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Abstract Numerical modelling of physical properties and processes in an electric arc

stabilized by a water vortex (steam torch) has been summarized in this review paper. One-

fluid MHD equations are numerically solved for an axisymmetric thermal plasma flow

inside a discharge chamber of the steam plasma torch. The steady state solution results are

discussed for the range of currents 300–600 A with relatively low steam flow rate of about

0.3 g s-1. The maximum obtained velocities and temperatures—8500 m s-1, 26,300 K,

are reported at the centre of the nozzle exit for 600 A. The evaporation of water, i.e. mass

flow rate of steam, was predicted from a comparison between the present simulation and

experiments. The generated plasma is mildly compressible (M\ 0.7) with the inertial

forces overwhelming the magnetic, viscous, centrifugal and Coriolis forces with the factor

of 103. Our calculations showed that the most significant processes determining properties

of the arc are the balance of the Joule heat with radiation and radial conduction losses from

the arc. Rotation of plasma column due to the tangential velocity component has a neg-

ligible effect on the overall arc performance, however, the rotation of water induces

fluctuations in the arc and in the plasma jet with characteristic frequency which is related to

the frequency of rotation of water. Reabsorption of radiation occurs at the radial position

higher than 2.5 mm from the arc axis. The amount of reabsorbed radiation is between 17

and 28%. LTE conditions are satisfied in the arc column with the 2 mm radius. Com-

parison between the present simulations and experiments shows good agreement with the

current–voltage characteristics, radial velocity and temperature profiles, as well as with the

other related numerical simulation.
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Introduction

Plasma jets generated in dc arc plasma torches operating at atmospheric pressure have been

widely used for material processing, plasma cutting, arc welding, decomposition of per-

sistent chemical substances, or waste treatment. Performance characteristics of a torch in

specific plasma processing application are determined by plasma jet characteristics,

especially by temperature and velocity profiles, by composition of plasma as well as by

plasma flow structure and stability. These characteristics can be adjusted for given

application by torch design, choice of plasma gas and by arc current. There are some limits

of range of adjustable plasma jet characteristics that are given by a principle of stabi-

lization of arc. In commonly used gas-stabilized plasma torches the arc is stabilized by

flowing gas that flows along the arc column in the arc chamber. Plasma jets with sub-

stantially different characteristics can be generated in arcs stabilized by liquid. Water-

stabilized torches (steam torches) are characterized by very low mass flow rates and high

power. Plasma enthalpy is thus several times higher than enthalpy of plasmas generated in

gas-stabilized torches. High enthalpy is accompanied by very low plasma density. Other

plasma parameters substantially differ from the ones in gas torches as well. A combination

of a liquid and gas stabilizations is utilized in hybrid torches for better control of plasma

characteristics. The hybrid stabilization offers possibility of adjustment of plasma

parameters from high enthalpy, low density plasmas typical for liquid stabilized torches to

lower enthalpy, higher density plasmas generated in gas stabilized torches. By combination

of parameters of the two sections a wide range of plasma characteristics can be obtained.

Operation regimes of the three principles are shown in Fig. 1 where a relation between arc

power and mass flow rate of plasma is given.

The electric arc with the stabilization of arc by a water vortex represents a special type

of a transferred plasma torch producing oxygen–hydrogen plasma with extremely high

enthalpies. High thermal loading of this arc is possible due to stabilization by wall

evaporation. Higher input powers and lower mass flow rates are obtained with respect to

wall stabilized and free burning arcs.

The history of water vortex stabilization goes back to the works of Gerdien and Lotz in

1920s [1, 2]. Basic experimental investigations of the water-stabilized arcs were performed

in the 1950s by Maecker [3, 4] who studied the effect of the length and diameter of the

stabilizing channel. Several experimental studies measured arc plasma temperatures using

0 2 4 6
mass flow rate [g/s]

0

50

100

150

200

p
o

w
er

 [
kW

]

gas-stabilized torches

hybrid torches

water-stabilized torchesFig. 1 Operation regimes of
water-stabilized, gas-stabilized
and hybrid plasma torches
(courtesy of Dr. Hrabovský)
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methods of emission spectroscopy [5–7]. Axial temperatures as high as 50,000 K were

presented in these papers.

Water-vortex stabilized electric arc (see Fig. 2) has been intensively studied from the

beginning of 1990s to mid 2000s at the Institute of Plasma Physics (IPP) of the Czech

Academy of Sciences in Prague. Published experimental paper [8] reports extremely high

plasma temperatures (*30,000 K) and velocities (*7000 m s-1). Plasma temperatures

for different currents were obtained by the series of spectroscopic measurements [9, 10]

and velocities by electric probe diagnostics [11]. The radial transport of energy by radi-

ation was identified as a decisive process controlling arc and plasma parameters. Experi-

mental analysis of the radial energy balance showed that the input power is distributed in

the discharge as follows: about 57–87% is transferred in the radial direction, 20–50% is

absorbed in water vapours, *1% is spent for evaporation, and *40% represents power

losses to the water [8].

A principle drawing of the experimental arc chamber is shown in Fig. 3. The chamber is

divided into several sections by the baffles with central holes. Water is injected tangentially

into the sections and creates the vortex in the chamber. The inner diameter of the vortex is

determined by the diameter of the holes in the baffles. Water is exhausted at two positions

along the arc chamber. The cathode is made of a carbon rod. The anode made of copper

disc with internal water cooling is located outside the arc chamber downstream of the exit

nozzle. The anode disc rotates with high circumferential velocity (3000 revolutions per

minute) to reduce strong electrode erosion in the surrounding atmosphere containing

oxygen. The length of the part of the arc column stabilized by water vortex inside the arc

chamber is 60 mm, the inner diameter of the vortex is 7 mm, the diameter of the exit

nozzle is 6 mm and its length is 5 mm. The length of the part of arc column outside the

chamber between the exit nozzle and the anode is varying between 3 and 15 mm as the

anode attachment moves along the anode surface.

Water is injected into the chamber under pressures of 0.39 MPa (0.6 MPa) with flow

rates of 10 l min-1 (16 l min-1). Higher pressures insure better hydrodynamic stability of

the arc. The stabilizing wall is formed by the inner surface of water vortex created in the

arc chamber. Evaporation of water is induced by the absorption of a fraction of Joule

power dissipated within the conducting arc core. Further heating and ionization of the

steam are the principal processes which produce water plasma. The continuous inflow and

heating lead to an overpressure and plasma is accelerated towards the nozzle exit. The arc

properties are thus controlled by the radial energy transport from the arc core to the walls

Fig. 2 Water-vortex stabilized plasma torch. The main parts are the discharge chamber, the water-cooled
anode rotating disc, and the consumable graphite cathode
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and by the processes influencing evaporation of the liquid wall. Radiation from the arc is

the principal process responsible for power balance. Part of the radiation is transferred in

the axial direction of the plasma jet, the other part in the radial direction is partially

reabsorbed in water vapours and the rest of radiation is absorbed in the water vortex,

heating such water that is exhausted from the chamber. Radiation damage of the chamber

walls is negligible.

The water plasma torch exhibits special performance characteristics; i.e. high outlet

velocities, temperatures, plasma enthalpy and, namely, high powder throughput, compared

to commonly used gas-stabilized torches [12]. This kind of arc was successfully designed

in 1960s for plasma cutting [13]. The main research application of the water torch at IPP is

plasma spraying of metallic or ceramic powders (TiO2, Al2O3, ZrSiO4, W-based, Ni-based

alloys, Al, steel) injected into the plasma jet. Some of the studies of physical and chemical

processes in materials after their interaction with plasma can be found, e.g., in [14–17].

Recently, an experimental plasmachemical reactor PLASGAS equipped with the spraying

torch WSP�H (the hybrid stabilized torch) has been employed for the innovative and

environmentally friendly plasma treatment of waste streams with a view to their sustain-

able energetic and chemical valorization and to a reduction of the emission of greenhouse

gases [18–20]. Pyrolysis of biomass was experimentally studied in the reactor using cru-

shed wood and sunflower seeds as model substances. A high content of combustible

mixture of hydrogen and carbon monoxide was produced (syngas).

Steam is also used as the plasma-producing gas in the Westinghouse torch and in the

torch developed by the Chemistry Laboratory of Plasmas at the University Limoges [21].

In the French torch, a small flow of a non-oxidizing gas such as argon protects the cathode

against corrosion.

A number of the original papers concerning the modelling of the water-vortex stabilized

arc at IPP was published by Jeništa. In [22] the basic physical properties and processes are

discussed from the results of 2D axisymmetric model. The computer results were carried

out for the current range 300–600 A. Velocities up to 7 km s-1 and temperatures up to

22 kK were reported. Forces acting in the discharge were discussed from the similarity

arc column

plasma jet

Rotating disc
anode

water + water vapour

exit nozzle

cathode

calculation domainwater out
cathode
cooling

tangential water
inlets

anode
attachment

anode
cooling

xr

Fig. 3 Principle drawing of the experimental arc chamber
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fluid dynamic and magnetohydrodynamic numbers. It was shown that the tangential

motion of the arc has a negligible effect on the torch performance and energy balance. The

influence of non-uniform evaporation rate of steam along the effective water-vapour-

boundary on the outlet torch parameters was studied in [23]. Radiation is here calculated

using the net emission coefficient method as in the previous paper [22] but the radiation

flux near the water-vapour-boundary is estimated by the method of radiation view factors.

The influence of virtual anode position on arc parameters were studied by Gonzalez and

Jeništa [24]. An iterative procedure to determine the radius of the effective water-vapour-

boundary was proposed in [25]. Based on a comparison with experiments, the most

probable radius was set up to 3.3 mm. Evaporation mass flow rates of steam were specified

in the iterative procedure. The validity of local thermodynamic equilibrium conditions

within the arc were also studied [25, 26]. Radiation from the arc using the partial char-

acteristics method and a comparison of the results with the net emission coefficient method

was presented in [27, 28]. It was shown that reabsorption of radiation occurs in arc fringes

with the radial positions higher than 2.5 mm from the arc axis. Reabsorption in the amount

of 25–29% was reported. Comparison of performance between the water- and hybrid-

stabilized arcs is presented in [29, 30]. The contribution of O2, H2 and OH molecular bands

to the amount of reabsorbed radiation was also discussed.

Modelling of two-phase system water-vapour in a real experimental geometry has been

also attempted using the commercial computational fluid dynamic code Fluent [31]. The

profile of the phase transition water-steam was obtained by employing an artificial heat

source inside the chamber (not a real plasma).

Two-dimensional axisymmetric model based on the finite elements method for the

description of plasma not only inside but also outside the discharge chamber was devel-

oped by Kotalı́k [32–35]. This model enabled to calculate temperature and flow fields in

the discharge and in the plasma jet, electrical characteristics, interaction of plasma with

powder particles injected into the plasma jet and the nozzle shape optimization regarding

the outlet plasma temperature and velocity. For arc currents 300–600 A, the respective

temperatures and velocities in the range 16,700–26,400 K and 2300–6900 m s-1 are

obtained at the centre of the nozzle exit corresponding well with the experimental values.

Despite some differences in the boundary conditions in Kotalı́k’s and Jeništa’s models,

both models provide comparable results for the most of the calculated physical quantities.

Some other works of Kotalı́k are related to interaction of a sprayed particle with sur-

rounding plasma (Stefan problem), i.e. the solution of the heat transfer equation with phase

transition [36, 37] describing the interaction between plasma and powder particles.

Some other papers related to modelling of direct-current (non)transferred-arc steam

torch at atmospheric pressure were published by Chau [38–40]. Since his plasma torch has

the geometry of a hollow pipe, the studied plasma flow with transferred arc can be treated

as an axisymmetric problem. The arcs in this configuration operate at high currents

(180–900 A) with a strong vortex flow structure. For non-transferred torch the predicted

result suggests that the steam plasma can be accelerated to a mean velocity of 1500 ms-1

at torch outlet with the mass flow rate of 5 gs-1 and the system current of 180 A.

Nonequlibrium model of steam plasma in a nontransferred direct-current torch was pub-

lished in [40].

The present paper reports the principal numerical results obtained by the author on the

water-vortex stabilized arc (steam plasma torch) during the years 1997–2006. Neverthe-

less, it should be point out that the present review is not just only a collection of the results

in my old papers. Some results are published here either for the first time or in a new form.

‘‘Physical model’’ section gives information about the model assumptions, physical model,
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boundary conditions and numerical scheme. ‘‘Results of Calculation’’ section, divided into

five subsections, reveals the most important findings.

Physical Model

Assumptions and the Set of Equations

The following assumptions are applied:

1. the model is two-and-half dimensional with the discharge axis as the axis of symmetry,

2. the plasma flow is laminar and compressible,

3. the water plasma itself is in local thermodynamic equilibrium,

4. radiation losses are calculated by the net emission coefficients and partial

characteristics,

5. gravity effects and viscous dissipation are negligible,

6. the magnetic field is generated only by the arc itself,

7. processes in the cathode potential fall were omitted.

The comments to some of these assumptions are given below. The set of governing

equations is written for a computer implementation in an axisymmetric cylindrical system

of coordinates. The governing equations read as follows:

continuity equation:

o

ot
qþ 1

r

o

or
qvrð Þ þ o

ox
quð Þ ¼ 0; ð1Þ

momentum equations:

q
ou

ot
þ qv

ou

or
þ qu

ou

ox
¼ � op

ox
þ jrBh �

2

3

o

ox
g

1

r

o

or
rvð Þ þ ou

ox

� �� �

þ o

ox
2g

ou

ox

� �
þ 1

r

o

or
rg

ou

or
þ ov

ox

� �� �
;

ð2Þ

q
ov

ot
þ qv

ov

or
þ qu

ov

ox
¼ � op

or
� jxBh �

2

3

o

or
g

1

r

o

or
rvð Þ þ ou

ox

� �� �
þ qw2

r

þ 1

r

o

or
2gr

ov

or

� �
� 2gv

r2
þ o

ox
g

ou

or
þ ov

ox

� �� �
;

ð3Þ

q
ow

ot
þ qv

ow

or
þ qu

ow

ox
¼ 1

r

o

or
gr

ow

or

� �
þ o

ox
g
ow

ox

� �
� qvw

r
� gw

r2
� w

r

og
or

; ð4Þ

energy equation:

qcp
oT

ot
þ qvcp

oT

or
þ qucp

oT

ox
� op

ot
¼ u

op

ox
þ v

op

or
þ jrEr þ jxEx

þ 1

r

o

or
rk

oT

or

� �
þ o

ox
k
oT

ox

� �
þ 5

2

k

e
jx
oT

ox
þ jr

oT

or

� �
� Unet;

ð5Þ

658 Plasma Chem Plasma Process (2017) 37:653–687

123



charge continuity equation:

1
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where x and r are the axial and radial coordinates, u, v and w are the axial, radial and

tangential components of the velocity respectively, q is the mass density, p is the pressure,

T is the temperature, jx and jr are the axial and radial components of the current density, Ex

and Er are the axial and radial components of the electric field strength, U is the electrical

potential, k is the Boltzmann constant and e is the elementary charge of the electron. The

transport properties of atmospheric pressure water plasma (where k is the thermal con-

ductivity, r is the electrical conductivity, g—the dynamical viscosity) as well as the

thermodynamic properties (where q is the mass density and cp is the specific heat under

constant pressure) implemented in this model were calculated rigorously from the kinetic

theory [41].

Compressible effects in the momentum equations are presented by the terms

� 2

3
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and in the energy equation by the compression work terms u~ � rp. Nevertheless, in the

expected range of the Mach numbers 0.3–0.7, the absolute magnitude of the compressible

terms with respect to the other terms in Eqs. (1–5) is supposed to be small. The electron

enthalpy heating term

5

2

k

e
j~� rT

in the energy equation could contribute substantially near the cathode region but since the

cathode layer is not included in the model this term is expected to be small.

A few comments should be mentioned on the assumptions of the model:

1. The assumption 1) means that the tangential component of velocity w is independent

of the tangential coordinate H so that the distribution of the tangential velocity is the

same for all H angles. The only effect of the tangential velocity on the plasma flow is

through the centrifugal force qw2/r in the radial velocity equation. A justification of

the axisymmetric assumption comes out from these considerations:

The cylindrical discharge chamber (Fig. 3) is divided into several sections by the

baffles with central holes. Water is injected tangentially into the chamber by three sets

of three inlet holes (totally 9 holes) placed equidistantly along the circumference at

angles of 120�. The inner diameter of the water vortex is determined by the diameter

of the holes in the baffles. Water is usually pumped under pressures of 0.39 MPa

(0.6 MPa) with flow rates of 10 l min-1 (16 l min-1). Higher pressures insure better

hydrodynamic stability of the arc. Since water flows in a closed circuit, it is also

exhausted at two positions along the arc chamber.

In experiment, the distance from the exit nozzle to the anode can be changed from 5 to

20 mm. It can be expected that regions close to the exit nozzle will remain undisturbed

by the presence of the anode, while the more distant regions (15–20 mm) will be

influenced by 3D effects (the anode jet and anode processes). A validity of the

axisymmetric assumption is due to a) cylindrical symmetry of the discharge chamber

setup, b) tangential injection of water through the holes along the circumference, and

c) the flexible distance between the nozzle exit and anode.
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2. The assumption of laminar flow is based on experiments, showing the laminar

structure of the plasma flowing out of the discharge chamber in the space between the

nozzle exit and the anode. The laminar flow has been observed for currents up to

600 A. It comes out from our previous calculation [22] that Reynolds number based on

the outlet diameter 6 mm reaches in the axial region 13,000 at maximum and

decreases to 300 in arc fringes.

3. LTE conditions in the arc will be discussed in more detail in ‘‘Non-equilibrium

Effects’’ section. The fulfilment of LTE conditions can be expected in the hot arc core

due to high currents.

4. The electric potential drops between the cathode and the outlet nozzle are up to 210 V.

The cathode fall with the drops of several volts cannot influence substantially the

overall results.

Radiation losses from the water arc plasma are included through the net emission

coefficient Unet which is a function of local temperature with optical thickness corre-

sponding to the discharge radius (*3.3 mm). This model has been applied, for example, in

[22]. The net emission coefficient model provides very good approximation for isothermal

plasmas with included self absorption of radiation in hot plasma regions, but not in colder

arc fringes.

The net emission coefficient is composed of three components: the continuum, the

resonance lines which are partially self-absorbed within the plasma and the other lines

which are not absorbed [42]. For the optical thickness 3–4 mm considered in this mod-

elling, the emission coefficient of water is very close to that of pure oxygen due to the

strong absorption of the hydrogen Lyman lines. The radiation comes out mainly from the

bremsstrahlung continuum, few lines of OI (e.g. 777.34, 793.93 nm), several tens of OII

lines with wavelengths ranging between 395 and 495 nm, and Hb line of Balmer series

(486.113 nm) [43].

Another radiation model including some basic results was applied in ‘‘Reabsorption of

Radiation in the Arc’’ section.

Boundary Conditions and Numerical Scheme

The calculation region and the corresponding boundary conditions are presented in Fig. 4

(see also a position of the calculation domain in Fig. 3). The dimensions are respectively

Fig. 4 Discharge area geometry and boundary conditions
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R = 3.3 mm and L = 65 mm for the radius and the length. Here u, v and w are the axial,

radial and tangential components of velocity.

(a) Cathode surface (AB) Along the cathode surface AB we assume no slip conditions

for velocities, i.e. u = v = w = 0 m s-1. Because of the lack of experimental data,

we prescribed different forms of temperature profiles (polynomial, Gaussian).

Numerical tests (unpublished) showed a weak dependence of the form of the

temperature profile on the overall solution. Thus we decided to calculate the

temperature profile and the electric field strength iteratively from the Elenbaas–

Heller equation with the radiation term (a model approach for electric arc in the

immobile gas), before the fluid-dynamic calculation itself, to obtain the prescribed

current level and the electric field strength near the cathode surface.

(b) Axis of symmetry (BC) The zero radial and tangential velocities and symmetry

conditions are specified here.

(c) Arc gas outlet plane (CD) The outlet velocity profile is determined approximately

from the condition of conservation of the total mass flow. The zero electric potential

(the reference value) and zero axial derivatives of temperature, radial and tangential

velocities are also defined at CD.

(d) Water-vapour-boundary and outlet nozzle (DA) Along this line we specify the so-

called ‘‘effective water vapour boundary’’ with a prescribed temperature of water

vapour 773 K (explained in more detail in ‘‘Determination of Evaporation Mass

Flow Rate and The Radius of the Discharge Region’’ section). This is our numerical

simplification of the more complex physical reality assumed near the phase

transition water-vapour in the discharge chamber, like interaction between water

vortex and vapour, time-dependent form, or splitting of the phase transition, etc. The

same temperature 773 K is ascribed to the outlet nozzle with the dimensions 5 and

0.3 mm in the axial and radial directions. (Of course, the nozzle temperature can

change depending on arc current and need not be uniform within the nozzle volume.

Such assumption can be found in [22]). Because of zero current density in cold

vapour region (no current goes outside through the lateral domain edges),

Er = 0 V m-1 at DA. The magnitude of the radial inflow velocity is assumed to

be uniform along the axial direction and it is calculated from a given evaporation

steam flow rate (details are in ‘‘Determination of Evaporation Mass Flow Rate and

The Radius of the Discharge Region’’ section). The axial velocity of water vapour at

DA is zero and the magnitude of the tangential velocity is estimated from simplified

analytical expressions by Maecker [3] and it is put 10 m s-1 (discussed in ‘‘Effect of

the Tangential Velocity Component on the Arc Discharge Performance’’ section).

The solution of the Eqs. (1–6) was carried out using a compressible version of the

control volume method based on the iteration procedure SIMPLER [44], developed by the

author, which uses both the main and staggered grid lines. Pressure–density corrections

were employed in the pressure and pressure-correction equations in the original incom-

pressible SIMPLER code to deal with a compressible flow properly. Since the iteration

procedure is pressure-based, density as a function of temperature and pressure must be

known in advance (from the equation of state of ideal gas, [41]). The power-law scheme of

the 5th order in the convection–diffusion term is employed. The set of discretized algebraic

equations is solved by a line-by-line method, i.e. the combination of the Gauss–Seidel

method and the tri-diagonal matrix algorithm (TDMA) for speeding up the convergence.

Pressure, velocities, temperature and electric potential are calculated from (1 to 6). The

code is written in the Fortran language. The final steady state was reached as a result of a
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time evolution of the initial state. A grid-independence study was carried out for several

grids (for example, for 31 9 31, 61 9 21, 121 9 61, 216 9 61 grid points in the axial and

radial directions respectively) up to the finest grid with 500 9 81 grid points. Considering

the computer time and the number of computer runs for different input parameters, I have

finally chosen for the present calculations a non-equidistant orthogonal main grid with

61 9 41 points for the axial and radial directions respectively. Numerical tests confirmed

that the relative difference of calculated physical quantities for grids with 61 9 41 and

500 9 81 points, taken either as a value (electric potential, overpressure), or averaged

through the radial coordinate at the outlet nozzle exit (temperature, velocity), are a few per

cent: 1.2% for the electric potential, 1.2% for the temperature, 6.1% for the velocity, 8.6%

for the overpressure.

Results of Calculation

Determination of Evaporation Mass Flow Rate and the Radius
of the Discharge Region

Production of steam by evaporation of a small part of water vortex, i.e. evaporation mass

flow rate _m, is very important physical parameter determining all the basic properties of the

vortex-stabilized arc. Its value is defined by energy balance of the arc itself for given

operating conditions and cannot be changed by user. Since the discharge operates deeply

inside the discharge chamber equipment and is not accessible by any diagnostics, evap-

oration mass flow rate cannot be measured directly in experiments. One way to determine

_m approximately from the integral energy balance is as follows: let us neglect, in the

energy Eq. (5), the terms corresponding to compression work, axial conduction and

electron enthalpy and let us assume that the radial velocity is much smaller than the axial

one. Integrating such a simplified steady-state energy equation over the discharge volume

provides the equation

ZR

0

2prquhdr ¼ L I � E � Qw � _mQevð Þ; ð7Þ

where h is the enthalpy of plasma, Qw is the radiated power absorbed in water and/or in the

walls of the stabilizing chamber, Qev is the energy per unit mass spent for heating of water

to the boiling temperature and for the phase change, and L is the discharge length.

Assuming that the Mach number M is independent of radius, the formula for calculating M

takes the form

M ¼ L I � E � Qwð ÞR R

0
2pqchrdr þ lv þ cw Tw � T0ð Þ½ �

R R

0
2pqcrdr

; ð8Þ

where c is the velocity of sound and lv is the specific heat of evaporation for water. By

measuring I; E � L; Qw and T(r), and knowing the temperature dependencies q Tð Þ; c Tð Þ
and h(T), we are able to determine M and _m. Such an approximate approach was chosen in

[8] with finding the values of _m for the current range 300–600 A; namely,

_m = 0.204 g s-1 (300 A); 0.272 g s-1 (400 A); 0.285 g s-1 (500 A) and 0.325 g s-1

(600 A).
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In my first simulations I used these experimentally determined values of _m to see the

agreement or disagreement with experiments. The result is summarized in Table 1 which

compares the numerical results (at the point C of the computational domain) with the

experimental ones (measured 2 mm downstream from the nozzle [45]). The characteristics

presented in Table 1 are the axial velocity, temperature, potential drop between the

cathode and the nozzle (point C), pressure drop between the cathode and the nozzle,

current density and electric field strength. The input power means the product of current

and the potential drop; the term total losses stands for the power losses due to radial

conduction and radiation, these losses are also shown in the last item as a per cent of the

input power.

We can see that typical outlet velocities are 2.5–7 km s-1, temperatures

19,000–27,000 K, the voltage drop *200 V and the pressure drop 0.06–0.25 atm. The

magnitudes of all presented characteristics increase with current as can be expected for

increasing powers to the arc and evaporation mass flow rates. Despite the axial velocities

are very high, the Mach numbers at the point C range from 0.3 to 0.7 because of the

temperature-dependent speed of sound. The plasma flow is thus mildly compressible. A

satisfactory correspondence between the numerical and experimental data, if available, is

obvious. The higher differences occur in temperature, namely for higher currents. The

lower numerical values can be caused, in my opinion, by the fact that we neglected

absorption of radiation in colder arc regions and water vapour and by the properties of the

chosen net emission coefficients radiation model. A more complicated shape of the water–

water-vapour (water-steam) phase transition than that approximated by the direct line AD

can also be of significant importance. The input power I � U increased more than twice for

the 600 A arc with respect to the 300 A value. The power losses from the arc are the sum

Table 1 Comparison between experimental and numerical values of the axial quantities for currents
300–600 A and for evaporation mass flow rates determined from experimental measurements

Parameters I = 300 A, flow
rate = 0.204 g s-1

I = 100 A, flow
rate = 0.272 g s-1

I = 500 A, flow
rate = 0.285 g s-1

I = 600 A, flow
rate = 0.325 g s-1

Exp. Num. Exp. Num. Exp. Num. Exp. Num.

u (m s-1) 2494 2080 4407 3840 5649 4590 7054 6950

T (K) 19,000 17,200 23,000 20,400 26,200 18,900 27,200 21,900

U (V) 185 182 190 203 200 191 216 206

Dp (Pa) 6100 7220 12,800 13,000 16,700 21,000 25,700 30,000

J (current
density)
(A m-2)

n/a 3.00 9 107 n/a 3.42 9 107 n/a 3.80 9 107 n/a 4.08 9 107

E (electric
field
strength)
(V m-1)

n/a 3340 n/a 3570 n/a 3940 n/a 4340

Power (W) n/a 54,800 n/a 81,100 n/a 95,600 n/a 123,300

Total losses
(W)

n/a 25,300 n/a 37,000 n/a 54,000 n/a 65,500

Total losses
(%)

n/a 46.20 n/a 45.70 n/a 56.50 n/a 53.10
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of the radial conduction power and radiation power leaving the discharge which are

considered as the two principal processes responsible for power losses. They change slowly

with current and represent around 50% of the input power. The rest of the input power is,

according to this model, spent for convection, heating and ionization of the plasma.

The next steps to make the _m values more accurate were presented in [22] where the

most probable values of _m were found by comparing differences between numerical and

experimental quantities at the nozzle outlet (axial temperature and velocity) and by

comparing the electric potential drop in the chamber. It was found that the best-fit values of

_m = 0.250 g s-1 (300 A); 0.317 g s-1 (400 A); 0.342 g s-1 (500 A) and 0.330 g-1

(600 A) correspond to the minimum differences. These values are by about 20% higher

than the experimental _m values.

The results of a new comparison are summarized in Table 2. In contrast to Table 1,

axial velocities, pressure drops, Mach numbers and electric potentials are closer to the

experimental values. Temperatures remain practically unchanged. On the other hand,

electrical characteristics (current density, electric field strength) and the total losses slightly

decreased.

The last and more detailed determination of _m was presented in [25]. Here the values of

_m were changed simultaneously with the radial position of the water-vapour-boundary to

meet the condition of minimum differences between experiments and simulations (again—

the outlet axial temperature, velocity and the electric potential drop were chosen for a

comparison), assuming the fixed temperature of steam at the water-vapour-boundary. Two

kinds of radiation model were taken into account—the net emission coefficients method

with [46] and without [22] reabsorption of radiation. Some of the physical quantities were

Table 2 Comparison between experimental and numerical values of the axial quantities for currents 300 –
600 A with the numerically best-fit evaporation mass flow rates

Parameters I = 300 A I = 400 A I = 500 A I = 600 A

Exp. Num. Exp. Num. Exp Num. Exp. Num.

m (g s-1) 0.204 0.250 0.275 0.317 0.285 0.342 0.325 0.330

u (m s-1) 2494 2490 4407 4400 5649 5660 7054 7050

T (K) 19,000 16,700 23,000 20,400 26,200 19,700 27,200 21,900

U (V) 185 185 190 204 200 197 216 206

Dp (Pa) 6100 10,000 12,800 16,800 16,700 28,300 25,700 31,300

M 0.317 0.362 0.445 0.518 0.505 0.705 0.617 0.756

J (current
density)
(A m-2)

n/a 2.76 9 107 n/a 3.43 9 107 n/a 3.79 9 107 n/a 4.07 9 107

E (electric
field
strength)
(V m-1)

n/a 3160 n/a 3580 n/a 3910 n/a 4330

Power (W) n/a 55,500 n/a 81,700 n/a 98,700 n/a 123,700

Total losses
(W)

n/a 24,300 n/a 35,700 n/a 50,800 n/a 65,100

Total losses
(%)

n/a 43.80 n/a 43.70 n/a 51.40 n/a 52.60
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better approximated when using one radiation model, and the others using the second

radiation model. Finally, the radius of the water-vapour-boundary was found to be

3.31 mm, similarly as in my previous simulations (3.3 mm). The final corresponding

values of _m are: 0.228 g s-1 (300 A); 0.315 g s-1 (400 A); 0.329 g s-1 (500 A) and

0.363 g-1 (600 A). The results shown in the next Sections were calculated using these

mass flow rates and 3.3 mm as the water-vapour-boundary radius.

Basic Results: Arc Properties and Physical Processes in the Discharge

To see the overall picture of some quantities, we present two-dimensional (2D) contour

plots. Figures 5 and 6 comprise contours of the axial velocity, stream function, pressure,

Mach number, magnetic induction and the electric potential for the 300 A discharge [the

axial position 0 mm (65 mm) corresponds to the cathode (outlet)]. The axial velocity

increases with axial distance because of continuous inflow of cold vapour; the maximum

velocity 2558 m s-1 occurs at the outlet. Since the density of plasma decreases with

temperature, the majority of the discharge mass is carried away in the last millimetre of the

discharge radius (see the stream function, the radial distribution at the orifice). The radial
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component of pressure practically diminishes at the outlet due to the presence of the outlet

nozzle. The maximum pressure gradient occurs along the axis (the pressure drop

*0.136 atm.). The Mach number is not constant at the exit aperture which means that the

prediction of mass flow rate from the measured temperature profiles and from transport and

thermodynamic coefficients can experience larger error (the assumption of constant Mach

number across the orifice was applied for the determination of mass flow rates from

experimental data). The magnetic induction contours, of the order of 10-2 T, are nearly

parallel with the axis within the discharge, except for the cathode and outlet regions. The

dominant component of the current density is the axial one which is obvious from the

nearly perpendicular contours of the electric potential to the axis.

The temperature contours for 300 and 600 A reveal that there exists an approximately

thermal asymptotic region at a distance between 2 and 5 cm from the cathode (Fig. 7). The

low-temperature region (T\ 104 K) is wider for the 300 A discharge (*1.0 mm),

implying a thinner conducting arc core.

Figure 8 (left) demonstrates the influence of the temperature distribution inside the

discharge channel on the radial conduction heat flux, depending on the radial temperature

gradient and on the value of the strongly temperature-dependent thermal conductivity. The

maxima of the conduction heat flux are located in low temperature regions (between 2.6
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and 3 mm) with steep temperature gradients and the peak value is higher than

2 9 107 W m-2 for 600 A.

The influence of both temperature and velocity fields on the radial convection heat flux

qvh (h is the enthalpy of plasma) is reflected in Fig. 8 (right). The minus sign is caused by

the influx of water vapour into the discharge chamber. The discharge temperature and

radial velocity increase with current, thus the convection heat flux is higher for higher

currents; for 600 A the peak value of *1.4 9 108 W m-2 is nearly four times higher than

for the 300 A arc. The highest radial convection heat fluxes occur between 1.5 and 2 mm

from the arc axis.

It is important to know which physical processes are dominant in the discharge and how

they change with current. For this purpose we made absolute magnitudes of all terms in the

momentum and energy Eqs. (2-5) within the discharge volume for different currents and

we calculated their bulk magnitudes. The so called a parameter equals the ratio of the bulk

magnitude of the specific term to the sum of the bulk magnitudes in the momentum (or
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energy) equation. The results are depicted in Figs. 9 and 10 where the y-axis shows a in per
cent’s.

The most dominant term in the axial momentum equation is the axial gradient of

pressure (Fig. 9). The other terms, like the convection terms and the diffusion of the axial

velocity in the radial direction, are comparable in their magnitudes (*20%). The driving

forces in the radial momentum equation are the radial pressure gradient, followed by

pressure force due to the self-generated magnetic field (Lorentz force). The lower

importance, of about 5%, represent convection and diffusion of the radial velocity in the

radial direction. The diffusion due to compressible effects (the term with –2/3) is the

lowest among these terms and represents about 1%.

In the energy equation (Fig. 10), the following processes were recognized as the most

significant: radial convection, axial convection, radial conduction, the Joule heating and

radiation. Since the conduction acts in the whole region of the discharge and radial tem-

perature gradients are very steep, the bulk value of the energy losses by radial conduction
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Fig. 8 Radial conduction (left) and convection (right) heat fluxes at the axial position 4.09 cm from the
cathode (the nearly fully-developed temperature region)
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is dominant. The second highest term is the Joule heat, followed by the power transported

by radial convection. The smallest two terms, radiation losses from the arc and the power

transported by axial convection, which are dominant in central regions of the arc, but

occupying a small discharge volume with low density plasma, are of a comparable mag-

nitude, between 5 and 10%.

The dimensionless fluid-dynamic and heat transfer numbers M, Re, Pr, Pe as a function

of evaporation mass flow rate for 300 A have been calculated to characterize processes

within the arc discharge (Fig. 11). The Reynolds number is based on the diameter of the

outlet orifice and all numbers are averaged through the orifice cross section. One can
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observe that for higher current, plasma becomes more compressible and thermal diffusion

as well as the role of convection increases (the Peclet number increases). The viscous

stresses are more significant at lower currents.

The set of magnetogasdynamic numbers is shown in Fig. 12: magnetic Reynolds

number, magnetic pressure number, Hartmann number and the magnetic parameter (square

root of the ratio: magnetic force/inertial force). All numbers are averaged again through the

orifice cross section. From the number’s dependencies on arc current we can conclude that

magnetic field is partially influenced by the arc motion (Magnetic Reynolds number is

*0.1); the magnetic pressure represents *0.05–0.08 of the dynamic pressure; magnetic

forces and viscous forces are comparable (Hartmann number*1) and inertial forces are of

the order of 103 with respect to magnetic forces.

At least two numbers reflecting the transfer of energy in the discharge are presented,

namely, the Thring number Th (the ratio of convective heat transfer to radiation heat losses

from the arc) and the Stefan number Sf (the ratio of radiation heat losses from the arc to

conduction heat losses), see Fig. 13. It can be seen from the plots that the amount of power

spent on convection (heating, ionization and acceleration of plasma) is comparable with

radiation losses from the arc. Also, radiation losses increase with arc current and they are

nearly 2 times higher than conduction losses. These results agree well with the conclusions

made from approximate calculations based on experimental data.

Finally, we present some comparison of the present results with experiments made in

IPP in the past [8] and with the other numerical simulation.

The current–voltage characteristics of the arc are presented in Fig. 14. One of the curves

stands for the experimental measurements [8], two of the curves represent our numerical

calculations: one of them is for the experimentally determined mass flow rates and the

other one for the best-fit _m [25]. It is obvious that calculations with the fitted values of _m
exhibit better agreement with experiments than the original calculations using the exper-

imental values of _m. For comparison, current–voltage characteristics for an asymptotic arc

region (1D model) are shown. This is the solution of the Elenbaas–Heller equation with the

radiation term
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for the 65 mm long arc. The voltages obtained are not far from the experimental curve;

thus to obtain an idea about the range of voltages in this kind of discharge, one can solve

the Elenbaas–Heller equation instead of the complete 2D set of magnetohydrodynamic

equations.

The next plot (Fig. 15) shows comparison of calculated and experimental radial velocity

and temperature profiles. Negatively biased electric probes in ion collecting regime were

used for determination of plasma flow velocity in experiments [8]. Temperature was

evaluated from optical emission spectroscopy measurements [8, 10]. Calculations are taken

at the nozzle exit, experiments 2 mm downstream of the nozzle exit. Comparison for

velocity is very good for 300 and 400 A, with less than 500 m s-1 velocity difference. For

higher currents, with velocity difference of about 1–1.5 km s-1, it is hard to make any
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conclusion in the sense ‘‘very good’’ or ‘‘good’’ agreement because error bars for this

measurement are unavailable. All the calculated temperatures are lower than the experi-

mental ones. For 300 A the temperature difference is about 1500 K which can be con-

sidered as a good agreement if we take some uncertainty of experimental measurements

into consideration. For higher currents the temperature difference becomes much higher,

exceeding the most probably temperature error bars, even though unknown. The main

reason for the lower calculated temperatures at high currents consists in my opinion in the

chosen radiation model (net emission coefficients [42]) which neglects reabsorption of

radiation in the arc and the method of calculating of spectral line shapes. The more precise

radiation model will be discussed in ‘‘Reabsorption of Radiation in the Arc’’ section.

Comparison of axial velocity and overpressure contours for 600 A with calculations

made by Kotalı́k [35] is shown in Fig. 16. Despite both the codes use different numerical
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approach for solving the set of governing equations (my code—control volumes, Kotalı́k’s

code—finite elements), and the boundary conditions are somehow different in the codes,

contour profiles as well as the values of velocity and overpressure are very close.

Effect of the Tangential Velocity Component on the Arc Discharge
Performance

In the water-vortex-stabilized plasma torch PAL 160, water is injected tangentially into the

discharge chamber by several inlet apertures. Water is thus rotating in the chamber creating

a water vortex. Going closer to the chamber axis, a water-steam phase transition takes

place, followed by the so-called vapour region and, by the arc discharge zone at the axial

region (electrically conducting plasma). It can be expected that, due to the viscosity of

water, steam and plasma, part of the rotating momentum of a vortex is transferred to the arc

plasma, i.e. the plasma discharge is rotating with nonzero tangential velocity. The distri-

bution of this velocity component in the plasma as well as the impact on the overall arc

performance were of interest of our research group.

The equation for the tangential velocity component w in the axisymmetric 2D case takes

the form

q
ow

ot
þ qv

ow

or
þ qu

ow

ox
¼ 1

r

o

or
gr

ow

or

� �
þ o

ox
g
ow

ox

� �
� qvw

r
� gw

r2
� w

r

og
or

; ð10Þ

where the term qvw/r stands for Coriolis force. In the equation for the radial velocity

component, the additional term qw2/r due to centrifugal forces appears; the axial

momentum equation remains unchanged. Boundary conditions for (10) have to be specified

before the start of numerical calculations. At the cathode w = 0 m s-1 (AB line, Fig. 4)

because of no slip conditions. At the arc axis we prescribe a zero w-velocity. At the outlet

CD we put qw/qx = 0 as the approximation (the same condition was applied for the

v velocity). The only unknown boundary condition is the water-vapour surface AD, where

a certain magnitude of the tangential component must be given.

At this stage I used the approximate approach by Maecker [3] where the tangential

velocity is estimated from simplified analytical expressions. In this paper it is assumed that

a water vortex at the vicinity of the arc region rotates with the same tangential velocity as

the edge of the arc. The following analytical equation, originating from Bernoulli’s

equation, for the tangential velocity component at the water-steam phase transition (with

two possible real roots) can be derived:

pL � pi ¼
q
2
w2
i 2

wara

wiri
� 1

� �
ð11Þ

In this equation, pL is the total pressure at the inlet apertures, pi is the static pressure at

the water-steam edge (*1 atm.), q is the water density, ra is the radius of the chamber, ri is

the radius of the arc and vapour region, wa is the inlet water velocity into the chamber and

wi is the calculated tangential velocity at the vapour region.

In the plasma torch, water is injected into the chamber usually under pressures of

0.39 MPa (0.6 MPa) with flow rates of 10 l min-1 (16 l min-1). Under such conditions the

inlet tangential velocity component is 10.5 m s-1 (16.8 m s-1). The roots of the tangential

velocity at the water-vapour interface are 7.3 m s-1 (79 m s-1) for 0.39 MPa and

7.7 m s-1 (131 m s-1) for 0.6 MPa. Since the water injected expands within the chamber

volume and no additional forces influence its motion, we believe that the roots with lower

Plasma Chem Plasma Process (2017) 37:653–687 673

123



magnitudes of velocity will apply. Thus tangential velocities of the order of several meters

per second are expected as realistic boundary condition for the AD line.

We carried out calculations for w = 5, 10, 20, 30, 100, 150 m s-1 as a boundary

condition at AD and for currents 300, 400, 500 and 600 A. The results showed that the

effect of the tangential velocity, in this range of velocities, on arc characteristics is small

(the maximum difference in the outlet parameters is less than 2% regarding the case

neglecting the tangential velocity). This is because centrifugal forces qw2/r appearing in

the radial velocity equation are small compared to dominant terms in this equation. In order

to demonstrate more precisely the magnitudes of different forces within the discharge, we

present (Fig. 17) the following dimensionless numbers as functions of the arc current:

Ekman number (square root of the ratio viscous force/Coriolis force), Rossby number (the

ratio inertial force/Coriolis force), Taylor number (the ratio centrifugal force/viscous

force). All numbers are mean values through the discharge cross section at the axial

position 4.09 cm from the cathode. We can see that inertial forces are *103–104 times

higher than viscous and Coriolis forces. Viscous forces are several times higher than

Coriolis forces, centrifugal forces are *103 times lower than the viscous ones.

Some numerical results are presented in Figs. 18 and 19. Figure 18 depicts contours of

the w velocity within the discharge for 300 and 600 A. A boundary condition

w = 10 m s-1 at the AD line was employed. One can note immediately a qualitative

difference between these two cases; the tangential velocity for lower currents decreases

nearly monotonously to the arc axis while, for the higher current, the w velocity increases

to peak values in front of the axis. Radial profiles of the tangential velocity (Fig. 19) reveal

that the peak of the w velocity becomes more pronounced with increasing current. This

behaviour is related to the temperature dependence of the dynamical viscosity. For higher

currents, axial temperatures exceed 20,000 K and the dynamical viscosity rapidly

decreases above these temperatures (the degree of ionization is more than 90%).

Ekman number =  (viscous force / Coriolis force)1/2

Rossby number = inertial force / Coriolis force
Taylor number  = centrifugal force / viscous force

300 400 500 600

arc current [A]

4,00

5,00

6,00

7,00

8,00

E
km

an
 n

um
be

r

0

20

40

60

80

R
os

sb
y 

nu
m

be
r 

[*
10

4 ]

0,002

0,004

0,006

0,008

0,010

T
ay

lo
r 

nu
m

be
r

Fig. 17 Dimensionless mass transfer numbers (Ekman, Rossby, Taylor) as a function of arc current. All
numbers are averaged through the discharge cross section

674 Plasma Chem Plasma Process (2017) 37:653–687

123



A short analytical and simplified explanation for the velocity peaks can be done, for

example, as follows: if the arc temperature increases, i.e. dynamical viscosity decreases,

we get from (10), assuming the nearly asymptotic region inside the discharge (q/qx % 0),

the equation
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Fig. 18 Contours of the tangential velocity. For higher currents, the tangential velocity component
increases near the axis due to the low dynamical viscosity of the plasma
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dw

dr
¼

dg
dr
þ qv

dg
dr
� qv

� w
r
¼

1þ qv
dg=dr

1� qv
dg=dr

� w
r
� f rð Þ � w

r
; f rð Þ �

1þ qv
dg=dr

1� qv
dg=dr

ð12Þ

with the solution

w rð Þ ¼ w r0ð Þ � exp
Zr

r0

f rð Þ
r

dr

0
@

1
A: ð13Þ

In the vicinity of r0, f(r) % f(r0) and the approximate solution of (13) reads

w rð Þ ¼ w r0ð Þ � r

r0

� �f r0ð Þ
: ð14Þ

Let us give the estimate for the 600 A discharge. For r0 = 0.47 mm (the radial distance

from the axis), qv * -0.03 kg m-2 s-1, dg/dr * ?0.02 Pa s m-1, f(r0) = -0.02 which

implies, if r\ r0, w(r)[w(r0). Thus the low dynamical viscosity in the axial region for

higher currents is responsible for peaks in the tangential velocity component.

Experiments related to the rotation of the arc column were performed with water

stabilized plasma torch described in [47]. The flow rate of stabilizing water through the

torch was varied from 12 to 20 l min-1 which results in variations of frequency of rotation

of water vortex. Total mass flow rate of water plasma which is given by an evaporation rate

from the inner wall of water vortex was 0.2–0.3 g s-1 for arc power 100–200 kW. It was

shown that the variations of flow rate have no effect on measured power balance of the

torch and on measured mean values of voltage drop on different parts of the arc.

However, in the Fourier spectra of both voltage signals the same characteristic fre-

quency in the range 250–450 Hz was found, which was dependent on water flow rate. The

dependence of characteristic frequency on water flow rate and arc current was measured. In

Fig. 20 the dependence of frequency on water flow rate is shown. The frequency is directly

proportional to water flow rate and its value corresponds to estimated frequency of rotation

in the stabilizing water vortex. Figure 21 presents dependence of characteristic frequency

on arc current for two values of flow rate of water; 19.9 and 20.1 l min-1. Small decrease

of frequency was observed with increasing current.

We can conclude that the tornado effect under plasma conditions present in this kind of

discharge has a negligible effect on arc characteristics, namely, on its power and force

balances. Thus knowledge of exact value of the tangential velocity at the arc boundary or

within the discharge region is not required.

Reabsorption of Radiation in the Arc

The water-vortex stabilized arc exhibits high radiation powers and radiation fluxes because

it operates typically at currents 300–600 A, producing thus high-enthalpy oxygen-hydro-

gen plasma. Radiation in the numerical model must be treated very carefully to obtain

relevant results. Simulations presented in preceding Sections employed the net emission

coefficient which is quite popular among experts in thermal plasma community due to the

simplicity of its use in the model. Application of the net emission coefficients to a pre-

diction of energy balance gives good results for central arc temperatures, but it cannot

predict accurate temperature profiles at low temperatures near the edge of the arc, because

of the absorption of ultraviolet radiation emitted at the centre of the arc at high
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temperatures (self absorption using this method can only be accounted for in a highly

approximate way by using negative emission coefficients at low temperatures).

In this section the special method for calculation of radiation transfer was applied in our

model, called the method of partial characteristics [48, 49]. This method was designed for

radiation transfer in emitting and partially absorbing media, such in stellar atmospheres or

Fig. 20 The characteristic frequency of voltage fluctuations versus water flow rate (courtesy of Dr.
Hrabovský)

Fig. 21 The dependence of characteristic frequency of voltage fluctuations on arc current for two water
flow rates (courtesy of Dr. Hrabovský)
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in electric arcs with plasmas in between optically thin and thick. The amount of self

absorbed radiation in cold arc regions comes out from the calculation without any prior

assumptions and constraints. In the following, when we mention ‘reabsorption’, ‘the

reabsorption of radiation’ or ‘the impact of the reabsorption of radiation’, it refers to the

reabsorption of radiation in the low temperature region in the partial characteristics

method. A short description of the method is given here.

The principle of the method of partial characteristics is that integrals over radiation

frequencies in equations for radiation quantities can be performed in advance to form

functions Som and DSim, called partial characteristics [49, 50]. The partial characteristics

include all time demanding integrations over frequencies. These functions are stored in

data tables according to several parameters, such as plasma pressure, temperature and

geometrical dimensions. The tables are then used for 3D computations with spatial inte-

grations only.

The partial characteristics Som and DSim are defined as follows [50]:

SomðTX; TR; R� Xj jÞ ¼
Z1

0

BmðXÞjmðXÞe
�
RR
X

jmðgÞdg
dm; ð15Þ

DSimðTX; Tn; n� XÞ ¼
Z1

0

BmðXÞ � BmðnÞ½ �jmðXÞjmðnÞ expð�
ZX

n

jmðgÞdgÞdm ð16Þ

where Bm is the Planck function, jm is the absorption coefficient, T is the plasma tem-

perature, and n, X, R are the radial coordinates. This method has been successfully used in

some previous papers [51, 52] for prediction of radiation intensities, radiation fluxes and

the divergence of radiation fluxes for various temperature profiles of SF6 arc plasmas.

Note that if isothermal temperature profile is assumed, the function Som equals to the

isothermal net emission coefficient introduced by Lowke [53] as

eN ¼
Z1

0

BmðTÞjmðT ; pÞ exp �jmðT ; pÞR½ �dm ð17Þ

where R represents the radius of plasma column. The ‘isothermal’ net emission coefficient,

eN, corresponds to the fraction of the total power per unit volume and unit solid angle

irradiated into a volume surrounding the axis of the arc and escaping from the arc column

after crossing a thickness R of the isothermal plasma.

In the spectrum needed for the partial characteristics radiation model, continuous

radiation due to photorecombination and ‘bremsstrahlung’ processes has been included as

well as discrete radiation consisting of thousands of spectral lines. Broadening mechanisms

of atomic and ionic spectral lines due to Doppler, resonance and Stark effects have been

considered. The numbers of oxygen lines included in the calculation are O (93 lines), O?

(296 lines), O2
? (190 lines). In addition, molecular bands of O2 (Schuman–Runge system),

H2 (Lyman and Verner systems), OH (transition A2R? ? X2Pi) and H2O (several tran-

sitions) have been also implemented [54]. Absorption coefficient as a function of wave-

length has been calculated from infrared to far ultraviolet regions and the tables of partial

characteristics for 1–35 kK.

We also assumed the linear dependence of the density q and the radiation losses _R from

the arc on pressure:
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q p; Tð Þ ¼ p

patm:
q patm:; Tð Þ; _R p; Tð Þ ¼ p

patm:
_R patm:; Tð Þ; ð18Þ

The linear dependence of density on pressure follows from the equation of state for

ideal gas; the linear dependence of the radiation losses is an approximation of the fact that

radiation losses increase with operating pressure. Similar approach for the net emission

coefficient has been applied by other authors [55].

Calculations have been carried out for currents 150–600 A with the steam mass flow

rates between 0.0843 g s-1 (150 A) and 0.363 g s-1 (600 A).

Figure 22 demonstrates the input power and power losses from the arc discharge as a

function of current. The term input power means the product of current and the potential

drop in the discharge chamber. The power losses from the arc stand for the radial con-

duction power and radiation power leaving the discharge which are considered as the two

principal processes responsible for power losses. The input power is approximately six

times higher for the 600 A arc (*110 kW) than for 150 A. The absolute value of the

power losses increase with current but the ratio of the power losses to the input power

decrease approximately from 60 to 30%. The amount of reabsorbed radiation in the partial

characteristics model divided by the total divergence of radiation flux is between 17 and

28%.

Figures 23 and 24 show contours of the divergence of radiation flux (W m-3) and the

radiation flux (W m-2) for 300 and 600 A. The axial position 0 mm (65 mm) corresponds

to the cathode (outlet). Orientation of the domain is the same as in Fig. 4. The maximum

radiation power occurs in the arc centre, the reabsorbing boundary with the zero value is

located at the radial positions around 2.5 mm for 300 A and 2.7 mm for 600 A. The

maximum radiation flux is shifted at 600 A towards arc fringes. The pressure dependence

is evident in all contours—overpressure increases in the discharge towards the cathode.

The corresponding temperature and velocity contours are given in Figs. 25 and 26. The

maximum axial velocity and temperature for 600 A are 8500 m s-1 and 26,300 K. It was

shown that reabsorption of radiation results generally in flatter radial temperature profiles

within the arc and higher temperatures at the arc boundary. The current-carrying arc core

becomes wider and a lower potential drop is able to maintain the discharge.
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Fig. 22 Input power (kW), power losses by conduction and radiation (kW, %), and the amount of
reabsorbed radiation vs arc current (%)
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Finally, comparison between experimental and calculated radial velocity and temper-

ature profiles for the partial characteristics method employed in the calculations is shown

in Fig. 27. Again, position of numerical curves is exactly at the nozzle exit, experimental

curves are taken 2 mm downstream of the nozzle exit. Calculated temperatures are now

much higher than in Fig. 15 (with the net emission radiation method employed) and the
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Fig. 23 Contours of the divergence of radiation flux (W m-3) for the partial characteristics model for 300
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profiles show good agreement for all currents. Velocity profiles at the radial distances

1–2 mm are very close to each other, while at the axial region the calculated profiles are

somewhat higher (500–600 A). This can be caused, besides other things, by the simplified

assumption of the constant Mach number over the nozzle radius in the experimental

evaluation of the outlet velocity, decreasing thus real velocity values.
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Fig. 25 Temperature contours for 300 and 600 A. 104 K corresponds to 1 in the plot
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Non-equilibrium Effects

In a PhD thesis [10] it was shown that a significant underpopulation of atomic and ionic

excited states in the water-vortex stabilized arc discharge can be expected, having a

strong impact on energy balance in the plasma jet. Deviations from local thermodynamic

equilibrium (LTE) in the water plasma torch can occur in the first place as a result of

strong temperature and density gradients that give rise to transport phenomena as a rapid

diffusion of particles and radiation escape—the rate of which can exceed the rate of a

dominant collisional process. Furthermore, in high-speed plasma flows (such as in water-

vortex stabilized arc regimes), strong deviations from chemical equilibrium are likely

because of the finite rates and thus finite times of reactions involved in the plasma. To

make an exact analysis of non–equilibrium effects in the water plasma, the effects of the

departures from the both kinetic and chemical equilibrium should be discussed. Chemical

non–equilibrium effects can be generally rigorously studied by two-temperature

numerical model, including the set of diffusion equations for plasma species with the net

rate of production of species determined by the proper plasma kinetics, two-temperature

Saha equations, and collision cross sections and plasma properties depending on a local

temperature (either electron or heavy species), pressure and particle number density.

Since the present numerical model of the water arc discharge is one–fluid and one–

temperature, assuming the LTE composition of plasma species, I can consider here only

the effects of kinetic non-equilibrium.

In the following we estimate the validity of LTE conditions within the arc column

by means of the criteria for the kinetic equilibrium and spatial variations of temperature

[56]

Te � T

Te
¼ pmh

24me

ekeE
kTe

� �2

; ke
rT

T
\\1; ð19Þ

where Te(T) denotes the electron (heavy species) temperature, me(mh) the electron (heavy

species) mass, ke the mean free path of electrons, E the electric field strength, k the
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Boltzmann constant. For simplification we included in the calculation of mean free path

only collision cross sections electrons-ions, i.e. we suppose fully-ionized approach

enabling to calculate the cross sections using the analytical Spitzer–Harm formulae [57].

We thus consider in this analysis only the arc regions with temperatures higher than

9000 K, i.e. with the degree of ionization higher than 2%.

Figure 28 (left) presents radial profiles of deviations from the kinetic equilibrium for

several values of current. The axial position from the cathode is 4.08 cm. Within the arc

radius 2 mm, deviations below 3% occur for all currents. For the arc radii higher than

2 mm, deviations start to rise steeply and the fulfilment of the kinetic equilibrium

condition is better for higher currents. At the edge of the plasma column but with

temperatures still above 9000 K, deviations range between 34% (for 300 A) and 52%

(for 600 A). However, it can be expected that the maximum values of the relative

deviation at the arc edge could be somehow lower in reality; likely because (Eq. 19) was

calculated for a fully–ionized plasma, neglecting inelastic collisions due to electron-

neutral and ion-neutral collisions, which start to be important at low degrees of ion-

ization, causing the decrease of mean free path of electrons. The real deviation from LTE

at the plasma edge (*9000 K) is expected to be somewhat lower than the values plotted

in Fig. 28 (left).

Figure 28 (right) shows relative deviations from the kinetic equilibrium as a function of

arc current. Radial positions 2 and 2.7 mm from the axis are taken again at a distance of

4.08 cm downstream of the cathode. High increase of kinetic nonequilibrium is obvious at

the radial distance of 2.7 mm compared to the values of deviations at 2 mm. It can be also

seen that fulfillment of LTE conditions is better for higher currents.

Deviations due to the spatial variation of temperature (Fig. 29) are below 0.1% in the

arc core and 0.1–1% in arc fringes, and they are about one order lower than the departures

estimated from the ratio of energy gained by the electric field and the thermal energy
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(Fig. 28). Temperature gradients inside the discharge chamber thus does not seem to be a

principal mechanism of substantial deviations from LTE.

Conclusions

This review paper summarizes the most important numerical results of the electric arc

stabilized by a water vortex obtained during the years 1997–2006. The two-and-half

axisymmetric numerical model of the arc stabilized by a water vortex, based on the control

volume method, explains the arc properties and basic physical processes in the discharge

chamber. The steady state computer results of thermal, fluid dynamic and electrical

characteristics of such arc are shown mostly for the currents 300–600 A with steam flow

rate of about 0.3 g s-1.

Using a comparison between the present simulation and experiments, the production of

plasma material, i.e. evaporation of water (generation of steam) was predicted. The

numerical values of evaporation mass flow rates are higher by about 20% from the values

predicted from experiments—0.228 g s-1 (300 A); 0.315 g s-1 (400 A); 0.329 g s-1

(500 A) and 0.363 g-1 (600 A). These mass flow rates were employed in our simulations.

Our calculations showed that there is a nearly fully-developed thermal region in the

discharge channel with a length of *4 cm. Temperature gradients in the vapour region

(T\ 7000 K) are steeper for higher currents. Plasma velocity increases towards the nozzle

due to continuous evaporation of steam from water column. For 600 A the maximum

velocity at the nozzle axis is 6500 m s-1. Since the electric equipotential lines are nearly

perpendicular to the arc axis, the arc current flows in the axial direction.

In the arc energy balance, the most significant processes determining properties of the

arc are the mutual balance of the Joule heat with radiation and radial conduction losses.

The main driving forces for the velocity are gradients of static pressure and the Lorentz

0

axis

1 2 3 4

radius [mm]

0,001

0,01

0,1

1

10

e
[%

]
λ 

 ∇
Τ/

Τ

Fig. 29 Relative deviations
from the spatial temperature
gradients (%) as a function of
radial position and current. ke
depicts the mean free path of
electrons. Axial position from the
cathode is 4.08 cm

684 Plasma Chem Plasma Process (2017) 37:653–687

123



force. Non-dimensional analysis based on similarity fluid-dynamic, magnetohydrodynamic

and thermal numbers showed that with increasing current the plasma becomes more

compressible, the viscous stresses decrease and the role of thermal diffusion and con-

vection increases. Further, magnetic field is only partially influenced by the arc motion

(Magnetic Reynolds number is *0.1); the magnetic pressure represents *10-2 of the

dynamic pressure; magnetic forces and viscous forces are comparable and the inertial

forces are of the order of 103 with respect to magnetic forces. Inertial forces are of the

order of 103 to the magnetic, viscous, centrifugal and Coriolis forces within the arc

discharge.

The attention has been paid to the vortex motion of the arc. It was numerically con-

firmed that rotation of plasma column due to tangential velocity components has a neg-

ligible effect on the overall arc performance. For higher currents, the tangential velocity

component increases near the axis due to low dynamical plasma viscosity. In experiment,

the rotation of water induces fluctuations in the arc and in plasma jet with characteristic

frequency which is related to the frequency of rotation of water which are probably caused

by small asymmetry of the vortex in the arc chamber.

Applying the partial characteristics model for radiation, self-absorption (or reabsorp-

tion) within the arc was calculated. The reabsorbing boundary with the zero value of the

radiation losses is located around 2.5 mm radially from the discharge axis at 300 A and

2.7 mm at 600 A. The amount of reabsorbed radiation in the partial characteristics model

divided by the total divergence of radiation flux is between 17 and 28%. The absolute value

of the power losses, calculated using this radiation model, increase with current but the

ratio of the power losses to the input power decrease from 60 to 30%.

In the arc core, at the radial positions less than 2 mm, the maximum deviation from the

kinetic LTE is below 3%. For higher currents the fulfilment of the kinetic equilibrium

condition is better. Deviations due to the spatial temperature gradients in the whole plasma

discharge are less than 1%, thus the gradients do not seem to be a driving force for

substantial nonequilibrium effects in the discharge.

Where possible, comparisons between simulations and experiments show mostly good

agreement (the current–voltage characteristics, radial velocity and temperature profiles for

the partial characteristics radiation model). Comparison between the present simulation

and the chosen plots in [35] exhibit also good agreement.

In conclusion it can be said that the present model can be used to predict the basic

properties of the steam plasma torch with the water-vortex stabilization of the electric arc.
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14. Chráska T, Neufuss K, Dubský J, Ctibor P, Klementová M (2008) J Therm Spray Technol 17:872–877
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18. Van Oost G, Hrabovský M, Kopecký V, Konrád M, Hlı́na M, Kavka T, Chumak O, Beeckman E,

Verstraeten J (2006) Vacuum 80:1132–1137
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