@Toki,13 Dec 2011 ' _Introduction-1 :Features of high-pressure plasmas

1
.I High-pressure plasmas for materials processing

1. Thermally non-equilibrium plasmas
(ex.Atmospheric-pressure glow discharges APGD, DBD)
R . . . -Te>>Th
N.umerlcal thermofluid modeling of high-power -Electron-molecule interactions are dominant
high-pressure thermal plasma to produce ions & radicals.
using reaction kinetics -Gradients of gas density and gas temperature are low.

2. High power-density plasmas (Thermal plasmas /Meso-plasmas)

-Te~Th or Te>Th

-Electron-molecule, electron-atom and
heavy particle-heavy particle interactions are

Yasunori Tgnakz.l important to produce ions & radicals
Kanazawa University -High dissociation degree of gases and
JAPAN highly non-uniform gas composition can be seen.

-Gas density has a wide range of the fourth order
(ex. 0.0001 kg/m? to 1.0 kg/m3)
due to high gradient of gas temperature (300 K-10000 K).
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- Introduction-2
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_' __Application of thermal plasmas
‘ Modeling of Thermal Plasmas I

The conventional model for thermal plasmas
assumes LTE (Local Thermodynamic Equilibrium) condition:
A. Thermal equilibrium
# All temperatures including Te, Th, Tex, Trot, Tvib, etc
are assumed to be the same.

B. Chemical equilibrium
# Infinite reaction rates for all reactions
- Reaction field instantaneously reaches its equilibrium.

Plasma arc cutting
T

ftpostion ) - Reaction field is determined only by T and P.
. Actual situations \
-Very high gas flow velocity Thermally &

abrication . . . :
-Rapid change in state (Transient state) = | Chemically
-Low temp. region Low reaction rate Non-Equilibrium

: -High electric field strength Conditions
Surface

-High gradient of particle density

Modulation & Continuous feeding i .
(80%SCL-PM / CWF) modification




) | Our work that has been done

#1. A chemically non-equilibrium model
#2. A two-temperature chemically non-equilibrium model

for thermal plasmas was developed using reaction kinetics.
-Consideration of reaction rates for hundreds of reactions
-Thermodynamic and transport properties were

self-consistently calculated using non-CE density and T

at each position at each calculation step.

v
ﬂ Today’s presentation |

Results of thermal plasmas with O, gas
# Pulsed arc discharge in dry air,

-Nanopowder synthesis
+N,+

# Ar NZ 91 ICPs, . -Surface modification
# Dielectric strength of hot air -Syngas production

(Ar+N,, Ar+N,+H,, Ar+CO,+H,, Ar+CH,+0,,
SF, plasmas have been also developed )

‘ -Results of temperature fields, particle composition
-Comparison with LTE calculation results

Non-equilibrium modeling of arcs/thermal plasmas
1. Chemically non-equilibrium effects

Keywords:
-Chemically non-equilibrium
-Reaction rates
-Convection and diffusion

How to consider chemically non-equilibrium

A conventional model for thermal plasmas
Assumption of local thermodynamic equilibrium (LTE) condition
->Particle composition can be determined
only by local temperature and pressure through the mass action law.
-Solving Saha equations & Guldberg-Waage equations
-Minimization of Gibb’s free energy of a system

{ Actual situations }
-Reaction rates are finite 2 Time scale of a system~Reaction time
-Convection and diffusion effects are not negligible

for particle composition determination

Mass conservation of each of species J:
a(pYj)
6tj +V- (PUYJ+J )= m]Z(ﬁjé ﬁjp) a, Hn'B' -y Hln'B'
Convection D1ffus1on Productlon by reactions

This equation should be solved to determine particle composition

Consideration of chemically non-equilibrium

Mass conservation of speciesj

o(pYj)
atj +V-(puYj+J3j)=m; Z (ﬂ]é ﬁJ/)(a/ Hnﬁ'/ -y Hnﬁ'/J
Convection  Diffusion =1 =1

Productlon by reactions

#Disadvantages in treatment of chemically non-equilibrium
(i) A large amount of data concerning reaction rates
with a wide temperature range are necessary.
(ii) Thermodynamic and transport properties
cannot be calculated in advance as functions of T & P.
-> They should be calculated at each position with
local T & P and particle composition calculated.
(iii) Numerical instability often occurs
because of a wide range of reaction rates.
= An implicit method is usually adopted
to solve the mass conservation equations.

considering chemically non-equilibrium effects.

— | Examples of chemically non-equilibrium modeling will be presented.




YTanaka, PSST, 14, 134, 2005
- ~Ex-1 Modelling of pulsed arc discharges in air

Example 1: A pulsed arc dischargein air

. Simple model
With 1, =72A, t/t,= 1.0/12 ps, P

<j Assumptions !
(1) Pressure surrounding the arc is the atmospheric pressure,
i.e. 101325 Pa.
(2) The one-temperature model is adopted, i.e. T=T, —Th.
(3) Axisymmetric structure. -
(4) Optically thin.
(5) Turbulence is neglected.
(6) The electric field has only an axial component, H,
while magnetic field has only an azimuthal one.
(7) The dry-air plasma has 13 species:
N,, N,*, N, N*, O,, 0,*, O, O*, NO, NO*, and e.
(8) Reaction rates depend on Arrehius’ law. E
(9) Chemically equilibrium(CE) is not dictated.

X

- Reactions in dry-air plasmas

1

~= Governing equations
-Mass conservation: -Ohm’s law: E, S
aﬂ.,_lM:o Jw27z'o1’dr
ot r or °
. -Ampere’s law
-Momentum conservation: J oE,&de
alpv) , 1 0(rvpv) :7@&&(2 a”j 2 5~ omEH
ot roor or ror or
-Enaer gy c‘:flsel;v;tmn: V2 Solving these eqs. enables one to
s {p(h*?}*?g[“”’ (h*?)} drive n; without CE assumption.
10( x oh) 10 I A %
rr‘ir[rcp 6rJ rar[ré[ D, c, } h ]+OE Pl /
-Mass conservation of species j: 4

alpY,) 1olrvpY,) 10 oy, Y ‘,‘/ T
(gt) ?(T)*?a{’ D*J m 33(ei - ”J')[“‘Q“‘ ’”"Q"‘/}J
-Charge neutrality: ng=ny,*Ny+Ng*Ng* Ny
-Equation of state: p=) nkT

t: time, p: mass density, r : radial position, v : radial velocity, p: pressure, ox efectrical:conductivity, /4 permeability, E,:
electric field strength, H,: magnetic field strength, h: enthalpy, «: thermal conductivity, D;: effective diffusion coefficient, Cy:
effective specific heat, Yj: massfraction, Py radiation loss, 4: stoichiometric coefficient, ¢ : reaction rate

1:20, - 20+0, 22: 0+e > 0 +2e 1

2 :0,+NO - 20 +NO 23: N+e > Nt +2e 42 forward reactions &

3:0,+N, » 20+N 24:NO*+0 > N*+ 0 A ;

4 :0:+02* 0 25:0,"+N > N++022 their backward reactions

5:0,+N - 20+N 26: NO + 0" > N* + 0, l

6 :NO+0,>N+0+0, 27:0,/+N,>N,"+0,

7 :2NO - N+ 0 +NO 28:0,"+0> 0" +0, :

8 :NO+N, > N+O+N,  29:NO*+N> 0" +N, Totally 84 reactions

9 :NO+0O -5 N+20 30: NO*+ 0, > 0," +NO were taken into

10: NO+N - 2N+0 31: NO*+0 > 0, +N econnh

11: N, + 0, —» 2N+0, 32: 0*+N, > N,*+ 0

12: N, +NO - 2N +NO 33:NO*+N > N,*+0

13: 2N, - 2N +N, 34:N,*+N> N, +N* Rate coefficients

14:N,+0 - 2N+ O 35:N,*+N, +e 2> 2N, -Forward reactions:

121 gz: N- 2354— g: z{ +]\]IV te :)) gz +]\11V by Arrhenius law
:N,te - e (NY+N, +e +N, q

17:N,+0 - NO+N 38: N*+N+e >2N gzl(l;ngz:?(NASA)

18:NO+0O - N+0, 39:0,+e>20+e B 'k A

19:N+0 - NO* + ¢ 40: 0,+e> 0, +2e aoackyardreactions:

20:2N & Ny +e 41:NO + e > NO* + 2¢ by the principle

21:20 - O, +e 42: N, +e > N,* +2e of detailed balancing

- Transport properties of dry-air arc plasmas-1

| First order approximation of Chapman-Enskog method |

_l Transport properties L Rapid transient phenomena in
-Electrical conductivity pulsed arc discharges
i
2
e n . e
= _—°©¢ _ Chemical non-equilibrium
@)
KT Z A%
#€
: -Thermodynamic and transport
-Effective diffusion coefficient properties depends on not only T
b - 1_\(J kT 1 & p but als.o particle composition
i X i o N, at each time step at each
i I p A() ..
Zﬂv D. position.
1 3 |AKT(m+m) 1
AD 8\ 2mm O
k :Boltzmann const., T: temperature, &: electronic charge, n;: density of speciesj, m: mass
of speciesj, n€y;;: collision integral between i-j, x:mole fraction of speciesj, Y;: mass
fraction of speciesj, p : pressure (Pa)




_4 Transport properties of dry-air arc plasmas-2

k|
J Transport properties

-

‘ Thermodynamic properties }

-Thermal conductivity
15 & n
K="y kz R

1 _5 [ATm+m) 1
AP 16\ 2mm, QPP

(1-m/m,)-(0.45-2.54m /m,

& =1+

)

@+m/m}

-Viscosity

n:i mn;

j=1

Mz

nAp

.
[N

N
-3

1(5, 0
h =a[5 KT+KT E(I nzj)+AHﬁ)
N a}]

Gm=2 Y51

Electric current waveform

Z;: internal partition function of speciesj,
AHy: standard enthalpy of formation

Current (A)

80,
70¢
60;
50;
40}
30;
20;
10;
0

| =T2A,

peak
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0

12345678
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N

-Peak value of current
=T2A

-Time duration to peak
=1.0 ps

-Time duration
to half current=12.0us

The similar waveform to that in the experiment

was adopted for comparison.

Time evolution in temperature

Tomipsratiire (kb

e
1.5

(X, ¥)=(0,0) : center axis of the arc

1
i /(n.-

R ,,Ele'i‘j:tric current

.

-Atmospheric air
-11 species

(N, N,*, N, N,
0,, O,%, O, O,
NO, NO*,e)

-84 kinds of
reactions

An increase in temperature on center axis
arises from increasing joule heating there.

Prosiaire {5 Fa)

A rapid decrease in pressure around the axis can be seen.
A discontinuous surface is generated > Shock-wave




Time evolution in mass density
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A rapid decrease in p around the axis and an increase in p surrounding the arc
are due to the generated shock-wave.

__ Time evolution in

particle composition distribution
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A rapid change in composition arising from dissociation and ionization

reactions can be seen until about t=1.0 ps.

From t>1.0 ps, the composition change is due mainly to the radial transport.

Mass production rate (kg m” s'l)

___ Dominant reactions for

generation/disappearance of species

[x10°]
20,

o
>
T

53
>

N,+e—~2N+e

N +2e—~ N+e

N, +e— 2N
NO'+e~N+0
N,+0—~NO+N

N+0;~NO+0
NO+N—N,+0
N+O—NO'+¢
2N—N, +¢
N+e—N+2¢

O]

o

m

y

“0.0

02 04 06 08

Radial position (mm)

1.0

Mass production rate
of N atom

by each reaction

at t=0.4 ps after ignition

Gen.: N,te >2N+e
Disapp.:N+e DN +e

]

i
i

___ Dominant reactions for generation/disappearance

of species at 0.4 us after arc ignition

Generation Disappearance
N, [NO+N - N,+0 [N,+e - 2N+e
N," |2N - N,*+e N,*+e - 2N
N N,+e - 2N+e |[N+e - N +2¢
N* |N+e - N'+2e |N'+2e - N+e
0, |20+N, - O0,+N,|N+0, - NO+O
0," |20 - O, +e 0,"+e - 20
o O"+2¢ - O0+e [O+e - O +2e
Ot [O+e - 0"+2e |O"+2e - O+e
NO |[N,+O0 - NO+N |[NO+N - N,+0O
NO*|N+0O - NO*+e |[NO*+e - N+O
- O+te - 0"+2e |O"+2e - O+e

N+e - N"+2¢ |N"+2e - N+e

©)—
No!

Heavy particle chemistry
att=0.4 ps




-2 - Comparison with experimental results-1:
v Neutral particle density, electron density

x10%] H
=1y
En t=0.4 s —
10 s g
g4 t=0.8 s » =
1=2.0 ps a
§ 67 /]‘ﬂ S
= a g
£ 2y =
5 s 2 0. . n N
Z $.0020.40.6081.01.2 1.4 1.6 1.8 2.0 .0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Radial position (mm) Radial position (mm)
Red:Present cal. results | ||| Red:Present cal. results _ |

Experimental results were obtained with a two-wavelength laser-interferometer
by Akazaki et al.

Good agreements between calculation results and experimental ones.

-~~~  Comparison with experimental results-2

Arc radius, expanding velocity of shock wave

dlig Q 3.5
3.5 e %, 3.0\ Red:Calculated result
- Measured g 25
g 3.0r r =
&%5| s, g
=200 p g
N , >
E 1.5+ . §S rc \_-o
E Lor g -=0— Time (us)
0.5t~ Calculated
L R S
. Good agreements
between calculation results
I';: Radial position of shock wave surface and experimental ones.

I'.: Arc channel radius defined as the radius
in which 90% electrons is included.

Summary

Development of

1-D Chemical non-equilibrium model of pulsed arc discharges

in dry air at atmospheric pressure (84 reactions considered)

Time evolutions in temperature, pressure, mass density,
particle composition in a pulsed arc discharge was obtained.
—>Shock-wave generation

—>Dominant reactions for each particle

Comparison with experimental results:

-Neutral particle density,

-Electron density,

-Arc conducting radius and its expanding velocity,

-Radial position of shock-wave surface and its expanding velocity
- Good agreements were obtained.

Non-equilibrium modeling of arcs/thermal plasmas

1. Chemically non-equilibrium effects
2. Thermally non-equilibrium effects

Keywords:
-Chemically non-equilibrium
-Reaction rates
-Convection and diffusion




.- _Cross-section of plasma torch and reactor

Plasma torch  Reactor chamber

n ‘ 330mm S0y \yater-cooled SUS wall
L 35mm
injection 8-turn coil

0EEEESE

Calculation space
155mm w w
- Cooling

Quartz tu water 910mm

[ Calculation conditions |

Frequency: 450 kHz, RF.Power: 13.5, 27.0 kW

Pressure: 1, 0.5, 0.3 atm

Gas: Sheath gas Ar/additional gas=98/2 dpm( e.g.)

Additional gas N,=2, N,+H,=1+1, N,+0,=1.56+0.44 slpm(air)

= —2T-NCE Modeling of Ar plasmas with molecular gases

Assumptions
(1) Steady state
(2) Axisymmetric structure
(3) Laminar flow, therefore the turbulent effect is negligible.
(4) Optically thin
(5) Chemically non-equilibrium condition is allowed.
(6) Te can be different from Th

‘ Particles considered

For Ar+N,+0O, plasma:
13 species: N,, N,*, N, N*, O,, O,*, O, O*, NO, NO*, Ar, Ar*, e

Governing equations

-Equation of state
-Charge neutrality

-Mass conservation: P +V (pu)=0
-Momentum conservation:

E 3 o
Axial: (ét)u)+V0(mu):—6—Z+V0(nVu)+V0[n—sz +:“Oa"n[Eﬁl'ir]

%)
[#
0 0| ou ..,
Radial: MJFV'(WU):’;?JFV'(”VU)+V'[ﬂg)*hr%*MTerﬂoom[EaHz]
1)

ot
5(;“”) +v.(mw):v.(an)+@_$5;r

Reaction heat

Swirl:

-/ Ex. Reactionsin Ar-N,+O, plasma

|

Energy transfer

-Energy conservation for heavy ,\;‘)artlclcs

(’;(ph) between h & e

(Bay-Be=0)

L
Velou)=v o (vt Y [ (o0 mvy - > 40, +Eg
-Energy conservation for electrons: . \

N
(5 5 15 .
5[%?{Tej+v -(neuEKTe] -v .(ngTE)- Z{Vo[EEKTeFe]}-#o‘EgEU ~Pag— 'ZAQ@ —Ee
i (y-Pi0)
-Mass conservation for each particle:

o(pY, N N

(” A% 4 v e (ouy;) =V o (oD, vv)+m,2{w.. ﬂ,‘)[a.'l‘[m —a.'l‘[rﬁ‘ﬂ
-Maxwell eq. for vector potential:

V2A, = jocughy etc...

N*+N+e - N+N

1:02+0po+o+02 21:NO+0 - N+0, 4l:
2:0,+NO - O+0+NO 22:N+O - NO*+e 42: 0,+te - O+tO +e
3:0,+N, - 0+0+N, 23:N+N o N,*+e 43: 0, + ¢ » O, +ete
4:0,+0 - 0+0+0 24:0+0 - O, +e 44: NO+e - NO'+ete
5:0, +N - O+0O+N 25:0+e - O*+e+e 45:N,+e - N,"te+te
6:0,+Ar - O+O+Ar 26:N+e - N'+et+e 46: Ar'+ete - Ar+e
7:NO+0O, - N+O+0, 27:NO*'+0 - N*'+0, 47: Ar+Ar - Ar*+etAr
8:NO+NO - N+O+NO 28:0,'+N - N*+0,
9:NO+N, - N+O+N, 29:NO+0" - N*+0,
10:NO+0 - N+0+0  30:0,/+N, - N,* +0,
11:NO+N - N+O+N 31: 0,*+0 - 0"+ 0, 94 reactions
12: NO+Ar - N+O+Ar 32:NO"+N - O°+N, were considered.
13: Nj+0, - N+N+O, 33: NO*+ 0, - 0,"+NO
14: N;+NO - N+N+O Reaction rate coefficients:
15: N,#N, - N+N+N, #Temperature-dependent approximation
17NN NN |2 Lenmard-Somes yper 0| Maxwelian for
. 2 hd . = . H
18: N+Ar — N+N+Ar a=aexp(b+cT+dT)exp(-c/T) ]Zeavy parti C'f
19: N,+e - N+N+e #. Energy Distribution 1 _ E] IU/ (&) f (e)ede
20: N,#O - NO+N Function: m) 5




Ex. Rate coefficients of electron impact reactions

tRa
9 9|
10 Eq.Comp. 10
= @Tg=4000 K =
L E Eq.Comp. ) 0
£ 10" @Tg=3500 K £ 10"}
Tw é Eq.Comp. é
g ey =
S 10™ @Tg=300-3000K S 107 Electron impact
L . B .
2 Electron impact é lm:]lzatlono )
~ ionization of N 98%Ar-2%air Eq
- 98%Ar-2%air Eq N Tg=3000 K
12 L T T 10 L T T ]
10 50 100 150 200 250 0 50 100 150 200 250
E/N [x10" V m’] E/N [x10"7V m’]

i

/. Transport properties of thermal plasma

§r

‘ Influenced markedly by temperature and composition

¥
Transport and thermodynamic properties for heavy particles and electrons
are calculated at each position using non-equilibrium composition
and collision integrals.

2:\" 2m éTg> J on| : Energy loss in
Ja=-N|—=| X5s—ae(&)n - ‘67 E o
. [ mj s "My ¢ { [ @ o¢ elastic collisions
22 Rate of inelastic collisions
Ry (&) =| — [ellzcr‘(s)] - Yoo et
m 9 such as excitation, ionization

1/2

n(e) = nefo(e)e EEDF: Electron energy distribution function

-Mass p=——————— | Thefirst order approximation
density kT " z T, Lof Chapman-Enskog method
m

e n

J:e

. -Electrical - e
-Effective 1Y L Oe= N
diffusion Di=7x, conductivity KT S, A0
coefficient P D jze

1#]
-Translational ) ) N mon.
thermal conductivity ﬂh = Z kz . -Viscosity 7= Z N#
i j= 2
for ey paricles ) Zl‘fu nJA(Z) = znjA(ii)
j= i1
-Translational v _15 n,
thermal conductivity A k )
for electrons Z & AY

-2 -2D-Temp. distribution by 1T-CE and 2T-NCE methods

- - Temperature distribution of Ar-N,+0O, & Ar-N, plasmas

N 7000 K Ar-air
E plasma
5 P=0.3atm
2 2T-NCEI
2
&
400 600
Axial position (mm)
_ 7000 K
E 60
8000
i 9000
o
Z 0 B
e
]
g 40 9000
é 60 [—|
0 200 400 600 800

Axial position (mm)

! /00U K

98%ATr
+2%air
@0.3 atm
@13.5kwW

Radial position (mm)

9000 K 8000 K

98%ATr
+2%N,,
@0.3 atm
@13.5kW

I =)

Soooee e

D BN

Radial position [mm]

=

400 600
Axial position [mm]




_Radial T distribution for Ar-N,+O, & Ar-N, plasma

_-/- Power balancein Ar-N, plasma

‘ z=155mm, mid coil

Te>Th: thermal non-eq.

Z 10 —
é Te é 10
E 8 E 8 Te
5 4 5 4
g 3
2t [ p=
& . P=0.3atm S 2
- 0 51015202530 0O 5101520253035
P=0.3am Radial position [m Radial position [mm]
13.5kwW
98%Ar-+2%air 98%Ar+1%N,+1%H, |

E 4 i ‘(C
=LU

(1.56%N,+0.44%0,) T
Inclusion of O, causes shrinkage of aplasma }

"N atom mass fraction by 1T-CE and 2T-NCE methods

98%Ar+2%N, plasma 10 N
@P=0.3atm@13.5kW | £ 8 -t
z=155mm, mid coil H g Th 2 mim
® I
5, & 1200 400
£ 0 H Axial pgsi
= 0 10 20 30
Radial position [mm]
601 o1E0|2 60! Heavy particles
R-conv. E
40 > 40} /ch
g Electrons “g
= 20 i = 20 ,ﬁ
= R-cond. div(n.T) = \ /
= 0 = 0 — ,'(
5 5 N /
£ 20} £ 20
~ =] \
40! -40—Z/ con R-cond.'  pir.
-conv. -
€ ‘eh 60t ‘24QI‘
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Radial position [mm)] Radial position [mm]
E Conclusions

-A 2D-2T-NCE model:

> it was developed for high power
argon induction thermal plasmas with molecular gases
(Ar+N,, Ar+N,+H,, Ar+N,+0,, Ar+CO,+H,, Ar+CH,+0, ).

-Non-equilibrium effects:
>Thermally and chemically non-equilibrium condition
can be seen near the wall in the plasma torch region.
>Non-equilibrium affects prediction
of distribution of particle composition.

N 0.004
g
g
‘g 98%Ar
'§ +2%air
2 ICP
=
=
<
~ H
Axial position (mm)
2T-NCE I 10 1T-CE
: ‘/ Z 10" \_/ (LTE)
z 10"
é 1022
E 0%
20
E 10
4 1019
10" Ar-air
10" 10" plasma
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Radial position [mm] Radial position [mm] P=0.3atm

—

Future works

-Full coupling with Boltzmann equation

-Transport of excited particles
-Detailed model of radiation transport
-Separate treatment for electron and ion




Non-equilibrium modeling of arcs/thermal plasmas

3 Non-Maxwellian EEDF

Keywords:
-Non-Maxwellian electron energy
distribution function (EEDF)
-Boltzmann equation
- Low electron density situation
with high electric field strength

. N Y.Tanaka, JPD, 37, 2004,
Introduction = Non-Maxwellian EEDF IEEE DEI, 12, 2005.

| Circuit breakers \

-There remains a hot gas with temperatures around 3000K
after arc interruption.

-Transient recovery voltage(TRYV) is applied to the hot gas.

e ‘ Electrical breakdown can occur through the hot gas. ‘

For further reliability and compactness of a CB,
prediction of dielectric property of hot gas is important
for various gases.

GWP of SF;=23900
- Candidates (SFg mixed gas, N,,CF;l, CO, Air)

The pr t work \7 Dielectric properties of hot gas
Critical electric field strength prop 9

for hot air, air+Cu, CO,, SF, at 300-3500K
< Equilibrium composition calc.+Boltzmann eq.
L=> Non-Maxwellian EEDF

Procedure on prediction of dielectric strength of hot gas

Target: Gas kind SF,, Air, CO,, Air+Cu
Temperature 300-3500K
Electric field Uniform

Particle compositions (ex. equilibrium composition)
of hot gases are calculated.

=
Calculation of effective ionization coefficient a=a—n

of hot gases by solving Boltzmann equation
using electron impact cross-section & composition data.

o

Estimation of critical electric field, which gives a=a—7=0,
at different gas temperatures.

Pa——

Equilibrium composition of 99%Air+1%Cu at 1.0 atm

Dominant particles: N,, O,, NO, N,O, N, O,
. » Cu(cr,l), Cu(g), Cu', e

10 N e
N+
10" ‘ o, o'
2 Cu(er,)
1
E 0 Drastic
© 103l |increase
g 10 in Cu(g)
2 107¢
= . N,0
10 3 2+

' A\ ’

1 0-6 7 = (

\300 1000 3000 10000 3000(y
Temperature (K)




Calculation of effective ionization coefficient

‘ Effective ionization coefficient ‘

U2 120

a_an iza{%ej [EMEL (s)da—u—tgss[%e] [ (2 e

Ug s

Two-term expansion of 0-D Boltzmann eq. ! —

on(e) 2—%—6‘]—3'+ZN0-[8+85]‘ 6Rq (8)n(€)d J'{@j
ot oe 0 & os os

_ 2Neé*(E/N)%e
f= 172
3m(2e/ M)~ <X dso(€)

S
1/2 . i
= N2 g2 onte) of Do) e R | ¢ Energy loss n
m) s "Mz o¢ elastic collisions
2\l/2 Rate of inelastic collisions
Ry (&) =| — [6‘1/20' ‘(3)] - S
m 9 such as excitation, ionization

n gmj Electron-electron collision term

2¢ o¢) :Energy gain by electron by E
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Electron-ion collisions and electron-electron collisions
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Obtained by solving the Fokker-Planck equation
using the Rosenbluth potentials

Electron impact cross sections for Air+Cu
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Effective ionization coefficient vs E/N and Tg
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Summary

<Non-equilibrium model in high-T & high-P plasmas>
-Chemically non-equilibrium effect

= It can affect the prediction of particle composition and
also temperature, in particular, around the fringe of plasmas.

-Thermally non-equilibrium effect : Te>Th
- Te>Th can be seen around the fringe of plasmas.
It also affects particle composition there for thermal plasmas.

-Non-Maxwell EEDF: Hot gas to which electric field applied
- Dielectric strength of hot gas can be predicted by Boltzmann
equation solution with high-temperature composition.

Non-equilibrium models should be adopted
for advanced understanding of thermal plasmas/arc plasmas.




