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Abstract—Experimentally observed modes of an rf induction (RFI) discharge in argon with reverse-flow swirl
stabilization are described. The data on the simulation of RFI plasmatrons are analyzed; it is demonstrated that,
for the case of highly swirling flows, a correct inclusion of gasdynamic effectsis of most importance. The pro-
cedure employed for simulation was previously used in a direct-flow swirl plasmatron with nondiaphragmed
outlet to demonstrate that an intense swirling of flow results in the emergence of reverse flow over the entire
length of the plasmatron chamber. The direct-flow swirl and reverse-flow swirl stabilization methods are com-
pared from the standpoint of efficiency of plasmajet generation with the aid of cal orimetric measurements and
numerical simulation of an argon RFI plasmatron of constant geometry. It is demonstrated that the reverse-flow
swirl stabilization is more efficient from the standpoint of possible applications of RFI discharge.

INTRODUCTION

Radio-frequency induction (RFI) plasmatrons, first
described by Reed [1, 2], have found extensive applica
tion, first of all, in the field of high-temperature treat-
ment of materials. They compare favorably with arc
plasmatrons thanks to the relatively low velocity and
large volume of plasma and, what is more important,
the absence of electrodes, which provides for a high
purity of plasma. As compared with ultrahigh-fre-
guency (UHF) plasmatrons, RFI plasmatrons are also
characterized by some advantages such as the relative
simplicity and availability of supply sources of differ-
ent power and frequency, as well as a higher enthalpy
of plasma. The recently suggested method of reverse-
flow swirl stabilization (RSS) and heat insulation [3]
was tested in application with a UHF plasmatron and
gas combustor [4], whereby their performance was
improved sharply. The prospects for applying this
method to RFI plasmatrons as well appeared quite
promising. In this paper, we treat the results of prelim-
inary investigation of a reverse-flow RFI plasmatron,
describe the experimentally observed modes of RFI
discharge in argon with RSS, and compare the direct-
flow swirl and reverse-flow swirl methods of stabiliza-
tion from the standpoint of efficiency of plasmajet gen-
eration with the aid of calorimetric measurements and
numerical simulation of an argon RFI plasmatron of
constant geometry.

PRELIMINARY EXPERIMENTAL STUDY
OF REVERSE-FLOW RFI PLASMATRON

A fundamental difference exists between an RFI
plasmatron and objects used previously to test the RSS
principle (microwave discharge, gas flame [3, 4]). The
recirculation flow in ordinary swirl flows provides for
stabilization of plasma and flame owing to the transfer
of active particles, i.e, radicals, ions, and electrons,
downstream. In so doing, it isthe central hot zoneinthe
flame and microwave discharge, in which the energy
release occurs, that is the source of those active parti-
cles. In the RFI discharge, the absorption of energy
occursin thetoroidal skin layer 8 (Fig. 1) whose diam-
eter defines the efficiency of absorption of therf energy.
In the case of RSS, a flow directed toward the axis
apriori existsin the entire skin volume; along with the
Lorentz force, thisflow must bring about areduction in
the diameter of the zone of energy release and, conse-
guently, decrease the efficiency of the inductor-plasma
electromagnetic coupling. In addition, with such a sta-
bilization, a plasmoid may be free of recirculation
“stagnation” zones which usually represent the sources
of active particles. Therefore, the stability of an RFI
plasma with RSS must be lower than that of a plasma
with direct-flow swirl stabilization (DSS) and lower
than the stability of a UHF plasma and gas flame with
RSS.

Preliminary experiments in the stabilization of an
RFI dischargein areverse swirl flow of argon were per-
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Fig. 1. Schematic of an RFI plasmatron with reverse-flow
swirl stabilization: (/) water-cooled nozzle, (2) tangential
swirler of plasma-forming gas, (3) quartz pipe, (4) inductor,
(5) lines of travel of plasma-forming gas, (6) outgoing jet of
plasma, (7) assumed lines of travel of gasand plasmain the
axial plane, (8) toroidal skin layer, (9) plasma.

formed using an 11-60/1.76 RFI generator retuned to
the frequency of 2 MHz. The plasmatron quartz pipe 3
(Fig. 1) with an inside diameter of 75 mm and outside
diameter of 80 mm was cooled on the outside by an
axial flow of air. A four-turn inductor 4 had alength of
100 mm and an inside diameter of 90 mm. The distance
between the plane of nozzle I facing the discharge and
the inductor was 70 mm. The diameter of the flow area
of the nozzle installed in the top portion of the verti-
caly arranged plasmatron was 50 mm. Argon was
delivered tangentially in the vicinity of the nozzle via
four holes 2 mm in diameter located on a radius of
36 mm. In some experiments, nitrogen was admixed to
argon.

Depending on the pressure, gas flow rate, and gen-
erator power, several modes of discharge could beiden-
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tified, with differences between them observed visu-
aly.

1. The pressure P = 10 kPa, the generator power W=
9.5 kW, and the flow rate of argon Q = 0.45 to 0.65 g/s
(Fig. 2a). Thedischarge has an unusual shape of adrop-
let or inverted mushroom. The “thickest” rose-colored
part of such a discharge, located inside the inductor,
may have a diameter equal to the inside diameter of the
quartz pipe. The diameter of the “thin” yellow part
directed toward the nozzle is approximately 40 mm.

2. The pressure P = 35 kPa, the generator power
W= 25 kW, and the flow rate of argon Q = 0.75 g/s
(Fig. 2b). Thisis an interesting mode with a very large
specific energy contribution J = W,/Q, where W, is the
power absorbed by the discharge. The bright white
zone of the discharge has a conic shape with a base
57 mm in diameter at the level of the lower turn of the
inductor. The narrow part of the cone 20 mm in diame-
ter isdirected toward the nozzle. The bright white cone
issurrounded by a zone of rose-colored glow 45 mmin
diameter at the nozzle level.

3. The pressure P = 50 kPa, the generator power
W= 81to 9 kW, and the flow rate of argon Q = 0.5 g/s.
This is an unstable mode. The discharge is cigar-
shaped, with the maximum diameter of 42 mm inside
the inductor.

4. The pressure P = 50 kPa, the generator power
W=9.5t0 13 kW, and the flow rate of argon Q = 0.8 to
1.2 g/s(Fig. 2c). Thedischarge is shaped as a combina-
tion of two cones. The narrow part of the top cone is
located in the neighborhood of the nozzle and has a
diameter of about 50 mm, which corresponds to the
nozzle diameter. The vertex of the second cone goes
somewhat beyond the inductor limits. Both cones have
a common base 60 to 65 mm in diameter in the neigh-
borhood of the middle of the inductor.

5. The pressure P = 50 kPa, the generator power
W= 16 to 22 kW, and the flow rate of argon Q = 1.3 to
3.3 g/s (Fig. 2d). The barrel-shaped discharge is very
stable. The base of this“barrel” 62—70 mm in diameter
islocated somewhat below the last (bottom) turn of the
inductor, and itstop portion 55 mm in diameter touches
the nozzle. One can distinguish the dark flow coreinthe
vicinity of the nozzle. An atmospheric-pressure dis-
charge with W = 25-36 kW and Q = 1.8 g/s is of
approximately the same shape. In the case of the gener-
ator power W= 1310 18.5 kW and the flow rate of argon
18 g/s > Q =20.9 gfs, an atmospheric-pressure dis-
charge develops a plasma “tail” going far beyond the
inductor limits (this is probably due to the axial down-
ward flow). Apparently because of the flow rotation, the
plasma of atmospheric-pressure discharge flows out of
the discharge chamber only on the periphery of the noz-
Zle.

Experiments were performed involving the intro-
duction of an additional axial flow from the chamber
HIGH TEMPERATURE  Vol. 39
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Fig. 2. An RFI discharge with RSSfor different values of W, P, and Q: (a) P = 10 kPa, W=9.5kW, Q =0.45-0.65 g/s; (b) P = 35 kPa,
W=25kW, Q=0.75g/s; (C) P = 50 kPa, W= 9.5-13 kW, Q = 0.8-1.2 ¢/s; (d) P = 50 kPa, W = 16-22 kW, Q = 1.3-3.3 g/s.

bottom to an atmospheric pressure RFI discharge with
RSS. The gas was delivered from a pipe with an inside
diameter of 4.5 mm, whose outlet hole was located
60 mm below the inductor. While this additional flow
wasweak, acertain instability of discharge burning was
observed; this was apparently due to a collision
between the downward axial flow from the plasma and
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the additional flow. As the additional axia flow
increased, the discharge stabilized, and the gas flow
ratein the additional flow could reach the same value as
that in the main swirl flow. In the mode with additional
axial flow, the plasma jet issued from the plasmatronin
the vicinity of the nozzle axis. Nitrogen could be
admixed to the additional axial flow. In this case, the
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discharge diameter decreased, and the generator power
had to be increased to maintain the discharge.

Therefore, the preliminary study has demonstrated
that an RFI discharge may be stabilized with the aid of
areverse swirl flow of argon. In so doing, in al modes
of the discharge, the issuing plasma jet continued to
glow (which points to its very high temperature), at
least, up to the water-cooled nozzle. In addition, acom-
parison of the obtained results with the available expe-
rience of operation with adirect-flow swirl RFI plasma-
tron leads one to conclude that areverse-flow swirl RFI
plasmatron is capable of operating with greater specific
energy contributions than a direct-flow swirl plasma
tron with the same intensity of cooling. Thisisindica-
tive of a better hydrodynamic isolation of plasmafrom
thewall. Of considerable engineering interest isthe sta-
bility of an RFI plasma with RSS with respect to axial
flow which may transport a material intended for high-
temperature treatment.

In studying reverse-flow swirl RFI discharges, we
came across a little-cited publication by Reed [5], in
which he reported the use of RSS of an RFI plasmain
one of his spectroscopic experiments. Because Reed
placed his entire plasmatron in a container with water
for cooling and failed to make any comments concern-
ing the employed method of stabilization, it remains
unclear whether he could estimate the other advantages
of the method in addition to the possibility of extracting
the radiation on the side of the closed end of the plas-
matron.

ANALY SIS OF THE DATA ON SIMULATION
OF RFI PLASMATRONS

RFI plasmatrons are popular as an object for physi-
cal and numerical simulation. A review of early papers
dealing with the simulation of RFI plasmawas made by
Dresvin [6]. The gasdynamic and electrodynamic pro-
cessesin an RFI discharge areinterrel ated; indeed, con-
siderable progress in describing the motion of RFI
plasma was made by Boulos [7], who performed
numerical ssimulation of RFI plasma using a self-con-
sistent model incorporating the equations of both elec-
trodynamics and gas dynamics, with due regard for
thermal conductivity and radiation loss. A discharge
stabilized by direct wall flow was simulated (for more
detail about various schemes of stabilization of RFI dis-
charges, see [8]). The flow of gas was assumed to be
laminar, and a one-dimensional description of the elec-
tromagnetic field was used. The axia velocity profile
on the inlet to the plasmatron was taken to be smooth
with a flat central portion. With rare exception, the
same stabilization scheme was treated in all other stud-
ies associated with the simulation of RFI plasma.

Following the publications [9, 10], the simulation
was usualy performed with due regard for the two-
dimensionality of the electromagnetic field. Some-
times, it is very important, for example, when a meta
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pipe for the injection of reagentsis introduced into the
inductor zone [11], or when one attempts to include the
inductor shape [9]; however, as arule, the transition to
the two-dimensional model of electromagnetic field
changes little the predicted pattern of flow and temper-
ature field [10]. Because the gas viscosity increases
with temperature and the density decreases, it isusually
assumed that the flow in the plasmatron is laminar.
Nevertheless, attempts were made to include turbu-
lence using both the standard k- model [12—14] and its
modifications [15-17]. There is no fundamental differ-
ence between the flow patterns obtained on the assump-
tion of laminarity and in view of turbulence. A recircu-
lation zone always exists in the upstream portion of the
inductor. A developed turbulence is observed in the
wall layer and at the point of collision between the flow
of plasma-forming gas and the recirculation zone. In
amost al studies, a comparison is made with the
results of other model calculations rather than with
experimental data. This is due to the complexity of
experimental investigation of the velocity field, espe-
cialy, in the hot zone of the discharge [18]. Therefore,
the significance of most studies into the simulation of
RFI plasmaisin the inclusion of an ever larger number
of possible effects such asthe deviation from local ther-
modynamic equilibrium (LTE) [19]. Under atmo-
spheric pressure, the condition of LTE is vaid with
good accuracy for the bulk of RFI plasma. The maxi-
mum temperature of the discharge T,,,,, is a very con-
servative characteristic, which mainly depends on the
type of gas[6].

The cases of rotation of gas in a plasmatron are
treated rather seldom. Chen and Boulos [13] used the
k- model of turbulence to simulate a three-flow RFI
plasmatron (high-velocity direct wall flow, low-veloc-
ity intermediate, and narrow central flows). Imparting
rotation at a speed of 10 m/s to the intermediate flow,
which amounted to only 1/8 of the total gas flow rate,
caused a sharp variation of the resultant pattern: the
plasma extended upstream, T, decreased, and the
center of the recirculation zone found itself outside of
the limits of plasma formation.

We failed to find publications describing the ssimula-
tion of RFI plasma in a highly swirling flow, with the
gas delivered to the plasmatron tangentially at a high
rate. It is by gas dynamics that the main effects are
defined, and an increase in the rate of delivery and flow
of gas may cause a halving of the discharge diameter,
from 0.8 to 0.4 of the pipe diameter [20]. We will make
a comparison of the forces detaching the plasma away
from the pipe wall, i.e, the Lorentz force and
Archimedes force which makes the plasma “float up”
inthe field of centrifugal forces. The experimental and
prediction data on the maximum value of electromag-
netic force in [11, 21-23] give values in the range
of 300 to 1000 N/m?. The value of 3 x 10'® N/m? [10]
must apparently be regarded as an error on the graph
No. 2
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axis. Archimedes' force

Fa = (pg_pp)WZ/R (1)

may be evaluated by substituting the characteristic val-
ues of density py = 1.8 kg/m’ for argon, circumferential
velocity of flow w =30 m/s, and piperadiusR=0.03 m.
The plasma density p, < p,. Estimates show that
Archimedes force exceeds the force of electromag-
netic compression of plasma by more than an order of
magnitude. Therefore, in simulating RFI plasma with
swirl stabilization, special attention must be given to
gas dynamics. The estimation of the values of the Rey-
nolds number indicates that the gas flow must be turbu-
lent even in the tangential delivery channels and, the
more so, after the gas is delivered to the plasmatron
pipe. A high temperature may suppress the turbulence
inside a plasmoid; however, the velocity of flows past
the plasma will be defined primarily by the turbulent
deceleration because of the pipe walls. Therefore, it is
of fundamental importance to include the turbulencein
the case of swirl stabilization; it is known from the
experience in computational gas dynamics and simula-
tion of swirl flows [24] that, in this case, it would be
incorrect to use the standard k- model of turbulence.

As a result of comprehensive analysis of the prob-
lem of simulation of RFI plasma with swirl stabiliza-
tion, it was decided to use the method that was already
tested in simulating UHF plasma[4]. The flow and heat
transfer were calculated using the FLUENT commer-
cialy available dedicated computer codes, and the
absorption of electromagnetic energy by plasma was
simulated using the zone of heat release. Because it is
impossible to explicitly include the electromagnetic
interaction in the FLUENT software, one had to make
sure of the adequacy of such simulation using a well-
studied example. Such an example was provided by the
conditions of the experiment performed previoudly [25]
in an RFI plasmatron with DSS and nondiaphragmed
outlet, which was destined for updating. The results of
this test simulation are described in [26]. Below, we
will describe the approach employed, which was also
used in this study, as well as the main results and con-
clusions.

In view of the experimental data of [25] (the maxi-
mum electron concentration of 1.1 x 1022 m3, which, on
the assumption of local thermodynamic equilibrium,
corresponds to the temperature of 9500 K), the genera-
tor frequency of 2 MHz, and the prediction data of
other researchers[10, 11, 27], the total thickness of the
layer of heat release was taken to be 18 mm. After
studying the photographs of the discharge, it was agreed
that the heating of plasma occurred in a circular zone
120 mm long (the inductor length, 100 mm). By estimat-
ing the average conductivity in the zone of hesat release
(by the discharge temperature) o = 1500 Ohmr! m!, the
zone volumeV, and the power W; = 14 kW absorbed by
the discharge, we could estimate the density of current
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j in this zone, j2V/o = W,. In view of the experimental
data about the value of current in the inductor, we could
estimate the force of magnetic pressure compressing
the plasma, which was included by preassigning the
sources of the force directed toward the axisin the same
cells in which the value of heat release was preas-
signed, with the force being proportional to heat
release. The cases of uniform and nonuniform energy
release within the circular zone were treated. The data
on the heat capacity, viscosity, and thermal conductiv-
ity of plasma[6] wereinterpolated in the form of piece-
wise linear functions.

In order to include radiation heat transfer, use was
made of the model of discrete radiation transfer
included in the FLUENT computer codes. In so doing,
one had to introduce for plasma the dependence of the
absorption coefficient a on the temperature T. The
absorption coefficient is related to emissivity (black-
body radiation model). The necessary data of [28] were
approximated by the formula

loga = —0.18-0.85[(15—10°T)/45]°%.  (2)

Because a < 1 in the entire range, we treat the
plasma in this model as optically thin (as most other
authors do).

The simulation with the aid of the FLUENT com-
puter codes (version 4.47) was performed in axisym-
metric geometry (two-dimensional model with due
regard for tangential velocity). The turbulence was cal-
culated using the Reynolds stress model in combination
with the nonequilibrium “wall” function and inclusion
of the directional diffusion of turbulence. A fairly rea-
sonable temperature field with T_,, = 9062 K and
reverse flow extending over the entire length of the dis-
charge chamber were obtained for a nondiaphragmed
plasmatron with DSS. The simulation result varied
insignificantly upon doubling of the number of mesh
points, as well as when a uniform heating zone was
used or the electromagnetic compression of plasmawas
ignored.

The reverse flow over the entire length of the cham-
ber is not anecessary result for DSS. In the calculation
performed for half the pressure (50 kPa) with the values
of initial velocity unchanged, the recirculation zone
extended only to the middle of the inductor, but the
level of T, changed little. If the gas velocity at the
inlet increases simultaneously with and proportionally
to the decrease in pressure (the condition of unchanged
flow rate with invariable area of theinlet holes), the pat-
tern of fields of flow and temperature remains almost
unvaried. Thisisdueto thefact that the formation (and,
accordingly, destruction) of recirculation zones in
direct swirl flows depends on the swirl number of flow
S[29],

S = ( J’rzwudr)/(ROIruzdr). (3)
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Here, w and u denote the tangential and axial veloc-
ity, respectively; r istheintegration radius; and R, isthe
maximum radius in this cross section of the channel.
The reduction of the pressure at the inlet by half with
the tangentia velocity unvaried leads to a reduction of
the swirl number approximately by half. A proportional
increase of al components of velocity maintains the
swirl number unvaried. In our case, S= 8.

The results of simulation of a direct-flow RFI plas-
matron with DSS has demonstrated [26] that a correct
inclusion of turbulence for swirl flows is more impor-
tant than the inclusion of nonuniformity of energy
release and electromagnetic forces. In fact, in order to
calculate with reasonabl e accuracy the temperature and
flow fields in swirl plasmatrons, one must know the
approximate location and shape of the zone of energy
release (this information may be obtained from photo-
graphsof the discharge), thetotal released power (exact
data may be obtained by calorimetric measurements,
and the estimates, from the power of the generator and
the diameter of the plasma formation), as well as the
internal geometry of the chamber and incoming gas
flows. The correlation between the electromagnetic and
gasdynamic components of the problem proved to be
insignificant.

CALORIMETRIC MEASUREMENTS
AND NUMERICAL SIMULATION
OF REVERSE-FLOW SWIRL AND DIRECT-FLOW
SWIRL RFI PLASMATRONS

In order to characterize the relative efficiency of the
developed plasmatron with RSS and of a plasmatron of
the same geometry with DSS as plasma jet generators,
we performed their complete calorimetric measure-
ments at atmospheric pressurein argon and appropriate
numerical simulation. For calorimetric studies, the
quartz pipe of the plasmatron was subjected to film
water cooling (which was probably analogous to that
used by Chen and Boulos [12]), and a water-cooled
heat exchanger was joined to the nozzle. The distance
between the inductor center and the nozzle was
130 mm. The quartz pipe was 380 mm long. The plas-
matron could function in both the RSS (Fig. 1) and the
DSS modes. In the latter case, argon was delivered via
six square tangential holeswith aside of 2 mm, located
at the chamber bottom on aradius of 38 mm.

The calorimetric measurements included the mea-
surements of the temperature and the flow rate of water
used to cool the quartz pipe, nozzle, and heat exchanger
(separately), as well as of the water temperature at the
inlet. The water flow rate was measured by KROHNE
VA 20 rotameters, and the temperature measurements
were performed by shielded thermocouples, with the
results read out automatically using an SR630 16-chan-
nel interface (manufactured by Stanford Research Sys-
tems, Inc.) and printed out every twelve seconds. The
gas temperature after the heat exchanger was moni-
tored analogoudly, but this temperature at al times was
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low enough not to take into account the energy
removed by gas. The radiation energy flux was mea
sured at a distance of 1.3 m from the plasmatron by a
surface detector absorbing as a blackbody and
employed for standard measurements of radiated laser
power. This flux was integrated with respect to solid
angle in view of the fact that a part of radiation was
absorbed by the cooled components of the plasmatron.
The sum of measured energy fluxes (nozzle, quartz
pipe, heat exchanger, and radiation) was equal to the
power W, absorbed by the discharge from the inductor.
This power was measured within ~3% and amounted to
55-75% of the generator power, depending on the
mode of operation.

The results of experimentsin adischarge with DSS
and diaphragmed outlet demonstrated an extremely
high stability of this discharge. Without varying the
argon flow rate Q,,, one could vary the generator power
W, by an order of magnitude: for example, with Q,, =
1.4 g/s, W, was varied from 4 to 49 kW. The discharge
remained stable, and only its brightness and volume
varied. The W,/W, ratio for al modes was approxi-
mately 64%. The reason for this high stability of the
dischargeis clear from the simulation results (Fig. 3a).
The main flow of gas moves past the discharge and
cools it only on the surface. The discharge “lives its
own life” with the amount of gas pumped through the
discharge with the aid of electromagnetic forces being
the larger, the higher the power.

The energy characteristics of adischarge with DSS,
such as the dependence of the mean enthalpy j, of the
plasma jet on the generator power W, (Fig. 4) and the
dependence of the plasmatron efficiency n on the
power W, absorbed in the discharge (Fig. 5), are fairly
typical. By the plasmatron efficiency n is meant the
ratio of power inaplasmajet W, (inour casg, itisequal
to the power released in the heat exchanger) to the total
power W, absorbed by the discharge, n = W,/W,. An
increase in W, with a constant flow rate of argon Q,,
leads to an increase in the jet enthalpy j,, but only to a
level of 3kJg. Anincreasein Q,, with aconstant value
of W, leadsto adecreasein j, (Fig. 4). Theefficiency n
dropswith anincrease in W,; and with adecreasein Q,,
(Fig. 5). Therefore, an RFI discharge with DSS enables
one to obtain a high-enthalpy jet in the case of alow
efficiency or a low-enthalpy jet in the case of arela-
tively high efficiency. One can see (Fig. 5) that the
experimental results and the results of numerical simu-
lation are in reasonabl e agreement with each other.

As to the stability of a discharge with RSS, its
energy threshold of existenceis much higher thaninthe
case of an RFI discharge with DSS. The minimal value
of W, for RSS is at a level of 15 kW with Q,, =
(1.4-2.3) g/s. The plasmatron efficiency (Fig. 6) for an
RFI discharge with RSS likewise decreases with an
increase in W, and a decrease in Q,,, though reaching
a higher value than in the case with DSS. An RFI plas-
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Fig. 3. Theresults of simulation of RFI plasmatrons with nozzle: (a) DSS—W, = 17 kW, Q4 = 1.4 g/s; (b) RSS—W, = 14 kW, Q,, =
2.19/s, () RSS—W, =21 kW, Q, =2.1g/s+ 0.7 g/s (in axial flow). Gray shades indicate the temperature fields; arrows indicate
the velocity vectorsin the axial plane; closed curvesindicate the contours of the heating zones and of the negative radial moment of
Lorentz force—the largest zone: (a) 3 x 107 W/m® and 120 N/m?, (b) 2.58 x 107 W/m? and 100 N/m?, (c) 3.68 x 107 W/m? and 150 N/m?;
the intermediate zone: (a) 9 x 107 W/m? and 360 N/m?, (b) 7.75 x 107 W/m? and 300 N/m?, (c) 11 x 107 W/m?> and 450 N/m?; the
smallest zone: () 13.5 x 107 W/m® and 540 N/m?, (b) 11.6 x 107 W/m? and 450 N/m?, (c) 16.5 x 107 W/m? and 675 N/m?>.
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Fig. 4. The experimentally obtained dependence of j, on W,
for a discharge with DSS. The flow rate of argon: (1) 1.4,
(2)2.3,(3)32¢s.

matron with RSS reaches the maximum value of n with
a constant value of W, at the limit of stability with
increasing flow rate of gas. In so doing, the discharge
increases in size appreciably and even failsto reach the
bottom turn of theinductor (Fig. 7). The enthalpy of the
jet generated by an RFI discharge with RSS is in all
instances higher than 2 kJ/g and increases both with
increasing W, and with increasing Q,, (Fig. 8), this
being highly unusual for any type of discharge. The
reason for this may be understood after analyzing the
results of numerical simulation (Fig. 3b). In addition to
the main reverse swirl flow, the electromagnetic forces
cause the emergence of an additional recirculation flow
in the vicinity of the closed end of the plasmatron. It is
thisadditional recirculation that is apparently responsi-
ble for the formation of a plasma “tail” observed in
some modes during preliminary investigation and leads
to an increase in the plasma volume, to additional heat
removal to the plasmatron wall, and to radiation loss.
Note that the fraction of radiation loss in the overall
energy balance of an argon RFI plasmatron with RSS
varied in awide range from 8 to 32%. The enthalpy of
the main flow passing through the zone of energy
release must be high and approximately constant,
becauseit is defined directly by the discharge tempera-
ture. An increase in Q,, leads to a compression of the
plasma formation, to a decrease or suppression of the
secondary recirculation zone, and, consequently, to a
decreasein the plasmavolume, i.e., to adecreasein the
energy loss. This reduction of energy loss provesto be
S0 appreciable as to bring about a rise of j,. This
unusual property of RFI discharge with RSS makesit a
very attractive tool for generation of high-enthalpy jets.
The fraction of power absorbed by the discharge from
the generator, W,/W,, increases with the plasmavolume

Fig. 5. The experimentally obtained (/-3) and predicted
(4) dependence of n on W for a discharge with DSS. The
flow rate of argon: (1, 4) 1.4, (2) 2.3, (3) 3.2 ¢/s.

and varies within 55-66%. One can see (Fig. 6) that the
model calculation results enable one to predict with
good accuracy the efficiency of an RFI plasmatron with
RSS. A significant disagreement between the experi-
mentally obtained curve and the calculation result is
observed only outside of the range of stable burning of
the discharge (see the datafor Q,, = 3.21 g/sand W, =
14 kW). The resultant, very high, efficiency is espe-
cialy important for systems in which the nozzle is a

n, %
60 -

50 -
40+
30+

20

10

e O x b D> ®m O

NN AW~

Fig. 6. The experimentally obtained (Z, 3, 5, 6) and pre-
dicted (2, 4, 7) dependence of n on Wj for adischarge with
RSS. The flow rate of argon: (1, 2) 1.4, (3, 4) 2.1, (5) 2.3,
(6,7)3.240ls.
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structural component of fundamental importance, for
example, in sources of supersonic plasmajets[31].

According to the simulation results (Fig. 3b), some
recirculation is also observed in the vicinity of the
swirler: this recirculation must bring about an intense
heat flux to the nozzle surface. This result contradicts
our notions of flowsin such systems[31], according to
which aflow directed toward the center and protecting
the nozzle surface against overheating must exist in the
vicinity of the nozzle surface. Indeed, the measured
heat loss in the nozzle (6 to 16%) proved to be approx-
imately twice lessthan the predicted values. The reason
for this disagreement is probably due to the inade-
quately fine computational mesh in the vicinity of the
nozzle surface. Unfortunately, afurther finer division of
the mesh resulted in a sharp increase in the time
required for computations. (The nonuniform and non-
rectangular computational mesh contained 226 x 30 cells.
The cal culation region included only theinner space of the
plasmatron. A time of severd hours was required for cal-
culation of asingle mode in an Alpha Station 600 5/333.)

One can see the advantages of RSS over DSS in
Fig. 9, where the data are given for a low-flow-rate
mode (Q,, of about 0.5 g/swith W, = 16 kW, j, =3.2t0
3.4 kJg, and n of about 15%). In spite of the relatively
low efficiency, this mode may be of interest from the
standpoint of sources of high-enthalpy plasma in
instruments for spectral chemical analysis, when alow
flow rate of argon is of fundamental importance.

Itispossiblethat the property of RFI discharge with
RSS of most practical importance is its stable burning
under conditions of intense additional axial delivery of
gas (the results of simulation in Fig. 3c). One can see
that the additional flow causes little distortion of the
initia flow pattern. Calorimetric measurementsin such
amade produced the following data: with W, = 49 kW,
aflow rate Q,, = 2.29 g/s through the swirler, and an
additional axial flow of nitrogen of 0.85 g/s, the power
W, absorbed by the discharge amounted to 36.46 kW
(74.4% of W) withn =48.4% and j, = 5.62 kJ/g, which
corresponds to a temperature of approximately 6000 K
for the given mixture of argon and nitrogen. A stable
burning of the discharge with an intense additional axia
flux provides for the possibility of injecting reagents
(both gaseous and disperse) into the active zone of the
discharge. In so doing, according to the existing
notions, the products of interaction must not actively
interact with the plasmatron wall. It is the absence of
such properties in conventional RFI discharges that
restricts sharply the scope of their applications in
plasma chemistry (see, for example, [11]). It is not
quite clear to what extent the flow rotation will promote
the gjection from the high-temperature zone of the dis-
perse phase introduced with the additional flow. The
radial migration of turbulent e ements which are decel-
erated at the cylindrical wall [31] must bring about the
formation, at the center of flow, of aregion with alow
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Fig. 7. A discharge with RSS: W, = 16 kW, Q4, = 2.1 g/s.
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Fig. 8. The experimentally obtained dependence of jp onW,
and Q4 for adischarge with RSS.

rate of rotation. In flows with intense rotation, some
researchers observed experimentally [32, 33] such
regions which amost did not rotate or rotated in the
opposite direction. At any rate, the results of a test
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