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The metallic vapours (i.e., copper, iron, and silver in this paper) resulting from walls and/or
electrode surfaces can significantly affect the characteristics of air plasma. Different from the
previous works assuming local thermodynamic equilibrium, this paper investigates the influence of
metallic vapours on two-temperature (2 T) air plasma. The 2 T compositions of air contaminated by
Cu, Fe, and Ag are first determined based on Saha’s and Guldberg—Waage’s laws. The thermody-
namic properties (including mass density, specific enthalpy, and specific heat) are then calculated
according to their definitions. After determining the collision integrals for each pair of species in
air-metal mixtures using the newly published methods and source data, the transport coefficients
(including electrical conductivity, viscosity, and thermal conductivity) are calculated for air-Cu,
air-Fe, and air-Ag plasmas with different non-equilibrium degree 0 (7,/T;). The influences of
metallic contamination as well as non-equilibrium degree are discussed. It is found that copper,
iron, and silver exist mainly in the form of Cu,, FeO, and AgO at low temperatures. Generally, the
metallic vapours increase mass density at most temperatures, reduce the specific enthalpy and spe-
cific heat in the whole temperature range, and affect the transport properties remarkably from
5000K to 20000 K. The effect arising from the type of metals is little except for silver at certain
temperatures. Besides, the departure from thermal equilibrium results in the delay of dissociation
and ionization reactions, leading to the shift of thermodynamic and transport properties towards a
higher temperature. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963245]

. INTRODUCTION Capitelli er al.® reported the lasted collision integrals for air
species up to 100000K and then applied these data to calcu-
late the transport coefficients of high-temperature air.” Later
in 2008, D’Angola er al.® proposed a new approach to deter-
mine the equilibrium compositions in air plasma and
improved the thermodynamic and transport properties.
Recently, Cressault er al.”™"' paid attention to the influence of
metallic vapours and calculated the thermodynamic, transport,
diffusion, and radiation coefficients of air plasma contami-
nated by copper, iron, silver, and aluminum. Teulet et al.'>b
also studied the effects of copper on the properties and inter-
ruption ability of air arc in low-voltage circuit breakers.

It is noticeable that all the above previous works were
conducted under the assumption of local thermodynamic
equilibrium (LTE) which means that the temperature of elec-
trons (7,) is equal to that of heavy particles (7},). However,
the departure from thermal equilibrium arises when large
temperature gradient exists (e.g., near the cold walls) and
when electron concentration is not high enough to allow suf-
ficient transfer of energy between electrons and heavy par-
ticles,"*!> which results in the different values of T, and T},
To solve the problems where LTE is not valid, Devoto'®
derived the transport coefficients of a two-temperature (2'T)
plasma assuming a complete decoupling between electrons
and heavy particles. Rat e al.'”'® took the coupling into
O xhw@mail.xjtu.edu.cn account and developed an improved 2T theory which can be
Pmzrong@mail.xjtu.edu.cn applied in the calculation of combined diffusion coefficients.

Air plasma is widely applied in circuit breakers, arc
heaters, torches, and arc welding apparatus. In such arc devi-
ces, the metallic vapours (e.g., copper, iron, silver, etc.)
resulting from walls and/or electrode surfaces can mix with
air and thus affect arc characteristics.' To understand the pat-
terns of air plasma more deeply and better, the presence of
metallic impurities must be taken into account in the more
and more sophisticated plasma modelling which requires
more and more accurate basic properties, such as composi-
tions, thermodynamic properties, transport coefficients, and
radiation properties.

The investigation of the properties of air plasma could be
traced back to 1963 when Yos published the transport coeffi-
cients as well as radiated power of air plasma in a wide range
of temperature and pressure. In 1978, Devoto et al.® per-
formed a measurement in a wall-stabilized air arc and
deduced the electrical and thermal conductivity. In 1989,
Bacri and Raffanel* presented their calculated results for elec-
trical conductivity, viscosity, and thermal conductivity of air
plasma. After that in 1995, Murphy® determined the transport
properties including combined diffusion coefficients of air
plasma mixed with argon, nitrogen, and oxygen. In 2000,
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Concerning the 2T air plasma, few works could be found
except for the work by Ghorui et al.'* who studied the 2T
properties of N,-O, mixtures which are the main components
of air. However, the metallic impurities were not considered
in their calculation, which is the focus in the present work.

In this paper, the influences of metallic vapours (copper,
iron, and silver) on the compositions, thermodynamic proper-
ties (mass density, specific enthalpy, and specific heat), and
transport coefficients (electrical conductivity, viscosity, and
thermal conductivity) are investigated in the 2T air plasma
with different non-equilibrium degree 7,/T}, (denoted as 0) at
temperatures up to 40000K. To avoid considering the con-
densed species (e.g., metals and their oxides at low tempera-
tures), the lower limit of temperature in this work is set to be
2000K, following the recommendation of Cressault ez al >
The pressure is fixed at 1bar and all the mixing ratios are
given in molar proportion. The rest Sections II-V are dedi-
cated, respectively, to 2 T compositions, thermodynamic prop-
erties, collision integrals, and transport coefficients.

II. COMPOSITIONS OF 2T PLASMA
A. Calculation method

Compositions of plasma are one of the prerequisites for
the calculation of both thermodynamic and transport proper-
ties. The equilibrium compositions in LTE are usually deter-
mined by minimization of the Gibbs free energy®®*' which is
not necessary to define the free and bound species as another
method (Saha’s and Guldberg—Waage’s laws) requires.?
However, for a 2 T plasma, a set of nonlinear equations based
on dissociation (Guldberg—Waage’s law) and ionization
(Saha’s law) reactions have to be established in calculating 2T
compositions. Potapov>® and van de Sanden er al.** deduced,
respectively, two different forms of equation for ionization
reactions in 2T plasmas. In this work, the latter method is
used as formulated in (1) and (2), which was recommended
by Gleizes et al.” and also adopted in Refs. 15, 19, and 26

nanb_Qia“‘Q},“‘ <2nkTh>3/2 mamy, 3/zex _ Eq )
ne . om \ 2 e P\"wr,. )

Nel y(z+1)+ ) ZF&JAH <27TmekTg)3/2 exp< E,‘ — AE,)
B h? ke )

int
Ngz+ 7
a aZ+

@)

where m;, n;, and Qﬁ”’ are the mass, number density, and
internal partition function of species i, respectively. In the
calculation of ;’” , T, is used for the electronic part and T},
for vibrational and rotational parts. k is the Boltzmann con-
stant and A is the Planck constant. £, is the dissociation
energy of the reaction ¢ «<» a + b. E; is the ionization energy
of species a”“" and AE; is the corresponding ionization
energy lowering. T,, is the excitation temperature. In this
work, T}, is set as T, for dissociation reactions and ionization
of molecules, and for atomic ionization, T, is used as the
excitation temperature.

Equations (1) and (2) for the reactions given in Table I,
together with chemical equilibrium, electrical neutrality, and
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Dalton’s law can be solved to obtain 2T compositions.
Besides, the pressure correction due to Debye—Hiickel
effect’®?’ is also taken into account in the present work. The
basic data for the calculation of internal partition functions
were compiled from NIST database®’ and the NIST-JANAF
Thermochemical Tables.”® The lowering of ionization
energy is considered in the calculation of atomic partition
functions, and an iterative procedure is therefore applied
until the convergence of compositions.

B. Results and discussion

The air composed of 78% N, 21% O,, and 1% Ar by
volume is used in this work. As illustrated in Table I, 44 spe-
cies involved in 10 dissociation and 28 ionization elementary
reactions are taken into account.

Figures 1(a) and 1(b) show the compositions of pure air
plasma with 6 (T,./T;) =1 and 3, respectively, as a function
of electron temperature 7, up to 40000K at ambient pres-
sure, and Figures 24 show the 2T compositions of
90%air—10%Cu, 90%air—10%Fe, and 90%air-10%Ag plas-
mas, respectively, with  =3. In LTE air plasma (0 = 1), the
ionization of NO contributes to the early increase of elec-
trons, whereas in non-LTE condition (0 = 3), atomic oxygen
replaces NO to generate electrons through ionization because
of the delay of reactions resulting from the inequality of 7T,
and T},. In addition, due to the lower ionization potential (N
14.53eV, O 13.62¢eV, Ar 15.76eV, Cu 7.73eV, Fe 7.90¢eV,
and Ag 7.58 eV (Ref. 27)) than nitrogen, oxygen, and argon
atoms, Cu, Fe, and Ag cause the mixtures to ionize at lower
temperatures. Compared with air-Cu mixture in which cop-
per exists mainly in the form of its dimer (Cu,) at low tem-
peratures, metal oxides (FeO and AgO) instead of metal
dimers (Fe, and Ag,) dominate the air-Fe and air-Ag mix-
tures together with N, and O, in the low temperature range.
This is consistent with the result by Cressault er al.® for air-
Fe plasma in LTE. Moreover, although Ag has the lowest
ionization potential among the three metals, Ag™ starts to
affect the mixture at a higher temperature than Cu™ and Fe™.
This is because AgO is more difficult to decompose and gen-
erate Ag than Cu, and FeO to generate Cu and Fe, consider-
ing that the dissociation energy of Cu,, FeO, and AgO are
1.97eV, 4.29eV, and 4.58 eV, respectively.

TABLE 1. Elementary chemical reactions in Air-Cu, Air-Fe, and Air-Ag
plasmas.

Dissociation Tonization Tonization Tonization

N, = N+N N, =N, e O0—0"+e” Fe < Fe' 4e~

0, 0+0 0,0, +e- O"—=0*+e Fet o Fe? 4e
NO—N+O NO-NOT+e 00O 4e Fe?m o Fell4e
NO, - NO+0O N,  «>N,+e~ Ar— Ar"+e~  Fe < Fete”

Cu, - Cu+Cu Oy <= 0,+e  Art - ArfT+e Age Aghde

CuO < Cu+0 NO, < NO,+e At < Art+e Agh — Ag® +e
Fe, »Fe+Fe NoNT4+ew  CueCulde AgPh o Ag*T+e
FeO - Fe+0 NN 4+e Cut - Cu’+e Ag — Ag+e
Ag, < Ag+Ag N*" o N e Cu*t = Cu’t e

AgO—=Ag+0 O < O+e Cu < Cu+e
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FIG. 1. Compositions of pure air plasma as a function of 7, at 1 bar with (a)
0=1and (b) 6=3.

Ill. THERMODYNAMIC PROPERTIES OF 2T PLASMA
A. Calculation method

Based on the compositions and internal partition func-
tions, the thermodynamic properties can be calculated
straightforwardly according to their definitions. The mass
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FIG. 2. 2T composition of air plasma contaminated by 10% Cu (molar pro-
portion) as a function of 7, with 6 =3 at 1 bar.
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FIG. 3. 2T composition of air plasma contaminated by 10% Fe (molar pro-
portion) as a function of 7, with 0 =3 at 1 bar.

density of a 2T plasma is the sum of product of mass and
number density for each species, which is the same as that in
a LTE plasma.?® For specific enthalpy of each species, the
three components (translational, reaction, and internal parts)
should be taken into account as described in Ref. 14. In the
calculation of the derivative of partition functions with
respect to temperature, it is assumed that the electronic parti-
tion functions Qfl are governed by electron temperature 7.,
and the vibrational partition functions Q}’”’ and rotational
partition functions Q7" are governed by heavy particle tem-
perature T},. Therefore, the specific enthalpies are calculated
as follows:'*
For electrons

he =25 n,T,. 3)
p
For monoatomic species

5k 1 k dlnQ¢!
hi = ==nTi +—nEi +—n; <T§ —) 4)
2p p p or,

10’55-
10"‘-; >
10% 4
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FIG. 4. 2T composition of air plasma contaminated by 10% Ag (molar pro-
portion) as a function of T, with 0 =3 at 1 bar.
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FIG. 5. Mass density of air and air-metal plasmas as a function of electron
temperature with different non-equilibrium degree 0 at 1 bar.

For molecular species

5k 1
hl‘ = **I’liT,’ —+ *I’l,’E,'
2p p
k ol el ol vib ryrot
+ _ni T2 an T2 n(QI Ql ) (5)

P ) Te g 0 Th ’

where p is the mass density and E; is the formation energy.
Concerning specific heat (at constant pressure),
Colombo et al.'>?® interpreted the derivative of total specific
enthalpy with respect to T, as the total specific heat.
However, in order to perform a numerical simulation of a
two-temperature plasma, it is necessary to separate the elec-
tron specific heat C,, and heavy particle specific heat C,,
from the total one. Therefore, in this work, C,,. is calculated
as the derivative of specific enthalpy of electrons with
respect to T, and Cp, is determined as the derivative of spe-
cific enthalpy of heavy particles with respect to 7). The same
calculation procedure was adopted by Ghorui et al."

B. Results and discussion

Figure 5 shows the mass density of pure air and air mix-
tures contaminated by 10% Cu, Fe, and Ag. A sharp drop is
observed for each curve in the temperature range in which
the decompositions of molecules occur. With the increase of
non-equilibrium degree 6, this sharp decrease is shifted to a
higher temperature because the dissociations are delayed.
Additionally, it can be seen that metallic vapours raise the
value of mass density at most temperatures. And due to the
larger mass (Cu 63.5g mol™!, Fe 55.8g mol ™', and Ag
107.9 g mol "), silver contamination affects the mass density
more strongly than copper and iron.

The specific enthalpy of air and air-metal plasmas is
described in Figure 6. It is found that the specific enthalpy is
strongly sensitive to non-equilibrium degree 0 at relatively
low temperatures, whereas it becomes less sensitive to 0 at
higher temperatures. This can be attributed to the delay of the
reactions resulting from the difference between 7} and T,,
considering that T}, is used as excitation temperature for disso-
ciation and ionization of molecular species while T, is used in
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FIG. 6. Specific enthalpy of air and air-metal plasmas as a function of elec-
tron temperature with different non-equilibrium degree 0 at 1 bar.

atomic ionization. It is also observed that the contamination
of metallic vapours generally reduces the specific enthalpy of
mixtures, because the enthalpies of metals are smaller than
those of air species. Among the three mixtures, the specific
enthalpy of air-Cu plasma is close to that of air-Fe but much
larger than that of air-Ag, especially at high temperatures.
Figures 7 and 8 show the electron specific heat C,, and
heavy particle specific heat C,;, for pure air and air-metal
mixtures at temperatures up to 40000K. As discussed by
Ghorui ef al.," the peaks of Cpe correspond to the ionization
reactions, and the peaks of C,, result from both ionization
and dissociation reactions. For example, in Figure 7, two
peaks are observed in a LTE air plasma. The first peak corre-
sponds to the first ionization of atomic N and O, and the sec-
ond peak corresponds to the second ionization of atomic N.
When the non-equilibrium degree 0 increases, the dissocia-
tion of N, and O, is delayed, leading to the shift of peaks,
considering that the ionization of atoms occurs only after the
dissociation of their parental molecules. It is interesting that
three peaks can be observed when 0 =5. This is because the
ionization energy of atomic N and O are close to each other
but the dissociation energy of N, and O, are much different.
As a result, the first peak in this case arises from the first

[ L e e e N B e e e —

Pure Air (6= 1) &
1.0+ = — -PureAir(8=3)
—-=— Pure Air (8 = 5)
1 ---10%Cu@®=3)
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T ¥ T ¥ T ¥ T ¥ T ¥
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Electron Temperature (K)

— T T T
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FIG. 7. Electron specific heat C,, of air and air-metal plasmas as a function
of electron temperature with different non-equilibrium degree 6 at 1 bar.
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FIG. 8. Heavy particle specific heat C,,;, of air and air-metal plasmas as a func-
tion of electron temperature with different non-equilibrium degree 6 at 1 bar.

ionization of atomic O, and the other two peaks correspond
to the first and second ionizations of atomic N, respectively.
For air-metal mixtures, the contamination of metallic
vapours leads to the decrease of C,,, and C,;, because of the
decline of the molecular decompositions and the reinforce-
ment of the metallic ionization. Moreover, as discussed for
specific enthalpy, copper and iron vapours present the similar
influence on both C,, and C,;, and silver vapour shows
larger influence, i.e., reducing C,, and C,, more signifi-
cantly, especially at high temperatures.

IV. COLLISION INTEGRALS

The calculation of the transport coefficients was devel-
oped based on the Chapman—Enskog method which requires
the knowledge of collision integrals.?>** The reduced colli-
sion integral characterized by the order (/,s) between two
particles i and j is defined as follows: %>~

4(l—|- 1) s s
| J e yijz +3Q1(';> (’ylj)d’))lj7
a(s+ 1)1 20+1—(~1) ]

= (1)
Q. =
ij 0

(6)

where y; = (¢/ kTi*/»)l/ 2, and ¢ is the kinetic energy. It is nota-
ble that the unified temperature T in LTE is replaced by the
effective one 7% ij in a 2 T model

*

B m,-Tj + iji (7)

v m; + mj
where T; and T, are temperature of the particles i and j,
respectively.

In order to calculate the collision integrals, four kinds of
interactions, namely, neutral-neutral, neutral-ion, neutral-
electron, and charged-charged, should be considered. For
charged-charged interactions, the Coulomb potential is used
as described in our previous work®® without consideration of
ions in the calculation of Debye length. For neutral-electron
interactions, the collision integrals for air species, Cu, Fe, and
Ag were compiled from the work by Capitelli er al.,® Wang
et al.,29 Cressault et al.,9 and André et al.,32 respectively. For
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the collisions between electrons and NO,, metal dimers (Cu,,
Fe,, and Ag,), and metal oxides (CuO, FeO, and AgO), the
polarizability potential is used to calculate the collision inte-
grals. For neutral-neutral and neutral-ion interactions, the
Lennard—Jones like phenomenological model potential®*** is
adopted instead of the classical potential for the reason pre-
sented in our previous work.”>*° Furthermore, the resonant
charge-exchange process, which plays an important role in
determining collision integrals between a neutral particle and
its ion when the order [ is even,29 is also taken into account
using an empirical mixing rule proposed by Murphy.’>>3
The fitting parameters (A and B) of charge-exchange cross
sections were compiled from Refs. 6, 32, 37, and 38.

To determine the transport coefficients in a given
approximation order, nine kinds of collision integrals

Q(1,1), Q(1,2), Q(1,3), Q(1,4), Q(1,5), Q(2,2), Q(2,3),
Q(2,4), and Q(3,3) are calculated in this work. The values
of Q(1, 1) for N»-N», 0,-O,, N-N, 0-O, Cu-Cu, Fe-Fe, and
Ag-Ag interactions are displayed in Figure 9, indicating that
the collision integrals of metals are much larger than those
of air species. Moreover, among the three metals, Fe-Fe and
Cu-Cu pairs present the largest and smallest collision inte-
grals, respectively. These differences can help to understand
the influence of metallic vapours on the transport coefficients

of air plasma discussed in Section V.

V. TRANSPORT COEFFICIENTS OF 2T PLASMA
A. Calculation method and its validation

The transport coefficients (including electrical conductiv-
ity, viscosity, and thermal conductivity in this paper) are usu-
ally calculated based on the Chapman—Enskog method.?**°
As stated in the section of Introduction, Devoto'® and Rat
et al."™'® deduced two sets of formulas for transport proper-
ties in 2 T plasmas. The difference between the two methods
lies in the treatment of coupling between electrons and heavy
particles. It has been demonstrated by Colombo et al.*® that
this coupling shows little influence on transport coefficients.
Therefore, for electrical conductivity, the expression in the
third order approximation reported by Devoto'® is used in this

47 .5 opme—e et ——

A%

Collision integral ©(1,1) (

0.0

—— —— —————————
5000 10000 15000 20000 25000 30000 35000 40000
Temperature (K)

FIG. 9. Collision integrals Q(1, 1) for Na-Na, 05-O,, N-N, O-O, Cu-Cu, Fe-
Fe, and Ag-Ag interactions using the Lennard—Jones like phenomenological
potential.
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work, neglecting the contribution of ions. For viscosity, the
approximate formula presented by Bonnefoi®® is adopted,
which was also used by Colombo et al.'> and Ghorui ez al."®
The calculation of thermal conductivity is more complicated
as the total thermal conductivity is represented as the sum of
three components, the translational thermal conductivity,
internal thermal conductivity, and reaction thermal conductiv-
ity, respectively.?”*® Furthermore, since electrons and heavy
particles have different temperatures in 2 T plasmas, the ther-
mal conductivity can be separated for them as electron ther-
mal conductivity x, and heavy particle thermal conductivity
K, respectively'”

Ke — KZ + KI'EGL' (8)

e 9
Kp = KT w4 gl 9)
where Kﬁ,” and KZ are translational components, x[*““ and
K/¢9¢ are reactive components, and ki is internal component
for heavy particles.

For the calculation of translation thermal conductivity,
the expressions deduced by Devoto'®'*** are used. For the
internal thermal conductivity, the second order Euken
approximation'®” is applied. For reaction thermal conduc-
tivity, Chen and Li*' developed a method to calculate Ko
and K separately for argon plasma, using the basic con-
cept of Butler and Brokaw** who derived a formula for reac-
tion thermal conductivity of plasmas in LTE. Ghorui er al."®
applied the same method in more complex mixtures, which
is adopted in this work. Assuming R independent reactions
generating N species in a plasma, the two components of
reaction thermal conductivity can be expressed as'”

N
. n Th Bp-
=N Ahe— > EmD L 10
K ;2:1: PRI 4= ij] 7 oT. (10
R N
o n T, ap;
74 = Ah, —— “mD* L 11
K, ’Zl: kah;ijj rjaTha ( )

where p; is the partial pressure of species j, n and p are total
number density and mass density, respectively, A#, is the
enthalpy of reaction r, and Dj; is the ambipolar diffusion
coefficient. The total reaction thermal conductivity x5 can
thus be represented by (9) with respect to the gradient of
heavy particle temperature41
Kot = 17+ 0 - k. (12)
In order to validate the calculation described above, the
electrical conductivity, viscosity, and heavy particle transla-
tional thermal conductivity were calculated for Ar, N,, and
O, plasmas, respectively, in comparison with the results pub-
lished by Rat et al.,*” Colombo et al.,** Murphy,” and
Murphy and Arundelli.*® All the calculations were per-
formed at ambient pressure. As shown in Figures 10-12,
respectively, a good agreement is obtained, and the slight
differences observed in peaks are due mainly to the collision
integrals which were calculated using different potential or
compiled from different sources.
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FIG. 10. Electrical conductivity of argon plasma as a function of electron
temperature with different non-equilibrium degree 0 at 1 bar, compared with
the works by Rat er al.** and Colombo er al.**

B. Electrical conductivity

Based on the above method, electrical conductivity of
2T air plasma contaminated by copper, iron, and silver vapor
are calculated and discussed in this subsection. Figure 13
illustrates the electrical conductivity of pure air up to
40000K at 1 bar with three different values of 0 (1, 3, and 5).
The result in LTE (0 = 1) agrees exactly with the works by
Murphy” and D’Angola er al.® As can be seen, due to the
delay of dissociation and ionization reactions, the electrical
conductivity is shifted to a higher electron temperature as 0
increases. Additionally, in a plasma with a higher value of 0,
also because of the delay of decomposition of molecules, the
atoms generated from the decomposition reactions start to
ionize at a higher temperature and thus ionize more easily,
leading to a more rapid increase of electrical conductivity.

The influence of metallic vapours on electrical conductiv-
ity of air plasma is described in Figure 14 with 6 =3. Owing
to their low ionization potential, Cu, Fe, and Ag raise the elec-
trical conductivity of air-metal mixtures significantly between
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FIG. 11. Viscosity of N, plasma as a function of electron temperature with
different non-equilibrium degree 0 at 1 bar, compared with the works by
Murphy® and Colombo er al.**
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FIG. 12. Heavy particle translational thermal conductivity of O, plasma as a
function of electron temperature with different non-equilibrium degree 6 at 1
bar, compared with the works by Murphy and Arundelli*’ and Colombo
etal*

5000K and 17000K. However, at higher temperatures, the
ionization of nitrogen and oxygen starts to dominate the reac-
tions in the mixtures as shown in Figures 2—4, weakening the
effect of metals and diminishing the difference between dif-
ferent metals which can be observed obviously at
5000-17 000 K.

C. Viscosity

Viscosity representing the transport of momentum due to
a gradient in the velocity is one of the essential parameters in
plasma modellings.* Figure 15 compares the present results
of pure air with the results in LTE published by Murphy” and
Capitelli er al.” A good agreement can be observed except for
the distinction around the peak. As discussed in our previous
work,? this discrepancy is due mainly to the different values
of collision integrals for neutral-neutral interactions which are
responsible for the peaks of viscosity in the medium tempera-
ture range. The influence of non-equilibrium degree is also
displayed in Figure 15, showing that the departure from ther-
mal equilibrium shifts the viscosity towards a higher
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FIG. 13. Electrical conductivity of air plasma as a function of electron tem-
perature with different non-equilibrium degree 0 at 1 bar, compared with the
works in LTE (0 = 1) by Murphy® and D’ Angola ez al.®
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FIG. 14. Electrical conductivity of pure air, pure metal (Cu, Fe, Ag), and
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temperature and reduces the maximum. This can be explained
by the delay of dissociation reactions, considering that the
interactions between neutral particles dominate the peak of
the viscosity.

Figure 16 highlights the effect of metallic vapours on
the viscosity of air plasma with 0 =3 at ambient pressure.
Generally, considering that viscosity is in inverse proportion
to collision integrals,” the presence of metals decreases the
viscosity at 5000-17 000 K because neutral particles includ-
ing atoms rule the mixtures in this temperature range and the
metals (Cu-Cu, Fe-Fe, Ag-Ag) have the largest collision
integrals among them (as shown in Figure 9). However, at
higher temperatures, ions and the corresponding Coulomb
potential take the dominant place of neutral species and the
neutral-neutral potential, diminishing the influence of metals,
because the Coulomb potential depends not on the types of
ions but on their charges. It is worthy to point out that silver
influences the viscosity more dramatically before the viscos-
ity reaches the peak. This can be attributed to the delay of
dissociation of AgO compared with Cu, and FeO as dis-
cussed in Section II.
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FIG. 15. Viscosity of air plasma as a function of electron temperature with

different non-equilibrium degree 0 at 1 bar, compared with the works in
LTE (0= 1) by Murphy® and Capitelli er al.”
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FIG. 16. Viscosity of pure air, pure metal (Cu, Fe, Ag), and air-metal mix-
ture as a function of electron temperature with 6 =3 at 1 bar.

D. Thermal conductivity

Thermal conductivity is more complicated under 2T
condition than in LTE because of different components both
for electrons and heavy particles. Figure 17 compares the
total reaction thermal conductivity of air plasma in LTE
(0 =1) with the results calculated by Murphy,’ and shows a
good agreement. According to the previous works,”?*" the
peaks of reaction thermal conductivity correspond to the pre-
dominate reactions in the corresponding temperature range.
For example, the three peaks observed in pure air (0 = 1) are
attributed to the dissociation of N, and O, and ionization of
their constituent atoms. With the delay of the corresponding
reactions, increasing 6 inevitably leads to the shift of peaks.
It is interesting that only one peak can be observed when
0 =3. To explain this, each component of the thermal con-
ductivity in air plasma with 6 =3 is plotted in Figure 18. It
can be observed that heavy particle translational thermal
conductivity /', heavy particle reaction thermal conductivity
1,7, and electron translational thermal conductivity KZ'
become the key components successively with the increase
of temperature. Coincidentally, one of the peaks of electron
reaction thermal conductivity x*““ at around 17000K is

00— F—F 77—
- — Pure Air ({1 = 1)
I.‘ ===~ Pure Air (0 = 3)
Lk p T Pure Air (i = 5)
15+ 4 % it ® Pure Air {0 = 1) by Murphy o

Total reactive thermal conductivity

T T T ¥ T T I 5
15000 20000 25000 30000 35000 4000Q
Electron Temperature (K)

T ' T "
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FIG. 17. Total reaction thermal conductivity of air plasma as a function of
electron temperature with different non-equilibrium degree 0 at 1 bar, com-
pared with the work in LTE ( = 1) by Murphy.’
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FIG. 18. Components of thermal conductivity of air plasma with 0 =3 as a
function of electron temperature at 1 bar.

reac

masked by the larger peak of «;’, leading to the disappear-
ance of one of the peaks in total reaction thermal conductiv-
ity as observed in Figure 17.

The discussion of influence of metallic vapours on ther-
mal conductivity is divided into two parts for electrons and
heavy particles, respectively. Figures 19 and 20 describe the
electron thermal conductivity k, and heavy particle thermal
conductivity kj,, respectively, in pure air, pure metals, and
air-metal mixtures with 6§ =3. Below 6000K, x, is very
small because of the weak ionization. From 6000 to
13000 K, the metals with stronger ionization ability raise the
values of k.. On the contrary, from 13000 to 20000K, in
which ionization of nitrogen and oxygen rules the reactions,
the mixing of metals reduces the amount of nitrogen and
oxygen, and thus decreases k.. Above 20000K, the com-
plete ionization of atoms causes the electron translational
thermal conductivity to be the key component, and therefore,
the influence arising from metals diminishes. Compared with
K., the effect of metals on k;, is clearer. At 800020 000 K,
beyond which xj, is negligible, the metal contamination
reduces the value of x;, due to the decrease of the amounts
of nitrogen and oxygen which dominate in this temperature

10 —————————T—————
> o 6=3
=
©
=
c 6
QLI
O
E a4
— 3 -
g3
| =
=]
g 2 I Pure Air
o Z ——10% Cu ----- 100% Cu
w ——10% Fe ----- 100% Fe
0 ——10% Ag ==--- 100% Ag

T T T T L T T T

5000 10000 15000 20000 25000 30000 35000 40000
Electron Temperature (K)

FIG. 19. Electron thermal conductivity of pure air, pure metal (Cu, Fe, Ag),

and air-metal mixture as a function of electron temperature with 0 =3 at
1 bar.
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Fe, Ag), and air-metal mixture as a function of electron temperature with
0=3at | bar.

range. Generally, the difference in metal type is little except
for Ag in certain temperature range. As discussed above, this
exception is the consequence of the higher dissociation
energy of AgO than that of Cu, and FeO.

VI. CONCLUSIONS

This paper is devoted to the thermodynamic properties
and transport coefficients of 2 T air plasma contaminated by
copper, iron, and silver. The 2T compositions of pure air,
air-Cu, air-Fe, and air-Ag are first determined by solving
the nonlinear equation system based on Saha’s and
Guldberg—Waage’s laws. The specific enthalpy and specific
heat are then calculated based on the compositions. Next,
the collision integrals describing the interactions between
each particle in the air-metal plasmas are determined.
Lastly, the electrical conductivity, viscosity, and thermal
conductivity are calculated. The influences of metallic
vapours and non-equilibrium degree on air-metal plasmas
are discussed. The conclusions are drawn as follows.

(a) Copper, iron, and silver exist mainly in the form of
Cu,, FeO, and AgO at low temperatures, and AgO is
more difficult to decompose than Cu, and FeO.

(b) Generally, the contamination of metallic vapours
increases the mass density and reduces the specific
enthalpy and specific heat of air plasmas.

(c) The ionization energy of atomic O and N is close to
each other, and the dissociation energy of O, and N, is
much different, which results in the different number
of peaks in specific heat when non-equilibrium degree
increases.

(d) Collision integrals of Cu-Cu, Fe-Fe, and Ag-Ag are
much larger than those of air species, which inevitably
affect the transport properties of the plasma.

(e) The departure from thermal equilibrium causes the
delay of dissociation and ionization reactions, leading
to the shift of thermodynamic properties and transport
coefficients towards a higher temperature.

(f) The contamination of metallic vapours affects the trans-
port properties significantly from 5000K to 20000 K.
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Beyond this range, the influence of metallic vapours is
negligible.

(g) The influence arising from the type of metals is little
except for silver at certain temperatures.
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