ are calculated

by species conservation equations, the molecular density is
solved by the state equation, and the electron density is de-
termined by the quasi-neutrality condition.

Heavy-species energy equation

3
2

kB
∂ (nhTh)

∂ t
+∇ ·

(
5
2

nhkBTh𝑣

)
= ∇ ·

(
λh∇Th−∑

i 6=e
hi𝐽i

)
+Eec−∑

l
Eh

r,l , (10)

where Th is the heavy-species temperature and nh is the total
number density of heavy-species. λh represents the thermal
conductivity of heavy-species calculated by Eq. (11) and hi

is the species specific enthalpy. Eec is the energy exchange
term between electrons and heavy-species by elastic collision

shown in Eq. (12) and Eh
r,l is the reaction heat of chemical re-

action l expressed in Eq. (13);

λh =
15
8

vh,th ∑
i6=e

nili, (11)

Eec = ∑
i 6=e

2me

mi
· 3

2
kB(Te−Th)neni

(
8kBTe

πme

)0.5

Qei, (12)

Eh
r,l = ψl

(
α

f
l

N

∏
i=1

n
β f

il
i −α

r
l

N

∏
i=1

n
β r

il
i

)
. (13)

In Eq. (11), li is the mean free path of heavy particle i and
vh,th is the heavy-species thermal velocity. Te represents the
electron temperature solved by Eq. (14) and Qei is the elastic
collision section between the electron and heavy-species. In
Eq. (13), β f

il and β r
il are the stoichiometric numbers of species

i in the reaction l for forward reaction and backward reaction,
respectively.

Electron energy equation

3
2

kB
∂ (neTe)

∂ t
+∇ ·

(
5
2

nekBTe𝑣

)
= ∇ · (λe∇Te−𝐽ehe)+𝑗 ·𝐸−Eec−∑

l
Ee

r,l−4πε, (14)

where ne is the electron number density and he is the elec-
tron specific enthalpy. The electron mass diffusive flux 𝐽e is
expressed by the relation 𝐽e =

𝑗
qe
− ∑

i 6=e

qi
qe
𝐽i. qi is the charge

per unit mass of specie i. λe represents the thermal conductiv-
ity of electrons calculated by the formula in Ref. [24]. −4πε

represents the radiation energy loss and ε is the net emission
coefficient shown in Ref. [31]. Ee

r,l is the reaction heat caused
by the electron impact reactions.

Current continuity, Ohm’s law, and Maxwell’s equation

∇ ·𝑗 = 0, (15)

𝑗 =−σe∇V, (16)

∇
2𝐴=−µ0𝑗. (17)

In Eq. (16), the electric conductivity σe is calculated by
σe =

e2ne
mevm

. vm is the electron collision frequency expressed
as the sum of collision frequencies between electrons and
heavy-species, and V is the electric potential. In Eq. (17),
A is the vector potential, µ0 is permeability of vacuum, and
𝐵 = ∇×𝐴.

Heat transfer in solid

ρsCps
∂Ts

∂ t
= ∇ · (λs∇Ts)+σsE2, (18)

where Ts, ρs, Cps, λs and σs are the temperature, the mass den-
sity, the specific heat, the thermal conductivity and the electric
conductivity of the solid anode, respectively. Two kinds of
anodes made by copper and tungsten with thorium oxide are
investigated, since these two anodes are often used in arc ex-
perimental devices.[12,32] The specific heat, electrical conduc-
tivity and thermal conductivity of anode materials are taken
from Ref. [33].

095206-3



Chin. Phys. B Vol. 30, No. 9 (2021) 095206

2.4. Boundary conditions

The boundary conditions used in the model are listed in
Table 2. Zero gradients of electron temperature and species
density are set at the cathode surface, inlet and outlet. Dirichlet
boundary conditions of heavy-species temperature and solid
temperature are set on the boundaries except the anode surface
(GH). For the velocity boundary conditions, no slip conditions
are set on solid walls. Normal inflow velocity is defined on

inlet to keep the flow rate and p = 1 atm is set on the outlet.
For the vector potential, zero gradient is given on electrode
surfaces. The current density on boundary AB is set as a con-
stant value with reference to Ref. [4], and on boundary BC it
is set as the exponential distribution referring to Refs. [34,35].
The anode bottom is connected to ground. The ions bound-
ary condition in species conservation equation is −Jiw,a, and
boundary conditions of neutral species are set as zero gradient
on the anode.

Table 2. The boundary conditions used in the numerical model.

Boundary Electron energy
Heavy-species and

Current density
Velocity

Species Vector potential
anode temperature & pressure

AB 𝑛·∇Te = 0 Th = 3500 K j = jgiven v = 0 𝑛·∇ρi = 0 𝑛·∇A = 0
BC 𝑛·∇Te = 0 Th = 3200 (r−0.5)

1.1 +300 K j = jgiven v = 0 𝑛·∇ρi = 0 𝑛·∇A = 0
CD 𝑛·∇Te = 0 Th = 300 K 𝑛·𝑗 = 0 v = const. 𝑛·∇ρi = 0 A = 0
DH 𝑛·∇Te = 0 Th = 300 K 𝑛·𝑗 = 0 p = 1 atm 𝑛·∇ρi = 0 A = 0
EH – Ts = 300 K 𝑛·𝑗 = 0

GH −q(pl)
ew,a qw,a−q(pl)

hw,a v = 0
𝑛·∇ρi = 0 (for atom)

𝑛·∇ρi =−Jiw,a (for ions)
𝑛·∇A = 0

EF – Ts = 300 K ground – – –

The calculation domain includes the plasma flow affected
region, pre-sheath and space charge sheath. In the two-
temperature chemical non-equilibrium model, the pre-sheath,
located in the near-anode region, is part of the plasma arc.
Since the thickness of the space charge sheath is small, the
space charge sheath can be treated as a zero-dimensional in-
terface separating the plasma from the anode, and the appro-
priate boundary conditions are imposed to provide the sheath
features.

In the anode region, the thermal emission current jem,a is
negligible due to the low temperature and the current density j
consists of the current jew,a of the diffusing electrons reaching
the anode and ion current jiw,a = ∑i Jiw,ae. The current density
is given by

j = jew,a− jiw,a. (19)

The Jiw,a =
ni·Ci

4 exp
(
− eUd,a

kTi

)
represents the ion flux (N+

2 , N+

and N++) coming to the interface from the plasma. ni and Ci

are respectively the ion number density and thermal velocity
of species i, and Ud,a is the anode sheath voltage that is set as
zero due to its small value.[22]

The heat flux on the anode surface is given as follows:

qw,a = q(pl)
ew,a +q(pl)

hw,a +qec,a +qir,a−qrad,a, (20)

q(pl)
ew,a =

jew,a

e
(2kBTe + eUd,a), (21)

q(pl)
hw,a =−λh∇Th +∑

i 6=e
hi𝐽i, (22)

qec,a =
j
e

Aa, (23)

qir,a = ∑
i

J(pl)
iw,aεi, (24)

qrad,a =−εβT 4, (25)

where q(pl)
ew,a and q(pl)

hw,a represent the heat flux from the plasma
electrons and heavy-species, respectively, which accounts for
heat conduction and enthalpy transport. qec,a is the heat flux
released by electron condensation and qir,a is the ion recom-
bination heat flux. The work functions Aa of different anode
materials are taken from Ref. [36]. qrad,a is the radiation loss
of the anode. In Eq. (25), ε is the surface emissivity and β is
the Stefan–Boltzmann constant. In the calculation, the heavy-
species energy equation and anode energy equation are solved
simultaneously by considering the heat transfer at the inter-
face. Considering the effect of anode sheath, the ions and
electron energy fluxes are respectively set on the interface for
the species and electron energy equations to obtain the reason-
able parameters distributions. So the sheath layer is coupled to
the calculation of the plasma arc by imposing the appropriate
boundary conditions on the interface.

3. Results and discussion
3.1. Validation of the model

In order to validate our two-temperature chemical non-
equilibrium model, the temperature distributions in plasma
column are compared with the experimental measurement data
of Haidar[12] and Murphy,[13] so the simulations are performed
under the same working conditions as experimental measure-
ments. The arc current is 200 A and the gas flow rate is set
to 5 slpm. In the experiment the thoriated tungsten anode
is adopted, which is cooled by direct contact with water and
by conduction through the copper plate.[12] Figure 2 presents
a comparison of our calculated temperature distribution with
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the spectroscopic measurement data. The lines are our numer-
ical results and the dots are the measurement data obtained
by Fowler–Milne method. It is seen that the isotherms of
24000 K, 19000 K, 14000 K and 9000 K agree well with the
experimental measurement data, except for small difference
occurring in the arc fringe.
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Fig. 2. Temperature distribution of nitrogen plasma at 200 A arc cur-
rent, the lines are the calculated heavy-species temperature and the dots
are the measurement data taken from Ref. [12].

Figure 3 presents the radial distributions of our calculated
electron temperature and experimentally measured tempera-
ture at different arc current conditions. The calculated tem-
perature distributions are in reasonable agreement with the ex-
perimental data in the arc current range from 100 A to 300 A.
The maximum temperature has an obvious rise when the arc
current increases from 100 A to 200 A, while the plasma tem-
perature increases slowly in the arc currents of 200 A to 300 A.
The variation trend of temperature distributions with arc cur-
rent is consistent with the experimental results in Ref. [12].
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Fig. 3. Radial distribution of calculated temperature and experimentally
measured data for different arc currents at an axial distance of 4.5 mm
from anode surface.

Figure 4 further shows the comparison of electron and
heavy-species temperatures of numerical model with the ex-
perimental data of Murphy[13] at different axial and radial
positions. The symbols are experimental data measured by
laser-scattering technique without the local thermal equilib-
rium assumption.[13] As shown in Fig. 4, the numerical results
agree well with the experimental data in the arc center. How-
ever, in the arc fringe region, where the temperature is below
5000 K, the electron temperature and heavy-species temper-
ature deviate from the measured data, especially for the tem-
perature at the distances away from the anode. The discrep-
ancy at the arc fringe may be caused by the chemical non-
equilibrium processes. In general, these comparisons indicate
that our present model can reasonably predict the temperature
distributions of nitrogen arc.
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Since we focus on the heat flux distribution on the anode
surface, figure 5 exhibits the radial distribution of heat flux
on copper anode surface at 150 A arc current. The anode heat
flux calculated by Tanaka is based on the thermal and chemical
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equilibrium model.[14] The total heat flux in Ref. [14] includes

the heat conduction flux from plasmas and electron condensa-

tion heat. The anode heat flux in our model includes electron

condensation heat, heat flux from heavy-species and electrons

through conduction and enthalpy transport, ion recombination

heat flux and radiation loss, which is calculated by thermal and

chemical non-equilibrium model considering the collisionless

space charge sheath. On the arc axis, the anode heat flux cal-

culated by our non-equilibrium model is a little higher than

that calculated by the equilibrium model. This may be due

to the inclusion of more anode heat flux components in our

model, such as heat released by ion recombination, which was

ignored in Ref. [14]. In the arc fringe, there is a difference

between the anode heat fluxes calculated by the two sets of

numerical models. This discrepancy may be related to the ef-

fect of non-equilibrium characteristics.

3.2. Arc current effects on anode heat transfer

The influence of arc current on the heat transfer of tho-
riated tungsten anode is investigated in this section, in which
the gas flow rate is fixed as 5 slpm. Figure 6 shows the tem-
perature distribution of nitrogen arc plasma column at 100 A,
150 A and 200 A arc currents. The arc column shape is a typ-
ical bell-shape and the arc-anode attachment mode is diffuse.
Enlargement of arc column is observed as the arc current in-
creases from 100 A to 200 A. The maximum temperatures are
respectively 25466 K, 26853 K and 28528 K for 100 A, 150 A
and 200 A arc currents. Similarly, the temperature on the an-
ode surface significantly rises with the arc current as shown in
Fig. 7. The maximum temperatures on the anode surface are
respectively 1350 K, 1900 K and 2450 K for the arc currents
of 100 A, 150 A and 200 A. All temperatures are lower than
the melting point of thoriated tungsten anode, which indicates
that the non-ablating anode assumption is reasonable in these
working conditions.
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Fig. 6. Temperature distribution of nitrogen arc plasma at 100 A (a), 150 A (b), and 200 A (c) arc currents.
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Figure 8 shows the radial distribution of current density
on thoriated tungsten anode surface at different arc currents.
Contrary to the variation trend of temperature on the anode
surface, the maximum current density slightly decreases as the
arc current increases. The ‘arc radius’ is defined in order to
clarify the changing trend of current density. It is defined as
the radius that includes 90% of total arc current on the anode

surface, which was also used in Ref. [37] to characterize the
arc constriction. On the anode surface, the arc radii are respec-
tively 1.76 mm, 1.90 mm and 2.29 mm for 100 A, 150 A and
200 A current conditions, which indicates that the arc anode
attachment area becomes more diffuse with the increase of the
arc current. This phenomenon is consistent with the enlarge-
ment of plasma arc column upon increasing the arc current.
Hence, the decrease of the maximum current density on the
arc axis is caused by the arc expansion.

In order to better understand the effect of arc current on
the anode heat transfer, figure 9 respectively presents the ra-
dial distribution of different anode heat flux components on
thoriated tungsten anode at different arc currents. As shown
in this figure, the radiation loss (qrad,a) is very weak, which is
negligible compared to the total heat flux. The heat flux from
plasma electrons (q(pl)

ew,a), the electron condensation heat (qec,a)
and ion recombination term (qir,a) decrease rapidly with the in-
crease of the radial distance, which are mainly concentrated in
the arc attachment region. The peak value of the total heat flux
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increases from 1.0× 108 W/m2 to 1.9× 108 W/m2 as the arc
current increases from 100 A to 200 A. It is seen from Fig. 9
that the maximum value of each heat flux component increases
with the arc current except the maximum electron condensa-
tion heat. The maximum value of electron condensation heat
decreases from 6×107 W/m2 to 5×107 W/m2, which is con-
sistent with the variation of current density. Moreover, the
maximum value of ion recombination term rapidly rises, even
slightly exceeding the electron condensation heat on the sym-
metry axis at 200 A arc current. Figure 10 presents the radial
distribution of the ratio of different heat flux components to
the total heat flux in order to clarify the contribution of differ-
ent heat flux components. As the arc current rises from 100 A
to 200 A, the peak value of the ratio of qir,a increases from
3.0% to 28.3%, and its contribution is mainly concentrated in
the region within 1 mm away from the arc axis. On the arc
axis the ratios of q(pl)

ew,a and q(pl)
hw,a are basically unchanged with

the arc current. The ratio of qec,a first rises, and then decreases
as the radial distance increases. The ratio of q(pl)

hw,a monotoni-
cally rises with the radial distance and is close to 100% in the

arc fringe, which is the dominant contribution of heat transfer
in the low temperature region. In general, the contributions
of q(pl)

ew,a, qir,a and qec,a concentrate in the arc-anode attachment
region, while the q(pl)

hw,a plays a dominant contribution in the arc
fringe.
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Table 3 gives the ratio of power transferred to anode
through each heat flux component. The power ratio of differ-
ent heat flux components is obtained as follows: first integrate
each heat flux component (q(pl)

ew,a, qir,a, q(pl)
hw,a, qec,a, qrad,a) on

the anode surface to obtain the corresponding power compo-
nent (Q(pl)

ew,a, Qir,a, Q(pl)
hw,a, Qec,a, Qrad,a), then divide the power of

different heat flux by the total power Qw,a, i.e., the integral of
qw,a, to get the power ratio. The power transferred to the tho-
riated tungsten anode in the descending order is Q(pl)

hw,a, Qec,a,

Q(pl)
ew,a and Qir,a. Moreover, the order of different heat flux com-

ponents will not change as the current increases from 100 A to
200 A. It is seen that more than 75% of the power is transferred
by Q(pl)

hw,a and Qec,a. From the radial distributions of different
heat fluxes shown in Figs. 9 and 10, it may be inferred that the
power is mainly transferred by Qec,a in the plasma column and
by Q(pl)

hw,a in the arc fringe. Although the ratio of qir,a exceeds
25% on the arc axis in Fig. 10(c), the contribution of its power
is lower than 7% at 200 A arc current due to the steep gradient
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in the radial direction.

Table 3. Radial distribution of temperature on thoriated tungsten anode
surface at different arc currents.

Components
Power ratio

100 A 150 A 200 A

Q(pl)
ew,a 11.52% 14.50% 15.71%

Qir,a 1.23% 3.16% 6.80%

Q(pl)
hw,a 51.40% 46.58% 45.09%

Qec,a 35.92% 35.89% 32.65%
Qrad,a –0.07% –0.13% –0.25%

3.3. Material effects on anode heat transfer

Reasonable selection of electrode materials is of impor-
tance to extend the lifetime of arc device. Therefore, the ef-
fects of materials on the anode heat transfer are investigated in
this section. The tungsten doped with thorium is often adopted
as the anode material of nitrogen arc device.[12,13] On the other
hand, the copper anode is also widely applied in the trans-
ferred and non-transferred arc devices.[32] Thus in this study
the copper anode and thoriated tungsten anode are selected to
investigate the material effects on anode heat transfer.
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Figure 11 presents the temperature distributions of nitro-
gen plasma at 150 A arc current for different anode materials.
It can be seen that the temperature differences in plasma arc
column are negligible for the copper anode and thoriated tung-
sten anode. Both the arc profile and the maximum temperature
are almost the same for the copper anode and thoriated tung-
sten anode. Although there is almost no difference in the tem-
perature of arc column, the temperature in the anode region is
obviously different. The maximum temperature is 1092 K on
the copper anode surface, which is about 800 K lower than the
maximum temperature on thoriated tungsten anode surface.
Moreover, the temperature gradient is steeper in the thoriated
tungsten anode due to lower thermal conductivity, leading to a
higher maximum temperature in the thoriated tungsten anode.
Therefore, these results indicate that anode materials have a
significant influence on temperature distribution in the anode
region, while the temperature of plasma column is hardly af-
fected by anode materials in the case of non-ablating anode.
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Fig. 12. Radial distribution of heat flux on copper anode surface (a) and
thoriated tungsten anode surface (b) at 150 A arc current.

Figure 12 describes the radial distribution of different
heat flux components on copper anode and thoriated tungsten
anode. As discussed above, the radiation loss (qrad,a) is still
negligible to the total anode heat flux (qw,a). The peak value
of qw,a on copper anode is 1.96× 108 W/m2, which is higher
than the maximum heat flux of 1.38× 108 W/m2 on thori-
ated tungsten anode. The difference in maximum heat flux
is mainly caused by qec,a. From the above temperature analy-
sis, it is found that the maximum temperature on copper anode
surface is lower than that on thoriated tungsten anode surface,
while higher heat flux is transferred from plasma to copper an-
ode. This indicates that the heat flux from nitrogen arc spreads
more easily in the copper anode due to its high thermal con-
ductivity. As seen from the power ratio in Table 4, the power
of each component transferred to the copper anode in descend-
ing order is Qec,a, Q(pl)

hw,a, Q(pl)
ew,a and Qir,a. More than 80% of the

power is transferred to copper anode by Qec,a and Q(pl)
hw,a. Com-

pared with the thoriated tungsten anode,Qec,a instead of Q(pl)
hw,a

becomes the first contribution of the power transferred from
nitrogen arc. This is consistent with the variation tendency of
argon arc with copper anode in Ref. [38]. The comparison in-
dicates that higher heat flux on anode may not produce higher
anode temperature. The choice of anode material is crucial,
and it is inferred that the materials with high melting point and
high thermal conductivity are more suitable as the anode of arc
device to prolong the anode lifetime. On the contrary, the arc
process is suitable for processing materials with low thermal
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conductivity, high work function and low melting point.

Table 4. The ratio of power transferred to the anode through each heat
flux component at 150 A arc current.

Components
Power ratio

Copper anode Thoriated tungsten anode

Q(pl)
ew,a 12.78% 14.50%

Qir,a 3.40% 3.16%

Q(pl)
hw,a 38.72% 46.58%

Qec,a 45.13% 35.89%
Qrad,a –0.03% –0.13%

4. Conclusions
The two-temperature chemical non-equilibrium model is

adopted to investigate the anode heat transfer of nitrogen arc
in this paper. The interactions of plasma arc with the anode are
considered in detail by including the collisionless space charge
sheath. The electron and heavy-species temperature distribu-
tions are compared with the experimental data to validate our
model. Moreover, the total anode heat flux calculated by our
non-equilibrium model is compared with that of equilibrium
model of Tanaka. Then we use the two-temperature chemi-
cal non-equilibrium model to study the effects of different arc
currents and anode materials on the anode heat transfer.

The results indicate that the arc current affects the tem-
perature and heat flux distribution of anode region by changing
the plasma characteristics distributions in the arc column. As
the arc current increases from 100 A to 200 A, the plasma arc
column enlarges, resulting in the more diffuse arc anode at-
tachment region. Therefore, the maximum electron condensa-
tion heat flux decreases with the increase of arc current, while
the maximum heat fluxes from plasma electrons and heavy-
species and ion recombination heat increase. It is found that
the electron condensation heat flux, the heat flux from plasma
electrons and ion recombination heat flux are mainly concen-
trated in the high current density region. The heat flux from
heavy-species decays slowly in the radial direction, becoming
the main heat flux component in the arc fringe. The power
transferred to the anode by each heat flux component is ob-
tained. The contribution of each heat flux component to power
transferred to anode changes slightly in the current range from
100 A to 200 A. The heat flux from plasma heavy-species and
the electron condensation heat are the first and second contri-
butions to power transferred to the thoriated tungsten anode.

The anode material hardly affects the temperature distri-
bution of plasma arc column, while it has a significant effect
on the temperature and heat flux distributions in the anode re-
gion. The total heat flux on copper anode is higher than that on
thoriated tungsten anode, and this difference is mainly caused
by electron condensation heat. However, the maximum tem-
perature on copper anode is lower than that on thoriated tung-
sten anode. This phenomenon is caused by a steeper tempera-
ture gradient in the thoriated tungsten anode region due to the
lower heat conductivity. For the copper anode, the maximum
contribution to power transferred to anode is electron conden-
sation heat, which is different from that of thoriated tungsten

anode. The electron condensation heat instead of heat flux
from plasma heavy-species makes the largest contribution to
power transferred to anode due to the high work function of
copper.

References
[1] Murphy A B 2010 J. Phys. D: Appl. Phys. 43 434001
[2] Murphy A B 2015 Plasma Chem. Plasma Process 35 471
[3] Murphy A B 2018 Plasma Sources Sci. Technol. 27 63001
[4] Mckelliget J and Szekely J 1986 Metall. Mater. Trans. A 17 1139
[5] Zhao P, Ni G H, Meng Y D and Masaaki N 2013 Chin. Phys. B 22

064701
[6] Lin Q F, Zhao Y J, Duan W X, Ni G H, Jin X Y, Sui S Y, Xie H B and

Meng Y D 2020 Chin. Phys. B 29 125201
[7] Xu B, Jiang F, Chen S J, Tanaka M, Tashiro S and Anh N V 2018 Chin.

Phys. B 27 034701
[8] Lago F, Gonzalez J, Freton P and Gleizes A 2004 J. Phys. D: Appl.

Phys. 37 883
[9] Baeva M, Kozakov R, Gorchakov S and Uhrlandt 2012 Plasma Sources

Sci. Technol. 21 055027
[10] Lu S P, Dong W C, Li D Z and Li Y Y 2009 Comput. Mater. Sci. 45

327
[11] Sakura N, Yoshida M and Tanaka M 2019 J. Phys. D: Appl. Phys. 52

404002
[12] Haidar J and Farmer A J D 1993 J. Phys. D: Appl. Phys. 26 1224
[13] Murphy A B 1994 J. Phys. D: Appl. Phys. 27 1492
[14] Tanaka M, Tashiro S, Satoh T, Murphy A B and Lowke J J 2008 Sci.

Technol. Weld Join. 13 225
[15] Chen X and Li H P 2001 Int. J. Heat Mass Transf. 44 2541
[16] Li H P, Ostrikov K K and Sun W 2018 Phys. Rep. 770 1
[17] Guo H, Zhang X, Chen J, Li H P and Ostrikov K 2018 Sci. Rep. 8 4783
[18] Li H P annd Benilov M S 2007 J. Phys. D: Appl. Phys. 40 2010
[19] Nemchinsky V A 2005 J. Phys. D: Appl. Phys. 38 4082
[20] Wang H X, Zhu T, Sun S R, Liu G and Murphy A B 2020 J. Phys. D:

Appl. Phys. 53 505205
[21] Benilov M S, Almeida N A, Baeva M, Cunha M D and Benilova L G

2016 J. Phys. D: Appl. Phys. 49 215201
[22] Baeva M, Benilov M S, Almeida N A and Urhlandt D 2016 J. Phys. D:

Appl. Phys. 49 245205
[23] Tanaka Y and Sakuta T 2002 J. Phys. D: Appl. Phys. 35 468
[24] Tanaka Y 2004 J. Phys. D: Appl. Phys. 37 1190
[25] Dunn M G and Lordi J A 1969 AIAA J. 8 339
[26] Dutuit O, Carrasco N, Thissen R, Vuitton V, Alcaraz C, Pernot P, Balu-

cani N, Casavecchia P, Canosa A, Picard S L, Loison J C, Herman Z,
ZabKA J, Ascenzi D, Tosi P, Franceschi P, Prince S D and Lavvas P
2013 Astrophys. J. Suppl. Ser. 204 20

[27] Bird R B, Stewart W E and Lightfoot E N 2002 Transport phenomena,
2nd edn. (New York: John Wiley & Sons, Inc.) p. 2627

[28] Colombo V, Ghedini E and Sanibondi P. 2008 Prog. Nucl. Energy 50
921

[29] Devoto R S 1973 Phys. Fluids 16 616
[30] Ramshaw J D and Chang C H 1991 Plasma Chem. Plasma Process 11

395
[31] Fridman A, Cho Y I, Greene G A and Bar-cohen A 2007 Transport

phenomena in plasma: advances in heat transfer. (Waltham: Academic
Press, Elsevier) p. 391

[32] Zhou X 2017 Experimental study on dispersing behaviour of direct-
current arc in anode chamber [Master’s dissertation]. (Beijing: The
University of Chinese-Academy of Sciences) (in Chinesse)

[33] Konishi K, Shigeta M, Tanaka M, Murata A, Murata T and Murphy A
B 2017 Weld World 61 197

[34] Hsu K C 1982 A self-consistent model for the high intensity free-
burning argon arc [Ph. D. dissertation]. (Minneapolis: University of
Minnesota)

[35] Hsu K C, Etemadi K and Pfender E 1983 J. Appl. Phys. 54 1293
[36] Baeva M 2017 Plasma Chem. Plasma Process 37 341
[37] Tanaka M and Lowke J J 2007 J. Phys. D: Appl. Phys. 40 1
[38] Jenista J, Heberlein J V R and Pfender E 1997 IEEE Trans. Plasma Sci.

25 883

095206-9

http://dx.doi.org/10.1088/0022-3727/43/43/434001
http://dx.doi.org/10.1007/s11090-015-9620-2
http://dx.doi.org/10.1088/1361-6595/aabdce
http://dx.doi.org/10.1007/BF02665312
http://dx.doi.org/10.1088/1674-1056/22/6/064701
http://dx.doi.org/10.1088/1674-1056/22/6/064701
http://dx.doi.org/10.1088/1674-1056/ab9de9
http://dx.doi.org/10.1088/1674-1056/27/3/034701
http://dx.doi.org/10.1088/1674-1056/27/3/034701
http://dx.doi.org/10.1088/0022-3727/37/6/013
http://dx.doi.org/10.1088/0022-3727/37/6/013
http://dx.doi.org/10.1088/0963-0252/21/5/055027
http://dx.doi.org/10.1088/0963-0252/21/5/055027
http://dx.doi.org/10.1016/j.commatsci.2008.10.010
http://dx.doi.org/10.1016/j.commatsci.2008.10.010
http://dx.doi.org/10.1088/1361-6463/ab3139
http://dx.doi.org/10.1088/1361-6463/ab3139
http://dx.doi.org/10.1088/0022-3727/26/8/011
http://dx.doi.org/10.1088/0022-3727/27/7/022
http://dx.doi.org/10.1179/174329308X283929
http://dx.doi.org/10.1179/174329308X283929
http://dx.doi.org/10.1016/S0017-9310(00)00290-8
http://dx.doi.org/10.1016/j.physrep.2018.08.002
http://dx.doi.org/10.1038/s41598-018-22911-8
http://dx.doi.org/10.1088/0022-3727/40/7/024
http://dx.doi.org/10.1088/0022-3727/38/22/011
http://dx.doi.org/10.1088/1361-6463/abb6a9
http://dx.doi.org/10.1088/1361-6463/abb6a9
http://dx.doi.org/10.1088/0022-3727/49/21/215201
http://dx.doi.org/10.1088/0022-3727/49/24/245205
http://dx.doi.org/10.1088/0022-3727/49/24/245205
http://dx.doi.org/10.1088/0022-3727/35/5/309
http://dx.doi.org/10.1088/0022-3727/37/8/007
http://dx.doi.org/10.2514/3.5666
http://dx.doi.org/10.1088/0067-0049/204/2/20
http://dx.doi.org/10.1016/j.pnucene.2008.06.002
http://dx.doi.org/10.1016/j.pnucene.2008.06.002
http://dx.doi.org/10.1063/1.1694396
http://dx.doi.org/10.1007/BF01458919
http://dx.doi.org/10.1007/BF01458919
http://dx.doi.org/10.1007/s40194-016-0391-z
http://dx.doi.org/10.1063/1.332195
http://dx.doi.org/10.1007/s11090-017-9785-y
http://dx.doi.org/10.1088/0022-3727/40/1/S01
http://dx.doi.org/10.1109/27.649585
http://dx.doi.org/10.1109/27.649585

	1. Introduction
	2. Model description
	2.1. Assumptions
	2.2. Species and chemical reactions considered
	2.3. Governing equations
	2.4. Boundary conditions

	3. Results and discussion
	3.1. Validation of the model
	3.2. Arc current effects on anode heat transfer
	3.3. Material effects on anode heat transfer

	4.  Conclusions
	References

