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Plasma, the fourth state of matter

* Rare on Earth at the natural state: aurora borealis, lightning, flame
* Most abundant form of ordinary matter in the Universe: stars, intracluster medium, intergalactic medium
* Plasma contains electrons, ions and neutrals (atoms and molecules)

* Plasma can be artificially generated over a wide range of operating conditions: Low-pressure plasma,
Atmospheric-pressure plasma, DC discharge, Arc discharge, RF/microwave plasma, ...

* 3 categories of plasma: The more the particle
o Cold plasmas (low pressure < 1 mbar, ambient temperature ~300 K) interactions increase,
o Thermal plasmas (atmospheric pressure, medium temperature ~103-4 K) the more the challenges
o Fusion plasmas (high pressure > 1 atm, high temperature ~10° K) in simulation are met
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Problem statement

* Microwave plasmas (0.3-300GHz) are used in industry for various applications such as in microelectronics or
decomposition of greenhouse gases

* High-pressure microwave plasmas are still studied in laboratories since they are experimentally characterized by
specific phenomena of contraction or filamentation [1]
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FIGURE 1. Cylindrical microwave plasma source operated

® with Argon at atmospheric pressure [2].
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Overview of the existing models 1

* In-Plane Microwave Plasma - Application ID: 8664

RF module + Plasma module

— valid at low pressure, no increase in temperature

Surface: Temperature (K)
T T

* Inductively Coupled Plasma (ICP) Torch - Application ID: 18125 :
AC/DC module + Plasma module = :
O 5
— valid at atmospheric pressure with an increase in temperature, no reaction set is 5 .
considered, thermodynamic equilibrium vs T is assumed for the gas mixture properties :
* Coaxial to Waveguide Coupling - Application ID: 1863 [ , |
RF module
—> waveguide-to-coaxial coupling is observed, no plasma z
® R . P
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Main goals and expected results

* In that context, a fully-coupled microwave plasma model at atmospheric pressure with COMSOL Multiphysics® is
a necessary step to optimize the development of such a plasma reactor

* Four blocks of Physics must be considered to study this problem:
o Electromagnetics for the microwave propagation and plasma interaction — RF module
o Fluid dynamics for the gas mixture flow — CFD module
o Heat transfers for the thermodynamic equilibrium — Heat transfer module
o Plasma physics for the electron and heavy particule production — Plasma module

* The expected results are:
o Production of the plasma
o Absorption of the microwave (skin effect)
o Waveguide-to-coaxial coupling
o Increase in the gas temperature
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Simulation of plasmas: Numerical assumptions [3]

* Fluid approach:
o Continuum
o Transport equations
o Assumed Maxwellian EEDF

1atm@300K = N =~ 10%2°m™3

* Limitations: IE|
o Reduced electric field: ~ < 500 Td 1Td=10"2%'V.m? = |E| . ~5MV/m
o Electron density: Ne K N (low degree of ionization)
o Debye length: Ap < L (apparent charge neutrality)
o @Gas pressure: p > 103 mbar
PFOtOSTEP® These assumptions are satisfied in the present case study.
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Simulation of plasmas

* Electron density transport [4]:

Ne

+ V.I, = @ [1/(m3.s)] Formula Type

ot Production rate etAr — etAr Elas.
etAr — et+Ar(4s) Exc.

. =- (.ueE)ne - V(Dene) [1/(m2.s)] et+Ar — et+Ar(4p) Exc.
Convective flux  Diffusive flux etAr —@e}Aﬁ Ton.

et+Ar(4s) — et+Ar(4s) | Elas.
et+Ar(4s) — et+Ar(4p) | Exc.
et+Ar(4s) — etAr Exc.
e+Ar(4s) —€ 2e)Ar Ion

+ 00
@ inen)@ Kex = f Oex (Ue)4mue” f (Ue)Uedu, 9 e+Ar(4p) —>?|—Ar(4p) Elas.
° 10 | et+tAr(4p) — et+Ar(4s) | Exc.

Convection of electrons due to fluid motion (u) is neglected
E is the electric field driven by the Maxwell’s equations

(AN |k (| = |

m % il LlP 11 | etAr(4p) — etAr Exc.
flu,) = ne( e ) exp <_ L) 12 | etAr(4p) & 2e)Ar+ | lon.
2rkpTe 2kpT, 13 |QetAr— et+Ar Att.
Maxwellian EEDF [1] Net electron production [5]
® . . . .
This is how electron density balance is computed.
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Simulation of plasmas

* Electron energy density transport [6]:

on _
6: + V.I. + E. T, = +Q [W/m3] # Formula Type (Aa(eV))
Energyss/gain 1 e+Ar — et+Ar Elas.
(inelastic collisions) 2 etAr — etAr(4s) Exc. 11.56
3 et+Ar — et+Ar(4p) Exc. 13.17
I, = _(.ueE)ns - V(Dsne) [W/m?] 4 e+Ar — 2et+Ar” Ton. 15.76
_ _ _ _ 5 et+Ar(4s) — etAr(4s) | Elas. 0
Convection of electrons due to fluid motion (u) is neglected 6 e+Ar(4s) — e+Ar(4p) | Exc. 161
E is the electric field driven by the Maxwell’s equations - e+AT(4s) — c+AT Exc. 11,56
Q is an external heat source driven by the Electron heat source ) e+A1(4s) — 2e+Ar Ton. 40
, 5 9 et+Ar(4p) — et+Ar(4p) | Elas. 0
0= l;ﬁ(] E) = gt Vm  Eo 10 | et+Ar(4p) — e+Ar(4s) | Exc. -1.61
27 Me V2 + w? 2 11 | etAr(4p) — et+Ar Exc. -13.17
Heat source for the electrons E ;+f£(‘1p) —>+%:+Ar+ f:n- 125536
(absorbed power density [1]) CTAr 7 CTAT t. —
Electron energy transfers [5]
® « . . .
This is how microwave power is transferred to the electrons.
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e ———
H H # ( Reaction rate) [5]
Simulation of plasmas : T
* Heavy species mass fraction transport [7]: 2 5 x 10715(T,)%7* exp (_1;'56)
oW, ~13.17
p—L+p(uVw, = V. i + ke/(m3s)] |3 14X 1074(7,)°7" exp (——)
—_— e
Diffusive?lJux vector Production rate —15.76
4 2.3 x 10714(T,)068 exp( . )
1, — 2 e
Jk p Wi Vi [kg/(m?.s)] 5 from cross section a(€)
Vwy, VM VT B 11.56 — 13.17
V, =Dym— + Dim — "y DI{ — — ZyMymE 6 8.9 x 107 13(T,)01 exp( 7 )
. L= . Wi Mn T — e
Diffusion velocity 7 4.3 x 1016(T,)07*
for species k 11.56 — 15.76
8 6.8 x 1071°(T,)%7 exp ( 7 )
e
9 from cross section g (&)
10 3 x 10713(T,)>!
11 3.9 x 10716(T,)°7?
13.17 — 15.76
12 | 1.8x10713(T,)"% exp ( 7 )
13 8.75 x 1073%(T,)~*°

This is how heavy species mass fraction balance is computed.
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Simulation of plasmas

* Thermodynamic properties: Total heat source for heavy species [8]

e)3 kgT
Q= Z Qk + Qeye = Z —Hyric + (2 Z—k) > (Te - %) Fric  [W/m?)

Electron imp'act reactions

b = Ry (@Y +€?T2 +T3 +T4 +@SET5 Hay) + FAH)

Enthalpy of reaction in J/mol from the NASA polynomials [9]

This is how reactions in a plasma heat the background gas.

* Poisson’s equation [4
q [4] o e @f
&r(w) =1—— = — > >
w* + vy w \w*+vy,

V. (e0&E) = pq Pq = 4 sznk — N
k

Im(g,) - Absorption is expected in the plasma

Space charge density This is how plasmas react with an external electric field.
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Simulation of electromagnetic wave propagation

* Wave equation:

0 &l 0° o
V? + o— + E(r,t) =0 E(r,t) = E(x,y)e wtetkz
< Hotr0 oo+ =755 | E(rt) = (r,t) = E(x,y)
Magnetic field is not considered here since its interaction with
o Inarectangular waveguide: the electrons can be neglected (non-magnetized plasma)
i E,=0 )
a X n TE10 mode is expected in the
_ _ s 2\ p-iwt pikz k2 = k. % = 2 _ Y
E(r,t) =1 £y = B (n) ( a ) 10 Hew a? rectangular waveguide
| E,=0

This is how EM field propagation is computed.
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Simulation of heat transfers

* Heat equation:

9,
pCy| 7z +uV|T + V. q = Q [W/m?3]
ot “ w
heat flux total heat source
by convection (electrons and heavy species)

q=—kVT k is the thermal conductivity in W/m/K
C, is the heat capacity in J/K/kg

Cpie = Rg(@)+@y Hagl* +(agl* +@asr™)

Heat capacity in J/mol/K from the NASA polynomials [9]

This is how thermal equilibrium is computed.
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Simulation of fluid dynamics

* Navier-Stokes equation:

du
pa—+p(u.V)u=V. - p I+ 5 + F [N/m?3]
t pre;;ure viscous stress tensor
9p +V =0

This is how fluid flow is computed.
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Experimental set-up (2D model) z

y R
Gas flow X ; 't
a o Quartz tube
J . 3 o
. Air(we) 7 b WR975 g 2 2
}f‘ — =
) <= — < <
> X/ | Movable plunger 915MHz
« 7 ) ~
WR975 rectangular waveguide
2D Model design Cylindrical plasma
®
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Results: Waveguide-to-coaxial coupling

10kW ; 1000mbar ; 300sIm ; t=0s Electric field norm 10kW ; 1000mbar ; 300sIlm ; t=10000s Electric field norm @
kV/m kv/m
A 31.28 A 42.44

30

w/o plasma with plasma 40
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25
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20
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15 20
15
10
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5
5
V¥ 0.07528 ¥ 0.002981
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Results: Wave absorption and skin effect

10kW ; 1000mbar ; 300sIlm ; t=10000s Electron density
1/m?
A 4.821x10"°
X1019
with plasma 45
10kW ; 1000mbar ; 300sIlm ; t=10000s Radial profile: Electron density and Electric field norm
f I [ I [ vy
4 109} 1
1018_
10V s
3.5 106} ’ tq _
o 10804 13
E 10+ g
: ’ z 107 05 g
Skin 2 10 Wave S
Q 1011_
2.5 © 10l . o
effect s 107 absorption loa 2
5 10% ' 2
2 3 10°% =
Ll 107_ <@
106, 3 _01 w
1.5 10%+ - .). !
104' S E—
103 e -e- |E| (kV/m)|10.05
-40 -20 0. 20 40
Plasma radius (mm)
0.5
6: skin depth
¥ 282.6
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Results: Gas mixture temperature

10kW ; 1000mbar ; 300sIm ; t=10000s Gas temperature

K
A 2963

with plasma
10kW ; 1000mbar ; 300sIm ; t=10000s Radial profile: Gas temperature

2500 2800+
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heating

Temperature (K)
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Plasma radius (mm)
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V¥ 375.5
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Results: Gas mixture flow velocity

10kW ; 1000mbar ; 300sIm ; t=10000s Flow velocity
Ar(‘;./55375
with plasma 05
0.45
0.4
0.35
0.3
0.25
N 4 0.2
0.15
01 The change of the thermodynamic and fluid properties
“ Ba (e of the gas mixture with the gas temperature may affect
| the flow velocity.
vo
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Conclusions

* A fully-coupled microwave plasma model at atmospheric pressure has been successfully achieved in Ar with
COMSOL Multiphysics®

* Waveguide-to-coaxial coupling has been recovered in the presence of a cylindrical plasma crossing a rectangular
waveguide as expected from the theory of the transmission lines

» Skin effect has been observed as expected from the high-pressure plasma theory

* Arrise of the gas mixture temperature has been observed according the thermodynamic properties and the wave-
heating due to the electrons in a resistive plasma
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Next steps

* Next works will focus on:
o The EEDF’s when they are computed from the Boltzmann equation
The operating conditions and design
The gas flow regime at higher mass flow rates
Other feed gases with more by-products
Heavy-heavy particle collisions
Radiative heat transfers

O O O O O

Thank you for your attention
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