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Аннотация 

Исследовано тепловое состояние неохлаждаемого кварцевого разрядного канала ВЧ-
плазмотрона ВГУ-4 при мощности ВЧ-генератора по анодному питанию 45 и 70 кВт для 
трех рабочих газов (воздух, углекислый газ, азот). Проведены эксперименты с целью по-
лучения полей температур разрядного канала в зависимости от массового расхода рабо-
чего газа. Максимальная температура стенки разрядного канала наблюдалась в плазме 
углекислого газа. На основе уравнений Навь − Стокса и упрощенных уравнений Макс-
велла проведено численное моделирование течения индукционной плазмы для условий 
экспериментов. Показано, что влияние различных вариантов задания температурных гра-
ничных условий для кварцевой стенки на расчетные параметры потока воздушной 
плазмы у выходного сечения канала незначительно. Результаты расчета температурных 
полей для плазмы воздуха и азота оказались близкими, что согласуется с экспериментом. 
Расчетные изолинии функции тока и изотермы соответствуют теоретически предсказан-
ным Ю.П. Райзером. 

Ключевые слова: ВЧ-плазмотрон, индукционный разряд, кварцевый разрядный канал 

 

Типичное поле температур кварцевого разрядного канала при по-
стоянном массовом расходе (2.4 г/c) углекислого газа (мощность 
ВЧ-генератора по анодному питанию Nap = 70 кВт) 
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Abstract 

This paper studies the thermal state of VGU-4 HF-plasmatron uncooled quartz discharge chan-
nel at HF-generator anode power values of 45 and 70 kW for three working gases (air, carbon 
dioxide and pure nitrogen).Experiments were carried out to obtain temperature fields of dis-
charge channel at different working gas mass flow rate. Maximum wall temperatures were ob-
served in carbon dioxide plasma. Inductively coupled plasma flow numerical modeling was 
made on the basis of Navier − Stokes and simplified Maxwell equations for the experimental 
conditions. It was shown that the influence of different quartz wall temperature boundary con-
ditions on the calculated air plasma flow parameters at the channel exit section is negligible. The 
calculation results of temperature fields for nitrogen and air plasma were close, which is in ac-
cordance with the experiment. Calculated stream function isolines and isotherms are in accord-
ance with the schematic view proposed by Yu.P. Raizer. 

Keywords: HF-plasmatron, induction discharge, quartz discharge channel 

1. Introduction 

Beginning of extensive applications of electrodeless plasmatrons in technology was initiated 
by G.I. Babat [1, 2]. In an electrodeless plasma torch, developed by T.B. Reed [3, 4] spinning of the 
gas flow in tangent direction relate to a discharge tube was used. In this case the main mass of the 
gas moves along a tube wall and pushes the plasma ball, where temperature reaches 10000 K and 
above, back from the wall. Such device construction provides capability to work continuously dur-
ing long time without water-cooling of a discharge tube. 

Detailed information about experiments and applications of the low power electrodeless dis-
charge can be found in [5, 6]. Yu.P. Razer mentioned in [5] that in those time technical progress 
leaved behind understanding physical essence of electrodeless discharge phenomenon and theory. 

Applications of HF-plasmatrons for simulation of aerodynamic heating for atmospheric re-
entry conditions were initiated by M.I. Yakushin [6, 7] in Institute for Problems in Mechanics of 
Academy of Sciences USSR. First version of the HF-plasmatron developed by M.I. Yakushin 
worked at atmospheric pressure using air flow swirling at the entrance of discharge channel and 
without cooling quartz tube. In eighties technical development of electrodeless plasmatrons have 
been proceeded in directions of enlargement of discharge channel size and HF-generator power up 
to 1 MW. Under M.I. Yakushin leadership four HF-plasmatrons of VGU family with cooled-free 
discharge channels have been constructed at IPM RAS. At the present time in IPM RAS the two 
HF-plasmatrons VGU-3 and VGU-4 of 1 MW and 100 kW power are in operation [8−10]. These 
devices are included in composition of Unique Scientific Facility «High-frequency inductive plas-
matrons VGU-3 and VGU-4» (https://ckp-rf.ru/usu/441568/). 

In 1969 Yu.P. Raizer published basic theory of electrodeless discharge in motionless plasma 
and stationary HF-discharge in gas flow [5]. Parameters of air and argon plasma flows at atmos-
pheric pressure and HF-generator powers 21.3 and 5.5 kW in Yakushin's plasmatron [6, 7] were 



Chaplygin A.V., Vasil’evskii S.A., Galkin S.S.,  Kolesnikov A.F.   «Thermal state of uncooled quartz discharge channel …» 

3 

considered by Yu.P. Raizer, when this theory has been built [5]. Quantitative theory was built on 
the basis of the problem of discharge normal propagation. In the framework of the 1-D theory the 
question about geometry of discharge in swirling flow of complicated configuration remained to be 
unsolved. Answers regarding structure of swirling zone in plasma ball have been obtained later as 
result of CFD modeling inductively coupled plasma flows on basis of Navier − Stokes equations and 
Maxwell equations. 

The VGU-3 plasmatron of 1 MW class is the most powerful facility of the VGU series. It is 
used for testing of the large-scale samples of thermal protection materials and full-scale elements of 
thermal protection systems. The VGU-4 facility application is directed to research work in the area 
of heat exchange between dissociated flows and different materials. The VGU-4 and VGU-3 plas-
matrons are described in details in [11]. Their common feature is the use of quartz discharge chan-
nels without any forced cooling. Quartz has high thermal resistance. However, operation of powerful 
plasmatron at low mass flow rate of gas can cause overheating and melting of quartz tube. For this 
reason, it is important to investigate the temperature fields of the quartz discharge channel at differ-
ent mass flow rates and gas composition depending on the supplied power. Thermal regimes of the 
discharge channel wall of the 1 MW VGU-3 plasmatron were shown in [12]. In the present work 
the thermal state of VGU-4 HF-plasmatron uncooled quartz discharge channel was studied. 

2. Experiment 

This study was done in subsonic plasma jets of air, nitrogen and carbon dioxide of the VGU-4 
HF-plasmatron with vortex gas stabilization and quartz tube as discharge channel. «Testo 890» ther-
mal imager was used for contactless measurements of discharge channel temperature fields. Spectral 
sensitivity of the thermal imager is 8 ÷ 14 µm, it’s temperature range is 350 ÷ 1200 °С. The preset 
value of spectral emissivity for quartz «KV» that was used for manufacturing of the discharge chan-
nel for the VGU-4 facility was assumed to be 0.94 [13]. The VGU-4 plasmatron has vertical orien-
tation of discharge channel and plasma jet moves vertically upwards. Conceptual sketch of experi-
ment is shown in fig. 1. 

 

Fig. 1. Conceptual sketch of experiment. 1 − test chamber, 2 – induction 
chamber, 3 – discharge channel, 4 – inductor, 5 – plasma jet 
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Quartz discharge channel (3) is placed in the induction chamber (2) and has outer diameter 
80 mm and thickness of wall 4 ÷ 5 mm. Free subsonic plasma jet (5) is injected into test chamber (1) 
from exit section of discharge channel. 5-turns water-cooled inductor (4) is 120 mm of length and 
120 mm outer diameter. Distance from exit section of discharge channel to upper turn of inductor is 
130 mm. Thermal imager (6) is arranged near test chamber and measurements were made through 
cylindrical tube connected straight to the induction chamber. 

Experiments were carried out at pressure in test chamber 50 hPa. Mass flow rate of plasma 
forming gas through discharge channel was G = 1.8 ÷ 3.6 g/s and was controlled by a «Bronkhorst 
MV-306» flow meter. Measurements were done at HF-generator anode power (Nap) values of 45 
and 70 kW. Dependency of maximum temperature over outer surface of discharge channel versus 
mass flow rate of gas (air, nitrogen or carbon dioxide) is presented in fig. 2. Maximum temperature 
over quartz tube determines heat resistance of discharge channel. Choosing a low mass flow rate of 
gas allows to improve the quality of the jet, but it can lead to heating of the quartz wall to an unac-
ceptably high temperature. A lower mass flow rate leads to a rapid increase in the surface tempera-
ture of the discharge channel for air and nitrogen plasma at constant anode power. Despite the lower 
efficiency of the VGU-4 plasmatron [14], the use of carbon dioxide leads to high temperatures of 
the discharge channel due to intense radiation [15]. The effect can be reduced by switching to a 
higher mass flow rate. But the dependence of the quartz tube maximum temperature versus mass 
flow rate of carbon dioxide is not so strong as for air or nitrogen plasma. 

 

a         b 

Fig. 2. Maximum temperature over outer surface of quartz discharge channel against mass flow rate of 
nitrogen (1), air (2) or carbon dioxide (3) through discharge channel at HF-generator anode power (Nap) 
values of 45 kW (a) and 70 kW (b) 

Typical temperature fields of discharge channel for two different gases (air and carbon diox-
ide) are shown in fig. 3. The temperature fields in the nitrogen plasma were very close to those 
obtained in the air plasma for the same regime. Temperature fields in nitrogen and air plasma were 
significantly non-uniform, maximum temperatures took place near exit section of discharge channel. 
The effect of the gas swirling on the shape of temperature fields was clearly visible. Figure 3b shows 
that temperature distribution in carbon dioxide plasma is much more uniform, and maximum tem-
perature was observed between 4th and 5th turns of the inductor. This is due to the large contribution 
of radiation in the heat exchange between the carbon dioxide plasma and the wall of the discharge 
channel. 
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a 

 

b 

Fig. 3. Typical temperature fields of quartz discharge channel at constant mass flow rate (2.4 g/s) of 
air (a) and carbon dioxide (b) (HF-generator anode power Nap = 70 kW) 
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3. Numerical modeling 

Laboratory of Interaction of Plasma and Radiation with Materials of IPMech RAS developed 
the program package for complete numerical simulation of subsonic plasma flow (air, nitrogen, ox-
ygen, carbon dioxide, argon) in the induction plasmatron and determination of surface catalycity of 
testing materials. This integral program package includes the codes Alpha, Beta and Gamma.  
IPMech approach is based on the fact that the whole flow in the induction plasmatron can be subdi-
vided into three regions: 1) plasma flow within the discharge channel; 2) exhaust jet flow over test-
ing model in test chamber; 3) boundary layer in front of the model stagnation point. 

This work is restricted by only the first region (Alpha code). The inductively coupled subsonic 
laminar plasma flow in the discharge channel is assumed to be under LTE conditions; axial sym-
metry is assumed also. Cylindrical coordinate system is used to write the governing equations. Alpha 
is based on numerical solution of Navier − Stokes equations coupled with simplified Maxwell equa-
tions for HF electromagnetic field. This simplified model for the electromagnetic field was devel-
oped for geometry and experimental conditions of VGU-4 plasmatron. 

In the past years the code-to-code validations were made between Alpha code and CFD codes 
developed in the von Karman Institute for Fluid Dynamics (VKI) in Belgium [16, 17], and in the 
Moscow Institute for Physics and Technology MIPT [18]. Comparison of Alpha code calculations 
with CFD code developed in the Institute of Mechanics of the Lomonosov Moscow State University 
(IM MSU) was made also [19]. Note that IM MSU code was developed for both thermal and chem-
ical nonequilibrium flow. The mentioned code-to-code comparisons were made for the cases of pure 
argon, air and CO2 plasma flows in VGU-4 plasmatron, with use of simple geometry of discharge 
channel – cylindrical quartz tube without conic nozzle. The comparison of our calculation results 
obtained by Alpha code with IPM experimental data for flow temperature for air and CO2 working 
gases was made [20]. In total, the comparisons showed the good accuracy of Alpha code in the range 
of pressure above 50 hPa and for plasmatron power not very high to avoid the account for plasma 
radiation. 

3.1. Governing equations 

3.1.1. Gasdynamics 

Alpha code was developed to calculate inductively coupled plasma (ICP) flow within the 
VGU-4 plasmatron discharge channel - the 80-mm diameter quartz tube with inductor coil over it. 
Working gas is injected into the channel through the annular inlet slot adjacent to the wall; thickness 
of the slot is 2 mm. To provide the axial symmetry of the problem, the inductor coil is treated as 
five separate turns with the same current in each of them. Inductor turns are represented as thin 
equidistant rings perpendicular to the symmetry axis. Subsonic plasma flow in the discharge channel 
is assumed to be stationary, laminar and axisymmetric one with swirling in azimuthal direction. The 
flow is assumed to be under equilibrium conditions (both local thermal and chemical equilibrium is 
assumed); radiative processes are supposed to be negligible. 

The full Navier − Stokes equations written in cylindrical coordinate system are used to simu-
late ICP flow in the discharge channel. We assume that Navier − Stokes equations are time-averaged 
with respect to HF oscillations of the inductor current. The resulting governing equations are the 
two-dimensional equations with account for three velocity components − axial u, radial v, and tan-
gential component w due to the flow spinning, together with energy equation written for the total 
gas enthalpy h 

    1
0u r v

z r r
  

 
 

,  (1) 
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Here z and r are the axial and radial coordinates; , , ,P h   are the pressure, density, enthalpy and 
viscosity of equilibrium gas mixture, Preff is the effective Prandtl number. 

These equations include time-averaged source terms corresponding to HF electromagnetic 
field influence: ,z rF F  are axial and radial components of the Lorentz force; JQ  is Joule heat pro-
duction. These source terms are expressed via E  − tangential component of the complex amplitude 
of vortical electric field: 
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Here Re means the real part of a complex value, asterisk is the conjugation sign for a complex value; 
 is circular frequency of monochromatic electric field;  is plasma electrical conductivity. 

Boundary conditions for gasdynamic equations 

All the necessary flow parameters are specified at the discharge channel inlet section. These 
specified parameters are the following (subscript «0» here refers to parameters of the gas injected 
into the channel at the channel inlet section): 

 0 0 SLu r G A  , here G is specified mass flow rate; SLA  is area of the annular inlet slot;  

 0 0v r  ; 

 0 300T r   K is the temperature of the injecting gas;  

0P  is the static pressure specified at inlet section at the symmetry axis;  

0 45    is the swirl angle of the injecting gas,  0 0 0w u tg  .  

Zero values for the velocity components are specified at all rigid surfaces − quartz tube wall, 
face of the gas injector interface at the channel inlet section; definite values of temperature are spec-
ified at all rigid surfaces; in particular, the wall temperature of the quartz tube in general is a function 
of z:  w wT T z .  

Symmetry conditions are applied at the channel axis. 
«Soft conditions» are applied at the channel exit section (outlet) cz Z , i.e. the unknown 

functions are extrapolating outside the calculation region 
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u v w h

Z r Z r Z r Z r
z z z z

   
   

   
 (7) 

3.1.2. Electrodynamics 

Suppose that HF oscillating inductor current is composed of a single Fourier mode and it pro-
duces a monochromatic electric field with complex amplitude 

 )exp(),(),,(    ),exp(),(),,( tirzHrztHtirzErztE  


 

Here 2 f   is the circular frequency; f  is the frequency of inductor current; t is the time. Here 
we use complex values of E  and H  amplitudes.  

The following common assumptions are used: plasma is quasi-neutral; plasma magnetic per-
meability 1  ; plasma dielectric constant does not depend on the electromagnetic field and so does 
not depend on z and r; the displacement current is negligible; inductor coil is represented by a series 
of parallel current-carrying rings to provide the axial symmetry for the problem; the rings are as-
sumed to be infinitely thin; a single coil current with the same amplitude and phase angle is assumed 
to oscillate through each of coil rings. 

Following [21], we use also the assumption E z E r     , that leads (with account for 
symmetry conditions) to quasi-one-dimensional approximation of Maxwell equations [22−24]:  

      EirE
rrr 0d

d1
d
d   

  0
1 d

0, 0,
dz r zE E i H rE

r r     (8) 

Here , ,z rE E E  are axial, radial and tangential components of the electric field amplitude; zH  is 
axial component of the magnetic field amplitude; µ0 is the magnetic constant (vacuum permeability). 
Equation (8) together with appropriate boundary conditions (9−10) (see below) is used in our 
method to determine electromagnetic field amplitudes E  and zH . 

The quasi-1D approximation is essential simplification for the problem, it leads to boundary 
value problem for the ordinary differential equation (8) to determine complex amplitude of the elec-
tric field  ,E z r ; z coordinate is only a parameter in this equation; E  depends on z owing to the 
boundary conditions. In this approximation the axial component of the Lorentz force zF  equals to 
zero. Note that for the equilibrium plasma it's electric conductivity  ,P T  , so   serves here 
as interface between the gasdynamic and electrodynamic subsystems of the governing equations. 

Boundary conditions for the equation (8) are the symmetry condition at the axis 

  ,0 0E z  , (9) 

and the following condition at the discharge channel wall: 

    c 0 0
1 d

:
d zwr R rE i H z

r r     (10) 

Here cR  is the channel radius; 0zwH  is the amplitude of the magnetic field axial component at the 
channel wall produced only by the inductor current outside the plasma flow. 

It is important to note that the comparison of accurate electrodynamic model results [24, 25] 
(the full two-dimensional Maxwell equations were solved on a far field domain) with our results 
obtained with use of the quasi-1D model (8−10) demonstrated a good accuracy of this simplified 
model for VGU-4 plasmatron with relatively thin channel in wide range of operating frequency and 
pressure. Differences of a few percent between the results were observed in the inlet region and at 
the mid-coil position; practically no differences were observed at the channel outlet. The comparison 
made for the VGU-4 discharge channel geometry is reported in details in [16, 26]. 
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3.2. Calculation of thermodynamic and transport properties of equilibrium plasmas 

To calculate Navier − Stokes and Maxwell equations, a set of thermodynamic and transport 
properties is necessary. These properties, including viscosity, thermal conductivity, electrical con-
ductivity, can be calculated in advance for the case of chemical equilibrium mixture as functions of 
pressure and temperature. We use here the standard assumptions: 
 elementary composition of equilibrium mixture is constant (concentrations of chemical ele-

ments jC  do not vary in a flow); plasma is quasi neutral, 0EC  ; 
 effects of non-ideal gas and plasma are not accounted; 
 high frequency electromagnetic field does not influence the transport properties. 

SoVA code [27] was developed to calculate chemical composition and transport properties of 
equilibrium multicomponent mixture; in general, the mixture consists of CO2 and air with N = 22 
components produced by L = 5 chemical elements (including the electron “e”): 

O,  N,  C,  Ar,  e,   O2,  N2,  CO2,  NO,  CO, 
O+,  N+,  C+,  Ar+,  O2

+,  N2
+,  CO2

+,  NO+,  CO+,  O++,  N++,  C++. 

Calculations can be made in the range of pressure and temperature: 0.001  P  10 atm;  
300  T  20000 K. The calculated output thermodynamic properties are: equilibrium mole fractions 

ix ; heat capacities under constant pressure piC  (i = 1,...N); mixture molecular weight m, density , 
specific enthalpy h, specific heat capacity under constant pressure pC ; reaction heat capacity prC ; 
effective (or total) heat capacity under constant pressure effp p prC C C   for equilibrium gas mix-
ture. To calculate equilibrium reaction rate constants prK  and heat production rQ , enthalpies ih  
and heat capacities piC  of species (i = 1, ..., N), we use the approximations for the reduced Gibbs 
energy  i T  [28]. Here «r» is a reaction index, 1, , ,r R R N L    is the number of independ-
ent reactions in the mixture. Additional approximations for O2, N2, CO2 were developed for the low 
temperatures T < 1000 K to calculate species heat capacities and enthalpies with higher accuracy. 
Additional approximations were developed also for the second ions.  

The calculated output transport properties are: viscosity    ; translational thermal conduc-
tivity  tr  ; thermal conductivity due to molecules internal energy transfer int ; electrical con-
ductivity    ; thermal conductivity due to equilibrium chemical reactions  R  ; effective ther-
mal conductivity      eff tr int R         ; effective Prandtl number eff eff effPr pC   . 
Thermodiffusion and multicomponent diffusion properties are calculated also. Here  is the order 
of approximation by Sonine polynomials, i.e. the number of terms in Sonine polynomial expansions 
of Boltzmann equation solution that provide convergence in Chapman − Enskog method, tr  is the 
“true” thermal conductivity corresponding to the formula for the full heat flux [29]. Calculations of 
transport properties are made by the precise formulas of Chapman − Enskog method [29, 30]. The 
term int  is calculated with use of Eucken formula. To calculate transport coefficients for neutral 
gases, the first non-zero approximation ( 1   for viscosity, 2   for thermal conductivity) is rather 
accurate, but for ionized gas mixture this approximation can lead to error, up to  50 % error for air 
when degree of ionization is high [31]. Therefore, our calculations have been made with 2   for 
viscosity, 4   for other transport coefficients to provide high accuracy. The formula from [29] 
used to calculate  tr  , 4  , is presented below as an example 

 

333231

232221

131211

0

0

000

det8

75
)4(

rsrsrs

rsrsrs

rsrsrsr

s

tr

qqq

qqq

qqqx

x

q

nk
λ  ,  

333231

232221

131211

det

rsrsrs

rsrsrs

rsrsrs

qqq
qqq
qqq

q     

Here mp
rsq  is square matrixes of N N  order, their elements are expressed by the linear combina-

tions of the collision integrals  ,l s
ij  [32]; det q  is determinant of the order of 3N  3N. Details of 

calculation technique and results obtained for air plasma have been presented in [31]. Note that the 
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exploited formulas [29] for transport properties are essentially more convenient for calculations than 
the classic formulas [32] of Chapman − Enskog method, because the formulas from [32] are more 
complicated and they use the higher order determinants: N N   instead of    1 1N N    . 

To calculate transport coefficients, the collision integrals    ,l s
ij T  are necessary. They are 

determined on the basis of the best available data for various pairs of particles according to the 
recommendations [33, 34].  

As an example, fig. 4 shows the calculated effective Prandtl number Preff (a) and electrical 
conductivity  (b) for 0.1P  atm for the three mixtures: air, CO2, and pure nitrogen.  

Tables of the necessary thermodynamic and transport properties for chemically equilibrium 
mixtures (air, CO2, and pure nitrogen) have been calculated with use of SoVA code to apply in 
Alpha code. 

  
a     b 

Fig. 4. Effective Prandtl number (a) and electrical conductivity (b) calculated for three gas mixtures: 
air (1), nitrogen (2), CO2 (3) 

3.3. Numerical solution technique 

Alpha solves finite-difference approximations to the governing equations with use of the con-
trol volumes method and SIMPLE algorithm of Patankar and Spalding [35, 36]. Convective terms 
are approximated by the finite differences with the first order accuracy. Some necessary modifica-
tions of the Patankar & Spalding method were made to provide the convergence of iterations for 
complicated ICP flow with large vortices [37]. In particular, the unknown functions are determined 
with use of additional under-relaxation procedure to increase stability of the solution technique.  

Non-uniform rectangular finite-difference grid is used both in axial and radial directions. The 
grid is condensed in radial direction near the torch wall; the grid is condensed in axial direction near 
the torch inlet section and within the inductor region. Thomas algorithm («sweep» algorithm) for 3-
diagonal matrix equations with use of complex variables is applied to solve the boundary value 
problem for the simplified Maxwell equations (8)−(10) to obtain the complex value of the electric 
field amplitude E . Value of the inductor current is determined in process of iterations by the pre-
scribed value of power input in plasma plN . As to a value of plN  itself, it should be specified by 
both the measured value of anode power Nap and the plasmatron efficiency eff  obtained from spe-
cial experimental measurements: pl apeffN N  .  
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The necessary thermodynamic and transport properties are determined simultaneously in the 
process of numerical solution for each grid point by the interpolation procedure across the previously 
calculated tables. 

3.4. Computation results for the test regimes 

The two numerical investigations are presented below for the flow and electromagnetic field 
within the discharge channel of VGU-4 induction plasmatron. The first is the investigation of the 
influence of discharge channel wall temperature wT  on plasma parameters and electromagnetic 
field; the second is the investigation of the influence of working gas − air, CO2, and pure nitrogen − 
on plasma parameters. 

The geometry of VGU-4 discharge channel is presented above. The inductor current frequency 
is 1.76 MHz. All computations are made for the experimental conditions, at a constant working gas 
mass flow rate G = 2.4 g/s and pressure in the pressure chamber of 50 hPa. 

3.5. Influence of the discharge channel wall temperature on plasma parameters 

Here the computations are made for air working gas for the power Nap = 70 kW, for the three 
variants of boundary conditions for the wall temperature wT :  

1)  wentry wq1 wq2 300T T T    K (standard);  

2)  wentry wq1 wq2 747T T T    K (constant temperature obtained from averaged value of tem-

perature measurements for the corresponding experimental regime); 
3)  wentry wq1 wq2333 K, 962 KT T T    (linear distribution of temperature along the quartz 

tube obtained from the approximation of the experimental measurements). 

Here wentryT  is the temperature of the low interface at the channel inlet section; wq1T  and wq2T  is the 

temperature at the beginning (inlet section) and at the end of the quartz tube (exit section). 
Some results of the comparison of computation results for the three cases of wT  boundary 

conditions are shown in the figures 5−6. 

                   
a      b 

Fig. 5. Distribution of gas temperature T0 (a) and axial component of the magnetic field amplitude 
Hz0 (b) along the channel axis for the three cases of Tw boundary conditions: standard Tw = 300 K 
(1), constant Tw = 747 K (2), linear distribution  wT z (3) 
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a         b 

Fig. 6. Radial profiles of tangential component of electric field amplitude E  (a) and axial component of 
magnetic field amplitude zH  (b) in the section 209z  mm inside the inductor region for the three cases of 

wT  boundary conditions: standard w 300T  K (1), constant w 747T  K (2), linear distribution  wT z  (3) 

From the comparison of computation results for the three cases of wT  boundary conditions 
the following conclusions can be made.  

The influence of wT  on gas parameters at the channel exit section is small, about 1 % for gas 
temperature and enthalpy and 3 % for flow velocity. 

The influence of wT  on flow field (stream lines, isotherms) is small in the region from the 
inductor to the channel exit. The influence of wT  on flow field in the region from the channel inlet 
section to the inductor is appreciable but not large.  

The influence of wT  on the velocity distribution  0u z  along the flow axis is negligible; the 
influence of wT  on the temperature distribution  0T z  is appreciable in the beginning of the channel 
near the inlet section and is small in the inductor region and at the exit section, see fig. 5, a. The 
influence of wT  on the magnetic field amplitude  0zH z  at the flow axis is appreciable (up to 9 %) 
in the inductor region and is small at the end of the channel, see fig. 5, b. 

The influence of wT  on the magnetic field amplitude  zH r  at the section 209z  mm inside 
the inductor region is 2 ÷ 6 %. The influence of wT  on the electric field amplitude  E r  at the 
section 209z  mm is small, up to 3 % at the wall. Note that  zH r  and  E r  for the cases 2 (

w 747 KT  ) and 3 (linear distribution of  wT z ) are nearly the same, see fig. 6. 

3.6. Influence of working gas - air, CO2, and pure nitrogen - on plasma parameters 

Isolines of the dimensionless stream function and isotherms in VGU-4 discharge channel for 
the test regimes with the three working gases are shown in figures 7−12. The tests and calculations 
were made for the power values of 45 and 70 kW for each working gas at a constant mass flow rate 
of 2.4 g/s and pressure in the pressure chamber of 50 hPa. Isolines of the dimensionless stream func-
tion f  are shown in top parts of the figures (a) to visualize the complicated structure of ICP vortical 
flow: secondary vortex is formed near the inlet section, and large primary vortex with negative val-
ues of stream function f  is formed between the secondary vortex and the inductor region. Note that 
dimensionless stream function  ,f z r  reaches its maximum value 1f   at the torch wall. 

The isotherms are shown in the bottom parts of the figures (b), temperature values are given 
in K. The maximum of temperature is located within the inductor region close to the symmetry axis. 
From the comparison of isotherms for different gases it is clear that the temperatures in carbon 
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dioxide plasma are lower at the same power both in the discharge region and at the exit section of 
the discharge channel. The computation results for nitrogen and air plasmas are close, and it is in 
accordance with the experiment, where similar temperature fields were obtained. 

Variation of pressure within the discharge channel is relatively small for all cases. For exam-
ple,   0,P P z r P    changes from − 93 Pa at the symmetry axis at the channel exit section to 
+ 47 Pa near the wall before the inductor region for the air plasma case, Nap = 70 kW, P0 = 5000 Pa. 
Isolines of pressure variation   0,P P z r P    in IPG-4 discharge channel for air plasma are shown 
in fig. 13. 

Radial profiles of calculated plasma parameters in the discharge channel exit section for  
VGU-4 regime Nap = 70 kW are shown in fig. 14: axial velocity    ,c Cu r u Z r  (a); enthalpy 

   ,c Ch r h Z r  (b). 

 

Fig. 7. Isolines of stream function f (a) and isotherms T, K (b) in VGU-4 discharge 
channel for Nap = 45 kW, air 

 

Fig. 8. Isolines of stream function f (a) and isotherms T, K (b) in VGU-4 discharge 
channel for Nap = 45 kW, pure nitrogen 
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Fig. 9. Isolines of stream function f (a) and isotherms T, K (b) in VGU-4 discharge 
channel for Nap = 45 kW, CO2 

 
Fig. 10. Isolines of stream function f (a) and isotherms T, K (b) in VGU-4 discharge 
channel for Nap = 70 kW, air 

 
Fig. 11. Isolines of stream function f (a) and isotherms T, K (b) in VGU-4 discharge 
channel for Nap = 70 kW, pure nitrogen 
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Fig. 12. Isolines of stream function f (a) and isotherms T, K (b) in VGU-4 discharge 
channel for Nap = 70 kW, CO2 

 

Fig. 13. Isolines of pressure variation   0,P P z r P    in IPG-4 discharge channel 
for Nap = 70 kW, air, P0 = 5000 Pa. 

                 
a         b 

Fig. 14. Radial profiles of axial velocity (a) and enthalpy (b) in the channel exit section for three 
gases: air (1), nitrogen (2), CO2 (3) 
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Some conclusions from the computation results for three working gases in VGU-4 plasmatron 
for the two power regimes Nap = 45 and 70 kW. 

The difference in plasma parameters for the three gases are essential in general. Flow velocity 
0cu  and enthalpy 0ch  in the channel exit section at the symmetry axis have maximum values for 

nitrogen and minimal values for CO2 for both power regimes. Radial profiles  cu r  at the channel 
exit section for nitrogen and air are close to each other for both power regimes, and profiles  cu r  
for CO2 lay much lower. Also, maximum temperature values within the inductor region are greater 
for nitrogen and air and lower for CO2 gas. 

4. Conclusion 

Both experimental study and CFD modeling are fulfilled for investigation of quartz tube ther-
mal state and subsonic ICP flow parameters in VGU-4 discharge channel for the two power regimes 
of Nap = 45 and 70 kW for three working gases.  

Temperature fields of quartz discharge channel were measured for all working gases. For the 
case of air this temperature fields were averaged and approximated to be used in boundary condi-
tions in CFD modeling.  

CFD modeling was made on the basis of Navier − Stokes and simplified Maxwell equations 
just for the VGU-4 experimental conditions.  

The comparison of the calculated flow parameters was made for air working gas for power 
Nap = 70 kW, for the three variants of boundary conditions for the wall temperature: Tw = 300 K 
(standard); Tw = 747 K (averaged temperature measurements); and linear distribution of temperature 
along the quartz tube obtained from the approximation of the experimental measurements). The 
computations show that the influence of different quartz wall temperature boundary conditions on 
the gas flow parameters at the channel exit section is negligible. 

CFD modeling was made for the two power regimes for the three working gases. From the 
comparison of isotherms for the three working gases, it can be noted that the temperatures in carbon 
dioxide plasma are lower at the same power both in the discharge region and at the exit section of 
the discharge channel. The calculation results of temperature fields for nitrogen and air plasma are 
close, which is in accordance with the experiment, where similar temperature fields were obtained. 

Note that the calculated stream function isolines and isotherms (figs. 7–12) are in accordance 
with the schematic view proposed in 1969 by Yu.P. Raizer in [5]. 
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