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MATHEMATICAL MODEL OF NON-EQUILIBRIUM HEAT TRANSFER IN THE HIGH-FREQUENCY INDUCTION DISCHARGE OF ATMOSPHERIC PRESSURE IN THE VICINITY OF THE AXIS OF A PLASMA TORCH
A. V. Gerasimov and A. P. Kirpichnikov
Kazan State Technology University, Russian Federation K. Marx 68, 420015 Kazan, gerasimov@kstu.ru
It is known that, even at atmospheric pressure, an HFI discharge is characterized by а considerable difference between the temperature of atom-ion gas and the electron temperature, which may reach in practice several thousand degrees according to [1, 2], especially in the skin region. In the cases when the electron and gas temperatures in the discharge cannot be assumed equal to each other, it is necessary to treat the model of heat transfer in an HFI discharge, which allows for energy transfer between the electron gas and the gas of heavy particles. Obviously, in this case, the energy equation with due regard for radiative heat transfer, obtained [3], splits into а set of two equations: 
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According to the reasoning of [3, 4], we write the term allowing for the radiation loss s in the axial region of plasmoid in the form 
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This means, that all energy obtained by atomic-ionic gas at the expense of collisions of heavy particles with electrons and allocated in a central zone of plasmoid, is removed from it by radiation. 

Furthermore, the coefficients of thermal conductivity (e and (ai and the value of electric conductivity (, as well as ne, (, and (, in the axial region of plasmoid may be approximately assumed to be constant, because the temperature profiles have the form of а "plateau" in this region, i.е., the temperatures vary insignificantly. 

In view of the foregoing, equations (1) and (2) transform in the system
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In the vicinity of the plasmoid axis by [5-7]
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The solution of the equation (5) will look like by [3]
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Where 
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In this case the transport equation of heat for electronic gas in turn will become
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Where 
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Following by [3], we will search for partial solutions of inhomogeneous equation (7) in the form 
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Obviously, in this case, equation (7) must transform to the system
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Solutions of any of equation (8) may be found by standard methods of mathematical physics (look monographs [8, 9]. On taking several tabulated integrals by [10, 11], we will derive 
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The common decision of a homogeneous equation 
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relevant to an inhomogeneous equation (7) also easily found application to it of a method of Fourier (method of separation of variables).

Therefore we shall receive
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In the total we shall receive
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From the obtained relationship follows also, that in the one-dimensional case (that is when constants of splitting b=g=0) the solution (6), (10) will be noted as
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which is two-temperature analog of the one-dimensional formula of Eckert.
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             (13)
Let's specify also, that (13) two-dimensional association of temperature profile HFI discharge relevant to the formula, obtained in paper [3] looks like
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Figures 1-3 give the results of calculations performed for different cross sections of а plasmoid of an HFI discharge using formulas (6), (10), (11), (12), (13), (14). The calculation was performed for an air plasma at atmospheric pressure. The value of coefficient of thermal conductivity of atom-ion gas for а given temperature interval was borrowed from [12], and the coefficient of thermal conductivity of electron gas was calculated according to [13]. The values of ne and ( were borrowed from [14] and the value of ( was determined according to [15]. The value of Qr was calculated using the data of [16].
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Figure 1. Radial temperature distribution of for the Z=0, Z=0,04 m and Z=0,07 m cross section of plasmoid: + - calculation by the formula (6) two-dimensional models for atom-ionic gas; - - - - - - calculation by the formula (10) two-dimensional models for electronic gas; ٱ - calculation by the formula (11) one-dimensional models for atom-ionic gas; - - - - calculation by the formula (12) one-dimensional models for electronic gas; - ּ - ּ - ּ - ּ - calculation by the formula (13) one-dimensional one-temperature models Eckert; ∆ - calculation by the formula (14) two-dimensional one-temperature model Gerasimov A. and Kirpichnikov A. [1]

Obtained results of calculations demonstrated, that gap between electronic and atomic-ionic temperatures which exists in near axis of plasmoid, with major accuracy is conserved down to area, closely adjoining to skin-layer (in this case the skin-layer is apart about 2 cm from an axis of a coil). The calculations performed by formulas (6), (11) for atomic-ionic gas, give meaning of allocation of temperature in near axis the areas having form "plateau" that well agree with numerous both experimental, and calculation data. For electron temperature the phenomenon "plateau" is expressed more lesser, though too occurs. It is also seen that the two-dimensional model allows for boundary effects which appear in calculations along the entire length of the work coil. This means that, even in the central cross section of plasmoid, the temperature profile calculated by formula (14) does not coincide with the Eckert profile, but passes somewhat above the latter. On moving down- stream to the work-coil exit section, this profile, as was to be expected, becomes lower than the Eckert profile and approaches the x-axis along its entire length. The distributions calculated by formulas of two-temperature models (6), (10) and (11), (12) are of special interest. As it visual, for both models (and the one-dimensional, and two-dimensional) the profile of atomic - ionic temperature of gas of heavy particles, insignificantly changing at movement along an axis of a plasmoid, are form "plateau", well-known to specialists in the field of physics and engineering of induction plasma of air pressure. 

In the beginning its meanings exceed relevant  an one-temperature profile (Eckert profile), and then, on an exit from a plasmoid are lowered a little bit below last, remaining, however, qualitative by the close to it.

Thus it is possible to state, that the calculations by formula Eckert (13) (as well as under the relevant formula (14)), taking into account two-dimensional effects in HFI to plasma) gravitate more to atomic - ionic temperature of gas of heavy particles, than to the relevant electron temperature.

In turn, two-temperature model (11), (12), not taking into account edge effects also gives "plateau" on a profile of gas temperature which qualitative to the close to model of Eckert.

Thereof it is possible to state, that in actual high-frequency inductive devices such "plateau" it is obliged by the origin first of all to a removal of energy from a central zone of plasmoid by radiation.

Which, the removal of energy may be strengthened effect of essential two-dimensional, exhibited in the conductive removal of heat through of face areas of a plasmoid at induction heating plasma-forming gas in a work-coil of terminating length.

Note further that the obtained formulas remain valid until values of radial coordinate r of the order of one third of the plasmoid radius. 

Вy and large, the formulas obtained by us describe fairly accurately the temperature field distribution in the vicinity of the plasmoid axis and may be useful in solving numerous heat transfer problems of physics and technology of HF low-temperature plasma.
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