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Abstract 
The gas plasma flows in the plasmatron torch with a sonic nozzle were numerically simulated in the 

frame of the Navier-Stokes equations for the test conditions of the 100-kW IPG-4 facility of the 

Institute for Problems in Mechanics, Russian Academy of Sciences (IPM RAS). The regions of 

chemical elemental demixing in the flow were discovered in the examination of the obtained solutions. 

The origination of these regions along with their possible influence on the heat transfer to the bodies in 

the underexpanded flows in physical experiments is explained. 

1. Introduction 

The effect of diffusive chemical elemental demixing due to differences in diffusive properties of chemical 

components was first discovered and studied in the analysis of air mixture flow in a multicomponent boundary layer 

near the stagnation point on a catalytic wall [1-4]. In [1, 3] the Stephan-Maxwell relations [5] were used as the 

diffusion model. Conclusions were made both for a frozen boundary layer, and at finite rates of chemical reactions 

within it. In [2] the Fick laws with the effective diffusion coefficients for the groups of components were taken as the 

diffusion model; the influence of the atomic composition on the outer edge of the frozen boundary layer on the 

demixing effect was studied. In [4] it was shown, that chemical elemental demixing is absent if it is used one and the 

same coefficient of binary diffusion of an atomic-molecular mixture for all mixture components. It was noted, that 

thermal diffusion contributes lightly into elemental demixing, and has almost no effect on heat transfer and friction. 

The chemical elemental demixing was also obtained in the rigorous numerical computation of the five-components 

air mixture flow in a chemically nonequilibrium boundary layer in the vicinity of a blunt body stagnation point [6]. 

In [7] the solution for a multicomponent chemically nonequilibrium boundary layer near catalytic wall in the vicinity 

of the stagnation point was asymptotically investigated. The elemental demixing was obtained to be effectively 

dependent on the atomic concentration at the outer edge of the boundary layer and the character of homogeneous and 

heterogeneous chemical reactions proceeding. On the basis of the obtained asymptotic formulas for the five-

components air boundary layer it was concluded that regions with higher (or lower) values of oxygen or nitrogen 

concentrations are formed on the body surface depending on its catalytic properties with respect to nitrogen and 

oxygen atoms recombination. Also it was demonstrated, that chemical elemental demixing may take place likewise 

on a non-catalytic wall due to the difference in the recombination rates for various atomic components of the gaseous 

phase. 

The effect of chemical elemental demixing was also observed in chemically equilibrium flows [8]. It was noted, that 

such flows description must include both diffusion equations for the reactions products, and the diffusion equations 

for all elements of the mixture instead of the conditions of element composition conservation. The main reason of the 

demixing effect in this case is also the difference of diffusion coefficients for various mixture components. 

The results of simulation of air plasma flows in the Von Karman Institute (VKI), Brussels, Belgium Plasmatron torch 

and exhaust sonic jet are given in [9,10]. The elemental demixing effect was obtained both for chemically 

equilibrium and non equilibrium flows. Owing to the constructive features of the VKI facility, the elemental 

demixing in it occurs presumably in the radial direction due to large gradients of the temperature and the elements 

concentrations in this direction. 

Numerical simulation of flows in the plasmatron torch of IPG-4 facility (IPM RAS) and multi-parametric 

calculations of heat transfer to the body surfaces from the gas flows has become possible owing to the development 
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of new numerical methods and modern computational technologies for modelling of plasmas and viscous high-

temperature gaseous flows [11-16]. 

The calculation techniques for subsonic flows of equilibrium plasma of air and other gases in the plasmatron torch 

and exhaust subsonic jets were developed in IPM RAS [11, 12]. 

The technology for calculation of sub- and supersonic chemically nonequilibrium flows, based on the software 

package including programs for numerical integration of the Navier-Stokes equations [13] and special programs-

generators interacting with databases of thermodynamic and transfer properties of individual gases [17], is used for 

the simulation of the flows in the plasmatron torch with sonic nozzles and in the exhaust jets. Such flows and heat 

transfer to the cylindrical bodies in under-expanded jets of air plasma for various gas models were studied and 

compared with experimental data in [15, 16]. 

2. The calculation of the induction plasma flow in the tourch of the IPG-4 

plasmatron with a sonic nozzle 

In the present work the numerical simulation of ICP air and CO2 flows was fulfilled for the 100 kW IPG-4 (IPM 

RAS) test conditions The torch geometry is shown in Fig.1. The torch represents the quartz cylindrical tube of 

L = 400 mm in length and Dc = 80 mm in diameter. An annular nozzle is located in the lower part of the channel; 

conical sonic nozzle of the cutoff diameter of Ds is located in the upper part of the channel. The gas of temperature 

T∞ with permanent flow rate G is supplied through the annular nozzle with the swirl of 45° with respect to its axis, 

and then the gas is heated by the high frequency electric field and flows out through the conical nozzle into the low-

pressure chamber with gas pressure P∞ and temperature T∞. 

 

 

Figure 1: IPG-4 plasmatron torch geometry 

 

The real inductor was replaced by five infinitely thin current loops in the calculations. The high-frequency vortical 

electric field was modelled in the one-dimensional approach of Maxwell equations using the following assumptions: 

the electromagnetic field is monochromatic with a given frequency, defined by the high-frequency current in the 

inductor (the current frequency in the inductor is 1.76 MHz); the plasma is quasi-neutral; the magnetic permeability 

of the plasma µ = 1; the dielectric permeability of the plasma is independent of the electromagnetic field and, 

consequently, of the coordinates; the displacement current can be neglected; the variation of the electric field in the 

axis direction is negligible in comparison with its variation in the radial direction. The complete formulation of the 

electric part of the problem is given in [12]. 

The gas flow in the torch was modelled by the system of time-dependent Navier-Stokes equations in the quasi 3-

dimensional formulation. The finite volume method (FVM) on the structured curvilinear mesh was used for the 

numerical solution of the system. The system of FVM finite-difference equations included numerical equivalents of 

the conservation laws for the quadrangular cells, covering the computation domain, and the difference 

approximations of the boundary conditions. The values of physical variables – pressure, temperature, velocity vector, 

species concentrations – were approximately defined by the finite volume method in the centre of each cell and on 

the middles of each side for the cells, lying on the wall. The inviscid numerical fluxes through the cells sides were 

defined according to the solution of the Riemann problem of arbitrary discontinuity breakdown [18]. The values of 

viscous fluxes through the cells sides were calculated using central and one-sided second order difference formulas. 
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The difference equations were solved with the aid of a two-layer implicit iteration scheme, based on the implicit 

approximation of the time-dependent Navier-Stokes equations. The splitting of the numerical fluxes Jacobians taking 

into account the signs of their eigen values was used in the implicit iteration operator construction. The approximate 

inversion of the implicit operator was realised using the Gauss-Seidel line space-marching method with LU-

decomposition in the block-tridiagonal matrices to find solution in every line step. 

The following boundary conditions were used: all the necessary parameters of the flow together with the swirl were 

assigned in the entry section. The symmetry conditions were used at the torch axis. The “non-reflecting” boundary 

conditions were assigned in the exit section of the computation domain, since the flow over the cylindrical model 

placed in the low-pressure chamber of the plasmatron was calculated simultaneously. The zero velocity vector and 

certain temperature values were taken for all the rigid surfaces (the wall of the quartz tube, the endface of the entry 

section of the chamber, the sonic nozzle and the cylindrical body surfaces). The torch wall was assumed to be 

noncatalytic with respect to the recombination of the atomic components of the dissociated and partially ionised 

mixture. The complete problem formulation is given in [15, 16]. 

Calorimetric measures of the output power of the torch [12] were used in order to define the power supplied to the 

discharge, Npl. The latter, in turn, was used as the defining parameter in the joined computations of the air mixture 

flow and the electromagnetic field in the plasmatron torch, the corresponding current in the inductor being found in 

the solution process. 

2.1 Thermochemical and transport models 

In the present work the gases were considered as an ideal mixture of perfect gases, where chemical reactions and 

ionisation reactions may proceed. Rotational and vibrational energy modes of molecules were described by the “rigid 

rotator-harmonic oscillator” model with the Boltzmann distribution of the energy levels. All of the components were 

assumed to be in the ground electronic state, and rotational temperature of molecules is equal to their translational 

temperature. During the computations the air is considered as a mixture of 11 neutral and ionised components: O, N, 

O2, NO, N2, O
+
, N

+
, NO

+
, O2

+
, N2

+
 and e

- 
and CO2 is considered as a mixture of: O, C, O2, CO, CO2, O

+
, C

+
, CO

+
, 

O2
+
, C2 and e

-
. The thermodynamic and thermochemical data for the components considered were taken from [17]. 

The numerical values of the constants for chemical reaction proceeding in the high-temperature air mixture were 

taken from [19-26]. 

Special attention must be given to the transport properties for the computation of viscous fluxes of the components 

masses, the momentum and the energy in the gas. The molar diffusion fluxes were determined from the Stefan-

Maxwell relations [5]. Barodiffusion and thermal diffusion were neglected. The viscosity and thermal conductivity 

coefficients of the gas mixture were calculated by approximate Wilkie-Vasiliyeva formulas [27]. The plasma 

conductivity was determined from the Stefan-Maxwell relation for the electron component neglecting the heavy 

particles diffusion and the parameters gradients in the azimuthal direction [16]. 

The binary diffusion coefficients were calculated using the two-parametric interpolation formula [28] via the cross 

sections of diffusive type elastic collisions of neutral atoms and molecules with each other and with ions. The 

formula mentioned is based on the values of the collision cross-sections at low temperature (T1 = 300 K) and high 

temperature (T2 = 20 000 K). The interaction of charged particles is described in the pairwise collisions 

approximation using the shielded Coulomb potential. The collision integrals for this type of interaction are calculated 

using approximation dependences, given in [29]. The ratio of all the collision cross-sections of “viscous” type to the 

corresponding cross-sections of “diffusive” type was assumed for all the components to be equal to 1.1 in the 

determination of the Schmidt numbers, necessary for the calculation of the viscosity and thermal conductivity 

coefficients.  

3. The results of the computations for air flow 

The computations were fulfilled for two regimes of the air mixture flow in the plasmatron torch: G = 2.4 g/s, 

Npl = 29 kW, Ds = 40 mm (regime I) and G = 4.8 g/s, Npl = 41 kW, Ds = 30 mm (regime II). The second regime 

differs from the first one in the higher value of flow rate, supplied to the chamber, G; and higher value of the power 

supplied to the discharge, Npl; the diameter of the nozzle exit section Ds being smaller. The second regime gives rise 

to the flow in the torch with a lower longitudinal velocity and higher pressure, which is almost constant over the 

whole torch except for a region adjacent to the sonic nozzle.  

The shadowgraph of the isotherms in the plasmatron torch is presented in Fig.2, the vertical dimension being 

doubled. White curves represent the streamlines. Due to the difference in the intensity of the inductive gas heating 

the temperature in the torch reaches the value of 13 000 K for regime II contra the value of 11 900 K for regime I. 

The temperatures at the exit section of the torch also differ. Fig.2 demonstrates a complicated flow pattern formed in 

the torch with two embedded in one another reverse circulation zones, forming ahead of the inductor. Points S1 and 
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S2 in Fig.2 correspond to the stagnation points of the flow on the symmetry axis. These zones formation is typical for 

all regimes of the IPG-4 plasmatron operation, both subsonic [11, 12] and supersonic regime with sonic nozzles [15]. 

The shape and the dimension of the circulation zones are also dependent on the values of operation parameters and 

the sonic nozzle exit diameter. The comparison of the flow patterns, shown in Fig.2, demonstrates that the increase in 

the flow rate of the injected gas and the power applied to the plasma and the decrease in the nozzle exit diameter lead 

to the shortening of the circulation zones and modification of their shape. Thus, the length of the internal circulation 

zone along the X-axis in regime II is half as large as that in regime I. 

 

Figure 2: Isotherms and streamlines in the plasmatron torch for regimes I (a) and II (b) 

 

The gas flow in the vicinity of the symmetry line of the plasmatron torch within the first circulation zone with the 

stagnation point S1 is qualitatively similar to a flow in the stagnation point region on a blunt body. The difference 

consists in the following. The recombination of atoms occurs in the boundary layer near the wall with low 

temperature. Quite the contrary, further dissociation of molecules takes place in the plasmatron due to the 

temperature rise in the inductor zone, besides the diffusion is possible in any direction from the stagnation point S1. 

In the vicinity of the stagnation point S1 the oxygen dissociation occurs, while the molecular nitrogen concentration 

remains constant. Oxygen atoms, as being more mobile, diffuse from the region of the stagnation point S1 more 

intensively than molecular components arrive there. This leads to oxygen “depletion” of the flow (minimum value 

0.182
O

C

 ). The mass concentration of any chemical element is given by the formula 

 

 , 1, , .
1

N n m Cjl l j
l L

l m jj
C


 


   (1) 

 

Here, njl is the amount of chemical elements with number l in component j, ml is the mass of the l-th element, Cj and 

mj are the mass concentration and the mass of the j-th component, N is the number of mixture components, L is the 

number of chemical elements. 

So, chemical elemental demixing takes place. The oxygen concentration decreases, while the nitrogen concentration 

increases. The reason of this demixing connected with the difference in the rates of the dissociation reactions for 

oxygen and nitrogen molecules. On the contrary, the demixing effect in the region of stagnation point on a blunt 

body in a supersonic flow leads to the growth of the oxygen element concentration and the diminishing of the 

nitrogen element concentration [1-3, 6-8]. 

The confirmation of this explanation one can see from Fig.3. It represents the distributions of the non-charged 

components of the dissociated air flow and those of oxygen and nitrogen elements along the symmetry axis of the 

flow. Up to the stagnation point S1 the mass concentration of the atomic oxygen increases, while that of the 

molecular oxygen decreases, the concentration of molecular nitrogen remaining constant. Intensive diffusion of the 

atomic oxygen from this region leads to the decrease of the oxygen element and increase of nitrogen one. Intensive 

start of the nitrogen molecules dissociation begins in the second circular zone and downstream, in the vicinity of the 

symmetry axis of the torch, oxygen having been completely dissociated. Atomic nitrogen diffuses from this zone 

more rapidly than molecular components diffuse in it. Therefore the concentration of the nitrogen element decreases, 

whereas the oxygen element concentration increases. 
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Fig. 4 represents the vector field of oxygen element diffusion fluxes in the torch on the background of the 

concentration shadowgraph of this element for regimes I and II. One can see the demixing effect leading to the 

diminishing of the oxygen concentration near the symmetry axis of the torch (X ≈ -300 mm) in the first reverse-

circulation zone. Fig. 4 also shows some other zones with the demixing effect due to the difference in the 

recombination rates of atomic components and in the values of the diffusion coefficients for atoms and molecules of 

the gas mixture. The oxygen diffusion toward the symmetry axis and the wall of the torch takes place from the 

toroidal-shaped region at the point of its connection with the sonic nozzle, which leads to a decrease in the oxygen 

element concentration in this zone. The oxygen element accumulates near the symmetry axis and near the wall of the 

torch, its concentration rises up to the value of 0.255
O

C

  near the wall. The accumulation of the oxygen element in 

the vicinity of the symmetry axis of the torch means that the flow over the body placed in the low-pressure chamber 

possesses higher concentration of this element, which may intensify the oxidation of the body surface. 

 

 

Figure 3: Distributions of the concentrations of components and chemical elements of the air mixture along the flow 

symmetry axis for regime I 

 

 

Figure 4: Shadowgraphs of the oxygen element concentration and vector field of its diffusive fluxes in the 

plasmatron torch for regimes I (a) and II (b) 

 

In Fig.5 the regions of chemical elemental demixing and oxygen element concentration along the symmetry axis of 

the torch are compared for two regimes considered. The regions of the chemical elemental demixing are shifted 

toward the endface of the torch along its symmetry axis for the regime II in comparison with the regime I (Fig.5). 

This correlates with the displacement of the embedded separation zones in the same direction for these cases (Fig. 2). 

Fig. 6 demonstrates the distribution of the same parameters as in Fig. 3 for regime I in the radial direction for two 

values of the coordinate X ≈ -300 mm (a) and X ≈ -100 mm (b). The first section is located close to the stagnation 
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point S1. The nitrogen element concentration increases in this zone (Fig. 3), while the chemical elemental demixing 

is not yet observable near the wall of the torch, since the cold air supplied to the plasmatron torch through the annular 

nozzle flows chiefly along its wall (R = 40 mm). An increase in the oxygen element concentration near the wall at 

X ≈ -100 mm occurs due to the atomic oxygen recombination. 

 

            
 

Figure 5: Distribution of the oxygen (a) and nitrogen (b) element concentrations along the symmetry axis of the torch 

for regimes I and II 

 

The latter, in turn, arrives there owing to its diffusion from the toroidal region, the diffusion of molecular 

components in the reverse direction being slower. Since the torch wall was assumed to be non-catalytic, the chemical 

elemental demixing near it is also explained by oxygen atoms recombination in absence of atomic nitrogen and the 

difference in the diffusion rates for the atomic and molecular components of the mixture. 

 

        

Figure 6: Distribution of the concentrations of components and chemical elements of the air mixture in the radial 

direction for regime I at X = –300 mm (a) and X = –100 mm (b) 

3. The results of the computations for CO2 flow 

The computations were fulfilled for two regimes of the CO2 mixture flow in the plasmatron torch: G = 2.4 g/s, 

Npl = 23 kW, Ds = 30 mm (regime I) and G = 4.8 g/s, Npl = 32 kW, Ds = 30 mm (regime II). The second regime 

differs from the first one in the higher value of flow rate, supplied to the chamber, G; and higher value of the power 
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supplied to the discharge, Npl. The second regime gives rise to the flow in the torch with a lower longitudinal velocity 

and higher pressure, which is almost constant over the whole torch except for a region adjacent to the sonic nozzle.  

In Fig.7(a) the regions of chemical elemental demixing and oxygen element concentration along the symmetry axis 

of the torch are compared for two regimes considered. The regions of the chemical elemental demixing are shifted 

toward the endface of the torch along its symmetry axis for the regime II in comparison with the regime I. This 

correlates with the displacement of the embedded separation zones in the same direction for these cases. Fig. 7(b) 

demonstrates the distribution of the carbon element concentration and it elemental demixing. 

 

            
 

Figure 7: Distribution of the oxygen (a) and carbon (b) element concentrations along the symmetry axis of the torch 

for regimes I and II 

Fig.8. represents the distributions of the non-charged components of the dissociated CO2 flow and those of oxygen 

and carbon elements along the symmetry axis of the flow for regime I. In the vicinity of the stagnation point S1 the 

mass concentrations of the atomic oxygen O and CO increase, while that fraction of the molecule CO2 decreases. 

Intensive diffusion of the oxygen atoms from this region leads to the decrease of the oxygen element and increase of 

carbon one. 

 

 

Figure 8: Distribution of oxygen and carbon element concentrations of the CO2 mixture along the symmetry axis of 

the torch for regime I 
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Summary 

The chemical elemental demixing was discovered during the numerical simulation of the inductive air and CO2 

plasma flows in the torch of IPG-4 plasmatron. The demixing mentioned is due to the difference in the rates of 

chemical dissociation-recombination reactions and to the difference of diffusion rates for the atomic and molecular 

components of the mixture. 

The demixing effect is observable in the regions of the internal stagnation points, near the symmetry axis and the 

wall of the torch downstream. The oxygen element accumulation near the symmetry axis of the torch leads to higher 

concentration of this element in the flow exhaust from the torch into the low-pressure chamber with the experimental 

body in it. Such flow regime may cause intensified oxidation of the body surface. This effect must be taken into 

account in designing experimental studies on heat transfer modelling in inductive plasmatrons under hypersonic 

flight conditions. 

The study was supported by the Russian Foundation for Basic Research (project № 11-01-00111) and by the basic 

research Program of Presidium RAS (project 25).  
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