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Abstract The article presents the calculation of thermophysical properties of the mixture

water steam–argon which has been used to further enhance the characteristics of plasma

torches stabilized by the water wortex. The calculations were performed at the tempera-

tures 400–50,000 K and at 0.1 MPa. First, the composition and thermodynamic properties

are determined by classical methods. Further the calculations of viscosity, electrical

conductivity and thermal conductivity of the mixture are computed in the 4th approxi-

mation of the Chapman–Enskog method. The computation of collision integrals is

described with special respect to the interactions of charged particles where the necessary

calculations for the Coulomb potential screened at the Debye length were enlarged to cover

the 4th approximation. Then the formulae describing the method based on the variational

principle of solving the system of Boltzmann integrodifferential equations are shortly

introduced and the transport coefficients are presented.

Keywords Thermophysical properties of thermal plasmas � Ionized gas mixtures �
Plasma composition � Thermodynamic properties � Lennard–Jones interaction potential �
Screened Coulomb potential � Effective collision cross sections � Collision integrals �
Chapman–Enskog method in the 4th approximation � Viscosity � Electrical conductivity �
Thermal conductivity

Nomenclature
T Temperature

p Total pressure

n Total particle density

k Boltzmann constant

R Molar gas constant

e Electron charge

me electron mass

h Planck constant
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eo Dielectric constant

Qi Internal partition function of the monatomic individual species i
Eij j-th energy level of the monatomic individual species i
gij Statistical weight of the j-th energy level Eij

EiI Ionization energy of the monatomic individual species i
dEI Ionization energy lowering

kD Debye shielding length

nk Particle density of k-th component

zk Charge of k-th component

Hi
o Standard-state enthalpy of the monatomic individual species i

cpi
o Standard-state heat capacity of the monatomic individual species i

Si
o Standard-state entropy of the monatomic individual species i

Mi Molar mass of the monatomic individual species i
Qip, Qipp Auxiliary quantites related to the 1st and 2nd derivatives of Qi

KAðNþ1Þþ Equilibrium constant of the ionization of N-times ionized monatomic

species A
QANþ Internal partition function of N-times ionized monatomic species A
QAðNþ1Þþ Internal partition function of N + 1-times ionized monatomic species A
EANþ ionization energy of N-times ionized monatomic species A
q Molar amount of argon in the mixture

xi Molar fraction of i-th component

mi Particle mass of i-th component

ps Number of components

q Equilibrium mass density of the mixture

H Equilibrium enthalpy of the mixture

M Molar mass of the mixture

S Equilibrium entropy of the mixture

cp Equilibrium heat capacity of the mixture at constant pressure

cv Equilibrium heat capacity of the mixture at constant volume

a Equilibrium sound velocity

Tap Isobaric thermal expansion

pbT Isothermal compressibility

g Viscosity [kg/m/s]

r Electrical conductivity [A/V/m]

Dij Diffusion coefficient of component i into component j

Di
T Coefficient of thermal diffusion of component i

k0 Translational thermal conductivity including electron component

kt Thermal diffusion component of translational thermal conductivity

aim,bim, cim
ji Solutions of the system of Boltzmann equations

Q
ðm;m0Þ
ij

Coefficients in the system of Boltzmann equations

dik Cronecker delta

f Order of the Enskog–Chapman approximation

Ml
mm0 ;N

l
mm0 Matrix elements of the linearized Boltzmann collision operator

l, lk Reduced mass

kint Internal thermal conductivity

kre Reaction thermal conductivity

Hri Enthalpy of reaction constituting the i-th complex component

qij Effective collision cross section between particles i and j
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skij Stoichiometric coefficient

Xij
(s,r) Collision integral

X(s,r)* Reduced (dimensionless) collision integral

c Dimensionless velocity

T* Reduced temperature

rij Particle diameter

rLJ, (e/k)LJ Lennard–Jones (6–12) parameters

n [A3] Polarizability of neutral particle

Introduction

Plasma torches stabilized by water vortex are frequently used for plasma spraying and for

waste and biomass gasification [1]. The main advantages are very high plasma enthalpy

and temperature and low plasma mass flow rate which means high spraying rates and high

melting points in plasma spraying and high efficiency and good control of composition of

gases in plasma gasification. For this purpose, the thermophysical properties of water

plasmas were studied extensively [2]. The hybrid argon–water stabilized torch [3] com-

bines the advantages of both water vortex and gas flow stabilization systems thank special

thermophysical properties of argon. The article presents detailed calculations of properties

of plasma created by mixture of argon with water steam. The effect of argon molar amount

ratio on basic high temperature gas mixture properties will be discussed.

The water–argon mixture can be described by the formula (H2O)(1-q)Arq where the

argon molar amounts q were chosen from 0 to 1 step 0.1. In the present paper we report

calculations of the thermodynamic properties and the transport coefficients of this gas

mixture according to the Chapman–Enskog method in the 4th approximation described e.g.

in [4]. To take into account high efficiency and with respect to the technical potential of

hybrid water-argon plasma torch performance the temperature range has been chosen from

400 to 50,000 K. The pressure 0.1 MPa of interest has been the atmospheric expansion.

The plasma is supposed to be sufficiently near to the local thermodynamic equilibrium.

Although the atomic and molecular data to cover the dissociation temperature region are

sufficiently accessible and frequently discussed, the high temperature region goes far

beyond standard thermochemical tables and brings about the presence of multiply charged

ions. On one side it means advantage by utilization of generally accessible atomic energy

levels, on the other it is necessary to assure the convergence of Sonine polynomial series in

almost fully ionized gas mixture by screening the Coulomb potential.

Composition and Thermodynamic Properties

In the mixture (H2O)(1-q)Arq we supposed following decomposition products: e, H, O, Ar,

O+, O2+, O3+, O4+, O5+, O6+, O-, O2, O2
+, O2

-, O3, H+, H-, H2, H2
+, H3

+, OH, OH+, OH-,

HO2, HO2
-, H2O, H2O+, H3O+, H2O2, Ar+, Ar2+, Ar3+, Ar4+, Ar5+, Ar6+. The values of

enthalpy, entropy, specific heat and equilibrium constants of individual components are up

to 20,000 K available in commonly accepted tables [5, 6]. For higher temperatures and

especially for multiply charged ions it was necessary to perform calculations of internal

partition functions for components H, O, Ar, O+, O2+, O3+, O4+, O5+, O6+, H+, Ar+, Ar2+,

Ar3+, Ar4+, Ar5+, Ar6+ which can be treated as ideal monatomic gases where the internal
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partition function of i-th component can be calculated taking the energy levels Eij and the

statistical weights gij e.g. from [7].

Qi ¼
X

j

gij exp �Eij

kT

� �
ð1Þ

where Eij B EiI - dEI, EiI being the ionization energy and dEI the ionization potential

lowering

dEI ¼
e2

4pe0kD
ð2Þ

with

k2
D ¼

e0kT

e2
P

k z2
knk

: ð3Þ

It is clear that dEI can be determined after the composition is calculated. In this work only

two iterations were used which gives satisfactory results.

After having dEI we can not only calculate values Qi for monatomic species mentioned

but also the values of their individual enthalpies (see e.g. [5, 6, 8]).

H0
i ðTÞ � H0

i ð0Þ ¼ RT 2:5þ Qip

Qi

� �
ð4Þ

its specific heats

c0
piðTÞ ¼ R 2:5þ Qipp

Qi
� Qip

Qi

� �2
" #

ð5Þ

and entropies

S0
i ðTÞ ¼ R 2:5 ln T þ 1:5 ln Mi � 1:16487þ ln Qi þ

Qip

Qi

� �
ð6Þ

where

Qip ¼
X

j

Eij

kT
exp �Eij

kT

� �
; Qipp ¼

X

j

Eij

kT

� �2

exp �Eij

kT

� �
:

Further the equilibrium constants for an ionization reaction of N-times ionized species A
can be computed

KAðNþ1Þþ ¼
p

kT
:

h2

2pmekT

� �3=2

:
QANþ

2QAðNþ1Þþ

:exp
EANþ

kT

� �
ð7Þ

where the ionization potentials VANþ or H, O and Ar atoms and its ions up to 5+ were also

taken from the mentioned NIST Atomic Spectra Database [7].

The composition of the water–argon plasma has been defined as a stoichiometric

combination of molar amounts (H2O)(1-q)Arq. The well known equation system governing

the equilibrium composition consists in the set of equations of generalized Eggert–Saha

and/or mass action law type expressing partial pressures of i-th individual complex

components by the help of basic ones (e, H, O, Ar) and the respective equilibrium
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constants. The system is completed by the usual particle and charge balance assuming

quasineutrality and equilibrium and stoichiometric conditions defining the molar amount of

argon q bound to the molar amount of water before the decomposition. The calculations of

this resulting nonlinear equation system were performed using our own code based on the

modified Newton method. The relative precision of all resulting molar fractions was

chosen better than 10-6. The code converges very quickly (10–20 iterations) and is not

much sensitive to the starting assessment of molar fractions of basic components. After the

calculations of the composition were completed, we estimated the lowering of the ioni-

zation potential (2) which differs only slightly for different argon molar amounts q.

Modified values of internal partition functions and new equilibrium constants were com-

puted and the calculation of composition was repeated. We also examined possible

influence of the Debye–Hückel pressure correction. Nevertheless at the given thermody-

namic conditions the pressure correction was found to be of the order 10-3 which cannot

influence the relations between molar fractions.

The direct comparison of our results of composition could hardly be compared with

other publications which are up to our knowledge not available. Nevertheless a qualitative

agreement could be established with the work of Boulos [9] who presents compositions of

mixtures Ar–H2 and Ar–O2. Figure 1a shows how the molar fractions of electrons against

temperature depend on molar amount of argon q. This was chosen from 0 to 1 with the step

0.1. The only slight changes of electron concentration are not only reason for small

changes of ionization potential lowering, but also they are one of the very important

elements of the reasons for using hybrid water–argon plasmas. Figure 1b shows the detail

in the temperature region of 20,000 K.

Figure 2 shows the position of ionization maxima of the water–argon mixture repre-

sented by products of originating and dissolving species. It can be easily seen that the first

ionization of H I, O I and Ar I occurs simultaneously whilst the second ionization of

oxygen lies in the middle between the ionization peaks of Ar II and Ar III.

The equilibrium thermodynamic properties were computed according to the standard

well known formulae as mass density

Fig. 1 (a) Electron concentration vs. temperature for molar amounts of argon q from 0 to 1 step 0.1,
logarithmic scale. (b) Detailed electron concentration of Fig. 1a, linear scale

Plasma Chem Plasma Process (2008) 28:107–122 111

123



q ¼ p

RT

Xps

i¼1

xiMi ð8Þ

enthalpy

H ¼ 1

M

Xps

i¼1

xiH
0
i ð9Þ

where M =
P

i=1
ps xi Mi is the molar mass, entropy

S ¼ R

M

Xps

i¼1

xi
Si

R
� ln xi

� �
ð10Þ

equilibrium heat capacity

cp ¼
oH

oT

� �

p

ð11Þ

and the equilibrium sound velocity

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
jRT

pbT M

s

with j ¼ cp

cv
ð12Þ

where cv ¼ cp � R
M
ðTapÞ2

pbT

with Tap ¼
T

v

ov

oT

� �

p

being isobaric thermal expansion and ð13Þ

Fig. 2 Ionization maxima in the mixture 50%H2O + 50%Ar
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pbT ¼ �
p

v

ov

op

� �

T

isothermal compressibility. ð14Þ

The necessary differentiation by temperature and pressure was performed numerically

using extensive tables of composition for building up a grid of pressures around 0.1 Mpa.

Having these quantities (15–19) we can calculate important constants necessary for mod-

elling the plasma. All calculations were made for molar amounts of argon q increasing from

zero to unity with step 0.1. In practice argon up to roughly q = 0.5 used to be added in

hybrid argon–water stabilized torches. Higher amounts of argon are presented for better

illustration of the processes. In Fig. 3 the product qaH is introduced. This quantity repre-

sents the local enthalpy flux in cases when the velocity is controlled by the nozzle geometry

and is near to the sound velocity. The decrease of enthalpy and also sound velocity with

adding argon is sufficiently compensated by the increase of mass density. Two steep

increases can be observed, first one around 3,500 K due to the dissociation processes,

second between 12,000 and 16,000 K due to the first ionization. Figure 4 shows the product

qcp which is generally needed for all types of energy balance equations. Lower values of

specific heat of argon are also compensated by its higher mass densities. Moreover, we can

observe differences in the ionization processes of water steam and argon. The first one takes

place for water and argon together because of very similar ionization potential of hydrogen

and Ar I. Towards higher temperatures the situation changes due to the higher ionization

potentials of O II and O III compared to those of Ar II and Ar III.

Transport Coefficients

Method

The calculations of transport coefficients are based on the well known Enskog–Chapman

method of solution of Boltzmann equation in the the 4th approximation (see e.g. [2, 4]).

The solution of integral equations was developed as described by Hirschfelder et al. [8]. It

Fig. 3 Enthalpy flux qaH vs.
temperature for molar amounts of
argon q from 0 to 1 step 0.1
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is generally known that this method is based on some important assumptions, especially

that of an ideal gaseous system in the local thermodynamic equilibrium with only small

perturbations caused by gradients of temperature, velocity, particle densities and external

forces. These gradients and forces are causes of diffusion and thermal particle flow in the

gas mixture and the transport coefficients can be regarded as proportionality coefficients

between these causes and consequences. They can be defined through moments of the

velocity distribution functions of mixture components.

In this way we calculated the viscosity, electrical conductivity and thermal conductivity

of the H2O + Ar mixture for molar amounts of argon q from 0 to 1 step 0.1. Let us

summarize the utilized formulae:

Viscosity

g ¼ 1

2
kT
X

i

nibi1; ð15Þ

the diffusion coefficients

Dij ¼
qpni

2n2mj

ffiffiffiffiffiffiffiffi
2kT

mi

r
cji

i1

DT
i ¼

nimi

2

ffiffiffiffiffiffiffiffi
2kT

mi

r
ai1

ð16Þ

electrical conductivity

r ¼ e2n2

pq2

X

i

zi

X

j

njm
2
j Dij

X

k

nkzk �
qzj

mj

 !
ð17Þ

translational thermal conductivity (including the electron component)

Fig. 4 The product qcp vs. temperature for molar amounts of argon q from 0 to 1 step 0.1
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k0 ¼ � 5

4
k
X

j

nj

ffiffiffiffiffiffiffiffi
2kT

mj

s
aj2 ð18Þ

and the thermal diffusion component

kt ¼
5

4
pk
X

j

nj

ffiffiffiffiffiffiffiffi
2kT

mj

s
X

k

D�1
jk DT

k ckj
j1 ð19Þ

with Dij ¼ n2mj

niq
Dij and DT

i ¼ 1
nimi

Di:

The coefficients aim; bim; cji
im are solutions of equation systems

Xps

j¼1

Xf

m¼1

Q
ðm;m0Þ
ij � nj

ni

ffiffiffiffiffi
mj

mi

r
Q
ðm;m0Þ
ii d0md0m0

� �
ajm ¼

15

4
d1mni

ffiffiffiffiffiffiffiffi
2kT

mi

r

Xps

j¼1

Xf

m¼1

Q
ðm;m0Þ
ij bjm ¼ �5ni

Xps

j¼1

Xf

m¼1

Q
ðm;m0Þ
ij � nj

ni

ffiffiffiffiffi
mj

mi

r
Q
ðm;m0Þ
ii d0md0m0

� �
chk

jm ¼ ðdih � dikÞd0m
3ffiffiffiffiffiffiffiffiffiffiffiffiffi

2mikT
p

ð20Þ

with

Q
ðm;m0Þ
ij ¼

Xps

k¼1

nink dijðMl
mm0 Þik þ djkðNl

mm0 Þik
� �

ð21Þ

where Ml
mm0 and Nl

mm0 are the matrix elements of the linearized Boltzmann collision

operator expressed by the collision integrals

ðMl
mm0 Þik ¼ 8

X

s;r

V
ðs;rÞ
lmm0l

a
i l

b
kðli � lkÞcX

ðs;rÞ
ik

ðNl
mm0 Þik ¼ 8

X

s;r

W
ðs;rÞ
lmm0l

m
i lm0

k

ffiffiffiffiffiffiffiffiffi
lilk

p
Xðs;rÞik :

ð22Þ

where lk ¼ mk

mkþmi
:

The coefficients Vl
mm0 ; Wl

mm0 together with powers a, b, c have been tabelled sufficiently

to cover needs of higher approximations.

The equation systems (24) were solved both via the inversion of matrices and using

modified Gaussian procedure. As the matrices are large (for our mixture with 35 com-

ponents generally 140 9 140 for the 4th approximation) and the elements may differ by

many orders, it is necessary to check carefully for correct solutions.

The total thermal conductivity is then given by the sum

k ¼ k0 þ kt þ kint þ kre

Where the internal thermal conductivity kint (the Eucken correction for internal degrees of

freedom)

Plasma Chem Plasma Process (2008) 28:107–122 115

123



kint ¼
2k3=2

3R
ffiffiffi
p
p
Xps

i¼1

xiðcpi � 2:5RÞ
Pps

j¼1 xjqij

ffiffiffiffiffiffiffiffiffiffi
2mimj

miþmj

q ð23Þ

and the reaction thermal conductivity

kre ¼
2k3=2

3R2
ffiffiffi
p
p

T3=2

Xps

i¼5

dtiHrið Þ ð24Þ

Where Hri means the enthalpy of reaction constituting the i-th complex component from

the (first four) basic ones at given temperature and

dt ¼ Rm�1 �Hr

with

Rmkl ¼
Xps�1

i¼1

Xps

j¼iþ1

ðskkixj � skkjxiÞðsklixj � skljxiÞ
xixj

qkl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mimj

mi þ mj

s
:

Here in both Eqs. 27 and 28 qij denotes the effective collision cross section.

Collision Integrals

For the collision integrals Xij
(s,r) we use the classical definition presented by Hirschfelder

et al. [8]. Generally we have to deal with four main interaction types: Coulomb interac-

tions, Lennard–Jones interactions, electron–neutral interactions and ion–neutral

interactions.

For the mutual interactions of charged particles the repulsive and attractive Coulomb

potentials screened at the Debye shielding length were used. The collision integrals were

calculated by Mason et al. [10] and completed by Devoto [11]. As their results are enough

only up to 3rd approximation, we calculated the for the 4th approximation missing nec-

essary integrals (T*)2X(s,r)* for (s, r) = (1, 6), (1, 7), (2, 5), (2, 6), (3, 4), (3, 5), (4, 4). They

are presented in Table 1.

For the calculation of real collision integrals

Xðs;rÞij ¼ pr2
ij

ffiffiffiffiffiffiffiffiffiffi
kT

2plij

s
Xðs;rÞ�ðT�Þ ð25Þ

with rij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e0kT

e2
P

i
niz

2
i

r
and T�ij ¼ 4pe0

e2

kTrij

absðzizjÞ

we abandoned the coefficients A*, B*, C* and E*, F*, G* presented in [8, 10] and

calculated the values of respective integrals (T*)2X(s,r)* directly. Then we used the ana-

lytical approximation

ðT�Þ2Xðs;rÞ� ¼ exp½Aþ B log T� þ Cðlog T2Þ þ Dðlog T3Þ�: ð26Þ

in two intervals of energy T* B 1 and T* C 1 because the whole interval 0.1 B T* B

10,000 is too large to be covered with satisfactory precision.

For the interactions of neutral particles the Lennard–Jones (6–12) potential was used.

The values of rLJ and (e/k)LJ available were taken from [12], the values for O3, HO2, H2O2
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which have only minor importance in the mixture were roughly estimated by the help of

usual combination rules (see Table 2).

In our previous work [13] we calculated all the collision integrals Xðs;rÞij necessary for

the 4th approximation by ourselves. Then we used the analytical fitting formula in the form

Xðs;rÞ� ¼ AðsÞ�

ðr þ 1ÞT� þ
BðsÞ�Cðr þ 3

2
Þ

ffiffiffiffiffi
T�
p
ðr þ 1Þ!

þ CðsÞ� þ DðsÞ�
ffiffiffiffiffi
T�
p Cðr þ 5

2
Þ

ðr þ 1Þ! ð27Þ

For the electron–neutral interaction H, O, H2O, O2, H2 and OH the momentum transfer

cross sections recommended by Spencer and Phelps [14] have been used. We derived

the necessary higher order cross sections up to l = 4 using the rule of rigid sphere

model

qðsÞ ¼ 1� 1þ ð�1Þs

2ðsþ 1Þ

� �
qð1Þ ð28Þ

and then we calculated the collision integrals by direct integration of available data

Xðs;rÞ ¼
ffiffiffiffiffiffiffiffi
kT

2pl

s Z 1

0

e�c2

c2rþ3qðsÞðgÞdc: ð29Þ

The effective elastic collision cross sections for ion–neutral interactions are based on

the polarizabilities n which were taken for H, O, H2O, O2, H2 and OH from Svehla [15]

(Table 3).

Table 2 Lennard-Jones
(6–12) parameters for neutral
species

rLJ [Å] (e/k)LJ

H 2.708 37

O 3.050 106.7

Ar 3.432 122.4

H2 2.915 38

O2 3.433 113

O3 3.8 107

OH 3.15 80

HO2 3 100

H2O 2.64 809

H2O2 3 100

Table 3 Polarizabilities of
water decomposition products
[15]

n [Å3]

H 0.83

O 0.59

H2 0.79

O2 1.60

OH 1.42

H2O 1.65
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Here

qðsÞ ¼ 2p

ffiffiffiffiffiffiffiffiffiffi
4d

1
2
lg2

s
AðsÞ where d ¼ z2e2n

2e0

ð30Þ

n [A3] being the polarizability of neutral particle. According to the definition, the collision

integral is then

Xðs;rÞ ¼ p

ffiffiffiffiffiffiffiffiffiffiffi
z2e2n
e0l

s

C r þ 3

2

� �
AðsÞ ð31Þ

where A(1) = 0.29629, A(2) = 0.30846, A(3) = 0.41172, A(4) = 0.42225.

For argon species we used the already calculated collision integrals for Ar-Ar+ from

Devoto [11]. Of course, for more complex species (O3, HO2, H2O2) occurring at lower

temperatures where no detailed cross section data are available the rigid sphere model was

applied with diameters already introduced in Table 2. In this temperature region both the

occurrence of these species and the degree of ionization are low and therefore the influence

of such ion–atom collisions on transport coefficients is negligible.

Results for the Mixture (H2O)(1-q)Arq

Figures 5–7 show the viscosity, electrical conductivity, and total thermal conductivity of

the mixture (H2O)(1-q)Arq calculated in the temperature region 400–50,000 K and at the

pressure 0.1 Mpa. The molar amount of argon varies from 0 (pure water steam) to 1 (pure

argon) step 0.1 as in previous sections.

As one can observed in Fig. 5 the increase of viscosity of the mixture with addition of

argon is at temperatures up to 20,000 K controlled by its molar amount proportionally

Fig. 5 Viscosity of the (H2O)(1-q)Arq mixture
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because of its high mass. At higher temperatures the differences are much smaller because

the mixture is already nearly fully ionized and interactions of charged particles prevail. The

picture depends on changes of leading ionization maxima.

Figure 6 presents an interesting effect of strong influence of even small amount of H2O

mixed with argon on its electrical conductivity at temperatures below 10,000 K. It can be

explained by the fact that the e–Ar cross section is in this energy region more than 10 times

smaller compared with that of e–H and also considerably smaller compared with that

of e–O. Very similar effect was described on the electrical conductivity of the mixture

Ar–H2–Cu which have been studied by Cressault and Gleizes [16].

In Fig. 7 we can see a rather smooth and regular behavior of the translational thermal

conductivity, which is only disturbed by two strong maxima of the reaction component,

first coming from dissociations, second from ionizations. The elevation of the dissociation

maximum is perfectly inversely proportional to the amount of argon, which is obvious. The

height of the dissociation maximum changes with the argon amount in a more complex

Fig. 6 Electrical conductivity of the (H2O)(1-q)Arq mixture
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way because the reaction component of thermal conductivity depends not only on reaction

enthalpies which are in the case of first ionization similar as those of oxygen and hydrogen

but it is also inversely proportional to the square root of the mass. This is main reason for

the peak of reaction thermal conductivity in ionizing argon being much smaller than that of

oxygen and, of course, hydrogen.

Conclusions

As mentioned in the introduction our studies of thermophysical properties of the system

(H2O)(1-q)Arq are motivated by the use of hybrid water–argon plasma torch developed and

used in our laboratory. Up to our knowledge both this gas mixture and pure water steam

plasma have not yet been studied extensively by other authors. Of course, the results for

transport coefficients of pure argon can be compared with works of many other authors

(see e.g. [9, 10, 11, 16]). They are in satisfactory agreement with them taking into account

strong dependence on the calculation method and type of approximation used and on

effective cross sections applied. There is a number of publications dealing with Ar–H2 and

Ar–O2 mixtures (see e.g. [9, 16, 17]). They present good agreement as to the general

features of mixing rules and of the special importance of an admixture of a small amount of

species with low value of the electron–atom cross section on the electrical conductivity of

pure argon. In the region of higher temperatures where only monatomic species occur it is

possible to regard very roughly the water steam being a mixture of 2/3 of hydrogen

components and 1/3 of oxygen components the respective electron gas being subdivided

between both hydrogen and oxygen. In such a way the comparison is possible and taking

e.g. the H2and O2 tables from [9] we can do rough comparison. The agreement has been

found, similarly as in case of pure argon, also satisfactory.

Our results not only try to fill in the gap of missing data and in this way to enable the

necessary modelling of the water–argon torch, but also they may contribute to the question

of validity of simplified mixing rules, which are used in some laboratories because of

complexity of full calculations on one side and insufficient reliability and precision of

Fig. 7 Thermal conductivity of the (H2O)(1-q)Arq mixture
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atomic and molecular data on the other. We could easily confirm the possibility of

developing suitable mixing rules for both viscosity and thermal conductivity. We showed

that the behavior of electrical conductivity of argon where even a small addition of H2O

has strong influence on electrical conductivity at temperatures below 10,000 K is similar as

for the Ar–H2 and Ar–O2 mixtures from similar reasons.

Generally, as argon proved to be very interesting and efficient species for adding to the

working media of water plasma torches to deploy the obvious technological advantages

(see e.g. [1]), the detailed calculations of thermophysical properties showed that main

reason for its utilizability has been the matter of fact that the total mass-enthalpy product

remains acceptable. On the other side, the location of first ionization maximum of argon

and its ionization potential are similar to that of both hydrogen and oxygen so that the

electron concentration and the electrical conductivity remain practically unchanged (with

the above mentioned exception) so that the electrical parameters of the water–argon plasma

torches are very similar to those of pure water stabilized arcs.
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