N

N

Study on reaction rates for 2T SF 6 plasma: application
to chemical kinetics of a decaying arc in high voltage
circuit breakers
Xavier Baumann, Philippe Teulet, Yann Cressault, Arnaud Bultel

» To cite this version:

Xavier Baumann, Philippe Teulet, Yann Cressault, Arnaud Bultel. Study on reaction rates for 2T
SF 6 plasma: application to chemical kinetics of a decaying arc in high voltage circuit breakers.
Journal of Physics: Conference Series, 2019, 1243, pp.012007. 10.1088/1742-6596/1243/1/012007 .
hal-02153607

HAL Id: hal-02153607
https://hal.science/hal-02153607

Submitted on 23 May 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-02153607
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Journal of Physics: Conference

Series

PAPER « OPEN ACCESS You may also like

Study on reaction rates for 2T SF plasma: EZ—”—W i
application to chemical kinetics of a decaying arc UNCLOAKING GLOBULAR CLUSTERS
in high voltage circuit breakers g“::ilf”i?i“l‘ﬁ ateo,

To cite this article: X Baumann et al 2019 J. Phys.: Conf. Ser. 1243 012007 - Superconducting RF cavity design study

for the squeezed ILC section of the high
intensity H linac for the Project-X facility

A Saini, K Ranjan, A Lunin et al.

View the article online for updates and enhancements.

@ LSS DISCOVER
s = how sustainability
The vh : intersects with
Electrochemical & |

Society

Advancing solid state &
electrochemical science & technology

This content was downloaded from IP address 193.52.159.73 on 23/05/2024 at 13:48


https://doi.org/10.1088/1742-6596/1243/1/012007
/article/10.1088/2053-1591/ab4b26
/article/10.1088/2053-1591/ab4b26
/article/10.1088/0004-6256/143/3/70
/article/10.1088/0004-6256/143/3/70
/article/10.1088/0953-2048/25/2/025024
/article/10.1088/0953-2048/25/2/025024
/article/10.1088/0953-2048/25/2/025024
/article/10.1088/0953-2048/25/2/025024
/article/10.1088/0953-2048/25/2/025024
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstM4YJNuXqiLItGESROK_OHcQrpV4YWi-cGk373MuTHHhrCB9mCex6Ux2bB-tGH3FsT6241-zBS2uYNqHXTp8zdFYoHa4jFVRAfCxeSQYmrgyC4ZXjhK7lYfOmAtkeo931U2ug5Fn5oH-718bvXcWRhAfIzc2dO2V2Y9h-FUAgrKL6T7LynmikIgYx5euilwDtYGFECnoRa5NyA2qO_MFk2_kr8Ts37xnQ63Nme8WS9UZJPHA5AmH-xZsC2HAABC3XiaIEhP2A1Jvwv4VZt0_2JWoU7JDZo2Z8eL761O7ORLue3oiljrUd0g4hE4XNiH1HgRitq0yY0ENFbJzQz-iPYXfGsNdup&sig=Cg0ArKJSzCncE7dVDL8H&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

15th High-Tech Plasma Processes Conference (HTPP15) IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1243 (2019) 012007  doi:10.1088/1742-6596/1243/1/012007

Study on reaction rates for 2T SFe¢ plasma: application to
chemical kinetics of a decaying arc in high voltage circuit
breakers

X Baumann', Ph Teulet', Y Cressault' and A Bultel’

"LAPLACE (LAboratoire PLasma et Conversion d’Energie), Université de Toulouse:
118 route de Narbonne, F-31062 Toulouse Cedex 9, France

2CORIA, UMR CNRS 6614, Université de Rouen, Site universitaire du Madrillet, BP
12, 76801 Saint-Etienne du Rouvray, France

Abstract. This work is devoted to the study and comparison of theories to calculate densities of
chemical species in a SFg plasma in thermal non equilibrium conditions. The limits of the 2T
law of mass action are shown. Then, the reaction rates are studied for several types of processes
and they are implemented in a chemical kinetic model to acess the composition of the plasma.
Finally, a comparison with the densities obtained with the law of mass action is performed and
the results are discussed.

1. Introduction

Design and improvement of High-Voltage Circuit Breakers (HVCB) need magneto-hydrodynamic
models to understand the properties of electrical arcs [1]. However, these models are dependent on
fundamental properties such as thermodynamic properties, transport coefficients and radiative
properties. The determination of these parameters is well known in the scientific community in the
assumption of chemical and thermal equilibrium. But the Local Thermodynamic Equilibrium (LTE)
hypothesis is not valid in specific cases: near the electrodes, near the walls and in peripheral areas of the
arc where turbulence and pumping phenomena are significant. Moreover, the LTE hypothesis is
questionable during the arc decay. The temperature is not high enough so that scattering develops an
equilibrium state. In consequence, free electrons have a kinetic temperature (T,) higher than that of
heavy particles (T3).

To study this type of discharge, the first step is to determine the particle densities which are necessary
to obtain the others properties. There are several theoretical methods to calculate the particles densities.
In the literature, we find three main methods that give the same results in LTE but present strong
differences if the plasma is not in thermal equilibrium, depending on the initial assumptions [2]:

- Minimization of a thermodynamic potential (Gibbs’free enthalpy for plasma at constant pressure or
Helmholtz’s free energy at constant volume) [3]. This method is not easy to generalize to non-
thermal conditions because it is based on thermodynamic laws (LTE implicitly assumed).

- Law of mass action (LMA) coupled with a set of equations for the conservation of pressure,
electrical charge and mixture proportions [4]. The LMA is convenient to get the composition at
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chemical equilibrium on complex systems because the necessary data is reduced (only internal
partition functions, masses and enthalpies of formation of each species). However, it is based on
thermodynamic laws and its extension at 2T is not rigorous. Nevertheless, we will use it in two limit
cases in the present work.

- Collisional-radiative (CR) or chemical kinetic (CK) models coupled with an equation for the
conservation of pressure [5-6]. These models are based on a set of balance equation and are powerful
to access the densities in non-equilibrium conditions. Nevertheless, we need to know the main
reactions in the plasma and their reaction rates. In the literature, we found generally only the direct
reaction rates. Thus we have to use a relation between reaction rates to determine the inverse reaction
rates. At LTE, this relation is reduced to a law of mass action but in non-thermal condition the
relation is more complex for some type of reactions involving electrons and heavy particles. We
will discuss these relations for different types of reaction.

In the present work, the studied gas is SFs (gas most commonly used in HVCB).

2. Internal temperatures

In each model, we need to know the internal partition functions Q/,, for each species i. The method
used is exposed in [7]. The partition functions depend on the excitation T, vibration T;, and rotation T;
temperatures. Rotation levels have a small gap and are thermalized at T, by the heavy particle collisions
(T, = Ty). To determine T,, and T,,, we used the method developed by Gleizes et al. [8] assuming that
internal levels are populated by electronic and heavy particle collisions. These authors propose an
expression giving the internal temperature T,, and T, as function of T,, T}, the electron densities n, and
the total densities of heavy particle ny,:

-1

AE(Te_Th)
AE Kng,e keTeTh +ny
Texy =—7—|In €Y)
: kg AE(T,—T) AE AE

K n,e ksTeTn ekpTe + n,, eksTn

where AE is the mean energy of the gap between the vibrational or electronic levels and K = k,/ky, is
the relative importance of the electronic collisions comparing to heavy particle collisions. Gleizes et al.
give a value of K = 10* for electronic excitation and we used also this value for vibrational excitation.

This expression has two limit cases:

- Ifn,>»ny,thenT,, =T, and T, = T, (case 1). This case is realistic at high temperature when the
electron density is significant.

- Ifn, K ny,thenT,, =Ty and T,, = T}, (case 2). This case is realistic at low temperature when the
densities of heavy particles is significant.

- Ifn, = ny, then we used the expression (1) to get the internal temperatures (case 3).

As example, the transition between the case 1 and the case 2 can be observed in the figure 1 for different
values of K and AE.
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Figure 1. Examples of internal temperatures as a function of densities ratio n,/n,; with T, = 10000K
and T, = 2000K. If the electron density is greater than the density of heavy particles, the electronic
collisions are dominant and T, ,, = T,. Conversely, T,y ,, = Tp,.

3. 2T law of mass action

kp
At LTE, the law of mass action is defined for an elementary reaction 2?/:‘41 viAi(va) 2 2?1231 u;iB; (‘U—B:)
k

by:

Np K =1
kp 112y np

2tkgmg.T
s ( 22 B;
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ine(T)e k8T
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3

) o

v (2)
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A _k_i
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int( )e B

The law of mass action can be generalized empirically at 2T in two opposite cases [7]:

- Inthe first case, we assumed that electrons are dominant in the plasma. We fixed the temperature
of the exponential at T, and we calculate the internal temperatures at T, (case 1).

3 THi
2nkgmg Tp,\2 _p, _Epy
N H?El ( h? ) Qinlt(Tex =T, T, =T, T, = Ty)e kpTe
kp I1;:2) ng; _
R 3 — ®
i=1""4; 2mkgmy Ta\2 4. _ A
N B''tA; 1 A; A _ _ _
i=A1 ( "2 ) Qint(Tex =T, T, =TT, =Ty)e kbTe

- In the second case, we assumed that heavy particles are dominant. We fixed the temperature of
the exponential at Tj, and we calculate the internal temperatures at Ty, (case 2).
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3 THi
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In each case, the temperature in the translational term Tp, or Ty, is equal to T, if the species i is an

electron and T}, if it is a heavy particle.

Obviously, these two cases are arbitrary but they give two limit cases. We can expect that the first case
is valid at high temperature where the electron density is high and the second case is valid at low

temperature.

In this work, with the LMA method, 43 chemical species (e, S, S-, S*, S, S™, S, S™ F, F, F',
FH, F+++, FHH, So, Sz+, S>Fa, Ff, F,», SF, SF+, SF-, SF,, Ss, SF», SF2+, SFi, Sa, SoF>, FSzF, SF3', SF3+,
SF4, Ss, SF4, SE4*, SFs, Se, SFs, SFs', S7, SFs, SF¢", SoF10, Ss, liquid and solid sulfur), are considered
and the chemical composition is calculated in both cases at atmospheric pressure and for different 6
values where 8 = T, /T},. As examples, the e™, F, SF and SF, number densities obtained by using the
LMA approach are given in figures 2 to 5 for 6 values of 2 and 5.

...........
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Figure 2. Electron density as a function of
electron temperature (LMA method).
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Figure 4. SF density as a function of electron
temperature (LMA method).
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Figure 3. F density as a function of electron

temperature (LMA method).
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Figure 5. SF¢ density as a function of electron

temperature (LMA method).
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4. Chemical kinetic model

kp
For a reaction (elementary or not) A + B 2 C + D where A, B, C and D are any chemical species, the
ki
chemical balance equation for A is given by:
dny
dr = ncnpk; — nangkp (5)

where kj and k; are the direct and inverse reaction rates. They characterize the chemical equilibrium of
this reaction:

kp

ki

Ncnp

K. (6)

- myng
where K, is the chemical equilibrium constant.

Snider and Ross [9] have shown that a system at chemical equilibrium is accurately described by the
relation (6) in two cases:

- One of reactants is in large excess.

- The relaxation time of the reactions to reach an equilibrium state is high compared to the
relaxation time of the translational and internal distributions: Tpeqc > Ter ine-

In this work, we assumed that at least one of these conditions is valid. Thus, the reaction rates are given
by [10]:

kp = f on(0anlocs) Bwcp 77— T3l f1T7) fs(T5) dPva dvp )
k= f o1(weplwns) Cowgp 7 — T3] fo@2) fio 5) dve dPvp ®)

where o, and g; are respectively the direct and inverse cross sections, w, g = U, — Vg and W¢ p = V¢ —
Up. fi(v;) is the distribution function of velocity of the species i.

1. Relations between reaction rates at 2T

At LTE, electrons and heavy particles are thermalized and their distribution functions are Maxwellian
at the temperature T. Using the expressions (7) and (8), we can demonstrate that the ratio kp /k; is equal
to the law of mass action (2).

If the plasma is in thermal non-equilibrium, then the distribution functions of electrons and heavy
particles are different. Therefore, the ratio kj, /k; depends on whether the reaction involves electrons or
heavy particles.

The ionization reactions have been studied by Annaloro et al. [11]. They showed that for electron impact
ionization, the relation kp, /k; is reduced to a law of mass action calculated at T, following equation (3).
On the other hand, for heavy particle impact ionization, they demonstrate that the ratio kp /k; depends
on both T, and Tj,. We have continued this work for others types of reactions. Details on the method
used are exposed in [11].
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2. Electron impact induced dissociation

For an elementary reaction AB(v45) + e~ (v,) 2 A(v,) + B(vg) + e (v,") and using the definition of
reaction rates (7) and (8), we obtain:

kp = f Op (wAB,elwe,A' we,B) d3we,A d3we,BwAB,e fag(Wap) fe(Vag) d3VAB d377e €))

ky = f Y (we,A' we,BlwAB,e) d3wAB,e We,aWe g fa(Wa) f5(VE) fo(Ve) d*v, d*vg d*v, (10)

If we consider a Maxwellian distribution f at T, for electrons and T}, for heavy particles, using the
energy conservation and a detailed balance relation [12], we can demonstrate that:

3 o -_E_
kp QfmiQB, (2mkgT, muymp \2 _ Ediss fo oLt (E)E e k8Te dE
= ( ) e keTn

b _ 11)
AB 2 E (
ki int hE o matmg I oot (E) E e RsTr dE
0

In the case of this reaction, the relation between direct and reverse reaction rates does not correspond to
a law of mass action.

To access a general expression that is not depending on the specific cross section of the reaction, we
used an approximate form for the cross section. The cross sections of dissociation can be approximated
by an energy-dependent linear function with a threshold [13]:

0 SiE<E
tot — S
op” (E) = {a(E —E) SiE >E, (12)
where E is the threshold energy of reaction. The integral terms of (11) is then equal to:

o ot _E_ (O-1Es
Jo o’ (E)Ee ksTe dE _ 0% KsTe (E, +2kpT,)

OF + 2kgT,

(13)
E
Jy ot (E) Ee KsTn dE

We found also in the literature the following shape of cross section for dissociation mechanisms:

0 SiE < Ej
O'EOt(E) ={ay, In(E/Ey)
E/Es

SiE = E; (14)

In this case, the integral term is equal to:

o - % __E_ E,
fO O'Bot(E) Ee ksTe dE _ fEs In(E/E5) e kBTe dE _ or (0, m) .
[0¢] _L © _Q_E QES
fo algot(E) Ee k8T dE fES In(E/E,) e k8Te dE r(o,m)

where I'(a, z) is the incomplete gamma function defined as:
Ir'(a,z) = f tle~tdt (16)
Z

The figure 6 shows the ratio of integral terms in equation (11) for different profiles of cross sections.
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Figure 6. Amplitude of the ratio of the integral terms in equation (11) as a function of the ratio 8 =
T,/ T}, for several profiles of cross sections with T, = 5000K, E; = 1eV and « = 1m?eV~1. For low 0,
the integral term can be neglected but it becomes significant when 6 increases.

In this work, we finally used the following relation for the calculation of the reverse reaction rate in the
case of electron impact dissociation:

3 (6-1)Eg
A B 2 _ Eqiss 3 kpT,
k_D _ antAQBlnt (angTh mAmB ) o g Th 9 e Ble (ES + ZkBTe) (17)
k; nt h my +mg OFE; + 2kgT,

3. Non elementary reactions

In the writing of the ratio kp/k;, we used a detailed balance to remove g; from the expression and
simplify it. But some non-elementary reactions cannot be described by a simple detailed balance, that
limits our method.

However, for these complex chemical reactions, the following assumptions were adopted for the
calculation of reverse reaction rate:

- AB+CD2AC+BD
This reaction depends only on heavy particle at Tj,. We assume that it is described by the law of
mass action (4).

- e +A2B*+C+D+--+e +e (ex:e" +SFg2Ft+ SF,+F+e™ +¢e7)
The inverse reaction is slowed by the heavy particles. Therefore, we assumed that this reaction
is described by the law of mass action (4).
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Table 1. Summary of rules for the relation between direct and inverse reaction rates and the temperature
used to calculate the direct reaction rates.

Reaction Type kp/k; kp(T;)
AB+M2A+B+M Elementary LMA at Ty, Ty,
A +M2A+e +M Elementary LMA at Ty Ty,
A+e +e 2A +e” Elementary LMA at T, T,
A+e 2AT+e +e Elementary LMA at T, T,
AB + CD 2 AC + BD Non elementary LMA at Ty, Th
A*+B 2A+B* Elementary LMA at Ty Ty
AB+e 2A+B+e” Elementary Eq. (17) Te
e +A2B+CH+D+ -+ e Elementary Eq. (17) generalized T,
e +A2B*+C+D+-+e +e | Non elementary LMA at Ty T,

5. Results and discussion

A bibliographic survey has been performed to build a database of direct reaction rate coefficients. Most
of them comes from the work of Haidar ef al. [14] who gives a lot of reaction rate coefficients for a SFs-
C,F4 plasmas. We have completed this list with reaction rate coefficients given by Girard et al. [15] for
pure SFs and the work of Lennon et al. [16] for the reaction rates of ionization. We found sometimes
two different reaction rate coefficients for the same reaction. In this case, we chose those given by Haidar
et al. [14] that are based on the more recent work of Christophorou and Olthoff [17].

Finally, for a pure SFs plasma, we have a set of 53 chemical reactions and 19 chemical species (e, S, S°
S, S™, S™, F, F, F", F", F*", S,, Fa, SF, SF», SFs, SF4, SFs, SF). To solve the resulting 19 balance
equations system, we used the subroutine DVODE library [18].
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temperature (CK model).

As examples, the number densities of the e, F, SF and SF obtained with the CK model (for a pure SFg
plasma at atmospheric pressure and for a ratio 8 = 5) are presented in figures 7 to 10. These results are
compared in these figures with those obtained with the LMA method in cases 1 et 2.

With the CK model, we observed a sharp transition between both cases 1 and 2 of the LMA. As expected,
we can conclude that the LMA taken in case 1 is accurate for high temperatures and in case 2 for low
temperatures. On the other hand, there is an intermediate range of temperature where the LMA is not
exact and the CK model is thus necessary to calculate an accurate chemical composition in this
temperature range.

6. Conclusion
We performed a comparison between law of mass action and chemical kinetic model to calculate the

chemical composition of a SF¢ plasma in non-thermal equilibrium condition.

At high temperatures, the reactions of ionization are preponderant. In this condition, the plasma is
described by a law of mass action calculated at T,. Conversely, at low temperature, the heavy particles
processes are dominant and the plasma is described by a law of mass action at T,

The case of intermediate temperatures is more complex because the electrons and the heavy particles
are competing with each other. The chemical kinetic model is thus necessary in this temperatures interval
but it requires a study of the relations between direct and inverse reaction rates. We demonstrated that
for some elementary reactions, this relation is not always equivalent to a law of mass action.
Nevertheless, some complex reactions studied cannot be described by a detailed balance equation and
the relation kp /k; for these non-elementary reactions is still an open question.
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