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Origin of fluctuations in atmospheric pressure arc plasma devices
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Fluctuations in arc plasma devices are extremely important for any technological application in thermal
plasma. The origin of such fluctuations remains unexplained. This paper presents a theory for observed fluc-
tuations in atmospheric pressure arc plasma devices. A qualitative explanation for observed behavior on
atmospheric pressure arc plasma fluctuations, reported in the literature, can be obtained from the theory. The
potential of the theory is demonstrated through comparison of theoretical predictions with reported experimen-
tal observations.

DOI: 10.1103/PhysRevE.69.026408 PACS nunier52.75.Hn, 52.70-m, 81.15.Rs

Thermal plasma technology has been established as ga9. The arc heats the gas through ohmic heating and trans-
promising tool for state of the art industrial applications. Theforms it into weakly ionized plasma. This is then used for
arc plasma device is the heart of related processes for geassociated processing work. Arc starts from the cathode, pro-
eration of plasma. Depending on the regime of operation, aceeds through the current channel in the gas and finally joins
inherent fluctuation in plasma parameters is always assocthe anode at some position as shown in Fig).lAssociated
ated with such devices. The growth of thermal plasma techelectromagnetic forces, guides the current to enter anode nor-
nologies is mainly hampered due to lack of control on thesemally at the arc root. On application of dc voltage and su-
fluctuations[1]. A complete understanding of this phenom- perimposition of a high frequency field, an arc is established
enon is long awaited and is believed to have a strong impadietween the cathode and the anode. The root or the point of
on the growth of thermal plasma technolodyl. However,  connection of the arc on the electrode is governed by mini-
no satisfactory theory is available that can predict the meamum energy consideration commensurate to the condition on
surable fluctuations observed in such devices. Fluctuationthe surface. In an arc plasma torch, the roles of cathode and
observed experimentally in such devices are analyzed usirgnode are completely different. In the conventional torch,
tools of dynamical analysis and found to follow a gradualcathode is a water-cooled thoriated tungsten rod or a button
transition from the nonchaotic to chaotic regif2e-3] under  with a tapered tip. The tip is thoriated to bring down the
variation in control parameters. The present paper attemptgork function for efficient emission of electrons. Either
to introduce a theory of observed arc fluctuations in atmothrough thirmionic or field emission or both, electrons are
spheric pressure thermal plasma devices. The earlier concepmitted from this tip and passed though the gas constituting
that the observed fluctuations in arc plasma devices are ra@a-current channel called an arc. The typical heat fluxes to the
dom and beyond control needs drastic modification in lightcathode remains at 1-2%, whereas the anode receives more
of the experimental evidence and subsequent analgs8s  than 10% of the total power. Moreover, the incoming cold
The present theoretical work together with earlier experiplasma gas, introduced in a swirl near the cathode, cools it
mental works establishes arc plasma fluctuations as chaotimore effectively. It is true that the arc moves on the surface
Axiomatically, therefore, these fluctuations are controllable.of the cathode due to the emission process, cathode jets, and
Next, an attempt was made to validate the theoretical estielectromagnetic forces. However, the cathode surface is
mates against a wide range of experiments available in theuch smaller in size and the effect on the voltage, optical,
literature. Application of the theory to reported experimentsand acoustic emission is dominantly from the anode arc root
by the authors and by Brilhaet al. has been presented in dynamics. The present paper looks at the anode arc root. The
order to demonstrate the potential of the present techniqueintense external cooling provided creates a cold boundary

In any arc plasma device, an arc is established betweemext to the anode. As arc is established, the entire current
anode and cathode through some flowing @elssmagen passes through a small cylindrical zone (ar@an?’) which

Anode

N

Arc (2)

FIG. 1. (a) Formation of arc in an arc plasma tor¢bh) Schematic of the model of near arc root region.
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electrically connects the main arc to the electrode. Since theeat, metal vapor concentration together with Maxwell’s

current densities are extremely higk KkA/cm?), this region  equations gives the following differential equations for evo-

is heated with temperature of the order of thousands of Kution of the fluctuating quantities under such approximation.

through intense ohmic heating. Considering the physical (i) Conservation of heat

situation and the extremely low density of the hot plasma,

assumption of cylindrical symmetry in near arc root region ﬂ—WA—T+6-§T=KV2T 1)

as shown in Fig. (b) is justifiable. The vertical dimension in at d ’

the arc root region is defined by the typical radial dimensions .

of the arc column in a plasma torqs—10 mm and the wherex=k/ps is diffusivity of heat andi =ut+v 6+wzis

extent of the thermal and electrical boundary layer at thevelocity. k, p, ands are thermal conductivity, density, and

electrode 1 mm). The radial dimension is established specific heat, respectively.

form the experimental data through optical measurement of (ii) Conservation of metal

the arc attachment zorjd] which again are of the order of

1-2 mm. Gradient in temperature is determined by sublima- S AS . 5

tion point (~2000 K) temperature of material of the elec- T Wg TV VS=ksVTS. @

trode at the arc root and joule heating of the core of the

plasma. The typical gradient would bel0® K/m. At tem-  Here S is metal concentration anil is the diffusivity of

perature~10* K and pressure of near atmospheric, the neamaterial.

arc root plasma column remains at local thermal equilibrium  (iii) Conservation of momentum. Considering normal

(LTE) defined by a single temperature. The energy input tastress force due to pressuig) ( tangential stress force due to

the anode spot is roughly balanced by evaporation and discosity (v), gravitational force due to expansion of fluid

nearly constant temperature is maintained on the sufféice and addition of material, and Lorenz force due to interaction

The anode spot temperature is above boiling point for mosyf current density J) with magnetic field B), the momen-

materials and therefore, a high vapor pressure exists for theim conservation equation can be written as

material evaporated5]. The evaporated material strongly

diffuses into the zone near arc root. Because of the tiny area dv _ . _ 1. o - . 1. -

of the spot, extremely high current density appears in the 3y +U Vo ="— p—OVpJFUV Uv+gaT—gBS+ p—OJX B.

region. This in association with self-magnetic field produces (3)

a compressive force on the current carrying plasma column

just above the anode spot. The compressive force results tHere we have used the equation of state for the fluctuation of

increased current density that in turn generates more heat adénsity (p) in which o and g are defined adp=po(—aT

tries to counteract the compressive force. All these togethe# 8S).

make the near arc root region a highly nonlinear system with (iv) Conservation of mass. Using Bousinesq approxima-

complicated time dependence. The degree of complicatiotion

depends on the arc current and existing temperature of the

near arc root zone. V.5=0. (4)
Analysis of dynamic behavior is carried out through mod-

eling this region near the arc root. Underlying instability in (v) Maxwell's equation

the arc root region disturbs the balance of the forces under

which the arc root stays at a particular position. Conse- 1 -

quently, resulting force imbalance leads the arc root to shift J= M_O(V XB), J=oc(E+uXB),

from one equilibrium position to another. The arc root, wher-

ever it shifts, assumes the cylindrical shape for the near elec- IB

trode region with nearly equal size. Presented results are ob- VXE=— E,V* .B=0 (5)

tained for assumed radial dimension of 2 mm and vertical
dimension of 1 mm of the near arc root instability zone.

To model the phenomenon we assume that the tiny cylin
drical arc column near arc root having vertical dimension
and radiusk possess uniform temperature in the radial direc
tion and a vertical temperature gradient &T. Over the -
steady field components, instability inducgs fluctuating tem- Eﬂ?ﬁ@z nBV2§+(§-ﬁ)J
perature componefit and metal concentration componé&at at
We also assume that metal vapor enters the plasma with al-
most zero velocity so that the separate momentum conservahere
tion equation is not required. Under the Bousinesq approxi-
mation one assumes density constant in analyses except for 8= Uuooc. (6)
thermal expansion cases. Such approximations are reason- R R R
ably valid for near arc root region considered. For the tinyApproximatingB=B,(r)# and J=Jyz for the tiny column
arc root regiorfFig. 1(b)], conservation of mass, momentum, near the arc root

oc and ug are the electrical conductivity and permittivity,
respectively. Considering cylindrical symmetry Bf pro-
duced due td, Eq. (5) gives

026408-2



ORIGIN OF FLUCTUATIONS IN ATMOSPHERIC . .. PHYSICAL REVIEW B9, 026408 (2004

JB Equations(8)—(11) are now expressible in the form
i #(B,v) — nodou+ 7sV?B
LY=M,Y+N(Y), (12
where ) _ _ ) )
where Y is plasma field vectorl is a nonsingular linear

- - B operatorM is a linear operator, and is a strictly nonlinear
$(B,v)=(B-V)v+u—. () operator:
Introducing stream functiony such that u= dr/dt " V2 0 0 0
= oyloz, w=dzldt=—aplor, T(4,¢)=—V-V¢, 7 T 0 100
= gul 9z — owldr =V 2y, removing the pressure term, tak- Y= s L= 0o o0 1 ol
ing the curl, and after nondimensionalization the set of gov- B
erning equations reduces to 0O 0 0 1
J 2 4 _ _op-1
(9_:] =T'(y,p)+0V2p—R 0, T+Reo79,S— R 0éQd,B, 0'(9V I@g’ﬂr RS%T(?V 2R gﬁQﬂzB
_ r
@® M= d, 0 V2 0
—2dR™ 19, 0 0 £V2
aT 5 13
=TT =0+ V7T, 9) (13)

We now employ the technique devised by Arneodo, Coullet,
) and Spiegel6] (ACS) for derivation of amplitude equation.
5t L WS) = dyp+7V7S, (100 under suitable boundary conditiof@], the linear version of
Eq. (12) admits a solution of the form
JB
E:¢(U,B)—2dR71&Z¢+ £V2B, (12) Y=Y% Ame, (14

where all the parameters are dimensionlessRn&, o, §,  WhereYn, is a constant four-component vector and
7, and Q are Rayleigh number, solute Rayleigh number,

Prandtl number, magnetic Prandtl number, ratio of solute to sin(mar)sin(nz)
thermal diffusivities, and Chandrasekhar number, respec- A= cogmar)sin(nmz)
tively, defined as mn— 1 cogmar)sin(nmz)
gaATdE gaASE . sin(lmar)cog nmz)

| = ’ RS= y 0= 7,

KU KU k

Herem andn are integers specifying the mode of instability.
The operationE* F leads to a new vecto®& such that the

242
52@ r=kslk, Q= Bod components o6 are products of respective compenent&of
k' S UPoTEy andF. Upon substitution, Eq(12) gives
|
oqi macR, —macTRs 2nwéoQR™? ~Qmn 0 0 0
. —ma —d2, 0 0 ] 0 1 00
= s a)=
(M) —ma 0 — 705, 0 mr( ) 010
-2nmdR™* 0 0 — &02n 0 00 1

with gZ,=m?a?+n?m2. A characteristic equation corre- [1,=—aZg(7+ )R+ a2or(1+ &)Rs
sponding to the linear part of the eigenvalue E) gives 22 5
the value ofs in the solutionY. For lowest order instability —4d7' R “0é(1+7)Q+ (o7t oé+ 7€+ 0T)Q,
(m=1n=1) we have

II,=—-a%0q 2R +a%crq ?Rg—4dm?R 20éq™2Q

S4+H353+H252+H13+H0:O, +(0.+ T+§+0’T+O’§+’T§)q4,

I1,=0°%q%—a?R,+a’Rs— 4d 7R 2Q) o 7¢, M;=q%(1+ 7+ o+ &). (15)
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For just the onset of instabilitg)=i1» and w— 0. The condi-

tion where all the three roots of E(L8) vanishes needs to

satisfy the conditionll=11,=1I1,=0 [6] and the values of
the controlling parameters in such situati@ritical condi-
tion) come to be

qQ(o+7+&)

B B q* P (1+o+¢)
afo(r—1)(é-1)’

Rio so_m’

B q6(1+ o+ T)§2
Qo= e (E=D(e=7)"

wherec,,=4dm?R™ 2. For these values of parametek,,,

(16)
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F+QF+QF+QoF==F3, (21)

where

0,=Co/C5, Q,=C,/C3, Q,=1, (22)

and all derivatives are with respect to the new time scale. For
a given plasma operating condition, coefficients in the non-
linear amplitude equation ultimately depend on arc current
and various thermophysical properties of the plasma such as
density, electrical conductivity, thermal conductivity, viscos-
ity, specific heat, diffusivity, etc. An explicit form of such

dependence comes out from expressions of the coefficients

vanishes andY spans in null space with basis vectors given in Egs.(15 and (18). Once the temperature of the

(¢,4,x). Near the onset of instability can be split into two
parts one in stable spacg(x,y,z) and the other in null
space spanned by basis vectaps),x) andY can be written
as[6]

Y=[A(t)p+B(t) g+ C(t)x]* A11(X,2) + E(x,z,t).(m

Substituting Eq(17) into Eq.(12) the amplitude equation for
the linearized system comes to be

A+C,A+C A+ CoA=0, (18
where
I, I, 1II, I, 11, II,
CO—H—g, Cl_H_g_H_g and CZ—H—S—H—g-‘rH—g.
A nonlinear extension of Eq18) can be written as
A+ CLA+CA+CoA={(A), (19

where( is the nonlinear contribution. Noting that E(8)—
(11) remain invariant under operationto —¢, Tto —T, S
to —S, B to —B, Eq. (19 is required to satisfyf(—A)=

instability zone and gas forming the plasma are identified, all
mentioned thermophysical properties of the generated
plasma are known from the property table of respective
plasma gases available in literatlild] and coefficients can

be computed. As all the coefficient€¢,C,,C,) are known

for a given plasma operating condition, EQ1) can be
solved to get time dependence of amplitude of plasma field
vector Y. The underlying instability will be reflected in all
measurable signals emitted from the plasma subjected to as-
sociated other conditions. Details on measurement scheme,
device details, accuracy, and specifications of measurement
devices are available in Reffl] and[2]. The electronic
component of the weakly ionized plasma will instanta-
neously respond to the generated fluctuation in electric field
and transfer a part of their energy to the neutrals through
elastic collisions. The energy transfer, modulated according
to fluctuation, induces pressure perturbation and generates an
acoustic wave of speedlin the plasmdg10]. Depending on
dimension () of the plasma, this acoustic signal can be de-
tected mostly undistorted but enveloped by a response func-
tion f(w) = w ! sin(wl/2c) [11]. The amplitude of the acous-

tic signal is proportional to the derivative of total power
input to the plasm@2,3,10. In our experimentcomprised of
more that 250 runs under various conditipiitshas been

—/(A). This shows the system to be free from second ordefound that generated acoustic signal is directly proportional
nonlinearity and the lowest order nonlinearity will be to A(t). Once unenveloped acoustic sigii#(t)] is ob-
O(A®). Over a wide range of studies such as stratified shedrined, the fluctuating behavior of powg® (t)] inside the

flow with unsteady critical layef7], instability of geophys-
ical flows|[8], stability of compressible flowi®], it has been

plasma is obtained just by integratidgt). Under constant
current operation®(t) will be proportional to the arc volt-

observed that cubic nonlinearity dominates the evolution ohge[V(t)]. However, the response of the devicea@) will

instability wave amplitude. Therefore, we expect Ef),

be distorted due to the fact that the device responds to power

containing third order nonlinearity, will be good enough to fluctuation by shifting position of arc root so that minimum
predict the system behavior. Correctness of the assumption Energy configuration is maintained. Shifting of the arc root
this particular case will be justified if outcome of theory depends on the surface morphology of electrodes and bal-
matches well with experimental observation. Therefore, arance of number of forcd4.2]. Ideally the total optical output
approximate form of the nonlinear amplitude equation forfrom the plasma should follow the fluctuation in power. The

the system can be written as

sound wave generated inside the plasma creates regions of
contraction and rarefaction. The resulting density perturba-
tion creates perturbation in index of refraction, which also
fluctuates according to the underlying dynamics. As a result,

In Eq. (20), C4 has no effect other than scaling the amplitudethe optical signal transmitted through the medium will be
[6]. Therefore, for study of system behavior, only two valuesmodulated by the sound wave and scattering and refraction
of C, are sufficient:+1 and—1. Using the new time scale will occur. Among all the signals, the theoretical fluctuation

s=C,t and scale factor for amplitude as= C3%F, Eq.(20)
reduces to

will be best reflected in acoustic signal due to extreme sen-
sitivity. A detectable acoustic wave can be excited with as
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little as 1 mW power fluctuatiofil3]. The highest distortion provepvs 20

will be observed for total optical output. However, upon ] a ?h“

analysis all of them will reflect the signature of same under- 2 m:: ¢ g m:

lying phenomenon. Experiment on actual system supports g ’ t ®

each of these facf,3]. & 2000 ® g 0 \
The present system transits from steady behavior to regu- 30000001 Rt

lar oscillatory and finally to chaotic state as the value of A e oaod 16008 2000 24200 0 o0 5850 5900 5950 6000 600

control parameter changes. Upon gradual variation of control Terw(K) Tempersture®)

parameter values, system is found to follow period doubling
route to chaos. It is observed that in the prechaotic state the FIG. 2. Variation of coefficients with temperature for argon
system indeed remains very sensitive to the chosen value 8f2sma.(@ An overall view.(b) Near criticality.
control parameter. However, once the system enters into cha-
otic regime, system behavior becomes relatively insensitivébetween experiment and theory for this temperature under
to the chosen value of control parameters. Under typical opthe realized coefficient values is displayed in Fig. 3. They are
erating conditions, the regime of coefficients automaticallyin fairly good agreement with corresponding experiments re-
lead atmospheric pressure arc plasma system to run in fullported in Refs.[2], [3]. Extensive steady state numerical
chaotic region. This is the best region to compare outcome o§imulations and experiments available in literature suggest
the theory with experiment. At this stage, shape of the attracthat existence of such temperature at the near arc root region
tor, its dimension, value of Lyapunov exponent and mainis indeed appropriate for=400 A. Similar is true for the
characteristic frequencies in the continuous power spectrunpresented comparison in Fig. 4 with experiment by Brilhac
estimated in the paper, are very close to those obtained ext al. also.
perimentally. This gives a range in the value of theoretical Regarding observed typical fluctuations in arc plasma de-
inputs corresponding to realized experimental conditions. Alvices, the primary question to researchers arises whether they
values near about the realized one result in nearly identicare random or follow some specific rule. Whether it is pos-
outcome. This fact is confirmed both theoretically and ex-sible to generate similar fluctuations from the underlying
perimentally. For very large values of control parametersgoverning equations of the system or not. Since the system is
systems exhibit catastrophic behavior in terms of sudden exdynamic, it is not possible to obtain an exact one to one
tinction of the arc as observed in experiments. correspondence between experimental and theoretical time
Most of the arc plasma devices are operated using corseries. Moreover, while coming out from the system, gener-
stant current power supply units. Therefore, arc current isited signals are distorted by many other factors as discussed.
measured externally through a potential divider unit with anHowever, they must carry similar features. For example, time
accuracy~98%. It has been observed that all nearby cur-dependent governing equations of the system should gener-
rents(up to =2-3%),result in similar behavior both experi- ate fluctuations having at least similar characteristic frequen-
mentally and theoretically, once the system operates in chaies and the time series should show a similar trend in time
otic mode. Current influences the behavior through bottbehavior.
ohmic heating as well as electromagnetic forces. However, Figure 3a) presents comparison of time series. As men-
the system is fairly insensitive to the practically realizabletioned, a one to one correspondence is not observed between
temperature gradient of the region. In the theory, temperaturthem. However, their time evolutions exhibit identical trends.
gradient appears in all gravity related terms. Insensitivenesshis is more explicit in a comparison of their power spectra
to gravity related terms indicate that the discussed phenoniFig. 3(e)]. Both the spectra show continuous nature and
enon of fluctuation will be observed irrespective of orienta-presence of identical characteristic frequencies. It is observed
tion of the device. This is an experimentally true fact. that in the high frequency domain, frequencies observed in
The theory can predict exact oscillatory behavior once ar¢he theoretical spectra are absent in the experimental one.
current and temperature of the instability originating zone isThis could be the result of presence of the envelop function
specified. However, for validation accurate assignment ofn frequency domain which has the effect of diminishing
values are essential. In practice, the arc root forms inside thieigh frequency components in power spectra as discussed.
hollow anode, it is hidden behind the electrode and surSimilar agreements are observed in the results presented in
rounded by highly luminous plasma. Over and above this, ifig. 4.
changes its position very fast. Due to such complications, it The behavior of the system is determined through the
is extremely difficult to measure correct temperature of thevalue of the coefficients. Since the fluctuation phenomenon
near arc root instability zone experimentally. In view of theseis assumed to be arising out of marginal stabity andC,
difficulties, an indirect innovative approach has been adoptedary slowly with temperature, whereds, varies signifi-
in the paper. We compute the fluctuations, analyze their dyeantly (Fig. 2. Thermophysical property data, particularly
namics properties at various temperatures, and compare withe transport properties such as thermal conductivity, viscos-
experimentally observed data for the best match. The validaty, and diffusivities are prone to error due to lack of accurate
tion is more focused on justification of the physical situationdata on collision properties that may have inaccuracy as
and trend of behavior at varying physical conditions. As ob-arge as 15%. In the present case, for a particular system,
served in Fig. 2, the near criticality region is achieved neainaccuracy in thermophysical property data has the only ef-
5900 K forl =400 A, for argon plasma. The observed matchfect of shifting position of occurrence of marginal stability in
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temperature space. Therefore, occurrence of a particulalition, the tiny plasma column near arc root will stay at a
trend of behavior is brought out more clearly than exactparticular average temperature. It is expected that for higher
point of occurrence in temperature space. arc currents, accepted coefficient values by the system will
The results presented in this paper are computed for moshift towards possible values at relatively higher tempera-
common plasma forming gas argon. However, nitrogen, aifyres. We findC,~ —450,C,;~100,C,~1.5 is a set of pos-
and mixture of gases such as a small volume of hydrogen igjple coefficient values near which the system can operate.
argon are also used in some cases as pla§ma gas. Coefficieffgs givesQy~ —130,Q,~50, Q,~1. At all currents near
have be_en calculat(_-:-q fo_r such gases and it h_as been obserygek region,C; andC, remain nearly constant but Cy in-
that similar near crlt_lcallty behavior are ob_talnab!e for themCreases significantly for small increment in temperature.
filxl/seoll Hhci)wr?gfrt'efr%r 2':;?322 Sgg:;] b::‘e"’:jv'?c: Ifh(;?t?r:nz(: %tnrella"l'herefore, the effect of increase in current can be studied just
y g P P gon. Y increasing— Q, keeping(; and (), fixed. For the ex-

practice, such an increase in temperature is always observe Qrimental systeni2—3], fluctuations observed at currents
experimentally when one changes gas from argon to nitrogeH y ’

in a plasma device. For argon plasma, variation of the coeft 00; 200, 300, and 400 A, are obtained erO valugs
ficients (C;) with temperature are shown in Fig. 2 for arc _139:295, —140, —142.5, and—143, respectively, with
current 400 A. Similar coefficient regions appear at relatively!?1=50, andQ,=1. Figures 8a)-3(e) show, respectively,
higher plasma temperature for lower arc currents. Variatioffomparison of time series, attractor, computation of dimen-
of C; with T becomes sharper for higher currents. It is seerion, comparison of evolution of largest Lyapunov exponent
that the possible values of coefficients near criticali§; ( and comparison of power spectra for the time series obtained
=0) areCy—ve, C;+ve, andC,+wve. Under such a con- from theory fOI’QO: — 143 (current=400 A). A gOOd match
dition, Eq. (21) gives fluctuating time series only for (),  is observed with experiments reported in R¢®&. and[3].
>(),/2 and steady solution forQ,<(,/2. There is a Dimension is computed using an algorithm, verified rigor-
range of possible parameter values for which a variety obusly through application in standard attractors having
oscillatory behaviors are possible. For a given operating corknown dimension. The algorithm undoubtedly computes di-
mension correctly up to first decimal point. Lyapunov expo-
nent is computed using a widely used algorithm developed

7 ® ) ® by Alan Wolf [14]. In the algorithm as time increases, more
£ WWMWMW Bl e ot and more numbers of sampled data points join the computa-
g ' g tion and computed exponent value tries to reach the actual
% Elg one.

, - , . Theory The theory has been applied to a number of important
0.0000 0.0025 o308 000754 O S encyonm investigations, reported in contemporary literat{t&—19.

Brilhac et al. have studied dynamic and static behavior of dc

FIG. 4. Comparison with experiments by Brilhat al. (a) ~ Vvortex plasma torches, having button type cathofis.
Acoustic fluctuation. (b) Power spectra of acoustic signél Fluctuation in arc voltage, arc current, electrical power, op-
=105 A, V=379 V, Flow=253 slpn. tical radiation, and acoustic signal generated from such de-
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vices are investigated in terms of time series, various dimenmodes of perturbation to tailor the same device for various
sionless numbers, and frequency spectra of respectiveurposes. In this context, stabilization of high period orbit
signals. They have performed similar study for dc vortexwill be particularly advantageous for arc plasma systems. In
plasma torches having well type cathodes 4l Fluctua-  such a case most regions of the attractor is visited and the
tions in arc voltages under various arc currents are reportedystem actually passes through different states but remains
by Verdelleet al. for spray plasma torchdd 7). Fluctuating ~ controlled and not in chaotic mode. _ .
behavior of the Sulzer Metco F4 dc plasma gun has been An Ott-Grebogi-Yorke method for controlling chaos in
investigated by Dorieet al. [18]. Temporal, spectral, and dynamical system, which has been applied to large number
statistical analyses are carried out on fluctuating arc voltag@f SYStems, has the potential to be implemented in the
and optical output from the torch. Various features of arc roo .re?ent case. Alt.h?ugh,r:hga exact t(lachmcal pFOFOCO' IS not yet
fluctuation such as voltage jump and spot lifetime are studie o??il\fglctjégep;esrijbrsaiiegn ?(I)qtﬁi g?/lsjtgn??opéﬂ\gr?;;lgp%ggs:;;e
in detail for upstream and down stream St”.k.'ng of dc Spraydynamics and stabilize specific orbits. Presently, work is be-
plt?sma (tjor_I(EL\ bt);] COdim atl). [19] anlq (sj,ptecn‘;lc tfre:gds ared ing undertaken in our laboratory to implement such tech-
observed. The theory has been applied fo all otInem and fug o5 once an arc plasma device achieves control over
has been observed that the theory successfully generates ﬁ’mse fluctuations, it will be an extremely useful and reliable

reported features of underlying instability studied in these conomic device for quality plasma processing work with

experiments. Typical agreement between experiment anﬁigh degree of reproducibility. One can think of excellent

theory in such study looks as presented in Fig. 4. applications in the fascinating field of nanotubes and nano-

At present it is clearly established Fhat the fluctuations in articles using plasma technology, where such fluctuations
atmospheric pressure arc plasma devices severely affect thelr

erformance related to plasma processing applicafibhst ay vastly vary the growth of various nanoprocesses. Simi-
b P P g app ' lar links in terms of technological implications can be estab-

reduces the electrode life by more than 100 h and reducqﬁshed to electrode losses due to erosion, puncturing of de-

" 0
process efﬁcyency by more than 10%. 'A.‘S the arc burns\’/ice, sudden extinction of arc, change of surface conditions
jumps, and zigzags over the electrodes without any control

the electrode life, repeatability, and process efficiency arC)f the electrodes, change in operating characteristics of torch,

X %tc. The present work is an attempt to provide a methodology
ﬁﬁ\e/er;?)lxitez)f:iencg;esﬁ(?crgr?g]ooldoilggzr:s d?ﬁéﬁg&;&“&? fg;ﬁigiro control all these nonlinear interactions occurring in arc
[2,3], the authors had established experimentally the exis.E)Iasma devices employing knowledge of nonlinear dynam-

tence of chaotic behavior in arc plasma devices. The most>
important impact of the current work is in providing a sys-

In conclusion we have reported a theory for observed
tematic theoretical basis for these experimental observationﬂucm""tionS in atmospheric pressure arc plasma devices, ex-
P aained the origin and behavior of emanated signals from

from the basic governing principles. such systems, and demonstrated the potential of the theory

UnI!ke random systgms, .Ch"?‘o.“c systems are Contro"abl.ethrough computation of invariants of dynamics such as at-
Chaotic systems consist of infinite number of unstable periz

odic orbits. Any one or some of these unstable periodic orbittra\fvtgrr’sfr:gttg dimension, largest Lyapunov exponent and
can be stabilized and the choice can be made to achieve bj)scf P '

system performance of the device. A large variety of dynam- The author would like to thank Dr. N. Venkatramani and
ics is obtainable from the system. One can think of variou®Dr. A.K. Ray for their kind permission to carry out this work.
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