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Metal vapour transport in tungsten-inert-gas welding
A.B. Murphy

Importance de la diffusion des vapeurs métalliques - TIG
Dans les applications TIG : les vapeurs métalliques viennent du weld pool - Electrodes en tungsten

Modéle: TIG dans Helium + vapeurs Fe / Cr
- Equations du modele, utilisation des coefficients de diffusion combinés étendus a des mélanges ternaires
- But du modele : montrer que la diffusion joue un réle important

Résultats : Bon accord entre calculs et mesures radialement (basé sur I'émission des raies Cr a 520.8nm)
Sans vapeurs T, . =21000K, avec vapeurs T,__ =13000K, la diffusion sous effet du champ électrique est un processus

dominant (for upward transport of metal vapor). On observe des vapeurs Cr proche de la cathode, déposées dans des
régions ou T>T,
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Metal vapour transport in tungsten-inert-gas welding

A.B. Murphy

Modeéle: TIG dans Argon + vapeurs Fe / Cr
- Comparaison faite avec et sans diffusion sous Champ Electrique, avec et sans diffusion sous gradient T

Résultats:

- La diffusion a cause des gradients de températures est dominant (pas par E), plus forte a basses T pour Ar-Fe-Cr
gue He-Fe-Cr, les coefficients de diffusion combinés sont plus faibles pour Ar-Fe-Cr que He-Fe-Cr

- Les vapeurs métalliques sont produites a I'lanode, puis diffusion upwards to recirculating flow, et trapped near
cathode tip by upward diffusion -> importance de la convection

Validation par mesures expérimentales : OES montre la présence de Cr proche cathode
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Fig. 1. Distributions of (a) temperature, (b) iron vapour mole fraction, (¢) chromium vapour mole fraction in argon

TIG welding of stainless steel.

0.0003

~ 0.0002 -

Temperature diffusion (kg m™ s
=

&
g

-0.0002 -

-0.0003

0.0001 -

(a)

D, . Fe-Cr-Ar
D}, Fe-Cr-Ar
D}, Fe-Cr-Ar

- D, Fe-Cr-He
D}, Fe-Cr-He
e Fe-Cr-He

o

10600 IS&M zdmo
Temperature (K)

25000

30000

‘ (b)

2x10%" 4

N\
-
|

]
|

L DE,_ Ar-Cr-Fe

~— DE,, Ar-Cr-Fe

2107 DE, Ar-Cr-Fe
3x10?! Df,, He-Cr-Fe
- Dg, He-Cr-Fe

'S
=
Q

- Df,, He-Cr-Fe

o

>

(=]
R

Electric field diffusion coefficient (m? V' kg’ s™")
X
2

X

v v T v \
5000 10000 15000 20000 25000
Temperature (K)

Fig. 3. Combined (a) temperature and (b) electric field

diffusion coefficients for mixtures of 10% wt% iron
and 10 wt% chromium with argon or helium.



Développement d’'un modele pour la synthése de CNT par arc dans C-He plasmas

Validated modeling of atmospheric pressure — anodic arc

I. Kaganovich

-> déterminer les profils de champ électrique, densité d’électron, température électronique proche anode
-> avec mode « faible » ablation

Modele :
2D-3D modele - Ansys CFX - Non equilibrium plasmas, Patm, Self consistent model, P=500 torr

Plasma current, emission current, ion current, sheath voltage drop, heat fluxes at plasma-electrode interfaces

Momemtum + continuity + neutral transport + ions transport + electron transport equations
Validation for 1D short nonuniform arc (arc core, near-cathode-anode regions, voltage drop, ion current)
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Validated modeling of atmospheric pressure — anodic arc
I. Kaganovich

2D simulations

2D- axisimmetric and steady-state
Navier-Stokes equations + heat transfer + current flow in solid electrodes (ablation anode et déposition cathode) + near-electrode space-charge sheathes + wall function (plasma-

electrode interfaces) + radiation from electrodes surfaces, Joule heating of electrodes, and the thermal resistance of the deposit at the cathode.
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Carbon dimer distribution has a bubble-like shape around the arc core. Comparison of (top) simulated and (bottom) measured C.density distribution (planar LIF. spectral image of
I
Qutlet - p = 64 kPa carbon dimer, emission is at 470 nm and laser radiation is at 437 nm) in the arc at current 50 A

En mode « faible » ablation, courant d’arc a I'anode est drivé par diffusion électronique (V,, .4 faible-> flux chaleur faible)
Les profils de densité de courant sont affecté par la gaine pour de faibles gap : 1.5mm

Les profils de densité de courant sont plus uniformes pour de larges gap : 3mm

Les molécules de carbone se forment dans les région froides, périphériques du plasma



Fluctuation phenomena in diode-rectified multiphase AC arc for improvement of electrode erosion
M. Tanaka

Inconvénients : arc instable et non uniforme dans I'espace et le temps, forte érosion des électrodes

Constat : a la cathode on veut Low work function et high melting point, a 'anode high thermal conductivity.
Aucun matériau ne satisfait a la fois les propriétés requises pour cathode et anode : le plus gros probleme=> forte
érosion en AC des électrodes.

Intérét de la Diode Rectification (DR) : séparer |'électrode en une paire de cathode et anode, et permettre ainsi de
mieux visualiser efficacement les fluctuations

Objectif : comprendre et caractériser I'impact de la DR spatialement et temporellement par caméra rapide, observation
du profile de température pour un MultiPhase-Arc (MPA)
Conclusion : I'érosion est mieux caractérisée avec DRMPA
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Fluctuation phenomena in diode-rectified multiphase AC arc for improvement of electrode erosion
M. Tanaka

Dispositif expérimental:

Patm, 6 phases, Argon, 100-150A, gap électrode 50mm, cathode WThO, (3.2mm diam), anode Cu (25mm diam)
Mesures par Camera rapide FASTCAM SA5.

Etude des raies atomiques (O, Ar, W) par OES -> distribution de la température, radiale et temporelle
Comparaison des observations faites MPA et DRMPA a 120A sur les raies a 794nm et 675nm
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Fluctuation phenomena in diode-rectified multiphase AC arc for improvement of electrode erosion

M. Tanaka
Résultats :

Analyse a la cathode : T=13000K (MPA et DRMPA) - Diameétre : 5mm cathode (9.106A/m? pour les 2 méthodes),

Analyse a I'anode : T=9000K (DRMPA)-11000K(MPA) - Diameétre : 7mm+7mm (DRMPA 2 arcs présents, 2.106A/m?)
contre 7mm (1 arc en MPA 4.106A/m?)
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Fluctuation phenomena in diode-rectified multiphase AC arc for improvement of electrode erosion
M. Tanaka

Conclusions :

Cathode jet >> anode jet pour DRMPA

Cathode jet = Anode jet pour MPA

Le profil de température a la cathode est plus important qu’a I'anode

Différences aux électrodes est due a la présence de vapeurs métalliques, anode shape effet

Différences aux électrodes du jet de plasma en configuration DRMPA et MPA ont été analysées et clarifiées
Un courant plus fort conduit a plus d’uniformité de I'arc
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Complementary studies of DC arc by experiments and combined modelling of the plasma bulk and the cathode boundary layer
C. Mohsni

Motivation
- Meilleure description des phénomeéenes aux électrodes

- Comparaison modele — mesures Air, CO2 gaz.

Dispositif expérimental

- Anode sphérique en graphite, cathode W, gap 5mm
- Mesures électriques (V et I) + Mesures OES (profil de
température) at midplane of the arc

Modéle
~ Colonne d’arc LTE + nonequilibrium cathode boundary -> couplage

Cathode boundary layer : basé sur travaux de Benilov
Heat transfer+current transfer+boundary conditions+iterations till: on obtientJetTala

surface, couplé au reste du model




Complementary studies of DC arc by experiments and combined modelling of the plasma bulk and the cathode boundary layer
C. Mohsni

Resultats:

Densité de courant et chute de potentiel en fonction de la température de surface

Différents flux et température électronique en fonction de

Température en fonction de la distance a la surface de la cathode (0-12mm) : basé sur travaux de Baeva.
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Complementary studies of DC arc by experiments and combined modelling of the plasma bulk and the cathode boundary layer

Combined arc model results

C. Mohsni

|=200A, profil de température, U, .=16.56V (mesuré 17.54V)
a z=2.5mm, « fair » accord jusqu’a 5mm en position radial

Comparaison entre model a LTE et combined model : températures quasi pareilles, mais champ électrique différent
Accord acceptable sur la tension d’arc

Projet : appliquer le model combiné au CO,

Z [mm]
15 T[10%K]

10

10 r[mm]

Fig. 5. Two-dimensional distribution of the plasma
temperature and the temperature in the electrodes obtained
in the combined modelling approach for arc current 200 A.
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Fig. 6. Plasma temperature and electric potential in the
plasma along the arc axis for an arc current of 200 A.
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(U:) and the arc column (U,.) are shown.



CO2 plasmas : from solar fuels to oxygen production on Mars
V. Guerra

Constats : augmentation des émission de CO,, réchauffement climatique
Solutions : produire du CO, « neutre », utiliser le CO, pour produire des gaz de synthese CO+H,, electrolysis vs plasmalysis

Motivation:

- L'activation du CO, par plasma - CO, dissociation peut étre améliorée par I'excitation vibrationnelle

- Comprendre la relaxation du CO, -> Self consistent model kinetic model+experiment support (LPP/TU/e)
- Application ISRU (In Situ Resource Utilisation) Mars (96%C0,+2%Ar+2%N,, basses T et basses P=5Torr,
V-T coefficients plus faibles, V-V plus importants)

co, molécules : 3 modes de vibration : symmetric, bending, asymmetric
- Electron impact, vibration-to-vibration, vibration-to-vibration energy exchanges

Kinetic model :

- Niveaux hauts vibrationnels négligeables, role négligeable de la dissociation et produits issus de la dissociation

- 70 niveaux de vibration, équation Boltzmann pour les électrons couplée systéme équations taux réaction, E/N constant
- 250 direct réactions (e-V), 450 pour V-T, et 800 pour V-V

Manipulation
DC pulsée et continue, 1-5torr, 10-50mA, T_._=230K, At=5ms, diagnostique par FTIR

gaz
CO, pur : influence de T, Temperature room : influence de Ar/N,




Résultats :

CO2 plasmas : from solar fuels to oxygen production on Mars

V. Guerra

- Validation plutét bonne du calcul des densités des niveaux vibrationnels (e-V, V-T et V-V) mais quelques différences pour
la température
-> ajout d’une équation : n C dT./dt=Q,; -8A(T,-T,)/R?
-> ajout des niveaux jusqu’a v,=21

-> |a section efficace de dissociation par impact électronique est mal connue
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Plus fort déséquilibre sur Mars -> favorise dissociation vibrationnelle
Facteur 1.2 (mesures), et 1.6 (calculs) du déséquilibre (Terre vers Mars)
Effet positif de la composition de Mars sur la dissociation (facteur conversion a(CO,+Ar+N,)




Cas 1

Cas 2

Plasma treatment of biomedical waste
A. Ustimenko

Thermodynamic analysis and experiments on gasification of biomedical waste (BMW)
Constituants le plus souvent constatés : C, H, O, N, S, P, CaCO,
Especes carbonées solides : TERRA thermodynamic code

300-3000K, 0.1MPa, cas 1 (dry 10kgBMW+5kg air) ou cas 2 (wet 10kgBMW+1kg air + 0.5 steam)
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Plasma treatment of biomedical waste
A. Ustimenko

Dispositif expérimental pour la gazéification DC plasma torch — 35-70kW

Air, 3.6kg/h (max 30kg/h)

sortie-filtre & Dimension 0.33m x 0.22m x 0.22m
Epaisseur (réfractaire) : 0.04m
Volume = 0.016m3

Mass process BMW : 5.4-10.8kg/h
3.5-4.6 kW.h/kg

torch

Table 2. Comparison of modelling and experimental
results on BT plasma processing.

Method CO-; HZ'; NZ-s S, Caa Ps Oa XC's QSPs
vol. | vol. | vol. | vol. | wt. | wt. | wt. | % |kWh/k
% % % % % % % g

Experime | 63.4 | 6.2 | 29.6 | 0.15 [ 546 | 129 | 32 |79.3| 40
nt

Calculati | 28.7 | 24.7 | 404 | 0.2 |409 | 18.7 |40.4 | 100 1.7
on
(variant

D

Conclusion : synthese max < 1600K, permet de dimensionner I'installation.
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To simulate turbulent thermal plasma flows for nanopowder fabrication
M. Shigeta

* Review : Shigeta & Murphy : JPhysD 2011
3 catégories : processus de vaporisation, processus de refroidissement, processus de croissance

Challenges : transport properties, plasma flow dynamics inside a torch (heat source important), plasmas flows outside
(nanopowders)

Processus de croissance par nucléation, condensation, et coagulation, transport par convection, diffusion et
thermophoresis dans/autour du plasma, compliqué : transfert de masse de la microseconde a la milliseconde.

Historique 1990-2018 sur la modélisation de I'écoulement/turbulence en sortie de la torche, 1D, 2D, 3D : 27 ans pour
simuler le phénomene (difficile a simuler car 300K-12000K, large banque de propriétés de transport, large variation de la
densité (x45), mach number de 0.003 a 0.046, fluide incompressible avec variation de la densité compliqué a simuler.

Patankar est la solution pour la modélisation mais faible précision mais stable

Solutions :

- 1/ faible précision avec trés fin maillage et beaucoup de GPs, CVs (impossible en pratique, temps calcul trés long)

- 2/ Haute précision mais maillage (more coarse), discrétisation et efforts mathématiques nécessaires (1st order
Upwind, 2nd order Central, Hybrid upwind K-K*

- EDDIES : tourbillons



To simulate turbulent thermal plasma flows for nanopowder fabrication
M. Shigeta

/ Plasma flow dynamics inside a torch [Key: Interaction with EM field] \

Example Inside an RF plasma torch with jet assisted

1000 Temperature (K) 12000

M. Shigeta:
- Plasma Sources Sci. Tech. (2012)
- J. Phys. D: Appl. Phys. (2013)

M.1. Boulos, P. Proulx (U. Sherbrooke, Canada), J. Mostaghimi (U. Tronto, Canada),
S.L. Girshick (U. Minnesota, USA), T. Yoshida (U. Tokyo, Japan), T. Watanabe (Kyushu U., Japan),
V. Colombo, E. Ghedini (U. Bologna, Italy), Y. Tanaka (Kanazawa U., Japan) ... and more




To simulate turbulent thermal plasma flows for nanopowder fabrication
M. Shigeta

Dynamics of Eddies ( Isosurface of = 0.25 (-) )

Time =  40.40 ms Time =  40.40 m

Conventional Method-lll
method

feo ((\

_ )You can see the\gf
“http://imasayashigeta.co

120 (mm) £ Shigeta 120 (mm) DL Shigeta

Method-lll simulates multi-scale eddies of turbulence.

Temperahmre (K)

High temp. = Large eddies

Low temp. = Small eddies matches up with Kolmogorov theory.

Shigeta: J. Flow Control, Measurement & Visualization 6 (2018) 107.
(OPEN ACCESS)




To simulate turbulent thermal plasma flows for nanopowder fabrication
M. Shigeta

Distribution of Nanopowder

A s

Conventional
method

Time =

40.40 ms

Method-lli

19.7
19.0
18.3

120 (mm)

M. Shigeta

log[n, (m)]
19.7
19.0
18.3

120 (mm) M Shigetu

Method-lll predicts wider distribution of nanopowder

because of

turbulent transport |.

Shigeta: J. Flow Control, Measurement & Visualization 6 (2018) 107.

(OPEN ACCESS)



To simulate turbulent thermal plasma flows for nanopowder fabrication
M. Shigeta

Modélisation Nanopoudres Si par plasma Argon

- Convection (Hybrid upwind K-K*) + Transient (3rd order Adams Bashforth-Moulton)
- Termes de diffusion et source (2" order Central)

- Laminar et turbulent states dans le méme run

- Modele k-eps pas applicable, LES (Large Eddy Simulation) OUI

Résultats

Isothermal surfaces Velocity vectors y ' Vortex structures o Vortex structures (magnified)
of temperature : (0=025()) (Q=025())

Isothermal surfaces C, Vortex structures
of temperature (0=025())

& \ 0= 200
120 (mm) V elocity magnitude (m 5)

Fig. 3. Instantaneous thermal flow fields in and around a thermal plasma jet obtained by the advanced method.




To simulate turbulent thermal plasma flows for nanopowder fabrication
M. Shigeta

Modélisation de la croissance des nanopoudres
Moment model : nucléation+condensation+coagulation (Nemshinsky+Shigeta WWW)
Method Il prédit bien la distribution des poudres a cause du transport sous effet de la turbulence

) Mean diameter
T—ony=0(z>0),z=0(>0)

Iso-surfaces
~_of number density

e Iso-surface of Wl (c) AT Number density
~__ log[m,(#/m3)] ~18.5 . ~—eny=0(z>0),z=0(>0)

logln, (#/m*)]
19.7

03 = = 30
Mean diameter (nm)

19.0
183

Mean diameter

Iso-surfaces =
T—ony=0(2>0),2=0(y>0)

Iso-surface of (c) e oy N Number density
“—_of number density

™ _ log[m,(#/m%)] =18.5 Teny=0(z>0),z=0(>0)

log{7,(#/m*)] i
19.7

19.0
183

0.3 =
Mean diameter (nm)

17120 (mm)

Fig. 5. Instantaneous distributions of nanopowder obtained by the advanced method.



Design-oriented modelling for the synthesis of Cu nanoparticles by a RF thermal plasma :
impact of quenching solutions, radiative losses and thermophoresis
V. Colombo

But : Développer des modeles axés sur le design pour réduire les essais couteux et souvent en échec

Avec prise en compte des effets/pertes du rayonnement + thermophoresis sur la synthéese de nanoCu + différence entre les
modes active-passive quentching

Active quentching :

Passive quentching :

Papiers: PCPP 2017 (modelling solution quenching) + J.Phys.D.App.Phys 50 2017 (modelling thermophoresis + radiation
losses) + PSST 22 2013 (modelling evaporation RF torch) + PSST 21 2012 (modelling nucleation and growth)

H2020: TRL6-7, « INSPIRED » pour impression électronique

- Utilisation du quenching gas pour « figer » la croissance des NPs Cu . Evapo}:ati%nragc inside
: . . . vaporation the chamber
- Produire 20kg/j avec une taille d’environ 60-70nm Efficiency
: Precursor feed rate
AL
Production 0 510
TEKNA PL-50 plasmas torch Efficiency =
. . ’ N . ’ Precursor feed rat
Equations fluides + MHD + Méthode des moments pour la synthése des particules conmor feed e
Etude de Evaporation efficiency Nanoparticle rate o
. . . o collection chamber
Etude de production efficiency YIELD =
Et d d Y Id Precursor feed rate
ude du Yie




Design-oriented modelling for the synthesis of Cu nanoparticles by a RF thermal plasma :
impact of quenching solutions, radiative losses and thermophoresis

TEKNA PL-50 PLASMA TORCH

ATEKNA

INLET MASS FLOW RATES
Q,, =120 slpm
QP] =40 slpm
Q. =8slpm

Carrier gas +
Cu precursor

Central gas

Sheath
gas
l l Induction coil

N\

WORKING FREQUENCY
f =4MHz

OPERATING PRESSURE
p=1atm

WORKING GAS
Argon

PRECURSOR
Solid Cu micrometric particles

O OO0 00

POWER RANGE
Pppars = 35 - 80 kW

O
@)
O
\

ez -~ Injection probe Peouprep = 25 - 50 kW

Evaporation rate [g/s]
o o o o o o o =
L] w wv o ~ (==} w (=]

o
H

o
=
n

V. Colombo

Effet des pertes radiatives (vapeurs de Cu)

Fort refroidissement du au présence de vapeurs de cuivre
Evaporation plus élevée sans prise en compte des pertes radiatives
augmentation de la puissance a un faible impact sur I'évaporation

o 50 kW (39 kW) WITHOUT radiative
losses from Cu vapour

| =50 kW (39 kW) WITH radiative

losses from Cu vapour

o
Y

0.2 0.3 0.4 05 0.6 0.7 0.8
Precursor feed rate [g/s]

0.9

1.0

1.0
—#- 35 kW (25 kW) WITH radiative losses
991 - 50 kW (39 kW) WITH radiative losses
08 1 —* 80 kW (50 kW) WITH radiative losses .*~
— ---- Complete evaporation i
207
28
2 Power
= 06
s
2
= 05
g
g
& 04
0.3
0.2
01 +— - : ; . ; : .
01 02 03 04 05 06 07 08 09

Precursor feed rate [g/s]

1.0



Design-oriented modelling for the synthesis of Cu nanoparticles by a RF thermal plasma :
impact of quenching solutions, radiative losses and thermophoresis

INPUT PARAMETERS
>
Coupled power ICP TORCH
» Precursor feed
REGION

» Gas flow rates P

OUTPUT DATA
* Temperature field
% Fluid-dynamics

| 220 * Evaporation efficiency

ACTIVE QUENCHING P
z=10cm ‘

z-20cm
\ g QUENCH * NP
2= 40 cm GASREGION " NP

z =50 cm on

10 cm
z =130 b

cm

POROUS
ALL * Flu

"\ PASSIVE QUENCHING

z=0 r
SHROUD GAS | | \
INJECTION 2

z=25cm
d-dynamics
generation
deposition
the walls
17 em
-
z=70cm

l OUTLET ¥ NPssi
v' NPsyi

e distribution  oUTLET l
1d

V. Colombo

Effet des solutions quenching (passive/active)

Avec active : %nano sur les bords

Avec passive : meilleur taux, %nano faible sur les bords + plus débit
augmente, formation de vortex qui diminuent le taux de production

COMPARISON BETWEEN QUENCHING STRATEGIES

50 kW plate power, 39 kW coupled power,
I \ 0.46 g/s precursor feed rate

COMPARISON BETWEEN QUENCHING STRATEGIES

50 kW plate power, 39 kW coupled power,
\ 0.46 g/s precursor feed rate

500 slpm 250 + 250 slpm 500 slpm 250 + 250 slpm
quench gas z=0cm_ shroud gas quench gas shroud gas
/ v apour I ‘
| consumption }
AN . [moifm’s) - I \
f iy 1
= 50% 475 = 50%
450
azs ‘
= a —
— 975 f—
—  q— 350 f—  —
e q— zz — ] Low nanoparticle
ot | 75 — T || concentration in
—_— — — ] -
— 250 roximity of the walls
— . 25 N el — P! 7
pa— S0 anoparticle |
I  — 175 concentration is  —
hamm| b peaked on the wall e
 f— 125 —
 q— 100 f—
75
50
25
00

COMPARISON BETWEEN QUENCHING STRATEGIES COMPARISON BETWEEN CHAMBER GEOMETRIES

50 kW plate power, 39 kW coupled power, WITH QUENCH GAS FLOW
‘ I 0.46 g/s precursor feed rate \ | —
[ s00stpm | 250 + 250 slpm 50 KW plate power, 39 kW coupled power,
quench gas shroud gas 0.46 g/s precursor feed rate
‘ CYLINDRICAL CHAMBER WITH ACTIVE QUENCHING l[ \\
g/ 51
1 150802 Quench gas flow rate 500 slpm 1000 slpm
2= 50% 2703 «=50% -
573603 Yield (%) 1% 2%
| { 3.550-03 | i
= = | 210900 = = Mean diameter at outlet [nm] 81 7
— e ‘ 1.38e-03 — —
— — — 838004 — —
= p==| — Pt = = CONICAL CHAMBER WITH PASSIVE QUENCHING
— o) . 320004 = -_— ~ONIC/ 'ASSIVE QU 3
— o] ! 1.982.04 — —_ (SHROUD GAS)
= | = = 2z ==
T I 757008 Quench gas flow rate 250+250 slpm | 500+500 slpm
‘ . “— breer ‘ Yield (%) 8% am
-— 7008 Sheoud i o the Mean diameter at outlet [nm] ” o
| ppoiost depositing on the walls )
{ ;z:—; T 8 i THE SHROUD GAS RESULTS IN EFFECTIVE
| 1.620-08 COOLING AND HIGHER NANOPARTICLE YIELD

1.00e-08



Design-oriented modelling for the synthesis of Cu nanoparticles by a RF thermal plasma :
impact of quenching solutions, radiative losses and thermophoresis
V. Colombo

INPUT PARAMETERS OUTPUT DATA
» Coupled power M % Temperature field

» Precursorfeed 1C. FORCH % Fluid-dynamics Effet de la thermophorese

Vi N,

REGION 0 .0’ Eva . H
X poration efficiency - : - . .
Quenching induit de fort gradients de temperature (sortie de torche)

» Gas flow rates | -
ACTIVE QUENCHING # "\ PASSIVE QUENCHING i
Flux thermophorese plus intense (at the top of the chamber)

z=10 ‘r’ r z=0 r
2=10em SHROUD GAS | || Lége Aduction d dépodt plus im les bords, pl
. égére réduction du taux, dépdt plus important sur les bords, plus
INJECTION
2Bem | ¥ % faible sur I'axe, taille plus petite
— Z= cm p
POROUS ’
WALL * Fly|d-dynamics =
. WITHOUT WITH (1000 slpm) - il - e g e a2y s s g At g 2
™ c JENC G apour ermophoretic
QUENCH NE} generation AR TING AU consumption NP flux WITHOUT = WITH WITHOUT = WITH
z=40 cm . . i | [mol/m?] [kgg/ms] /| THERMOPHORESIS THERMOPHORESIS
= GAS REGION NE deposltlon — Thermophoretic 5 G5 A |a=0 Tk , 2= R ™ o
s NP n.;: 2 9.276-03 | I [ R Toal NP flux [ | concentration
z =50 cm o) [the walls g | Deg//nes] 250 573600 T/ ] O el
17 cm 030 = Tz s 355003 150002 gt
T l Lsons T \l I:fﬁ 400 219e-03 927003 / \ 1.590-02
: e g s s 1.366-03 s I Bt
Pl g 9000 i 218003 350 838004 1y o [ \ 1.00e-02
e 500 i 136003 azs 518004 | 136003 | e,
10 cm z="70cm 0 ne 200 el | | satont | s2ety
215 1 d i 3.996-08
z =130 iy | i 250 \ 1.226-04 ol i 27600
6000 | 122004 . 25 i . 7.57e-05 Hpuaiet 252003
cm 5500 - e 200 \ 4,686-05 : ! eR0e00
. 5000 k. l 5.2;‘;: 17.5 2.896-05 l briitss i l b
o | 289¢.05 150 | 1.79¢-05 289605 it 1100803
v NPs sie distributi 2  li M s s Ml E
Ui 10.0 6840-06 11em0 i 632604
OUTLET S §1 [e distribution OUTLET o ssess 1 aodo s soscs | some
/ NPS y‘i Lld o e o0 oo 0 282008 ‘ | 817604
1500 _ 6280 25 1.626-08 ) i
1000 - o oo N — woius . :m — 2wor
THERMOPHORESIS ALWAYS RESULTS IMPACT OF THERMOPHORESIS ON PARTICLE SIZE DISTRIBUTION
IMPACT OF THERMOPHORESIS ON PARTICLE SIZE DISTRIBUTION i y T T e _
IN A LOWER PARTICLE DIAMETER 50 kW plate power, 39 kW coupled power, 0.46 g/s precursor feed rate, 300+500 slpm shroud gas flow
50 kW plate power, 39 KW coupled power, 0.46 g/s precursor feed rate, 5004500 slpm shroud gas flow
NP concentration at different z quotes Chamber and ) Yield dp at outlet 904802 NP axial flux at diffcrent 2 quotcs
\zma e i thermoptris quenching strategy | 2UenCl | Thermophoresis (%) [nm] coor
| . No 1% 116 o TNER
o
(:YTLIN'D(I:;CAL Yes 7% 106 .En GOUE0Z ___.
! WITH ACTIVE 1 g
l QUENCHING T No ﬁzm 7 l l % S00E02
pm g
/| Yes \17%} 65 " 3 F 400802
[z = 5 eml ;‘;:5::;[
_l', ‘ No 16% 93 1 » Z o0z P
—a CONICAL WITH No o—0 _ o
[ a=Tem | e [T | 2oz =0 ,
e e en W | et
e QUENCHING | 1909 gipmm Ho 5N [ a=tem i
/ 1 “_ { | \ 0.00E+00




Effect of alternating gas injection on temperature flieds in reaction chamber using
inductively coupled thermal plasma for nanoparticle synthesis
Y. Tanaka

The work done QG is used to cool 4 |

down vapor and 1 Background Metal nanoparticles market: JP¥ 380 billion@2020
FOf ICP‘\ b S‘“‘S‘ o create nuclei for , Nanoparticles(NPs): defined as ultrafine particles with 4<100 nm
= . 0 De presented in Foster - nanoparitcie Py .«
f I par ) 1 -)fé\ntlmpated for use as promising elements A mass production method
(1) To adopt tandem-modulated ICTP synthesis 1'_"?
-> Stable operation & more evaporation of feedstock - —QC; =! mn th.e next generation e.leCtromcs’ for industrial applications
(2) To adopt alternating (intermittent) quenching medicals, energy & environmental fields is strongly desired.
PMITP +TCFF method: Our original & unigue method : Focdotock

-PMITP: Pulse-Modulated Induction Thermal Plasmas

gas (QG) injection Alternating \
-Expected effect of alternating QG g‘gﬁ;‘}‘e’gf:;)
1. Deeper penetration of QG > Effective synthesis

X & => The coil current is modulated Ar+0,
2. More cooling effect for vapor of nanoparticles to change T & u fields in thermal plasmas. A
T r+|
The present work -TCFF: Time—C:Ontroll?d F_'eeding- of Feedstock p|asn213
. - i = - Feedstock is supplied intermittently
1. Numerical approach ||l

. — . and synchronously with coil current modulation.
=3D numerical thermofluid simulation on temperature

distribution in the reaction chamber with #Advantage: H_igh cft:lc'icm evapors_ation of feedstock during on—tim‘e )
(1) No QG, (2) continuous QG and (3) alternating QG injection + High efficient nucleation of evaporated materials during off-time
2 Experiment’al approach & . ’ —> High production rates of nanoparticle synthesis in the actual experiments:
L E> NS . e AT T, NPe Fodt. iy N
> Fe*-doped TiO, nanoparticle synthesis using Ar-O, ICTP with e.g.: 500-800 g/h@20 kW for AP*-doped TiO, NPs, Fe**-doped TiO, NPs

3 300 g/h@20 kW for Si NPs, 1.0 g/h@20 kW for Si nanowires
(1) No QG, (2) continuous QG and (3) alternating QG injection The PMITP+TCFF method is found to be one unique and promising method
— = L for synthesizing nanomaterials with high production rates

[ ——
| —>Development of further controlled Modulated Induction Thermal Plasma System. |

[ Effect of alternating QG injection was studied on nanoparticle synthesis

Objectif : synthése de nanoparticules Modeéle 3D pour obtenir T(r) dans réacteur

- Utiliser PMITP + TCFF method (1) No quentching gas,

- Adopter « alternating quenching gas g; cclintlnut(?us g‘g octi
injection AQGI » alternating injection

(4) ICTP torch, COMSOL 5.3

Voir l'effet AQGI sur synthése nano.

Etudes expérimentales
(1)+(2)+(3)



Effect of alternating gas injection on temperature flieds in reaction chamber using
inductively coupled thermal plasma for nanoparticle synthesis
Y. Tanaka

Calc. space & procedure for 3D thermofluid simulation Governing equations & calculation condition

(1) Calculation space ¢ Desleulationby
for 3D simulation i 5« COMSOL Multiphysics Ver. 5.3

\ Governing equation Common condition ettt ———

2D calculation results Mass conservation -Laminar flow i i

ICTP torch Plasma inlet: —— of T & u in the ICTP P o '&ails[’ec'esf 31‘?‘? ';?Ar | -Mod. of power: Non-mod. :

= 7=0 [mm] —+V-(pu)=0 A temp.: .|| -Input power: 20 kKW :

=l N ;—::2? es_s‘fmig:d QG flow ' | -Pressure: 300 torr !

Upstream chamber QG inlets: -Navier Stokes equation -QG. gas temp. : 300K i | -Sheath gas: 90 L/min Ar gas
=300 [mm du T 2 || -Feedstock: Not supplied :

QG inlet _ por+p@-Tu) =7 [—pl +p(Vu + Ow) = Zu @ -wI] ; PP |

3 i ] X : The T & u calculated '

3 Y ixlu)ntl]::fi:gfﬂmd =5 -Energy transport equation  -Equation of state: p = pR(T)T| : in advance |
. _ s ar B . by 2D simulation

ilt |l_ l"' ]l Plpge tPGu- VT =V (IT) —pV - + Qug F : of ICTP were used !
i : * for boundary condition |

(Bottom) 830 [mm] i at the plasma inlet. l

_____________________ Modulation of QG Cycle-time T

(3) Gas flow velocity of alternating QG
Condition-1 Continuous — L 0 mm

of 3D thermofluid modeling

-QG was assumed to be supplied with a

1) 3D calculation space was defined for the sinusoidal waveform at a given cycle Tcyc. Condition-2 Alternating 30 ms (Plasma inlet)
chamber downstream of the ICTP torch. with a given time-averaged flow rate: Condition-3 Alternating 100 ms

2) For the thermal plasma flow at plasma inlet, Digu= 1 chyrf (6)dt
2D calculation was made to obtain the avg = reycdo QG Modulation of QG =300 [mm]
temperature and gas flow velocity. Teve (QG inlet)

3) These were given as the boundary condition. 1000 . -QG was set to change

as sinusoidal waveform

4) QG was set to be supplied from 8 ports Avg. flow rate:

fac(t)
[L/min]|

QG flow rate

located at the wall of the chamber. - \/ \; with an avg. rate of 50 L/min 50 L/min
5) QG flow rate was set to be modulated 0 - = ) ' & a maximum peak rate
in case of alternating injection. Time][s] of 100 L/min.

~ =80 [mm] (Bottom)
r




Effect of alternating gas injection on temperature flieds in reaction chamber using
inductively coupled thermal plasma for nanoparticle synthesis

Gas inlet— —

0fmm] |

QGinlet |,

300 [mm] _ ) ? i
000
: : = = 4000
— =\ 3000
= = == i 2000
= = —— 1000
== = 0

w/ continuous w/ intermittent w/ intermittent
QG } QG (cycle:30 ms) QG (cycle:100 ms)

2
=]
Q
o

Results for different QG conditions

-Continuous inject.=> QG hardly reaches to the axis=> Axis 7 is weakly decreased.

-Alternating inject.={QG is transported more deeply=> T effectively decreases. |

(Cycle:30 ms) Alternating QG offers relatively uniform 7 distribution.
(Cycle:100 ms) Alternating QG produces periodical T distribution.

>Next, axial temperature distribution.

Y. Tanaka

Z No quenching gas
E 6000 | Continuous
= Alternating
= (Time-averaged value)
g- 4000 -
Plasma QG port
et inlet \ —
2000 '

0 200 400 600 800
Distance from plasma inlet 7

Results for different QG conditions

-Alternating QG injection results in the lower time-averaged temperature and
minimum temperature than continuous QG injection.

€Deep penetration of alternating QG injection.

Next, we conducted experiments for nanoparticle synthesis
using this intermittent alternating quenching gas injection technique.

->Results indicated that alternating QG can penetrate the ICTP,
resulting in effective cooling of the thermal plasma in the chamber.




Effect of alternating gas injection on temperature flieds in reaction chamber using
inductively coupled thermal plasma for nanoparticle synthesis
Y. Tanaka

Etude expérimentale
Combmatmn of PMITP with alternating QG gas injection with

Synthése nanoparticles (Fe3* dopées TiO,) iniet :,i."“
at QG inlet 9000
~3000 K :ﬁz

Ar-0, torch o

QG inlet—1—+
. yr 3 n . : 290 [mm]
Experimental condition for Fe’*-doped TiO, nanoparticle synthesis
using continuous or intermittent (alternating) QG injection
Common condition Condition for comparison
Bottom —>
Thermal plasma condition QG Cycle: T 750 [mm | Non-Mod. PMITP PMIP4 alter.QG  PMIPE allerQG
-Input power (Non-meod.) 20kW |[[Cond.-No  No-injection - [+CnT¢;l-)QG +n0-QG with ¢2¢:6.25 ms  with t3 :13.75ms
-Pressure 300 torr - i -
-Sheath oas flow Ar: 90 L/mi Cond.-Cnt Contln.uous -Non-Mod.ICTP+ no-QG: Gradual temperature gradient along the axis
g : m{ll Cond.-Int In!ﬁr\mlﬂent 30 ms -PMITP+ no-QG: (1) At inlet, periodically varying plasma is supplied. ]
+0, : 10 L/min im (2) The high-T plasma is transported to downstream.
Feedstock Intermittent supply of Ar QG reaches to the axis [-PMITP+ alter.QG: (_})G penetrates high-T plasma deeply to cool it down
. . X T " Efficient cooling can be obtained by alter.QG
-Species Swt%Fe+95wt%Ti => Effective cooling of vapor = NPs | Changing delay time t2° can control the effect of cooling by QG.
-Feeding rate ~3.0 g/min 3
-F ecding method Continuous
Quenching Gas (QG) O ( -~ = FE-SEM im dc;es and particle size distribution
-Species 100%Ar IR © ! - of synthesized particles -Influence of continuous or intermittent QG-
-Time-averaged flow rate 50 L/min : : 4 FE-SEM image Size distribution SN
~Position of QG supply Port: B T e+
3 — Valve-Open : 15ms = - R [N .,-:: T:_so P Leceomiemt]
QG supply method - } : fllly o === "% £60
. — Close - 15ms | ) = g
-QG was controlled = > - — 100 nm B i | S 40
to be supplied at 100 L/min QG2 s Wjcetan. £.0
during valve-open, o T
.. . o o d =800m |* E 0
otherwise it was not supplied| <| - > i dyg =76 nm [** 2 Mean dia.d Mediandso  Std Dev. 6
T=30 ms Time = it ‘f
) """ -Many NPs with 4<100 nm
m | e s s« | can be synthesized.
: Continuous -Shapes of NPs were found spherical.
™ 77| 2 NPs were synthesized in gas-liquid phase
alternating QG provides smaller nanoparticles. 24 e R 06 > Intermit. QG
- - - - - =- ‘ o S nm = G e s d d h 3 l
This is due to its high cooling effect on thermal plasma Pl o -5z wmf Jl 5500 injection reduced the mean particle
s 3= . . - ,-“ [l > Intermit. alternating QG injection further
and vapor of feedstock, avoiding particle growth in the chamber. W maios .5 = |ldecreases the particle diameter.
QG © Intermittent (Alternating) € This arises from its high quenching effect.
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Non equilbrium phenomena in thermal plasmas
J.P. Trelles

/ Non equilibrium

Microscopique Thermal Nonequilibrium Cnilodi Noneriiisim
_> Ki n et i C n O n _e q u i I i b ri u m = Condition for T, # 7,: ' %: ;’"» (1"::_--)3 ~Ey (from: @, =Q,) *  Chemical composition deviates from mass-action law
" m, ; P o
! + Condition: T,,;>T,,.. (eg.large velocities, large species/
... yetoften T/T; > 1 even though E/p << 1 5 More general, transport-based o1 pl  pressure/temperature gradients)
Free-burning arc’ condition: T > Timugpon E p_qJ_

Free-burning arc

Phy _phy 1 phl 1, g 1 o 4 '
_ , 0.0, ' w1, ' o' |
Imbalance between particles and fields (Te, Th) e ‘ 2 N
inductively-coupled torc
Quasi-neutrality o . e p——
With low gradients . s . = = .
Anode sheath, near sheath ¢ G + s 20 y 2 N
When molecules exist (synthesis processes, with vapeurs...) | . L . S ——
Y ML Ao " ;"“'; - ﬁ‘ 05 1e+16 11905 15704
MaSS aCtIOH IaW |S |nva||de o Mot 40 200 200700 10 =1 » Interaction with solids tends to increase nonequil. m
Linear relaxation system
Thermodynamic nonequilibrium (deviation from LTE) Plasma — Solid Material Interaction i e e
Chemical nonequilibrium (deviation from mass action law) - Essentilin plasma sources & processe: 'g“ ; Siikvilbmcasirfid
. . . . . . heat transfer to workpiece, cooling load, * Motvation: solar juels I A . A i
MUltl-phase Interactlon (plasma-SOhd |nteract|0ns' plasma-a node' pmcesscnnmminali:‘};‘elecm)de fl’(!hil)n‘,_ Grgqferafficienq+ ﬁ t ‘?E} +i%‘t__’ §= (ahg,iue\!s)
quuid' Va pors) Plasma spray torch' = resiliency — viability solar electricity CE;
Radiation transport (if molecules or high 8) -> motivation solar fuel, o FOLELELILLIEIOS R s ]
. . . —_— : Microwave
Solar+electricity+CO2-> fuels, Solar enhanced Microwave plasma S— ’ Plasma

(SEMP)

Electrode temperature, K

(SEMP) : greater solar absorption by plasma, increase conversion and LR 0 o
efficiency a la Patm

» Alters balances: species/energy transport,
electrical characteristics (sheaths)
—= significant kinetic nonequilibrium

R Zikovskii, © Chazelas, A Vardelle, ¥ Rat, ITSC 2013: % Heriel M. Rose 5.




Non equilbrium phenomena in thermal plasmas

J.P. Trelles

Non equilibrium_

Turbulence

* The ultimate computational challenge: largest range of scales
* Relevance: high-throughout applications (flow rates, dimensions)

* Highly-effective energy dissipation

Nano-particle production®
DC non-transferred arc torch'

» High temp inhibits turbulence onset

» Turbulence enhances mixing

fodir

ORENG Lab v S

), 27(8) 1447 1464
3 ot

* Fundamental:

« At the core of applications: effective processing of feedstocks (gas/liquids/solids)

Multiphase AC arcs '

Optical image  Existence probability: 80 Hz

parallel-flow

Plasma — Gas Interaction

AC 3-Phase arc torch’

Transferred arc twin torch’

and cross-flow -

Parallel-flow Plasma — Gas Interaction: Arc Torch

*  Axi-symmetric domain + constant operating conditions: solutions ...

E,_";“"' 4 =

axi-symmetric and steady

= In fact: hoth (multiple solutions) —
depending on conditions

takeover restrike.

output
oy ‘ﬁeq,) steady

# Yet only one/few branches dominant

t[ms] g 1 2 3

(QRENG|LED et sp2013. Phve 0 P 525y 255200

*  Primary example of bifurcations,

multiple solutions

« Cathode patterns:

transport problem given parameters

= Anode patterns: numerical experimentation =
spontaneous formation 3D time-dep simulations T A h W

Free-burning arc’

anode

Pattern Formation

Current-Voltage Curve - cathode spots'

. REL |

multiple solutions of

biturcation
- .

Wall-stabilized arc

 .

-

Macroscopique
-> Dissipative non-equilibrium

Instability due to external forces( mass flow, heat flux, voltage)
High variations, deviations

Anode attachment, liquid-cooled metal anode, multiple anode
attachment configurations

Non linear system

Multiple solutions, bifurcation when P=Pcritic (dissipative
equilibrium if P<Pcrit, non equilibrium if P>Pcrit), ultim=chaos and
turbulence

0 increase, nbre solutions increases

Flow stability (plasma-gas flow interaction, fluid dynamic, thermal,
electromagnetic)

Pattern formation (erosion of electrodes cathode-anode)
Turbulence

. 2 i 1
Multl_electrodes Cur‘rent Voltage Curve _cathode spots
ui || . By
(ezglgg:_) sle‘ady takeover restrike vl \ | \i : 2 .

bifurcation
0 w20

———T——T—— =
80 500 .

A

flow/current



A 3D two-temperature model of loop type of arc inductively coupled thermal plasmas for large-area materials processing
Y. Tanaka

Constats : ICTP est avantageux : haute température du gaz, haute enthalpie, haute densité des radicaux, pas d’érosion
Mais avec ICTP, difficile de controler la forte enthalpie (impact Temp sur substrat), et les applications sont limitées
-> développement d’une loop ICTP torch : plus rapide et surface de traitement plus large

Expérience : Linear ICTP torch Ar/O, sur substrats Si, SiC (pour semi-conducteurs)
Développement méthode ultra-rapide de la modification de la surface
Taux d’oxidation : 100nm/min (contre 10nm/min habituellement)

Ar/0O, loop-ICTP, 140A, 2.5kW, 360kHz, 10 torr, Q=0.1L/min
Traitement de surface en 2D

Résultat :

Substrat SiC oxidé uniformément sur 25mm de diametre en
seulement 3min

2D rapid oxidation 4H-SiC substrates a 20nm/min.
Profondeur de 'oxidation : 70mm

: £ .
& | Quartz 95 | ....
(a) Front view

g
(b) Side view



A 3D two-temperature model of loop type of arc inductively coupled thermal plasmas for large-area materials processing
Y. Tanaka

RF inverter

]Arzz

power supply

Front view

4-turn coil X 2

Ar plasma

Quartz tube” \_ﬂ-'-ﬂ_
/

Porous ceramic i‘,\ﬁoz plasma
rd SiC

Quartz vessel Ne——

Surface oxidation result for 2-inch 4H-SiC substrate

A photo of a 4H-SiC(0001) substrate after 2D distribution of oxide laver thickness
scanning exposure by Ar/O; loop-1ICTP

Oxide layer thickness [nm]

150
I 135 | XPS spectra of Si (2p*?)

120 1200
— 1100
105

Si0,(103.5 eV)

1000
900 -
800 -
700 F
600 F
s00 f
400 F
300 f
200
100 £

45 a

30 95 100 105
Binding energy[eV]

Intensity[arb, units

|

/
/\ I
Backside temperature of the 20-15-10 -5 0 5 10 15 20

substrate during exposure by ICTP X (mm
was 1213 K at exposure point.

-The SiC substrate surface was oxidized almost uniformly in a‘i‘egion of 25 mm¢
only by 3 min scanning exposure of Ar/O, loop-ICTP.
—> -The resultant oxide layer thickness is about 70 nm in that region.
-Effective oxidation rate was estimated as 20 nm/min, which is 20 times faster
than those by the conventional thermal oxidation method.

This extremely rapid oxidation rate may be attributed
to high-7Th & high density atomic oxygen.




A 3D two-temperature model of loop type of arc inductively coupled thermal plasmas for large-area materials processing
Y. Tanaka

Modélisation : COMSOL 5.3, modélisation 3D (1D fluide, 2T température plasma pour
transfert le énergie des électrons vers les lourds par collision élastique)

Sphere de calcul de 250mm

Equations classiques + 2 eqns k-eps pour effets turbulence (pour simplifier)
T, et T, traitées séparément, équilibre ionisation et excitation
Plasma optiquement mince, T,,,=10000K, T, : 3000K, 10torr, 140A, ., 360Hz, 2.51kW

Calculation domain, mesh for calculation

Trigonal pyramid element

For thermofluid field ;_50 mm

For electromagnetic fields,
we took a sphere calculation space

-COMSOL Multiphysics ver.5.3
with a diameter of 250 mm.

was used for this 3D calculation.

rot*

Governing equations for a 1-fluid and 2-temperature plasma

-Mass -Vector potential
TV (=0 Vx(Vx )= py(@'e ~ jen p.0)A
-Momentum B=VxA
0 =—j
p7u+p(u‘Vu):—Vp+V:r 1 E=-jod
ot T=1; =2y €; - gﬁu (V ’ u)

-Energy for heavy particles
a7,
PC, o+ PG VT )=V (k VT 4,
-Energy for electrons
V& VL) =enpE-E-E, —F(T)

-Energy transfer from electrons to heavy particles

e 7, (0, 0
(m+m,)’ 2 -

ch —

-Saha’s equation for ionization

3
n. _ 2[2”’"i"£ J Z,,(T) [_E_Ax]
n W) z,r) | AT

-To solve electron energy and
Saha’s equations, general
partial differential equation
(PDE) solver was used.

-2 eqns k-& model was used to
consider turbulent effects for
simplicity.

ﬂg)‘c;\r+ )Fn-h

cf. Exp.>2T-state
Tvib~10000K,
Trot~3000 K in
Ar/N, loop-ICTP
@10,20 torr, 10 KW

Boundary conditions

Condition

-Gas: Ar

-Gas flow rate: 0.1 L/min
-Pressure: 10 torr

-Coil current: 140 Arms
-Current freq.: 360 kHz

Q,=0.1 Limin@300 K 3D calculation
1- .

All the quartz wall
is water-cooled.

Z

Ar

i Quartz:

Quter: T=300 K,
Inner: Non-slip

u=0 \
nVle=o /77" _\\\ 3251 kW
/ E3e h' N\
AW -\\Z
R
Operated in COMSOL
{
Substrate Outlet:
hOldE}” B free outflow
Non-slip #=o, n-Vo=o

q=h(T,-T )— Er‘fs(T4 —Ta4)



A 3D two-temperature model of loop type of arc inductively coupled thermal plasmas for large-area materials processing
Y. Tanaka

Electron and heavy particle temperatures

Electron temperature and electric field strength

300 500 1000 1500 [K] 4 5 6 7 8 9 10 [kK] 300 500 1000 2000 [K] 5 6 7 8 9 10[kK O 300 [V/im]
Surface temperature -_— - - z ] - " — | B
= -~z r -~
at z=-43 mm (x 10°K] gas po Water-cooled Ar gas port =0l 9 IWater-couIed
oop quartz tube :
loop quartz tube ~ Th-1700 K 40t E=—jwA
I 14 30+
Th-330 kK T :128 Coil position
12 E Ol 250vim o
£ 10 dosed)
10 _-Gas port 5 20 I _~Gas port {
Longitudinal direction [mm] (closed) I ~&Vr I (closed)
230+
0.8 1400¢ R 40+
i
0.6 R 6001 & At the surface aty=0 mm ¢ | -60+ \
305" o | Te~9000 K 70} Si,N, substrate holder
- 60 -40 -20 0 20 40 60 o Si;N, substrate holder 80 - - i) ; , ,
- X direction [mm) I I ¢ + + + - 4 . i y
E I % & e I %

-Surface temperature of the substrate holder is almost uniform
at 1350 K from x=-25 mm to x=25 mm (with a length of 50 mm).

-> Almost uniform exposure of ICTP can be obtained.

Longitudinal direction [mm] Longitudinal direction [mm]

108 101® 102 1021 1022[m<] 104 105 108 107 108 10° 1010 [W/m?]
B E

Ar gas port~» Ar gas port

30 n,=2.5x 102 m?
— 20 P, =eunE-E
E 10 )
= 0 (a) Electron density n, (b) Input power Py,
£
% Gas port
I - (closed)

-Electron temperature 7e inside the tube reaches to 9700 K almost uniformly.

-Heavy particle temperature Th in the tube is around 1700 K on the loop tube core,
while 7Th~350 K near the water-cooled wall. = Two-temperature (2T) state.

-On the substrate holder, there formed a linear plasma

lying with 7e~9000 K, and Th~1700 K =» Th is almost uniform in this linear plasma.
-At gas outlet from the loop tube, Th~1900 K.€Stagnation points w/ low convec. loss.

/

The linear plasma
= 22 -3
0TS x0T M 1 i, substrate holder A is also heated directly.

0 50 50 0 50
Longitudinal direction [mm] Longitudinal direction [mm]
-We assumed Saha’s equilibrium for ionization with respect to Te.
NIn the tube, n, reaches to 2.5 x 1022 m™ almost uniformly.

-On the substrate holder, n, is about 0.75 x 10?2 m*.

-Through this conductive channel, the input power density to electrons
reaches to 1.0 x 10° W/m? in the tube. | ~1000 W/cm?3

Résultats du modeéle:

Longitudinal direction [mm] Longitudinal direction [mm]

- Rf electric field strength |E| is high especially in outer shell of the quartz tube.
€The quartz and Si;N, have high relative dielectric constant (£~3.8-8).
-In the tube, |E| has a value about 250 V/m almost uniformly.

=> This electric field accelerates and heats electrons in the tube, resulting in high Te.
- |E| is 80 V/m on the substrate holder=> Lower E is applied to the linear plasma.

T, proche de 9700K dans le tube, uniformément
T, proche de 1700K dans le tube, 350K bord du tube (2T state)

Sur le substrat : plasma linéaire formé : T,=9000K

E dans le tube proche de 250V/m uniforme, 80V/m sur le substrat
N, proche de 2.5.10%°m3, uniforme, 7.5.102m sur le substrat
Température uniforme en surface
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Three dimensional nonequilibrium numerical simulatio

n of anode region of high intensity transferred arc

TR




High-speed vizualization of temperature fluctuat/on in multiphase AC arc

’ High-speed Visuali -
3-86 in Multlphase Ac kl'e‘

\\ﬂ/// H. Maruyama, M. Tanaka', T. Watanabe', H. Nagai?, T.
1 Department of Chemlcal Engineering, Kyushu University,

Material Processing by Multiphase AC Arc (MPA)




Visualisation of electrode phenomena in nitrogen DC arc




Development of a novel swirl flow induced rotating arc discharge reactor for CO, conversion

1. Introduction

Due to anthropogenic activities in the recent years, there is a
rise in CO, in the , which is a2 major|
h gas ible for global e rise [1].
Majomv of CO, emissions is from power sector by the

‘combustion offossil fuels.
To limit this, some approaches are employed

Renewable feedstocks instead of coal

Use of non-carbon energy sources

Carbon Capture and Utilization (CCU)
CCU seems to attract many researchers due to its possible|
economic market and cost-effective way of CO, mitigation [2].
Use of plasma process to convert CO, to valuable products
appears to be a viable technique.

2.D

exit.
Objective
The main objective of this work is to develop a rotating arc
dlsd:arge (RAD) by creating a swirl induced turbulent flow:
two electrodes for €O, di and i the
effects of CO, flowrate on €O, dissociation.

0 Swirl injector acting as a high voltage electrode and
ring ground electrode of 1.6 mm diameter was
placed at 25 mm above the exit.

O Applying high voltage across these electrodes Ring Ground
creates an arc discharge, due to the swirl motion of Flectrode
incoming CO, the arc tends to rotate along the
edges of injector wall. The swirl flow is created by
8 guided vanes at a constant angle of 60°,

QO The spiralling motion of CO, stream exiting the
swirl injector high voltage electrode creates anRotating Arc
axial and radial pressure gradient, resulting in
central recirculation zone (CRZ).

O Due to sudden expansion outer recirculation zone
(ORZ) is formed between quartz wall and swirler

O The degree of swirl is characterised by geometrical
swirl number § as follows

pment Strategy

€O, Inlet

_z1 ( )"
)

tan( =1.57

— 3. Results and Discussi

* Electrical Characterization under High Voltage DC

Current limiting
T
Diode R
[RAD Reactor
¥
-p-x§ C__ ER
H
Shunt resistor
Voltage and Current Profiles under positive DC at 10 LPM :
=
S

0 Are discharge being generated is
carried along the tip of electrodes
by helical motion of gas stream

0 om  em 803 084 GOS  006

0 At increased flowrates the pressure
gradient along radial direction is

0 Causing discharges to maove towards

centre.
2 High energetic electrons produced in|
the ac i transferred to gas
molecules in the racirculation zones
which enhances the bulk €O,

4. Conclusion

+ €0, dissociation High Voltage AC

™n this study, we developed a novel swirkinduced turbulent rotating arc (1A%
Qdu-

reactor for the conversion of CO, to CO and O,. Highest conversion of
_uwmdmmmum,mmonm

characteristics using ¢
et b

due
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Atmospheric pressure radio frequency hydrogen induction TP diagnostics by OES




The on-going development of a CFD model to better understand the plasma arc discharge in a waste-water treatment application




Non-equilibrium transport processes in a free-burning argon arc plasma under different operating pressures




RF plasma for environmental and agriculture applications




3D modelling of a DC transferred arc twin torch plasma system for the synthesis of copper nanoparticules




Synthesis of aluminium nitride nano-powder using IP technology: effect of feedstock molar ratio and reactor pressure

TR




The effect of H2 on the transport of graphene to amorphous carbon by DC arc discharge

The effect of H, on the translation of grapheneto _ __ '~~~
amorphous carbon by DT are discharge AR e

Feng Liang*, Da Zhang, Yongnian Dai

The National Engineering Laboratory for Vacuum Metallurgy, Kunming University of Science and Technology. Kunming China

:mantages of DC arc discharge Effect of hydrogen
- . > Facilitating planar growth of carbon by reducis
v" Reliability v' High-quality ymaterials -
y pentagons;
v Safety v Doped nanc terials ~ Efficient quencher due to the highest therma
. : uctivity:
v High efficiency v Environmental [riend ~ +.ching amorphous carbon.

Schematic diagram of DC arc dischurge and experimental parameters

Lxperimental Conditions

’ressure 70 KPa
Gas H,/Ar, Hy/N,
Ratio of gases 1:0.2:1,1:1,1:2,1:4.1:5,1:6,0:1

Current 100-200 A
10 mm
10 mm

Graphite rod




Formation mechanism of carbon-coated amorphous Si nanoparticules synthetized by induction thermal plasmas

b izec:’ by Induction Therm
K.Yamano, H, Sone, I\ Tanaka, T. Watan:
i -ﬁf'dﬁmxﬁlngineering, Kyushu W

Exicnumental Setup
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Synthesis of Lithium oxide composite with refractory metal by induction thermal plasmas
- L —

| P3-23 | Synthesis of Lithium Oxide Composite with Refractory Metal
by InductionPiermal Plasmas

Tadashi Nonaka, Shuhei mamm Kentaro Yamano, Ririko Hayashida, Manabu Tanaka, and Takayuki Watanabe
_ Dept, Chemical Engineering, Kyushu Univer

Lithium- ion Bqtlery‘
Required
characteristics
+ High power ¢
« Cycle performanc

The host structure of
High-capacity & High-reversible capacity

attery characteristics

s substituted by other elements Synthesis of nanoparticies

Improved capacity with high punly
Improved cyclic stability athigh productivity  guv,,
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3-43 Synthesis of Transition Metal Boride Nanoparticles

\\gg // by Induction Thermal Plasma
N\~ L. Liu, Y. Tanoue, T. Nonaka, M. Tanaka and T. Watanabe®
= J.‘\-\‘: DEPARTMENT OF CHEMICAL G, FACULTY OF E} . KyUsHu L Y,

744 MOTOOKA, NiSHI-KU, FUKUOKA 818-0305, JAPAN

Experimental Setup and Condr’t:‘m:

Experimental Setup

e ‘ Experimental
Advantages Induction Thermal Plasma :
* High hardness,

+ Thermal and electric conductivity, lmw
* High wear and corrosion resistance, iner gas
* Radiation shielding performance F

—_— e o __. Fosar
Difficulties If ~ Electrodeless plasma 3 Supply
s | - Long residence time

Introduction




























