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Abstract 

Electrical equipment, such as circuit breakers, often encounters operational issues, such as short-circuit failures. These 

malfunctions can be attributed to the deposition of aerosols containing aluminium oxide (Al2O3), calcium oxide (CaO), ferric 

oxide (Fe2O3), and silica (SiO2) on the devices. Previous studies have examined the influence of dust particles, such as silica, on 

the performances of circuit breakers. Silica significantly modifies molar fractions, leading to the formation of solid and liquid 

phases of SiO2 that condense on the surfaces of the gas generator. This results in changes to the dynamic viscosity of the arc, its 

motion and speed. However, these recent studies did not consider the combined effects of various species, including Fe2O3, CaO, 

Al2O3, and CO, which can be present in dust deposits depending on regional environmental conditions. To enhance the protection 

of circuit breakers from dust, this study investigates the effect of aerosols on the transport coefficients of air plasma in local 

thermodynamic equilibrium (LTE), for atmospheric pressure and temperatures ranging from 2,000 K to 30,000 K. Transport 

coefficients are calculated using the Chapman-Enskog method. The findings reveal alterations in the transport properties of the 

electric arc plasma during the circuit-breaking process. A reduction in thermal conductivity, and dynamic viscosity with 

increasing temperature is observed. However, thermal conductivity increases at 4,000 K, respectively, and both the mass density 

and electrical conductivity of the plasma increase with temperature. Consequently, the presence of these aerosols within the 

circuit breaker during the cutoff phase adversely affects its performance, potentially leading to leakage currents post-operation or 

even to fire hazards in cases of unsuccessful circuit interruption. 
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1. Introduction 

Dust is an environmental factor that can accelerate the 

ageing and malfunction of electrical equipment. The West 

African region, located within the intertropical zone, extends 

from 4°N to the southern edge of the Sahara (~20°N) and from 

18°W to 20°E (eastern border of Lake Chad) [1]. This region 

is a significant source of desert aerosols, including dust par-

ticles, sand, pollen, volcanic ash, and sea spray. The transport 

of these particles through West Africa is largely influenced by 

regional atmospheric dynamics, particularly the Harmattan 

and monsoon winds [1-5]. 

The chemical composition of aerosols in West Africa 

varies depending on soil characteristics. They are typically 

composed of aluminium Al2O3, calcium CaO, ferric Fe2O3, 

and silica SiO2 [6-13]. The most abundant chemical com-

pounds in aerosols are silicon, calcium, ferric, and alumin-

ium oxides. Carbon oxide species originate from biomass 

fires and fossilfuel production. Furthermore, silica repre-

sents up to 60% of the total mass. After silica, the most 

abundant oxides are aluminium oxides (Al2O3) and ferric 

oxides (Fe2O3) [10, 11]. The composition and concentration 

of the chemical compounds in aerosols vary depending on 

the area. The proportions of the mass considered in this work 

are related to desert sandstorms, to the composition of the 

soil in the region and to human activities. SiO2 is the dom-

inant species. In Ouagadougou, the red colour of the dust 

indicates the presence of Fe2O3 in a higher proportion than 

CaO or Al2O3 which nevertheless have non-negligible con-

centrations. The literature does not provide any work pre-

senting a clear composition of aerosols. Some works usually 

focus on specific chemical species (and their mass fractions) 

directly dependent on the region studied [1, 3, 9-11]. 

Therefore, desert aerosols combine with anthropogenic 

pollutants, such as hydrocarbons [14, 15]. This heteroge-

neous mixture then accumulates in electrical equipment, 

including circuit breakers. Through air vents, the mixture 

enters circuit breakers and is deposited on the electrodes and 

inside the break chamber [16, 17]. Figures 1 to 2 show dust 

episodes and accumulation on circuit breakers. Recent 

studies have demonstrated the impact of dust particles, such 

as silica, on circuit breaker performance [16, 17]. Silica 

significantly modifies the molar fractions, forming the solid 

and liquid phases of SiO2 that condense on the surfaces of the 

gas generator. This process changes the dynamic viscosity of 

the arc, its motion and speed [16, 17]. Aerosols can degrade 

electrical circuits and circuit breaker components. However, 

previous studies did not examine the combined effects of 

various species, including Fe2O3, CaO, Al2O3, and CO, 

which can be present in dust deposits depending on regional 

conditions. This study aims to investigate the effects of 

aerosols on the transport coefficients of plasma in the West 

African region. 

The remainder of this paper is organised as follows: Section 

2 describes the methods for computing transport coefficients; 

Section 3 discusses the effects of aerosols on these properties; 

and Section 4 presents the conclusions. 

 
Figure 1. Dust storm in Ouagadougou in 2024 (https://netafrique.net). 

 

Figure 2. Dust deposition on circuit breakers [16]. 

2. Methods and Materials 

A circuit breaker may be required to operate in a polluted 

environment for a long time. From a review of the literature, 

aerosols are mainly composed of silica, ferric oxides, alu-

minium oxides, calcium oxides, and carbon monoxide. In 

this work, we assume that 1 g of aerosol consists of 50% 

SiO2, 20% Fe2O3, 10% Al2O3, 5% CO, and 15% CaO in mass 

proportions. The percentages were determined based on the 

estimated proportions of the studies, as there are no studies 

that provide the exact proportions of aerosols in this region. 

This work is entirely theoretical because the experimental 

setup and associated diagnostic equipment are very expen-

sive. 

In this study, the plasma is supposed to be in LTE for 

temperatures between 2,000 and 30,000 K, assuming only 

gaseous phases. All the results of the transport coefficients are 

presented at atmospheric pressure (1 atm). 
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2.1. Transport Coefficients 

Based on Sonine polynomial expansions, we used the 

well-known Chapman-Enskog method to solve the Boltz-

mann equation and determine the transport coefficients 

[18]. 

2.1.1. Electrical Conductivity (Ω
-1

m
-1

) 

Devoto developed a third-order approximation to calculate 

the electrical conductivity of a partially ionised gas [19], 

written as: 

11 12
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where kb is the Boltzmann constant, and n1 and m1 are the 

density of the population number (m-3) and the mass (kg) of 

the electrons, respectively. ijq are functions depending on the 

population number densities of the particles and average 

effective collision cross-sections. 

2.1.2. Thermal Conductivity (W.m
-1

.K
-1

) 

The total thermal conductivity tot  of the plasma was 

calculated by adding the four terms described below: 

tot int
h e
tr tr reac                     (2) 

tr
h is the translational contribution of heavy particles ob-

tained using a second-order approximation: 

11 1 1

1

1

11 1

1

0
4

v

ii

v vv v

vh
tr

v

v vv

L L x

L

L L x

x x

L L

L L

 
              (3) 

The coefficients ijL  are given by Muckenfuss [20]. 

tr
e is the translational contribution of electrons expressed 

in the third-order approximation by Devoto [19, 21]: 
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where the functions ijq are the same as those used for the 

electrical conductivity. 

int is the internal conductivity caused by the effect of the 

internal degrees of freedom and was calculated considering 

the Eucken correct [22, 23] as follows: 
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with  int i
  the internal conductivity of the chemical species 

i, and  1ijD  the binary diffusion coefficients deduced using 

the first-order approximation. 

reac is the reactive thermal conductivity which describes 

the transport of chemical enthalpy through temperature gra-

dients. This coefficient was calculated using the general the-

ory of diffusion fluxes by assuming a compact form under the 

hypothesis of local chemical equilibrium along the tempera-

ture gradient. For a system of υ independent chemical reac-

tions (dissociation, ionisation) and µ chemical species, we 

used the Butler and Brokaw equation [21, 24-26]: 
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where iH  is the enthalpy variation during the ith reaction 

[21, 26]. 

2.1.3. Viscosity (kg.m
-1

s
-1

) 

The viscosity can be attributed to heavy chemical species 

due to the low mass of electrons. The viscosity was thus cal-

culated as follows [26, 27]: 

http://www.sciencepg.com/journal/ajpc


American Journal of Physical Chemistry http://www.sciencepg.com/journal/ajpc 

 

80 

11 1 1

1

1

11 1

1

0

H H x

H H x

x x

H H

H H



  





 

  
            (9) 

where 

 

 

 

1,12

2 2,2
1

52

3

i i k i k ik k
ii

i ik ik i k ik
k i

x x x M M M
H

MM M



 



  
   

      

   (10) 

 

 

 

1,1

2 2,2

2 5
1

3

i j i j ij

ij
ij

i j ij

x x M M
H

M M

 
   

 
   

       (11) 

 
6

2,2
2.6693*10

i
i

ii

M T
n 


              (12) 

 
6

2,2

2

2.6693*10

i j

i j

ij

ij

M M

M M
n 

 
 
  





        (13) 

with   the total number of reactions considered, and 
 ,sl

ij  

the collision integrals for each collision between two particles 

i  and j (defined in the next section). 

2.2. Collision Integrals 

In thermal plasmas, the transport coefficients are calculated 

based on a specific method for solving the Boltzmann equa-

tion, known as the Chapman-Enskog method, which was 

presented in exhaustive detail by Hirschfelder [28]. Accord-

ing to this method, transport properties are obtained by 

computing collision integrals. These functions characterise an 

interaction between two particles i and j [28] and are ex-

pressed as follows: 
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where  
1/2

/ij r bk T   is the relative velocity, ij is the 

reduced mass and r  is the kinetic energy. 

The term 
   
l

ij rQ   is the momentum transport 

cross-section which depends on the differential cross-sections, 

and consequently, on the interaction potentials [19, 21, 23]. 

calculation of the collision integrals was made by considering 

four types of interactions: neutral-neutral interactions, neu-

tral-ion interactions, electron-neutral interactions and 

charged-charged interactions. 

For air-aerosol mixtures, we considered 34 monatomic 

species (C, O, N, Si, Al, Fe, Ca, C+, O+, N+, Si+, Al+, Fe+, Ca+, 

C−, O−, N−, Si−, Al−, Fe−, C++, O++, N++, Si++, Al++, Fe++, Ca++, 

C+++, O+++, N+++, Si+++, Al+++, Fe+++, Ca+++) and electrons; 31 

diatomic species (C2, O2, N2, Si2, Al2, Fe2, Ca2 CO, CN, SiC, 

AlC, NO, SiO, AlO, SiN, FeO, AlN, CaO, C2
+, O2

+, N2
+, CO+, 

CN+, NO+, AlO+, CaO+, N2
-, C2

-, O2
-, CN-, and AlO-); and 40 

polyatomic species (CO2, C3, CCN, CNC, CNN, C2O, O3, N3, 

NCO, NO2, N2O, NCN, SiC2, SiO2, Si2C, Si2N, Si3, AlC2, 

AlO2, Al2O, OCCN, C2N2, CNCOCN, C3O2, C4, NO3, N2O3, 

N2O4, N2O5, Al2C2, Al2O2, Al2O3, Fe(CO)5, N2O
+, CO2

+, 

Al2O
+, Al2O2

+, AlO2
-, NO3

-, and NO2
-). 

For neutral-neutral interactions, we used collision integrals 

from Capitelli et al. [22] to consider the following interactions: 

O-C2N, N-C2, N-CN, N-CO, N-C3, N-N3, N-O3, N-C2N, 

N-CO2, N-C2O, N-NO2, N-N2O, N-CNO, NO-C3, NO-N3, 

NO-O3, NO-C2N, NO-CO2, NO-C2O, NO-NO2, NO-CNO, 

NO2-NO2, N2O-CNO, N2O-N2O, NO2-CNO, NO2-N2O, 

N2-CN, N2-CO, N2-NO, N2-C3, N3-N3, N2-N3, N2-O3, N2-C2N, 

N2-C2O, N2-CO2, N2-NO2, N2-N2O, N2-CNO, N3-O3, N3-C2N, 

N3-CO2, N3-C2O, N3-NO2, N3-N2O, N3-CNO, C-C3, C-N3, 

C-O3, C-C2N, C-CO2, C-C2O, C-NO2, C-N2O, C-CNO, C-N, 

C-O, C-C2, C-N2, C-O2, C-CN, C-CO, CN-CN, CN-CO, 

CN-NO, CN-C3, CN-N3, CN-O3, CN-C2N, CN-CO2, CN-C2O, 

CN-NO2, CN-N2O, CN-CNO, CO-O3, CO-C2N, CO-CO2, 

CO-C2O, CO-NO2, CO-N2O, CO-CNO, CO-CO, CO-NO, 

CO-C3, CO-N3, CNO-CNO, C2O-CNO, C2-C2, C2-N2, C2-O2, 

C2-CN, C2-CO, C2-NO, C2-C3, C2-N3, C2-O3, C2-C2N, C2-CO2, 

C2-C2O, C2-NO2, C-C, C2-N2O, C2-CNO, C3-C3, C3-N3, 

C3-C2N, C3-CO2, C3-C2O, C3-NO2, C3-N2O, C3-CNO, C3-O3, 

C2N-C2N, C2N-CO2, C2N-C2O, C2N-NO2, C2N-N2O, 

C2N-CNO, CO2-CO2, CO2-C2O, CO2-NO2, CO2-N2O, 

CO2-CNO, C2O-C2O, C2O-NO2, C2O-N2O, O-CO2, O-C2O, 

O-NO2, O-N2O, O-CNO, O-C2, O-CN, O-CO, O-NO, O-C3, 
O-N3, O-O3, O2-CN, O2-CO, O2-NO, O2-C3, O2-N3, O2-O3, 

O2-C3N, O2-CO3, O2-C2O, O2-NO2, O2-CNO, O2-N2O, O3-O3, 

O3-C2N, O3-CO2, O3-C2O, O3-NO2, O3-N2O, and O3-CNO 

[22]. Capitelli et al. give collision integrals for N2-N2, N2-O2, 

NO-NO, N-NO, N-N, N-N2, N-O2, NO-N2, O-O, O-N2, O-O2, 

O2-O2, and N-O [29]. For the remaining neutral-neutral in-

teractions, we used a Lennard-Jones 12-6 potential and its 

parameters (εij, and σij) according to the following equations 
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where A, B, C, D, F, G, H, S, P, and W are defined by Neufeld 

[30]. Table 1 lists the Lennard-Jones parameters used to cal-

culate the remaining collision integrals. 

For the missing collision integrals, we used the approxi-

mation 
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For the neutral-charge interactions we used the collision 

integrals from the work of Capitelli et al. [29] for N −N+, 

O−O+, N −N++, O−O++, O−N+, N −O+, N2-N2
+, and O2-O2

+. 

For C−C+, C−C−, C−N−, C-N+, C-O+, C-O−, C-N2
+, C-C2

+, 

C-O2
+, C-CN+, C-CO+, C-NO+, C-CO2

+, N-C+, O-C+, N2-C
+, 

C2-C
+, O2-C

+, CN-C+, CO-C+, CO2-C2
+, N2-C2

+, O2-C2
+, 

CN-C2
+, CO-C2

+, NO−C+, C3−C+, CO2−C+, N−C-, O−C−, 

C2−C−, N2−C−, O2−C−, CN−C−, and CO−C− collisions, they 

were obtained from the works of Capitelli et al. [22]. The 

other ion-neutral interactions were considered to be elastic 

collisions. The corresponding collision integrals were calcu-

lated using the theoretical expressions proposed by Kihara [37, 

38]. 
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where  
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4
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0.7166A  , Zi is 

the charge number of the charged particle, and 0  the per-

mittivity of vacuum. The polarizability constants α used for 

the neutral particles are reported in Table 2. For load transfer, 

collisions have considerably larger cross-sections than elastic 

collisions. Charge transfer is equivalent to deflecting the 

particle from π-χ, where χ represents the angle of deviation in 

an elastic collision. The momentum transport cross-section is 

then written as: 
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where exP  is the probability of charge exchange, and n is the 

index of the nth potential curve. If n is even, the terms that 

contain them exP  disappear, the collision becomes elastic, 

and the charge is exchanged. The effective odd-order collision 

integrals are considered to be the result of the geometrical 

mean of the elastic and inelastic resonant contributions: 
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2 2

, , ,l s l s l s

exel
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For electron neutral interactions, collision integrals of e−O, 

e−C, e−N, e−N2, e−O2, e−CO, and e−NO were obtained 

from Capitelli et al. [22]. For e−Si, e−Si2, e−SiO2, and e−SiO 

collisions we used data from André et al. [33] while André et 

al. [26] was used for e−C3, e−CO2, e−C2, e-O3, and e−CN. 

The last collision integrals for e-Al, e-Fe, e-Al2, e-Fe2, e-AlN, 

e-AlO, e-FeO, e-CaO, e-CNN, e-C2O, e-N3, e-NO2, e-N2O, 

e-NCN, e-AlO2, e-Al2O, e-C2N2, e-C3O2, e-C4, e-NO3, e-N2O3, 

e-N2O4, e-N2O5, e-Al2O2, e-Ca, e-CaO, e-AlC, e-SiC, e-Ca2, 

e−SiC2, e-Si2C, e-Si2N, e-Si3, e-AlC2, e-OCCN, e-CNCOCN, 

e-Al2O3, e-SiN, e−Fe(CO)5, and e-AlN interactions were 

obtained using the polarisability method (Equation 18). 

Interactions between charged species were described by the 

screened Coulomb potential using the Debye radius as the 

screening distance. We used the collision integrals established 

by Devoto [41] from the momentum transport cross-sections 

given by Liboff [40], written as: 
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In this study, only electrons were considered for computing 

the Debye length according to Mason's work [42]. 
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Table 1. (12, 6) Lennard-Jones parameters used in our calculation. 

Species σij (A
˙
) εij (K) References Species σij (A

˙
) εij (K) References 

C 3 100 [26] NCO 3.828 232.4 [31] 

CO 3.60 100 [26] NO2 3.765 210 [35] 

CO2 4 200 [26] N2O 3.828 232.4 [35] 

CNC 3.828 252 [31] NCN 3.577 71.850 [32] 

C2 3.621 97.53 [26] NO3 3.462 114.810 [35] 

CNN 3.557 71.850 [32] N2O3 3.381 198.06 [35] 

C2O 3.487 57.867 [32] N2O4 4.621 347 [35] 

C3 3.649 48.33 [32] N2O5 3.276 197.086 [35] 

C3O2 3.538 79.757 [32] N 2.98 119 [26] 

C2N2 4.661 349 [31] N2 3.68 91.5 [26] 

Si 3.3 3170 [33] N2-N 3.33 104.5 [26] 

FeO 4.7604 565.774 [34] N2 -O2 3.557 101.85 [26] 

Fe 4.3 3000 [28] N2-NO 3.6 109.14 [26] 

Fe2 5.417 3000 [28] NO 3.53 105 [26] 

Al 2.655 2570 [28] O 2.8 117 [26, 33] 

Al2 2.940 2570 [28] O2 3.499 100 [26] 

AlN 3.369 443.439 [35] O2-O 3.011 107.3 [26] 

AlO 3.204 541.687 [35] O2-NO 3.479 111.65 [26] 

AlO2 3.044 557.449 [35] O-NO 3.150 120.5 [26] 

Al2O 2.995 541.689 [35] O3 3.756 100 [26] 

Al2O2 3.186 557.449 [35] Ca 3.60 2497 [36] 

N3 3.199 75.918 [35]     

Table 2. Polarisability constants of neutral species used in the calculation code. 

Species Value (10
−30

.m
3
) Reference Species Value (10

−30
.m

3
) Reference 

Fe 8.40 [28] Al2O2 18.261 [35] 

Fe2 16.80 [28] Si 5.38 [33] 

FeO 9202 [34] Si2 10.76 [33] 

CNN 3.96 [32] SiO 6.18 [33] 

C 1.76 [26] SiO2 6.98 [33] 

NCN 3.96 [32] O2 1.6 [32] 

C3O3 6.884 [32] O 0.802 [26] 

CO 1.95 [26, 32] O3 3.21 [32] 

C2N2 7.99 [32] N3 2.7 [32, 35] 

C3 4.9 [26, 32] N2 1.753 [32] 

C2O 3.2 [32] N 1.10 [26] 
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Species Value (10
−30

.m
3
) Reference Species Value (10

−30
.m

3
) Reference 

C4 7.04 [32] NO 1.70 [26, 32] 

CO2 2.911 [24] NO2 3.02 [32] 

CN 2.1 [32] N2O 3.03 [34, 35] 

Al 8.34 [28] NO3 3.506 [35] 

Al2 16.68 [28] N2O3 4.606 [35] 

AlN 9.44 [35] N2O4 6.69 [35] 

AlO 9.142 [35] N2O5 6.210 [35] 

AlO2 9.921 [35] Ca 22.8 [nist] 

Al2O 17.482 [35] CaO 2.841 [39] 

Table 3. Comparative analysis of the transport properties. 

Temperature Electrical conductivity (Ω
-1

m
-1

) Thermal conductivity (W.m
-1

K
-1

) Dynamical Viscosity (kgm
-1

s
-1

) 

 Capitelli Result Differences (%) Capitelli Result Differences (%) Capitelli Result Differences (%) 

7000 327.7 317.36 3.26 4.27 4.41 3.85 2.33E-4 2.15E-4 8.37 

10000 3264 2997.51 8.89 1.37 1.45 5.51 2.61E-4 2.58E-4 1.16 

15000 8418 7562.64 11.3 3.66 3.30 10.9 8.61E-5 8.21E-5 4.87 

 Boulos Result Differences (%) Pascal Result Differences (%) Pascal Result Differences (%) 

7000 264.1 317.36 16.78 3.71 4.41 15.87 2.04E-4 2.15E-4 5.11 

10000 2705.5 2997.51 9.64 1.44 1.45 0.7 2.41E-4 2.58E-4 5.59 

15000 7796.4 7562.64 3.09 3.43 3.30 1.30 7.62E-5 8.21E-5 7.18 

 

3. Results 

 

Figure 3. Thermal conductivity of air plasma at atmospheric pres-

sure. Comparison with the literature. 

The transport properties of air-aerosol mixtures under the 

assumption of the LTE were evaluated for a temperature 

range of 2,000 to 30,000 K, and atmospheric pressure. These 

properties depend on the plasma composition, as previously 

described. 

There were no existing data were available for the 

air-aerosols mixtures proposed in this work. However, pre-

vious research has focused on other pure gases or mixtures, 

including air, nitrogen, carbon dioxide (CO2), CF3I, argon - 

copper, argon - aluminium, C4F7N-CO2-O2, air-PA66-copper, 

or C4F7N plasmas [43-54] for example. 

To validate our code MATLAB, we compared our results 

with those already published data such as those of dry air 

plasma [43-46]. 

The transport properties are listed in Table 3. Figures 3-5 

compare thermal conductivity, electrical conductivity, and 

dynamic viscosity with data from Boulos et al. [43], Pascal 

[55], and Capitelli et al. [22]. Our results being Capitelli et al 

[22]. Our electrical conductivity at 7,000 K differs by 16.78% 

with Boulos et al. [43] and 3.26% with Capitelli et al. [22], 

while 15.87% and 3.85% are observed between our thermal 
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conductivity and data given by Pascal [55] and [22] respec-

tively. Better agreement is obtained by comparison with 

those of Capitelli because we used the same collision inte-

grals for neutral-neutral, neutral-charged and elec-

tron-neutral interactions. The differences with other works 

may be due to the choice of interaction potentials (Hul-

bert-Hirschfelder or Lennard-Jones potentials), as well as 

the methods used to obtain collision integrals (numerical or 

approximation methods). Furthermore, the expression used 

to calculate the Debye length: considering both electrons and 

ions or electrons only, significantly impacts the 

charge-charge interactions and therefore the results at high 

temperatures (T>20,000 K). We did not choose the same 

interaction potentials as those authors in our code, due to the 

lack of details in their studies. 

 

Figure 4. Electrical conductivity of the air plasma at atmospheric 

pressure. Comparison with the literature. 

 

Figure 5. Viscosity of air plasma at atmospheric pressure. Com-

parison with the literature. 

4. Discussion 

The total thermal conductivities of the various mixtures 

plotted in Figure 6 show the same behaviour, with a first peak 

at ~3,500 K, a second peak at ~7,000 K for all curves, and a 

third peak at ~15,000 K. These peaks are caused by dissocia-

tion and ionisation reactions. The first peak is attributed to the 

dissociation of CO2, FeO, AlC, CN, SiC, AlC, SiN, NO, O2, 

Al2O, SiO3 and, other polyatomic molecules. The second peak 

is attributed to the dissociation of N2 and CO. The third peak 

is related to the ionisation of C, O, and N. The influence of 

ions Al+, Fe+, Ca+ and Si+ resulting from the mixture appears 

for temperatures between 13,000 K and 20,000 K. In this 

temperature range, conductivity is closely related to diffu-

sion-type collision integrals (l=1). For temperatures above 

20,000 K, the thermal conductivity is mainly due to the 

translation of electrons, with plasmas almost totally ionized. 

The thermal conductivity strongly depends on the reaction 

thermal conductivity at temperatures corresponding to the 

dissociation and ionisation temperatures of the various parti-

cles. 

Thermal conductivity is a very important property since it 

characterises the ability of a plasma to evacuate the heat 

stored by the creation of the arc and is therefore directly 

linked to the arc lifetime. Therefore, this property gives in-

formation about the interruption capability of a gas. Its im-

portance is particularly evident in its reaction component, 

following equation [56]: 

max. t
R C                     (22) 

with, tC is a constant,  the arc lifetime and max
R the 

maximum of the reaction thermal conductivity. Thus, the 

higher the maximum reaction thermal conductivity, the 

shorter the arc lifetime. 

 

Figure 6. Thermal conductivity of air-aerosol mixtures at atmos-

pheric pressure. 

In Figure 6, we can observe that air plasma has the highest 

thermal conductivity and that the presence of dust in the 

mixture decreases the thermal conductivity, except at tem-

peratures below 3,000 K. These lower values are due to the 
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low dissociation and ionisation energies of the aerosol parti-

cles. The reaction thermal conductivity of air at 7,000 K is 

equal to 3.81 W.m-1K-1, an addition of 1% aerosol reduces it to 

3.67 W.m-1K-1, while 10% addition reduces it to 3.02 

W.m-1K-1. This decrease can lead to an extension of the arc 

lifetime, which is detrimental to the arc cut-off and to the 

rapid dielectric regeneration in the arc chamber. Aerosols can 

therefore cause circuit breaker failure. 

 

Figure 7. Electrical conductivity of air-aerosol mixtures at atmos-

pheric pressure. 

Figure 7 shows the evolution of electrical conductivity as a 

function of temperature and aerosol proportion. This coeffi-

cient varies very rapidly with temperature. Very low electrical 

conductivity values are observed for low temperatures and 

high values for high temperatures (e.g., the electrical con-

ductivity of a mixture of 99% air - 1% aerosols is equal to 

70.16 Ω−1m−1 at 4,000 K and 3,037.37 Ω−1m−1 at 10,000 K). At 

low temperatures (<10,000 K), electron-neutral collisions 

strongly affect the behaviour of this property because they 

vary proportionally to the square of the number density of 

electron populations which varies rapidly due to the ionisation 

phenomena. Indeed, this density increases considerably when 

the mixture contains species having weak ionisation energies 

(this is the case for metallic or alkaline species). Therefore, a 

very small concentration of aerosols in the mixture tends to 

increase both the electron population and the electrical con-

ductivity at low temperatures (<10,000 K). At 4,000 K, the 

electrical conductivity of pure air is equal to 2.39 Ω−1m−1 

while that of a mixture of 99% air-1% aerosols is equal to 

70.16 Ω−1m−1 (an increase of more than 2900%). However, 

and for temperatures below 6,000 K, if more than 10% aero-

sols are added to the mixtures, the electrical conductivity 

tends to decrease compared to the values of the mixture with 

10%. This decrease can be explained by the increase in oxy-

gen, carbon and silicon in the medium which leads to higher 

concentrations of negative ions and molecules like C2, O2, 

CO2, C3, NO, SiO at low temperatures. The consequences are 

that this presence of aerosols increases the capacity of the 

plasma to conduct the current which could delay the cut-off of 

the electric arc and the dielectric regeneration in the arc 

chamber. For temperatures above 10,000 K, the values are 

almost similar regardless of the mixtures. Collisions between 

charged particles gradually became the main interactions, and 

the density of the electron population number density remains 

almost constant with increasing temperature. The increase in 

electron density is balanced by the increase in the collision 

cross-section, which can be attributed to a greater degree of 

ionisation. For these temperatures, the electrical conductivity 

therefore exhibits the same behaviour and no longer varies 

according to the nature of the plasma because the plasma is 

almost completely ionised. 

 

Figure 8. Viscosity of air-aerosols mixtures at atmospheric pressure. 

Figure 8 shows the results obtained for the viscosities of 

pure air and air-aerosol mixtures. We observe similar shapes, 

with a coefficient that varies according to the square root of 

the product of the temperature and mass and that is inversely 

proportional to (
 2,2

ij ) which strongly impacts the behaviour 

of the dynamical viscosity. The maximum viscosity is reached 

between 10,000 K and 11,000 K. The amplitude and position 

of this peak depend on the ionisation energies and mass of the 

species. Indeed, this peak marks the transition between 

plasmas first governed by neutral particles (and collisions 

between neutral particles) and then by charges particles 

(atomic ions and electrons). The decrease of the coefficient at 

medium and high temperatures is explained by a higher 

binary diffusion and a dominance of Coulomb interactions 

resulting from the various ionisations. Concerning the in-

fluence of the nature of the plasma, the dynamic viscosities 

of air-aerosol are lower than those of pure air at low tem-

peratures. This phenomenon is explained by the lower ion-

isation potentials of the c aerosol constituents (silicon, car-

bon, aluminium, and iron) compared to those of oxygen and 

nitrogen. These low values lead to a rapid increase in elec-

trons in the medium, counterbalanced by an increase in 

charged particles, thus leading to a faster transition to an 
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ionised plasma, and therefore to an earlier appearance of the 

peak. The higher the proportion of aerosols in the medium, 

the lower the viscosity of the plasma, for temperatures below 

13,000 K. These variations are all the more significant be-

cause aerosol the concentration is high. 

When the current is cut off in a circuit breaker, the arc ex-

tinction relies on the mechanisms responsible for cooling the 

medium and/or the re-ignition in it. Thus, a high viscosity 

helps to slow down charged particles and reduces their diffu-

sion. Arc energy is dissipated more efficiently by combining 

viscosity effects with convection (gas blowing) or radiation 

phenomena. During the breaking phase, aerosols could induce 

the circuit breaker malfunctions. 

5. Conclusions 

In this work, we investigated the effect of aerosols on the 

transport coefficients of an air plasma in a local thermody-

namic equilibrium. The results showed that an increase in the 

proportion of aerosols in the mixture led to a complete modi-

fication of the interrupting medium. The maximum dynamic 

viscosity was reached between 10,000 K and 11,000 K, and 

decreased as the aerosol concentration increased, with all 

plasmas showing a rapid decrease above 13,000 K. Finally, 

electrical conductivity increased with the proportion of aer-

osols or oxides in the mixture, thermal conductivity showed 

peaks at approximately 3,500 K, 7,000 K, and 15,000 K and 

generally decreased with more aerosols, except when tem-

peratures are below 3,000 K. 

This theoretical analysis demonstrated that aerosols had a 

significant impact on plasma characteristics, including elec-

trical conductivity, thermal conductivity, and dynamic vis-

cosity. 

A good interrupting medium must have high thermal and 

low electrical conductivities at low temperatures, and rapid 

dielectric recovery. In addition, the plasma must be a good 

electrical insulator at low temperatures to facilitate transient 

recovery voltage and avoid restrikes. The results showed that 

the presence of aerosols reduced the thermal conductivity. 

This would increase the lifetime of the arc. Thus, being det-

rimental to the cooling efficiency of the plasma gas in a circuit 

breaker. They also showed that they increased electrical 

conductivity, potentially promoting leakage currents, and that 

they can lead to oxide and carbon deposits in the interrupting 

chamber. 

While transport coefficients are not sufficient to determine 

the interrupting capacity of a circuit breaker, they provide 

information on the impact of aerosols on this capacity. Thus, 

this present work should be supplemented by studies of die-

lectric strength properties, density variations, energy fluxes 

and radiation effects, by conducting experiments to compre-

hensively characterise plasma properties, including the in-

fluence of solid-phase aerosols. 
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