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OUTLINE

» Generation of thermal plasma jets
» Basic principles of arc plasma torches

» Factors influencing properties of plasma jet in
arc plasma torches ( design of the torch,
properties of plasma gas)

» Water and hybrid gas/liquid plasma torches

» Special diagnostic tools for thermal plasma jets
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Thermal plasmas
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Common sources of thermal plasmas

»Inductively coupled discharges in gases
»Electric arcs — stabilized by gas flow
— stabilized by vortex of liquid (Gerdien arcs)
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Thermal Plasma Jets

In most plasma generators gas is
supplied into the discharge chamber
and plasma jet is produced at the exit

nozzle
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Inductively coupled plasma torches

Inductively coupled discharge is maintained in an open tube in the
presence of streaming gas. Low velocity plasma jet is formed at the exit.

Frequencies: 100 kHz — 100 MHz
Power: 1 kW -1 MW

Pressure: 104 —10°Pa

Plasma temperature: 6 000 — 10 000 K
Plasma velocity: 10 — 102 m/s
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Arc plasma torches

Non transferred arcs

Transferred arcs
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Principles of arc stabilization

Gas-stabilized arc

Liquid-stabilized (Gerdien) arc

* Gas flows along the arc in the nozzle

e Usually gas flow has vortex component
for better stabilization and for anode
spot movement

* Anode created by exit nozzle or
transferred arcs

* Power level: 1 kW - 10 MW

e Plasma temperatures: 6 000 —20 000 K

~

cathode

anode

 Liquid vortex is created in cylindrical
chamber with tangential injection

 Arc is stabilized by its interaction with
the vortex

* Anode is outside of arc chamber

* Power level: 10 — 200 kW

e Plasma temperatures: 8 000 — 50 000 K

vapor

liquid
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Y

cathode
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Basic factors determining properties of plasma jet
in arc torches

Principal design factors: arc chamber geometry, arc current
plasma gas, gas flow rate

Dominant mechanisms of energy balance of unit length of arc column
in axial flow:

Energy dissipation Increase of axial Power loss by Power loss

by Joule heating - enthalpy flux T radial conduction T by radiation

Following simple relations can be derived from energy balance equation
for basic torch parameters: [
1

47’0, R°’Le, 270, LS B
Torch Efficiency: n=l4+ g/ G h+ 0. Gh

F
~
design factors plasma gas properties

Torch Power: P=1.U=1 ( F~o j
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Properties of plasma gases

Torch operation parameters are determined by physical properties of plasma gas.
Decisive gas properties:

Power: Efficiency:
ratio between enthalpy and Ratio between enthalpy and heat conductivity
electrical conductivity Ratio between enthalpy and radiation emissivity
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Plasma enthalpy in dependence
on arc current
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Typical parameters of dc arc

plasma spraying torches

Plasma gas Current | Power G [kgc;;IIsL.m Hpui Touik
[A] [kW] | [g/s] ] [MJ/kg] [ [K]
N, 700 180 40 8.0 3.6 3 000
N, 300 115 32 6.4 2.9 2 500
Ar/H, (65/3) 500 44 1.93 0.15 15.3 | 10800
N,/H, (235/94) | 500 200 5.0 0.10 24 6 200
Ar/H,(33/10) 750 25 0.98 0.08 13.5 |12100
water 300 84 0.2 0.004 252 15800
water 600 176 0.33 0.006 320 |17 500
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Efficiency of utilizing plasma enthalpy for processing

Reaction space Plasma and
Plasma in reaction products out

Reaction Temperature | Temperature > T,
T, Enthalpy > h,

Plasma enthalpy flux G.h, = Plasma enthalpy flux G.h,

Treated material

Only enthalpy AH = G.h, — G.h, can be used for the treatment of material

Process efficiency: n = G.(Chy—h,) . hg
L= —7_"r




plasma enthalpy h [MJ/kg]
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Relation between enthalpy and heat flux
potential for common plasma gases
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Thermal efficiency of water-stabilized
and gas-stabilized torches
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Typical spray rates
for dc arc plasma torches

plasma medium| arc power|  spray rate [kg/hj
KW ceramics | metals

water 160 2545 80-100

os-NyH, | 200 58 | 2545

oas-Ar/fh/He | 50 24 68

Spray rates in kg of powder per hour for water torch WSP-500
and for gas spraying torches Plasmatechnik F4 and PlasJet.
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Water Stabilized Plasma Torch

water swirl
cathode cooling tangential water inlets t t
Waler onl
Lt 3N
IR T c

arc current: 300-600A4

arc power: 80-176 kW

arc voltage: 267 -293 V

exit centerline temperature:
19 000 - 28 000 K

exit centerline velocity:
2500 - 7000 m/s

centerline plasma density:
0.9 - 2.0 g/m>




power [kW]
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Operation regimes of gas-stabilized
and water-stabilized torches

Operation regimes are expressed by the relation between
arc power and mass flow rate

200

Water torches

Mean plasma enthalpy:

150
Gas torches:
10 — 40 MJ/kg
100
Gas torches
50 Water torches:
100 — 300 MJ/kg
0 [ I [ I [ I
0 2 4 6

mass flow rate [g/s]




dissociation acceleration
ionization of plasma

A A

absorption heating increase
in vapor of vapor of pressure

absorption _
in boiling layer evaporation
e

heating of liquid — power loss
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Components of radial heat transfer

I I
1 : : : 1 | | |

1 | ===%=--- Q. /(LE)
—A— Qmodel./(I'E) I B

08~ | —%— Q,,=@Re)(LE) | [ 0.8 —M_
—4+— Q.= 27S/(I.E) I

w 0.6 — .
= G e
e - ey e e e e - « exp. ,” |
a $ $ $ Z & - P A ” A A A
N Pt B
04 ik (x’model
_ e L
0.2 — —
*, L. 30 MB KV 3. kv LVv2 kv
0 | T T =T T = T f_
300 400 500 600 300 400 500 600
arc current [A] arc current [A]

o, ., = @n’R’_ +2nS)/LE
e=k_ .m

model

Qexps Quuoger-total radial heat flux
Q.,.q- heat transferred by

conduction B= ml-)Qev. /(o.L.E)

w

Q... heat transferred by radiation




INSTITUTE OF PLASMA PHYSICS
IP ACADEMY OF SCIENCES OF THE CZECH REPUBLIC

Effect of balance of radial transfer of energy
on arc plasma properties.

For high arc plasma temperatures radiation energy transfer is dominant
Most of radiation in UV waveband is absorbed in vapor sheath

due to photodissociation and photoionisation.

Low fraction of radiation is absorbed in boiling water layer.

- low part of radially transferred energy is spent for water evaporation
- high part of radially transferred energy is spent for vapor heating

0

plasma with high enthalpy and temperature and low density is generated

The balance of energy transfer and thus arc characteristics and plasma properties
can be changed by changing boiling temperature
or latent heat of evaporation of liquid.
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Hybrid gas/water dc arc plasma torch

Principle of hybrid gas/water
plasma torch

vl
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Plasma Jet
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Profiles of plasma temperature and
velocity at the exit nozzle

Profiles of plasma temperature Profiles of plasma velocity
for arc current 150 A and for arc current 150 A and
three argon flow rates, z=2 mm three argon flow rates, z=2 mm
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Effect of argon flow rate and arc current on
plasma velocity and shape of the jet

Centerline plasma velocity in the anode Images of luminous jet core recorded by
region as a function of arc current for short shutter camera and spread angles
various argon flow rates. of the jet for various flow rates of argon
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Diagnostics of thermal plasma jets

Entrained eddies of cold air

Entrainment of #ir

Patential core
of the plesma jut

eddies into plasma jet and incomplete
mixng

and p|r1.‘ilnjl:g.ﬂjul.’.d[lhﬂﬂ.l'ﬂl 2Ty J
esing tawn Trabuient Fow;

Eddies have beoken down and fluid
hes thoroughly mised

Time averaged characteristics:
» Temperature profilers

» Velocity profiles

»Plasma compositon

Plasma jet core:

*High gradients of temperature
and velocity

=Laminar flow

Turbulent jet:

=Smooth T and v profiles
"Heterogeneous mixture
of plasma and cold gas

Fluctuations:

» Spatial distribution

» Frequency spectra

»Phase velocity of oscillations

Shape of the jet
Jet structure




Evaluation of mass flux at the exit nozzle

Temperature profile Equilibrium calculations of transport
from optical spectroscopy and thermodynamic coefficients of plasma

~_~

Profiles of plasma enthalpy h, density p Power balance of arc inside
and sound velocity c the arc chamber

~_~

Mach number at the exit nozzle
W-pP

M =

R, R
j 2zrpeh dr+ (1—f, ) [A+C (T, —T,)] j 2zrpe dr
0 0

~ >

Velocity profile Mass flow rate at the exit nozzle

Rp
v(r)=M.c(r) v =M | 27r pedr
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Emission spectroscopy

Basic plasma characteristics evaluated
from measurements:

» Electron number density

» Temperature

» Molar concentrations of components

Basic methods:

»Absolute intensities of spectral lines
»Line intensity ratios ‘ , —_—
>Stark Broadening 0p 1= calkulaton|

Problems:
»Non LTE conditions
»High gradients of temperature
electron diffusion
de- mixing of plasma gases
»Non symmetrical cross section of the jet

470 480 490 500
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Enthalpy probe

Isokinetic coefficient Measurements:
K, =G/ R> Py, 1. Tare — no plasma flow
O — Heat flow rate

/é b emission

P — Pressure
spectroscope

2. Sampling — plasma flows into
n the probe
| o Q — Heat flow rate

G — plasma flow rate
3. Mass spectrum

enthalpy

A= probe
an exit nozzle

of the plasma torch
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| +
-\\ N : 5 Nz
d,=4.76 mm |—9» - <4 ”
d, =127 mm \Q: o e
NN <3
cooling . c 9
water in % 8
cooling - 2 + +
1 sater t = | AI’
gas samp c* water ou S HO +
freeze =
reezer S 1

quadruple mass :

spectrometer 10 20 30 40 amu
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Evaluation of plasma jet characteristics

Plasma enthalpy:

Qsampfe_atare

h = +e T
0 G pPg g

Plasma composition

g
Plasma temperature
Thermodynamic and transport coefficients

Local plasma velocity

V:\/Z(E _g)
p(T)
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Measurement of flow velocity

Enthalpy probe-Pitot tube
Time of flight of fluctuations - emitted light

- electric probe current
Propagation of waves in plasma

> short shutter
camera

synchronization
unit
Diagnostics of jet fluctuations plasma torch \
and instabilities v <smmmmm-  objective
measurement of
torch parameters
array of
photodiodes
amplifier

" 30 Hz — 50 MHz




INSTITUTE OF PLASMA PHYSICS
,P ACADEMY OF SCIENCES OF THE CZECH REPUBLIC

Main sources of plasma flow instabilities
Arc phenomena

jet heating

\

anode jet >

N\

anode

Arc anode attachment:
-movenet in the restrikes mode
-anode jet

plasma jet

production of jet
instability

1=400 A, aignn flowrate F, = 8.5sIm
exposure time t=700 ns.

top view

/

exit nozzle

side view

exposure time 3us

anode

»

laminar jet turbulent jet

§
) g

a anode jet
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Main sources of plasma flow instabilities
Gas-dynamic instability

Arc voltage and light fluctuations at dl d2 d3

various axial positions.
S PO P R e I I arc \' l '/
- Ua i
1 | Ya3 — 200 w

> - g anode jet
N‘ = f anode ]

W- 100 nozzle
1 MW\/V\/\N\/WW\[\/\/\MN\AWW I
i U

d2 —0 Distances from the nozzle:
'2__ Unt - Zg; = 2.4 mm
-3 T T T T T -100 Zd2 = 4'3 mm
0 10000 20000 30000 Zg3 = 6.2 mm

t [20 ns]




INSTITUTE OF PLASMA PHYSICS
w ACADEMY OF SCIENCES OF THE CZECH REPUBLIC

Determination of flow velocity from propagation
of disturbance caused by an anode restrike

] VY
0.5 / ]
e — 280
0- Yas || _
>
_ K
-0.5
-1 - i
1 A\"v'_'\A’\
-1.5 | | | | | | | T 240
0 S50 100 150 200 250

t [20 ns]

Anode restrike
in the position d3

Ua - Arc voltage

Signals of photodiodes:
d1=1mm (z/D = 0.167)
d2=43 mm (z/D=0.717)
d3=7.7mm (z/D =1.28)
d4d=11mm (z/D =1.83)

d5 = 14.3 mm (z/D = 2.38)
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Determination of flow velocity

Streamwise and counter-streamwise velocities of perturbations
caused by a formation of new anode spot
and flow velocity evaluated as their difference
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Determination of flow velocity

1 d6 D - Distance between points
— 1 d4 A® - Phase shift
z i
% 0.5 _
s 1\ ) Velocity of movement
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Fluctuations of emitted light
at various distances from the torch exit
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Fourier spectra of oscillations at various
axial positions along the jet
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Determination of flow velocity

Fourier spectrum and dependence of phase shift
of oscillations on frequency — argon, 10 kW
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Electric probes in thermal plasma jet

Ion collecting electric probes are used for study of structure of plasma flow
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Determination of probe potential




Structure of the jet boundary

the plasma flow in the jet boundary

Lines of the same probe current at
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Schlieren photography

plasma

laser '

screen
) reen
lens diameter D scree

increasing
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plasma jet produced in wat
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High speed photography

Interaction of plasma jet with arc anode attachment




