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NUMERICAL SIMULATION OF MHD FLOWS WITH THE HALL EFFECT
IN THE HIGH-CURRENT QUASI-STEADY-STATE PLASMA ACCELERATOR(QSPA)

BRUSHLINSKY K.V, GORSHENIN K.P. RATNIKOVA T.A

Abstract

The paper deals with recent results in mathematical modeling and computations of two-
dimensional plasma flows in the QSPA'channel across the own magnetic field. The model is based on
the MHD-equations. To investigate phenomena in electrode boundary layers the Hall effect is taken
into account.

The high-current Quasi-Steady-state Plasma Accelerator (QSPA) is developed from the
principles by AI.Morozov [1] and demonstrated the operating mode with parameters that were
expected [2-5]. An essential role in its elaboration belongs to mathematical modeling and
computations of plasma flows in the magnetic field of several configurations - own or applied,
concerning with the channel and other elements of accelerator [6]. In the centre of them there are
investigations of flows in the channel of the main stage of QSPA. Its scheme it presented at fig. 1. The
channel is formed by two coaxial electrodes. The electric current between-them induces azimuthal
magnetic field and, interacting with it, accelerates plasma in the :-direction. The plasma flow in the
channel may be considered as axisymmetric and steady-state, since the discharge duration is muchSl1ougei ilai tihc Dlo% lime.

Flows of a dense hot plasma are investigated mainly in the magnetogasdynamic approach.
Some statements and estimates, relating to the magnetoplasma Laval nozzle theory, are obtained by
means of analytic techniques (or quadratures), using approximate models: quasi-one-dimensional or
"smooth channel" ones [7-10]. But most of the results, including quantitative relations, dependence
on parameters, analysis of flowpattern are obtained by numerical solving of two-dimensional MHD-
problems in the (r:) - domain, corresponding to the channel section by the plane qp=const (fig. I).
Steady-state flow regimes are obtained by means of the time-relaxation method in a time-dependent
model. The problem setup, mathematical models, numerical methods, computation results and the
bibliography of original papers are presented in the reviews [8,6,11 ].

The plasma accelerating process depends on the electric current spreading about the
channel: an efficient acceleration is related with the mainly radial direction current. Computation of
MHD-flows in the channel with unpenetrable (vn-0) equipotential (Er=0) electrodes showed, that the
current distribution is connected with the value of the main model parameter Po = 8np( / Hn- . that is
the ratio of a\vrage gas and magnetic pressures at the channel inlet. When Po<<l , the current is near
to radial one. and, when Po21. it has a visible axial component, and current vortices may be
generated This result is in agreement with the fact, that small values of 3o correspond to large ones
of the magnetic field Ho = 2J/cro, i.e. to the strong discharge current J. The paper [ I] presented in
detail current spreading about the channel and some local and integral characteristics of steady-state
flows velocit\ and acceleration, mass flux, pulling power, capacity and voltage. depending on the
given value of po and the geometric shape of the nozzle. Analysis of computation results and their
correlation with experiments [2-4] demonstrate that the MHD model is adequate to describe the
regular (,<< 1) plasma flow process in general. More exactly, it may be related to the most part of
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the channel space, so called "stream kernel" outside of thin layers near the electrodes. The interaction
between plasma and electrodes (or transformers [1]) is a more complicated process and it requires a
more complicated mathematical model: it is known that MHD equations are invariant after inverting
the electric current and magnetic field, i.e. they cannot recognize the electrode polarity. To
investigate plasma flows in channels including phenomena near electrodes, the authors realised in

computation a modified MHD model taking into account the Hall effect and finite plasma
conductivity [8,12,13]. It is based on the equations

- + V(pv) = 0;

dv

p - + Vp = jx H;
dt

p r S v j + T jVs; (1)
dt 2

H = V(v x H)- V x(vj)- Vx jxH V
dt p

P -p'e'; P =; j=VxH,
2 2

that are written in a dimensionless form: units of measurement of all variables are formed from their
characteristic values, given by the problem setting. The model includes three dimensionless
parameters:

81r O . c 2  cm,
H2 Re, 4;r ro v. ero4jp- '

The parameter , is related to the Hall effect, that describes interaction between the
current and magnetic field in the Ohm's law and suppose the ion and electron velocities to be
different:

v= i ; j = P(v-ve) (2)

To analyze characteristics of a plasma accelerator, the total exchange parameter [7] is of interest. It is
connected with the local one 4 by the formula

Stor = J/JM = 24/M ,(3)

where J is the total discharge current, JM is the mass flux, expressed in therms of a current unit,
M is the dimensionless mass flux.

The eqs. (1) are in general quasilinear ones of parabolic type regardless of the resistance. But in our
case of two-dimensional flows across the magnetic field (d/p w 0, v, = 0, H, a H. a 0) they

degenerate, when v = 0, and become first order nonlinear eqs. therefore plasma flow problems with
finite conductivity and infinite one differ in the boundary conditions at the electrodes. When v << 1,
solutions may include Hall boundary layers, that should be related with anomalies, known from
experiments: the current sliding and potential jumps near the electrodes.
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In investigations of plasma flows in a channel including zones near electrodes, we consider
three variants of boundary conditions that correspond with three principal types of the flow-electrode
interaction.

U A. Electron current transfer (ECT) regime

Er = 0, vn = 0 (4)

The electrodes are equipotential and unpermeable to the plasma, the cuirrent is carried by electrons.
In this case steady-state flow regimes may be obtained only if 5 < 4* , where the critical value 4*
depends on the parameters v and po . In the opposite case computation loses the stability and leads to
an explosion type phenomenon at the anode. Before the explosion we can see thin layers, where the
current slides over the electrodes (fig.2a) and the plasma density decreases near the anode. The
boundary layers are inevitable when v << 1 , becouse the boundary conditions (4) become
contradictive with the regular plasma acceleration at v -+ 0.

SB. Ion current transfer (ICT) regime

Er = 0, ven = O (5)

The plasma (ions) is allowed to penetrate through electrode surfaces in amount pvn = ,, (see
(2) (ct) that is prnpotional t* th. current an the exchange parameter. This regime ma:. " rea!sed
in cases of rod electrodes or more complicated devices - transformers [1-5]. In such a model steady-
state flows are obtained under the condition < 5**, but the restriction is les strong here: 4** > *
If ! > **. .computation leads again to an explosion type instability, as a rule, at the cathode.
Boundary layers take place (fig.2b) and the conditions (5) contradict with the regular acceleration at
v -+ 0. like in the previous case.

A series of computations established the dependence of critical values of the total exchange
parameter ,ot* and 5tot** on the magnetic viscosity v in the ECT and ICT regimes in cases of
various parameter Po values. This result is presented in graphical form at fig.3, where gn
conventionally corresponds to the polarity of central electrode. The graphs allow to compare
quantitatively the restrictions and to see the advantage of ICT ( ,** > * ). They show also that in
the ICT case central position of the cathode admits steady-state flows with more strong Hall effect
than the inverse polarity.

C. To investigate characteristics of flows with the most efficient acceleration regime
we considered a case of "ideal" current distribution, when the current is orthogonal to unpermeable
streem boundaries:

SJ =0 , v,=O (6)

As a result of computations with boundary conditions (6) there are obtained steady-state flow
regimes at finite values of and arbitrary small values of v , including v = 0 . No boundary
layers appear in this case, and the flow and current pattern has a regular nature. If << I it is little
different from the pattern, obtained in the MHD-model without Hall effect. The most visible property
of such flows is that the stream boundaries are not equipotential: the electric field has a positive
component. hence the potential decreases along the boundaries. This result may useful for
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accelerators with electrodes that consist of separate sections: their voltage must be in agreement with
computations. As applied to QSPA, whose electrodes have longitudinal metal elements, and are
equipotential, the computation may be related to the "stream kernel" that is the most part of the
channel Its position relative to the electrodes (dashed lines) is presented schematically at fig.4.

Analyzing flows in the QSPA channel, we have to keep in mind that the values of 3, , and
v are small in a high-current accelerating regime, and the difference between the stream kernel and
the whole channel is small. Flows in the kernel may be approximately calculated in the MHD-model
[11].

The Hall correction are to be made in the zones near electrodes, following the given
model. The thickness of these zones is proportional to the small parameter 5.
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Fig. . Scheme of the QSPA channel

Fig.2. Current spreading about the channel, 0 0. 1, v=0.1

a) ECT, 9=0.17, t=1.76 ; b) ICT, =0.7, t=0.66
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Fig.3. Critical values of tot

depending on v: a) ECT; b) ICT
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Fig.4. Scheme of the "stream kernel" position in the channel
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