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Abstract 
Theoretical investigation of nitrogen-silver arc transport properties and an arc plasma model in 
stationary state have studied at low temperature i.e. between 3500 K and 13,000 K at atmospheric 
pressure. Results showed that the presence of small amounts of metal vapours, which have low io-
nization potential such as silver, modify the plasma characteristics. The solution of Elenbaas-Hel- 
ler gives us some information about the effect of metal vapours emitted from electrode on the 
characteristics of the arc column. We concluded that a small fraction of metal vapours in the arc 
column modify the electric field, current and the axial temperature. 
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1. Introduction 
Metallic vapour emitted from electrode is a very important phenomenon affecting most interrupting electric de-
vices. The injections of metal vapours, into the plasma, contaminate the plasma region. Despite the amounts of 
these “contaminants” may be small, the relatively low ionization potential of such additive may have a strong 
effect on thermodynamic, transport properties of the plasma and affects the decay of wall stabilized arcs. Most 
of the available information on it has been generated by theoretical calculation of Shayler, and Fang [1], Abdel-
hakim et al. [2], Ouajji et al. [3]. Some experiments have been designed to measure it by many workers Jaya 
Ram [4], Airey et al. [5], Devoto [6], Andanson and Cheminat [7]. 
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2. Theory 
The present investigation is concerned with a theoretical calculation of the electrical and thermal conductivity, 
for an arc plasma at atmospheric pressure contaminated with silver vapours. 

These computations need complete knowledge of plasma composition. The method applied for the calculation 
is based on the following assumptions: 

1) The plasma is in Local Thermodynamic Equilibrium (LTE). 
2) The density of doubly ionized atoms, for T ≤ 14000 K can be neglected. The arc column considered in this 

calculations consists of the following species: 

2 2e, N , N , N, N , Ag, Ag .+ + +  

To determine the densities of the above mentioned species, a system of non-linear equations must be solved. 
The equations describing the densities are: 

2.1. Saha-Eggerrt Equation 
This equation relates the concentrations of the same type but with different ionization charge and can be written 
in the form: 

( ) ( )
( )

3 2

3

2π 2
expe ie i i i

o o

m kT U TN N E E
N U T kTh

− ∆ = − 
 

                       (1) 

where ,o iN N  are the densities of the fundamental and ith state of the ion species A respectively; ( )oU T  and 
( )iU T  are there corresponding partition function, eN  is the electron density, em  is the electron rest mass, 

iE  is the ionization potential of species A and iE∆  reduction in the ionization potential due to electric micro-
fields in the plasma. The other symbols have their usual meaning. 

2.2. Lowering of the Ionization Potential 
For a plasma with only singly ionized particles the following equation is used: 

( ) 7 3eV 6.9 10i eE N−∆ = ×                               (2) 
where eN  is in cm−3. 

2.3. The Law of Mass Action for Nitrogen Dissociation 
The ratio of neutral atomic nitrogen to molecular nitrogen is described by the law of mass action: 

( )
( )

22

2 2
N N3 2

NN

0.4738 exp dN U T E
T

U T kTN
 = − 
 

                        (3) 

where ( )NU T  and ( )
2NU T  are the partition functions of N and N2 respectively and Ed is the dissociation po-

tential of N2(= 9.76 eV). 
In this work, the tabulated values of the partitions by Drellishak et al. [8] have been used and that for Ag, are 

calculated according to the equation proposed by Lochte-Hojtgreven and Richter [9]. 

2.4. Charge Equilibrium in LTE Conditions 
The free electron density is related to the concentration of ions by the electric neutrality equation: 

2N N Ag
.eN N N N+ + += + +                               (4) 

2.5. Dalton’s Law 

( )2 2
N N AgN N Ag

.ep N N N N N N N kT+ + += + + + + + + ⋅                  (5) 
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2.6. Percentage of Metal Vapour in a Gas 
The fraction of silver X present in the arc column is specified by the equation: 

2 2

Ag Ag

Ag N NAg N N

.
N N

X
N N N N N N

+

+ + +

+
=

+ + + + +
                         (6) 

Equations (1)-(6) are a closed non-linear system from which the electron density Ne can be deduced. This eq-
uation is solved using Newton-Raphson iterative method after this the densities of the other species are then eas-
ily calculate. Once the composition of the plasma is known, the computation of heat, mass, and momentum 
fluxes requires the knowledge of transport properties can be obtained. 

3. Collisions Integrals 
Accurate calculations of the electrical conductivity can be obtained by knowing the collision integrals (collisions 
cross-section) of the different interactions. These quantities are defined as: 

( ) ( ) ( ) ( ) ( )
1 2

, 2 2 3
0

Ω exp d
2π

l s lskTT Q Eγ γ γ
µ

∞ + 
=  
 

∫                         (7) 

where E is the relative energy, µ is the reduced mass of colliding particles: 

i j

i j

m m
m m

µ =
+

 

γ  is the reduced initial relative velocity of the particles: 
2 E kTγ =  

and l, s are the two parameters that define the order of the collision integrals. Thus, the value of the above quan-
tities can be calculated by performing the following integrals: 

3.1. The Relevant Cross-Section Q(l)E 
( ) ( ) ( )0

2π 1 cos dl lQ E b bϑ
∞

= −∫  

where b is the impact parameter. 

3.2. The Classical Deflection Angle ϑ(b, E) 

( )
( )

3

1 22

2

d, π 2

1mr

r rb E b
b V r E
r

ϑ
∞

= −
 
− − 

 

∫  

where rm is the distance of the closest approach of the two particles in the potential field V(r). 
From the above expressions we can say that the problem of calculating Ω(l,s) reduces the knowledge of V(r). 

The binary collision can be classified into four categories in the thermal plasma. 

3.3. Binary Collision 
3.3.1. Charged-Charged Collisions 
For calculating the collision integrals of charge-charge interaction, Liboff’s method [10] is used as described in 
Preuss [11]. 

3.3.2. Electron-Neutral Collisions 
1) Electron-Silver: The momentum transfer cross-section ( )l

cQ E  is calculated according to the values for 
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the differential cross-section S(E, ϑ) (Trajmar et al. [12]). Thus, 

( ) ( )( )
2π

0

2π , 1 cos sin dl l
cQ E S E ϑ ϑ ϑ ϑ= −∫  

Then, we used the value of ( )l
cQ E  to calculate the collision integrals ( ),l s

ijΩ  which have been described by 
Hirschfelder et al. [13]: 

( ) ( )
( ) ( )

( ), 2

0

4 1
exp d

1 ! 21 1
l s l c

ij c c cl

l E
Q E E E

kTS l

∞+  Ω = − ⋅    + + − 
∫  

2) Electron-nitrogen: in this case the values given by Capitlli and Devoto [14], for e-N and e-N2 are used in 
our program. 

3.3.3. Neutral-Neutral Collisions 
These collisions are N-N, N-N2, N-Ag, N2-N2 and Ag-Ag. We classified these interactions as follows: 

1) Silver-silver and silver-nitrogen: For these interaction, we used Lenard-Jonse potential. The collision in-
tegrals calculated with potential are tabulated as a function of reduced temperature T* which is given by: 

* kT T
ε

 =  
 

 

where ε is the maximum energy of attraction. 
2) Nitrogen-nitrogen collisions: For these type of collisions the results of Capitlli and Devoto [14] of colli-

sion integrals are used. 

3.3.4. Ion-Neutral Collisios 
For N+-N collision, the results of collision integrals given by Capitelli et al [15] are used. The collision integrals 
for the other interactions are calculated. 

4. Electrical Conductivity 
The electrical conductivity σ is simply defined by the equation: 

J Eσ= −  

where J is the charge flux density and E is the electric field. 
Because of their relatively high inertia the ions remain at rest, only the electrons moving. The electrical con-

ductivity is mostly due to the electrons so that the Chapman-Enskog method poorly converges for σ. Thus the 
third approximation must be used to calculate the electrical conductivity. In this interpretation we used the fol-
lowing relation, descriped by Devoto [16], to calculate σ to a third approximation: 

( )
( ) ( ) ( )

21 2 11 22 12
2 2

200 11 22 12 01 12 02 01 22 02 01 12 02 11

3 2π
2 e

e

q q q
e N

m kT q q q q q q q q q q q q q q
σ

− 
= ×     − + − + −  

 

where the coefficients qmp are functions of the collision integrals, temperature and density of the particles. 

5. Thermal Conductivity 
This physical quantity can be calculated using the following equation. proposed by Spitzer and Harm (Mitchner 
and Kruger [17]): 

1 22

3.2
8

e

ei ei e
i

k N T
N Q km

λ
 

=  
 ∑
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where eiQ  and eiN  are the effective electron momentum transfer cross-section and the number density of the 
ith particle species respectively. The effective electron ion cross-section eiQ  is given by: 

4

2 2
ln .ei

e

e kTQ
kT e N

 
=   

 
 

6. Stationary State 
The equation of conservation of energy is used successfully to describe the arc plasma in stationary state and to 
calculate plasma parameters (temperature, electrical and thermal conductivity) of the cylindrical arcs. This equa-
tion relates the input electrical energy JE, due to the electric field E, to the losses in energy due to thermal con-
duction and radiation. Considering an optically thin wall stabilized arc at atmospheric pressure and neglecting 
the radial convection this equation can be written in the form: 

0divQ JEµ+ − =                                   (8) 

where ( )J Eσ=  is the electric current intensity, σ is the electrical conductivity and µ is the net emission of 
radiation. The heat flux density Q is related to the plasma temperature by the following: 

Q Tλ= − ∇                                      (9) 

where λ is the thermal conductivity. Considering that the positive column cylindrical in shape, Equation (8) can 
be written the form: 

22
2

2

d d d d 0
d d dd

T T TE
T r r rr
λ λσ µ λ  − + + + = 
 

                      (10) 

This equation is a second order differential equation, which has single solution at r = 0 or d d 0T r = , be-
cause of symmetrical solving. Then we can write this equation in the following form: 

2
2

2
0

d2 0
d r

TE
r

σ µ λ
=

 
− + = 

 
                            (11) 

We can neglect the radiation in the case low temperature gas heating i.e. when the gas temperature in the arc 
is less than 12,000 K. Thus the radiation is not present in the balance. It is usually observed experimentally in 
the case of air heating at approximately atmospheric pressure and at not too high density of arc current. So, the 
main losses are determined by heat conductivity and the balance of energy of a plasma column looks like: 

2
2

2
0

d2 0
d r

TE
r

σ λ
=

 
+ = 

 
                             (12) 

To solve this equation we used the assumptions used in the reference [18]. 

7. Results 
The computation of the electrical and thermal conductivities of nitrogen contaminated with electrode metal va-
pours from silver electrode necessitates complete knowledge of plasma composition. This composition was 
computed using the method mention above. The curves of Figure 1 represent the electron densities of nitrogen 
population, at different concentration of silver vapours, as a function of temperature. At low temperature (T < 
8000 K) the electron density is due to the ionization of silver atoms while at high temperature (T > 10000 K) it 
comes from the ionization of nitrogen atoms. This is because of the ionization potential of nitrogen (EN ≈ 14.53 
eV) is higher than that of silver (EAg ≈ 7.57 eV). The plasma composition for nitrogen-0.1% silver mixture as a 
function of plasma temperature at atmospheric pressure is shown in Figure 2. 

Figure 3 shows the variation of the electrical conductivity as a function of temperature and concentration of 
silver vapour. At low temperature i.e., (T < 8000 K) the electrical conductivity is significantly enhanced by the 
presence of silver vapour. This is clearly due to the lower of ionization potential of silver in comparison with  
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Figure 1. Electron densities of nitrogen at different concentration of silver plasma at atmospheric pressure. 
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Figure 2. Plasma composition as a function of temperature for (N2-Ag) and X = 1% Ag at atmospheric pressure. 
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Figure 3. The electrical conductivity as a function of arc temperature at different concentration of silver vapours. 
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that of N2 molecule ( )N2
15.581 eVE ≈  and N, hence raises the free electron density. At high temperature i.e. 

(T > 10000 K), silver is nearly fully ionized thus no further contribution to the electrical conductivity of silver 
vapour as the temperature of the plasma increases. 

The thermal conductivity as a function of arc temperature at different concentration of silver vapour is shown 
in Figure 4. We remark that, the presence of silver vapour (about 0.1%) modify the thermal conductivity of the 
arc column. This can be interpreted as that an increasing in the electron density eN  emitted from silver is ac-
companied by decreasing in axial temperature Figure 5. A strong effect of to the total thermal conductivity by 
the presence of high concentration of silver vapour (10%Ag). Since this vapour is primarily responsible for the 
electron concentration at these temperature levels, the Ag vapor governs the contribution of the electrons to the 
thermal conductivity above 8000 K. In Figure 6, calculated radial profile of the electrical conductivity for a 20 
A arc at different concentration of silver vapours. 
 

 
Figure 4. The thermal conductivity as a function of arc temperature at different concentration of silver vapours. 
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Figure 5. Radial temperature distribution for an arc of 0.25 cm arc radius at different concentration of silver vapours. 
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Figure 6. Radial distribution of the electrical conductivity for a 20 A arc at different concentration of silver vapours. 
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The variation of the axial temperature as a function of arc current for different concentration of silver vapour 
is plotted in Figure 7. We remark that at low current (~25 A), the axial temperature due to the presence of silver 
vapours, is maximum. By increasing the current, the silver arc electrode reaches melting temperature and the arc 
core strongly contaminated with silver vapour which decrease the axial temperature. 

The arc characteristic, i.e. the relation between the electric field strength as a function of arc current is shown 
in Figure 8 at different concentration of silver vapours. We remark that the presence of metal vapour in the arc  
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Figure 7. Calculated evolution of axial temperature versus arc current intensity in N2-Ag mixture and pure N2. 
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Figure 8. The variation of the electric field with current for different concentration of silver vapours. 
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Figure 9. Evolution of axial temperature with the variation of arc cur-
rent for different authors. 

 
column modify the arc characteristic for a current of about 25 A. This result approaches the concept of the effect 
of increasing the electrical conductivity at low temperature region of the plasma. 

The variant of axial temperature as a function of arc current for different workers is plotted in Figure 9. It can 
be seen that our calculations agree closely with those of Ouajji et al. [3] and Hermann et al. [19] until 50 A arc 
current and significantly lower with that of Sakuta et al. [20]. 

8. Conclusions 
We predict transport properties of silver-nitrogen gas mixtures in a temperature range from 3000 K to 15,000 K, 
which are important for an electric arc circuit breakers. When the metal vapours are mixed in with a gas of weak 
ionization potential; their influence is less clear than in a gas with a high ionization potential. 

The presences of silver vapours in the arc column at atmosphere pressure have a significant effect on the 
temperature distribution, and voltage requirements [21]. This effect is, nevertheless, heavily dependent on the 
nature of the components of the mixture. When the metal vapours, ejected from electrode, are mixed in with a 
gas of low ionisation potential; their influence is less obvious than that in a gas with a high ionization potential. 
This can be observed, if the comparison between the axial arc temperature of an Ar-Ag [22] and N2-Ag mixtures 
is more strongly influenced by the presence of the silver than it is in a SF6-Ag mixture where the sulphur has a 
higher ionization potential than that is of copper [23]. The metal vapours have an appreciable influence on the 
electrical conductivity and on the radiation. The results show that the effect on electrical conductivity is pre-
ponderant in low-current arcs whereas that on radiation outweighs it at high currents. 
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