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This paper presents an experimental approach to identify the sources of instabilities in arc plasma devices.
The phenomena of demixing in arcs have been utilized to explore the characteristics of different instabilities.
Problems in explaining the observed behavior with our current understanding of the phenomena are discussed.
Hydrogen is used as a secondary gas with argon as the primary plasma gas for this study. Results indicate that
the observed behavior such as steady, takeover, and restrike modes of instabilities in arcs may essentially
originate from the thin boundary layer over the anode wall primarily at the location of the anodic arc root. The
bulk core flow apparently does not play any significant role in such instabilities. Arc currents rather than flow
rates control the behavior of the instabilities in frequency space. Bifurcation of the system behavior and
evidence for the existence of quadratic zones in flow space of binary gas mixtures separating steady and
unsteady behavior are discussed.
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I. INTRODUCTION

An arc plasma device is a hardware designed to convert
electrical energy of the arc to thermal energy of the plasma
jet. It is a complex system having large number of influenc-
ing parameters and exhibits a vast variety of dynamical be-
havior. The physical and operational state of an arc plasma
system is best described in terms of its static and dynamic
characteristics. Static characteristics normally indicate the
steady state behavior whereas dynamic characteristics de-
scribe the evolution of the system behavior with time. Insta-
bilities arising out of interaction among electromagnetic,
fluid dynamic and thermal fields inside such devices give rise
to nonlinear time evolution of associated plasma quantities.
Manifestation of the symptomatic behavior in electric arcs
through various arc modes owing to these instabilities is a
complicated but important phenomenon that remained as a
subject of active research over the past four decades �1–14�
and it is a continuing concern for numerous technical appli-
cations. The challenge is to understand the origin of such
instabilities, predict the regimes of stable/unstable opera-
tions, determine control parameters for excitation of these
instabilities and validate the hypotheses through experi-
ments. The objective of this paper is to discuss the funda-
mental problems associated with the dynamics based on
recent experimental investigations and theoretical develop-
ments and to introduce an experimental approach for probing
the dynamics of such arcs. The latter may have the potential
of exploring the arc dynamics in more detail than previous
approaches.

The symptomatic behavior of arcs, found in many arc
devices, depends primarily on the particular operating condi-
tions and the plasma gas used. It can be characterized in
terms of three broadly classified modes �3�: steady, takeover,
and restrike. Based on the observations through high-speed
photography, spectroscopic temperature measurement, and
calorimetric analysis, the specific anode attachments in dif-
ferent modes and the associated heat fluxes have been mea-
sured �3�. Phenomenological models of the observed behav-
ior have been proposed �4� and an extensive investigation of

the anode attachment instability using planar double anode
has been reported �4� including the instability of the anode
attachment under the influence of an impinging jet with lat-
erally forcing gas �13,14�. In the latter case, a gradual in-
crease of the lateral gas flow rate produced a restriking be-
havior for flow rates above a certain threshold. A detailed
characterization of the behavior in terms of arc voltage fluc-
tuations has been reported �5� for the restrike mode of op-
eration. Studies have been reported on boundary layer thick-
ness and associated arc instabilities in a plasma spray torch
�7� and on anodic arc root behavior through time resolved
imaging �8�. Arc voltage fluctuations in commercial plasma
spray torches have been investigated in �9�. Following stan-
dard recipes of instability theory, such phenomena have been
studied in �10–12� and comparisons with experimental re-
sults have been provided. Further theoretical developments
and innovative experimental approaches are still necessary
for a complete understanding of the actual mechanisms gov-
erning the observed arc behavior. A more detailed discussion
on this is presented in the next section.

Space selective probing of the zones inside an arc plasma
torch without disturbing the system is probably the best way
to extract information on arc instabilities and thereby vali-
date the postulated mechanisms driving such behavior. How-
ever, extremely high temperatures and inaccessibility to di-
rect observation make this task extremely difficult. The
present study introduces an approach to probe the instabili-
ties in the inaccessible inner regions of the torches using a
binary gas mixture as a plasma gas. The technique primarily
rests on a process known as demixing �15–22� in arcs. Once
a binary gas mixture enters the constricted plasma column,
the demixing process drives spatial variations for each of the
constituent gases depending on the diffusion coefficients and
the existing temperature field. By varying concentrations of
the constituent gases, desired spatial variations of the plasma
composition are feasible, allowing the spatial probing of the
associated zones. Detailed information on the composition of
different zones inside the torch may be obtained through ap-
propriate numerical simulation. In Sec. III we describe a
two-temperature one-dimensional model �Elenbaas-Heller�
�23� of the arc for deriving temperature profiles computed
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with approximate velocity profiles, consistent with experi-
ments, to obtain a qualitative estimate of the trend of the
demixing behavior in an argon-hydrogen arc. It should be
emphasized that the ultimate demixing behavior is highly
dependent on the mole fraction and the degree of thermal
nonequilibrium prevailing in the system �24�. In subsequent
sections, we show that the idea of exploiting demixing be-
havior for spatial probing can confirm experimentally ob-
served results and, in addition, it allows to extract a number
of important pieces of information about the observed insta-
bility. A judicious mix of such experiments with appropriate
numerical simulations will improve our understanding of arc
instabilities.

II. SYMPTOMATIC BEHAVIOR IN ARCS AND THE
PHENOMENA OF DEMIXING

For an understanding of the various forces acting on an
arc, a possible layout of the current path between the cathode
and the nozzle inside a typical plasma torch is sketched in
Fig. 1, based on the observations through high-speed photo-
graphs �4�. Although a continuous optically bright zone in
the photographs is likely to represent the path of the arc
current, a current carrying zone may appear optically dark if
the current distribution is more diffuse at the instant of the
photograph. Since the cathode and anode are conductors and
electric fields are always normal to a conducting surface, the
current enters normally into both cathode and anode as
shown in Fig. 1. The gas along the path of the arc current is
heated to form a plasma and the plasma channel is subjected
to the drag force exerted by the surrounding flow of cold gas.
A thermal pinch near the anode is likely to produce an anode
jet. The interaction with the main flow and this anodic jet,
the cooling by the surrounding cold gas and the ohmic heat-
ing along the current carrying path results in the observed
shape of the plasma loop. A cylindrical current channel seg-
ment of radius “r”, radius of curvature “R”, existing at a
distance “l” from the cathode along the curved arc path in an
ambient cold gas flow of velocity “v” is subjected to the
following forces per unit length �4,6�:

electromagnetic body force:

FB = −
3�0I2

16�R�l��1 −
7

18
� r�l�

R�l�
�2� , �1�

gas dynamic drag force: FD = CDr�l���l�v�l�2, �2�

Lorentz force due to external field: FL = I � Bex�l� , �3�

where I is the total current, � is the mass density, and �0 is
the permeability. CD is the drag coefficient �	0.2 �4��, which
is a function of the Reynolds number and heat transfer to the
surrounding cold gas. Bex, the magnetic field at the location
“l,” is composed of the magnetic induction derived from dif-
ferent sections of the current path. It must be emphasized
that the self magnetic field produced by the current in the
cathodic arc column may influence the resultant magnetic
field �Bex� experienced by the arc column near the anode
attachment �6�. While FB corresponds to the net force expe-
rienced by a curved arc column due to asymmetric interac-
tion between arc current and self magnetic field, FL accounts
for the forces due to magnetic fields from other section of the
arc �6�.

All of the above three forces are highly space dependent
and for a typical plasma torch configuration FB acts in the
direction opposite to that of FD. It also may be noted that a
change in any one of these forces eventually leads to changes
in the other two. It has been shown in �4� that under typical
operating condition, FD and FB may balance each other and
the Lorentz force FL may contribute to distorting the current
path in a specific manner �6�. An interesting point to note is
that both FD and FB vanish at the anode wall as R reaches
infinity �the current enters normally into the conducting sur-
face� and v becomes zero �no slip condition at the wall�. This
implies that such balances are meaningful only at the loca-
tions somewhat away from the arc root and not exactly at the
anode wall. When an arc operates in the steady mode, the
subtle balance of all these forces is perfectly maintained in
all sections of the arc channel and a stationary configuration
of the arc is observed. In the restrike mode, it is proposed �4�
that FD is stronger than FB near the arc root and the resultant
force drives the arc root downstream leading to a monotonic
increase of the electric field that is experienced throughout
the boundary layer. The arc root movement continues until
the electric field becomes high enough to cause a breakdown
of the boundary layer at some favorable upstream location
forming a new arc root. The phenomenon repeats with time
and the usual sawtooth arc voltage is observed.

While it has been realized that the hydrodynamic bound-
ary layers adjacent to each anode may play a significant role
in the arc dynamics �4�, results of recent studies also indicate
that there may be other reasons besides the above mentioned
forces responsible for the control of the behavior of an arc.
For example, in the takeover mode, which is characterized
by a more diffuse anode arc root, there may or may not be a
new arc root formation and erratic voltage fluctuations may
occur through movement of the same arc root, there is no
simple explanation for the kind of behavior observed. It is
now well established that the flow inside a plasma torch is
essentially laminar �25�, and usually arcs have no memory of
previous conditions �26�. Therefore, if the externally im-
posed operating conditions are not changed, the thickness as
well as other properties of the upstream boundary layer are
not likely to change appreciably owing to past breakdown,
and hence the required electric field for breakdown will al-
ways be nearly the same. This should result in nearly iden-

FIG. 1. Possible current path between the cathode and the
nozzle. 1,2,3 are representative restrike points. The arc is divided
into four zones: �A� Near cathode zone; �B� constricted zone adja-
cent to zone �A�; �C� plasma loop; �D� zone near the arc root.
“v” is the velocity profile; “J” is the current density.
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tical voltage minima and maxima as the restrike proceeds.
Time evolution of arc voltage as obtained from 3D-CFD
simulation in �26� implementing this restrike model, indeed
reflects this assumption. However, in the experiment �26�,
the voltage minima are found to vary by more than 200%.
Moreover, the primary restrike frequency obtained from the
model turns out to be twice that of the experimental one and
the simulated spectrum exhibits sharp peaks instead of the
experimentally observed broadband behavior. An attempt to
match the frequency by artificially increasing the local elec-
tric field strength results in unrealistic voltage jumps and
velocity fields �26�. It also remains to be explained why the
arc dynamics is so unpredictable as observed in numerous
experimental studies. In �4� as the gas flow rate was in-
creased to 170 m/s, where a transition to the restrike mode
was expected, a high-frequency, irregular sinusoidal voltage
fluctuation appeared instead. For I�100 A, only erratic volt-
age fluctuations were observed. As shown in �14�, an in-
crease in lateral gas flow rate �LGF� from 39 slm �standard
liter per minute� to 42 slm in steps of 1 slm, the restrike
frequency showed a decrease by some arbitrary amount in
every step. Interestingly, as the LGF increased from
42 to 43 slm, the restrike frequency suddenly jumped up by
more than 33%. For LGF=44 slm the frequency again came
down by a substantial amount. Another interesting aspect
that may be examined from various waveforms presented in
this paper as well as from other similar studies is that over a
wide range of operating conditions an increase in current
simply packs a larger number of waveforms into a given time
interval without changing the general features of individual
waveforms in the time series. Time series, captured for
1.5 millisecond under three different arc currents �300, 500
and 700 A�, exhibit this feature clearly in Fig. 2.

It is interesting to note that most of the features described
above may be explained as a natural consequence in the
study of instabilities in �10–12�. Here, the observed instabil-
ity �by fluid dynamic flow fields and electromagnetic forces�
in the zone near the arc root is analyzed in terms of an
amplitude equation, following standard recipes of instability
description. It is hypothesized that the balance of the forces

�Eq. �1�–�3�� is subjected to the disturbances caused by this
instability that occurs near the arc root, resulting in the kind
of time behavior observed. Depending on the operating con-
dition, the resulting instability in the electric field may lead
to situations when breakdown at some upstream location�s�
is energetically favorable and physical restriking of the arcs
may take place. Otherwise, the oscillation may continue
without restrike as observed in the takeover modes or it may
vanish with time, leading to a steady mode. The amplitude of
the instability �F� is obtainable in terms of dimensionless
time from the amplitude equation �11�:

F� + �2F̈ + �1Ḟ + �0 = − F3. �4�

The behavior under the restrike mode is reproducible with
�0=140, �1=50, and �2=1. Real time “t” is recoverable
from the dimensionless time “s” through the relationship:

t = G · s , �5�

where G is a parameter that depends on thermo-physical
properties of the instability originating zone �12� and has an
inverse relationship with the temperature. An increase in
temperature results in a decrease in G, which in turn in-
creases the frequency of the instability according to Eq. �5�.
Lower values of �0 are capable of reproducing various other
oscillatory behavior observed under the broad category of
takeover modes. The time series offered by Eq. �4� is actu-
ally chaotic, and hence never repeats; It adheres to seemingly
unpredictable behavior �as experimentally observed� with
time but remains bounded within some zone �called attrac-
tor� in the physical domain. The broadband feature of experi-
mental signals also happens to be an inherent characteristic
of chaotic time series. Equation �4� also incorporates cata-
strophic behavior for certain coefficient values where the so-
lution becomes suddenly unbounded. Remarkable similari-
ties between experimental waveforms of arcs and those
generated using the amplitude equation are presented in �12�
over a wide range of experimental conditions. Similar com-
parisons for the typical experimental signals encountered in
this study are presented in Fig. 3�a� for a time series and in
Fig. 3�b� for corresponding frequency spectra. Overall simi-
larities between experimental and theoretical behavior are
reasonable.

Thus, an explanation of the observed symptomatic behav-
ior is obtainable in terms of the amplitude equation of insta-
bility. At least, this equation is capable of explaining all the

FIG. 2. An example of packing more waveforms into a given
time interval with increase in current. Argon: 70 slm; hydrogen:
5 slm.

FIG. 3. Comparison of the time series obtained from experiment
with that obtained from amplitude equation: �a� Time series; �b�
frequency spectra of signals in �a�.
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observed behavior �steady, take over, restrike, and sudden
extinction� from a single theory. However, it is based on the
hypothesis that the instability originates from the zone near
the anodic arc root �zone “D” in Fig. 1� and compares the
resulting instability with the measurements of the dynamic
arc voltage that evolves as

Varc�t� = 

l=0:nozzle

l=L:cathode

IR�l,t�dl , �6�

where the integration is carried out along the curved path of
the arc channel from the nozzle to the cathode and R�l , t� is
the time varying resistance per unit length of the arc at the
location “l” of the path. While, R�l , t� is expected to have a
complicated dependence on path, its variations in any of the
zones, like “A” , “B”, “C” or “D” �Fig. 1� is capable of
inducing a variation in Varc. Moreover, the aerodynamic drag
force is highest in the zone “C” as it is exposed to the peak of
the velocity profile. Therefore, for a complete understanding
it is necessary to know the exact contributions of the core
vis-à-vis that of the boundary layer on these instabilities.
Also, the arc current as well as the gas flow field has the
potential to influence R�l , t�. It is necessary to identify the
specific contribution of each of them on the instability be-
havior. Forces in Eqs. �1�–�3� as well as the “G” factor in Eq.
�5� are all dependent on thermophysical properties of the
instability-originating zone. To be certain about the origin of
these instabilities it is necessary to experimentally verify the
functional relationships of these parameters with the thermo-
physical properties resulting from corresponding theories.

Demixing of binary gases in the temperature field of an
arc offers a natural way to vary composition of different
regions inside an arc device �plasma torch� through variation
of inlet flow conditions of individual gases. Associated
changes in the instability features may reveal important in-
formation about the spatial location of the origin of such
instabilities as well as its parametric dependence on plasma
conditions. In most of the arc plasma torches, plasma col-
umns exist with almost radially symmetric temperature pro-
files, having a high temperature peak at the center and nearly
ambient temperature at the wall. It has long been known �15�
that even if a uniformly mixed binary gas mixture is intro-
duced in such arcs, demixing processes can cause radially
symmetric separation of the component gases once they en-
ter the arc column leading to observations like “Lenard’s
hollow flame” in arcs �15�. Recently, Murphy �17–20�, Mur-
phy and Hiraoka �21�, Murphy and Snyder �22� have made
extensive theoretical and experimental investigations of such
processes. It has been observed that partial pressure gradi-
ents, frictional forces, thermal diffusion and external forces
�19� are responsible for such demixing phenomena. A par-
ticular spatial demixing behavior depends on specific com-
ponents of the plasma gas used, their diffusion coefficients as
well as on the temperature profile inherited by the arc col-
umn owing to the particular design of the torch and the pre-
vailing operating conditions. The larger the difference in the
masses of the component gas molecules, the larger the effect
of demixing. It has been reliably observed experimentally
�22� in a free burning argon-hydrogen transferred arc upon

changing concentrations of hydrogen in argon, that the rela-
tive concentrations of hydrogen at and around 5 mm from
the axis remained nearly unchanged but significant changes
for r�5 mm occurred. Due to experimental limitations, it
was not possible to observe the behavior in the region around
the central axis �at radii much less than 5 mm�. It has also
been concluded in their study �22� that non-LCE �local
chemical equilibrium� effects may lead to an additional in-
crease in hydrogen concentration at the periphery. It is ex-
pected that the existence of sharper gradients inside the con-
strictor nozzle of nontransferred arc torches will enhance the
effect further near the water-cooled anode wall. However, the
demixing phenomenon is highly sensitive to the existing
temperature field and it should be mentioned that Murphy
and Hiraoka �21� observed an increase in hydrogen concen-
tration in the center of a free-burning arc, at temperatures
about 15 000 K.

The idea of using binary gas mixtures for instability stud-
ies originates from the results of the above studies. Owing to
the large mass difference between argon and hydrogen, this
combination is chosen in this experiment to realize a pro-
nounced effect of the phenomenon. Small changes in the
hydrogen flow rate in the feeding line may not significantly
influence the core region of the arc, but may appreciably
influence the boundary layer. By varying concentrations of
hydrogen and noting corresponding changes in instability be-
havior, it may be possible to determine if the instability origi-
nates in the boundary layer in front of the anode.

Inside arc plasma torches, both chemical and thermal non-
equilibria exist and conservation of the number density �nk�
of species “k” can be written as �27�

�nk

�t
+ �� · �nku�� + �� · g�k = ṅk. �7�

nku� is the convective flux and g�k is the diffusive flux of
species “k”. u� is the velocity vector and t is time. Neglecting
the influence of external forces �19�, the diffusive flux can be
written as �19�

g�k =
n2

�
�
j=1

�

mjDkj
a ��� xj + �xj −

� j

�
��� ln p� −

Dk
Ta

mk
�� ln Tk.

�8�

Here n is the total number density, xj is the mole fraction of
species j, � is the number of different species, � j is the mass
density of species j, mk is mass of species k, p is pressure, kB
is Boltzmann constant and Tk is the temperature of species k.
Dij

a is the general ambipolar binary diffusion coefficient be-
tween species i and species j and is related with the binary
diffusion coefficient between the particles defined as �28�

Dij
b =

3kB
2TiTj

16pmij
* �ij

�1,1��Tij
* �

�9�

Here, Ti and Tj are temperatures of ith and jth particle
respectively, �ij

�1,1� is the collision integral and kB is the
Boltzmann constant. The reduced mass mij

* and reduced tem-
perature Tij

* are defined as follows:
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mij
* =

mimj

�mi + mj�
, Tij

* =
miTj + mjTi

�mi + mj�
. �10�

The first approximation to the general diffusion coeffi-
cients in terms of binary diffusion coefficients may be writ-
ten as �29�

Dij =
Fji − Fii

mj�F�
, �11�

where, Fij is a cofactor of Fij, defined in terms of binary
diffusion coefficients as �29�

Fij =
1

�� ni

Dij
b + �

l�i

nlmj

miDil
b��1 − 	ij� . �12�

�, 	ij, and ni correspond to mass density, Kronecker delta
symbol, and number density of species i. General, ambipolar
diffusion coefficients are defined in terms of general diffu-
sion coefficients as follows �19�:

Dij
a = Dij +


i

�
�

k

ZkDkj , �13�

Di
Ta = Di

T +
mi
i

�
�

k

Zk

Dk
T

mk
, �14�

where 
 and � can be expressed in terms of charge, mass,
number density, temperature, and associated general diffu-
sion coefficients of the participating particles as follows:


i = �
j

mjnjZjDij

Tj
, �15�

� = − �
i

Zi�
j

mjnjZjDij

Tj
. �16�

Zj refer to the number of charges of species j.
It is the diffusion process, described by Eqs. �7�–�16�,

which is solely responsible for the effect of demixing. From
the equation itself, it is obvious that variation of the mole
fraction gradient, thermal gradient, action of external forces
like electric field �19� and collisional contributions may
cause variation in the diffusion rates, resulting in the demix-
ing process. The temperature gradient can give rise to the
mole fraction gradient of individual species. In a mixture of
two gases, a difference in the ionization potentials causes one
gas to be more completely ionized at a given temperature,
resulting in an increase in the total mole fraction of one of
the gases. Here gas refers to all species derived from that gas
�electrons, ions, atoms, and molecules�. This leads to in-
creased diffusion of the gas with the lower ionization poten-
tial to the regions at temperatures below the ionization tem-
perature, resulting in demixing. A similar effect occurs when
one of the gases is diatomic. Dissociation of the diatomic gas
increases the mole fraction of that gas, causing it to diffuse
into the regions at temperatures below the dissociation tem-
perature. Another important cause for demixing is the exis-
tence of different frictional forces arising out of unequal col-
lision cross sections among a pair of species. Unbalanced

frictional forces lead to the demixing and they are found to
be the most dominant process for such effects �20�, particu-
larly when there is a large difference between the masses of
the gases.

III. A QUALITATIVE TREND OF THE RADIAL
DEMIXING BEHAVIOR IN AN ARGON-HYDROGEN ARC

USING A ONE-DIMENSIONAL 2-T MODEL

The nature of demixing differs widely with variation in
gases. In this section a possible trend of radial demixing of
argon and hydrogen is estimated for an SG-100 torch in
which the experimental studies are performed. It is first nec-
essary to know the distribution of the electron and the heavy
particle temperatures inside the core. While some experimen-
tal profiles are used in �22� for the free burning arc, no ex-
perimental data are available for the electron and the heavy
particle temperatures inside a nozzle. An accurate estimate of
heavy particle and electron temperature distributions through
rigorous fully nonequilibrium kinetic calculations including
demixing effects requires involved computations which is
currently a subject of another study. In this section we are
interested only in the qualitative trend and use a one-
dimensional model �23� to get some realistic distribution of
the electron and the heavy particle temperatures inside the
nozzle.

We consider the cylindrical nozzle section �diameter
	8 mm� of a SG-100 spray torch �details in Sec. IV� and
assume that zero radial electric field and zero radial pressure
gradient exist inside the nozzle. The gas pressure is 1 atmo-
sphere and the nozzle wall stays at a temperature around
600 K. Inside the plasma column, all the electrons stay in
equilibrium with each other at a temperature Te which is
different from Th, the temperature followed by the rest of the
particles inside the plasma. The two temperature Elenbaas-
Heller equations �23� are solved iteratively with the bound-
ary condition that the radial gradient of the electron tempera-
ture vanishes both at the wall and at the central axis and that
of the heavy particle temperature vanishes only at the central
axis. At the wall the temperature of the heavy particles
reaches that of the wall. The plasma gas, employed in the
study, is mainly argon mixed with a small fraction of hydro-
gen ��0.5% by mass in all cases�. In estimating the approxi-
mate temperature profiles, two-temperature transport proper-
ties of argon alone have been considered. Here, it should be
pointed out that depending on the degree of demixing, con-
centration of hydrogen near the wall might change signifi-
cantly, thereby influencing the temperature profile near the
edge. For example, a higher thermal conductivity of hydro-
gen may result in a sharper drop of temperature at the edge,
enhancing the demixing further. For diffusion of argon into
hydrogen, individual mole fractions have been properly con-
sidered in evaluating the associated diffusion coefficients.
The exercise for arc currents of 300 A and 500 A results in
the electron and the heavy particle temperature profiles as
shown in Figs. 4�a� and 4�b�, respectively.

For such an arc column, neglecting the diffusion due to a
gradient in the total pressure and due to the external forces
�19�, the diffusion flux of species i can be written as �19�
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g� i = niv� i =
n2

�
�
j=1

�

mjDij
a �� xj −

Di
Ta

mi
�� ln Ti. �17�

vi is the diffusion velocity of the ith species relative to the
mass average velocity.

For a mixture of two gases A �argon� and H �hydrogen�,
Murphy �17� has shown that it is possible to describe diffu-
sion of one gas into the other using just one combined ordi-
nary diffusion coefficient and one combined thermal diffu-
sion coefficient. For a two-temperature plasma the number
flux of gas A can be expressed as �24�

gA =
n2

�
mH DAH

x �� x̄H −
DAH

T

mA

�� ln Th, �18�

where mH is the average mass of the heavy species of gas H;
DAH

x and DAH
T are respectively combined ordinary and com-

bined thermal diffusion coefficients.

gA = �
i

sigi, �19�

where si’s are stoichiometric coefficients.
Diffusion due to gradients in the nonequilibrium param-

eter �Te /Th�, due to gradients in the total pressure and due to
external forces �19� are neglected in Eq. �18�. If the convec-
tion contribution is also neglected, the equilibrium mole frac-
tion distribution of the gases can be calculated from the
above equation setting gA=0. This leads to

�� xH = − �� xA =
�

n2

DAH
T �� ln Th

mA mH DAH
x

. �20�

This equation can be integrated with appropriate boundary
conditions to obtain the distribution of mole fractions in ra-
dial direction. As can be noted from the study of Rat et al.
�24�, both the ordinary and thermal diffusion coefficients de-
pend heavily on the actual mole fraction as well as on the
temperature nonequilibrium parameter 
�=Te /Th�. Once dif-
fusion induces a change in the mole fraction at a certain
location, the composition of the plasma changes and so do

FIG. 4. Radial distribution of electron and heavy particle tem-
perature inside the argon arc column at the nozzle �a� 300 A and �b�
500 A as obtained from the one-dimensional model.

FIG. 5. Mole fraction variation with electron temperature for different 
�=Te /Th� values: �a�,�b� Ar: 70 slm; H2: 5 slm; �c�,�d� Ar: 70 slm;
H2: 1 slm.
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the values of the associated diffusion coefficients and the
number densities at that location. Therefore, the solution of
the above equation is obtained self-consistently in an itera-
tive manner so that after sufficient iterations the change in
the mole fraction distribution at every location in consecu-
tive iterations becomes insignificant and the final distribution
is reached.

While the diffusion coefficients, identical to those in Ref.
�24�, have been used in the simulation, for a given xH, Te,
and 
, the composition of an argon-hydrogen plasma is de-
rived from the two-temperature Saha equation �30� and from
these data the average mass density, ��r�, is computed. Ob-
tained variations in the mole fraction with temperature for
different species are shown in Fig. 5 for different non-
equilibrium parameters 
�=Te /Th� and mass fractions. The
typical strong dependence of the combined thermal diffusion
coefficient on mole fraction and 
 is presented in Fig. 6. The
variation is rather strong in the region of higher temperatures
and even leads to a change in the sign of the combined ther-
mal diffusion coefficient, depending on the condition. It is
evident from Eq. �20� that even if the temperature remains
the same, an appropriate change in the mole fraction value or
a change in 
 alone can lead to a decrease in the mole frac-
tion with temperature instead of an increase. Therefore, the
results obtained for equilibrium conditions �19,20� may de-
viate significantly in the case of temperature non-equilibrium
and the resulting mole fraction variations must be taken into
account.

For boundary condition of xH, a zero radial gradient is
assumed along the symmetry axis �r=0� and the boundary
condition at the wall is derived from mass conservation:



r=0

R

2��H�r�v�r�dr = MH, �21�

where MH is the total mass flow rate of hydrogen �a known
parameter from inlet conditions� and R is the radius of the
channel. The used velocity profiles �v�r�� in the computation
are shown in Fig. 7. The profiles are only approximate and
profile parameters are chosen realistically from velocity mea-
surement results of �31�. It should be mentioned here that for
a given current, a fixed temperature profile as derived in the

previous section and a fixed velocity profile as in Fig. 7 is
used in the computation. For the range of hydrogen mass
fractions considered in the manuscript �less than about
0.006�, the results given in Table 1 of Ref. �20� indicate that
the temperature profile is only weakly dependent ��3% � on
the hydrogen mass fraction, although there is a significant
�	25% � increase in the flow velocity when hydrogen is
added to pure argon at a mass fraction of 0.005. This sug-
gests that it may be reasonable to choose the same tempera-
ture profile for different Ar/H mixtures. However, consider-
ing radial variation of the composition through demixing and
approximate velocity profiles, obtained results can only de-
scribe qualitative trends of the possible behavior.

The mole fraction distributions of hydrogen in radial di-
rection as obtained from the solution of the above equations
are displayed in Fig. 8 for arc currents of 300 A and 500 A.
Since 
 tends to be more than 3, the solution in the immedi-
ate vicinity of the wall is not reliable �due to lack of avail-
able diffusion coefficient data for 
�3�, and is not presented
in the figure. To explain the specific trend of the observed
behavior it may be noted from Eq. �20� that the hydrogen
mole fraction gradient �xH� depends on the magnitude and
the sign of DAH

T �combined thermal diffusion coefficient�,
DAH

x �combined ordinary diffusion coefficient�, and �� ln Th

�temperature gradient of heavy particles�. DAH
T and DAH

x in
turn, depend on mole fraction, temperature, and the tempera-
ture nonequilibrium parameter 
 �Fig. 6�. Since DAH

x is al-

ways positive and �� ln Th is always negative, an increase or

FIG. 6. Typical strong dependence of �a� combined thermal diffusion coefficient and �b� combined ordinary diffusion coefficient with
mole fraction and temperature nonequilibrium �Te /Th�.

FIG. 7. Velocity profiles used in the study for I=300 A and I
=500 A.
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decrease in xH with radius is ultimately determined by the
sign of DAH

T . For Th less than 3000 K, DAH
T is always positive

for any 
 and any mole fraction �24�. As a consequence an
increase in xH is observed with a decrease in the radius near
the edge. Since TH increases very fast with a decrease in the
radius �Fig. 4�, this region is very narrow and as Th increases
DAH

T will be negative in some region between 3000 and
7000 K �depending on the mole fraction and 
� �24�. This
region then starts exhibiting a decrease in xH with decrease in
radius. Since this region also meets the very steep radial
gradient in TH �Fig. 4�, the associated decrease in xH with
radius is very sharp. For further decrease in radius, the tem-
perature increases and DAH

T again becomes positive; xH starts
to increase again with a decrease in radius. However, this
approaches the region near the central axis of the nozzle for

which the factor �� ln Th �Eq. �20�� itself tends to vanish �Fig.
4�, and therefore results in a small increase in xH with a
decrease in r. However, beyond around 20 000 K, DAH

T al-
ways becomes negative for all 
 and any mole fraction �23�,
i.e., one can expect a decrease in xH with a decrease in r even

near the center of the arc in such cases �if �� ln Th is still
significant and such a temperature zone exists there�.

While the scenarios are different for different currents and
mass flow rates, it is seen �Fig. 8� that for a given current it
is the boundary layer that is the most affected zone by the
change of the hydrogen flow. For example, at 300 A, the
hydrogen mole fraction changes from nearly 0.8 to 0.3 as the
hydrogen flow changes from 5 slm to 3 slm. It is obvious
from the results �Fig. 8�a�� that it may be possible to influ-
ence the boundary layer alone, without significantly affecting

the core region. Appropriate fluid dynamic simulation �2D
simulation is the minimum requirement to get the velocity
profiles� and property calculation routines can accurately es-
timate the associated changes in the thermophysical proper-
ties of the boundary layer with a change in the inlet condi-
tions. A study of corresponding changes in the experimental
instability features may then reveal the details of the dynam-
ics.

IV. EXPERIMENTAL SYSTEM

The experiments have been performed with an industrial
plasma spray system built by Praxair �32�. A schematic of the
electrical connections and gas flow control are shown in Fig.
9�a�. Details of the water cooled plasma torch SG-100, used
for the instability study, is shown in Fig. 9�b�. SG-100 bears
the basic features similar to most of the common thermal
plasma torches and has a nozzle bore of diameter 7.8 mm. A
constant current, regulated power supply PS100 is used for
sustained operation, and a high frequency starter unit,
HF200, is used for ignition of the arc. The flow control con-
sole 3610 �using method of critical orifices to measure gas
flow rates� is used for argon and a separate mass flow con-
troller, Sierra 810C �range 0–5 slm of H2�, is used for con-
trolling the hydrogen flow. The gases after passing through a
check-valve, enter a quarter inch tee to get mixed and then
the gas mixture enters the plasma torch through a custom
made 12-hole straight gas injector. Experiments have been
performed for different settings of the individual gas flow
rates and different currents as shown in the operating regime
chart in Table I. The voltage evolution across the arc �Fig.
9�a�� for each setting has been sampled at intervals of 10 ms
and stored using a four channel oscilloscope HP54540A for
subsequent analyses.

TABLE I. Operating regime of the experiment.

Quantity
Lower
limit

Upper
limit

Incremental
steps

Ar flow 42 slm 70 slm 7 slm

H2 flow 1 slm 5 slm 1 slm

Arc current 300 A 700 A 200 A

FIG. 8. Distribution of hydrogen mole fraction in radial direc-
tion as obtained from solution of the demixing equation for arc
current: �a� 300 A; �b� 500 A.

FIG. 9. Schematic of �a� the electrical connections and flow control and �b� the plasma torch Praxair-SG100, used in the instability study
using binary gas mixtures.
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V. RESULTS AND ANALYSES

A. Identifying instability originating zones

Figure 10 shows the instability features as reflected in
measured arc voltage traces for the arc current of 500 A.

Argon flow varies from 42 slm to 70 slm in steps of 7 slm as
one moves from Fig. 10�a�–10�e�. In each figure, for a given
argon flow two instability features are presented: One for
hydrogen flow of 5 slm and the other for hydrogen flow of
1 slm. While a gradual transition is observed with increase in
hydrogen flow rate, it is observed that, at any argon flow rate,
a change of hydrogen flow by as little as 4 slm causes sig-
nificant visible changes in the instability features in each of
these figures. Interestingly, there is almost no apparent
change in the instability features as one changes the argon
flow by as much as 21 slm �Fig. 10�a�–10�d��. Appreciable
change in amplitude is noticed for the lower traces �1 slm� as
one moves from Fig. 10�d� to Fig. 10�e�. A possible expla-
nation is that due to the demixing effect, a change in inlet
argon flow influences the argon concentration in the core
rather than the boundary layer which is primarily dominated
by hydrogen. Since, the instability originates from the
boundary layer, the feature of the instability remains un-
changed. On the other hand, a little change of hydrogen flow
immediately causes a change in the hydrogen concentration
in the boundary layer due to the same effect. Consequently, a
significant change in the instability feature occurs. However,
if the argon flow is changed drastically, associated changes in
the core flow may be strong enough to influence the bound-
ary layer also. In that case a change in the instability features
may be observed from a change in the argon flow. Such a
change is observed in Fig. 10�e� after an increase of 28 slm
of argon flow compared to Fig. 10�a�.

The associated behavior of the instability in frequency
space under the mentioned variations in the flow rates of the
component gases �Fig. 10� is presented in Fig. 11. It is ob-
served that neither a change in the argon flow nor a change in
the hydrogen flow influences the positions of the frequency

FIG. 10. Variation of instability features with argon flows: �a�
42 slm, �b� 49 slm, �c� 56 slm, �d� 63 slm, and �e� 70 slm. Fluctua-
tions of arc voltages are presented for 1 slm and 5 slm of hydrogen
in each figure. Arc current =500 A. A DC shift of 30 V is applied
to the signals with 5 slm of H2.

FIG. 11. Behavior of the instabilities in frequency space for different argon and hydrogen flow rates at an arc current of 500 A.
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peaks, suspecting that although amplitudes of the instability
do depend on the composition of the instability layer, fre-
quencies have very weak dependence on it. Similar studies
for lower �300 A� and higher �700 A� currents are presented
in the following.

For 300 A �Figs. 12�a�–12�e��, the instability features re-
main almost unchanged even for a change of 28 slm of argon
flow. However, for a given argon flow, a small change in the
hydrogen flow significantly influences the instability features
similar to that observed at 500 A. Again we see �Fig. 13� that
the associated behavior of the instability in frequency space
remains mostly unaltered for all conditions. However, when
compared with the spectra of Fig. 11 �500 A�, significant
changes in the instability behavior in the frequency space
may be detected. This leads to another important conclusion
that the behavior of the instability in frequency space has a
strong dependence on arc current.

At 700 A, because of higher temperature and a higher
heat load at the anode arc root, some erosion of the anode
takes place. Anode surface conditions change appreciably af-
ter some time of operation. While the results presented in
Figs. 10–13 were reproducible even after a year with the
same anode, results presented in Fig. 14 for 700 A were
reproducible only within very short time intervals �	1 h�.
For lower flow rates of hydrogen, the arc was found to be
steady showing almost no fluctuation. A trend of this can be
seen in Figs. 14�a� and 14�b� for 3 slm of hydrogen. To avoid
possible puncturing of the anode, experimentations under
such conditions were discontinued.

Similar to observations at 500 A and 300 A �Fig. 10 and
Fig. 12�, the instability features are not dependent on argon
flow rate up to some extent �Fig. 14� and positions of the
primary components of the dynamics on the frequency axis
remain mostly unaltered �Fig. 15�. However, an important
fact may be noticed. For 300 A, even a change by 28 slm of
argon was not able to change the instability features. For
500 A, a change of 28 slm of argon flow could make a vis-
ible change in the behavior. For 700 A, even a lower amount

FIG. 12. Variation of instability features with argon flows: �a�
42 slm, �b� 49 slm, �c� 56 slm, �d� 63 slm, and �e� 70 slm. Fluctua-
tions of arc voltages are presented for 1 slm and 5 slm of hydrogen
in each figure. Arc current =300 A.

FIG. 13. Behavior of the instabilities in frequency space for
different argon and hydrogen flow rates at an arc current of 300 A.

FIG. 14. Variation of instability features with argon flows: �a�
42 slm, �b� 49 slm, �c� 56 slm, �d� 63 slm, and �e� 70 slm. Fluctua-
tions of arc voltages are presented for 3 slm and 5 slm of hydrogen
in each figure. Arc current =700 A.
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of argon flow �14 slm� is able to make a visible change. The
observation leads to another important conclusion, i.e., the
higher the arc current, the higher the mixing of the core gas
with the gas in the boundary layer. Stronger electromagnetic
body forces at higher currents have the capability of sup-
pressing the underlying instability. Absence of the character-
istic peaks in the spectra of Figs. 14�a�, 14�b�, and 14�d�
corresponds to this. However, a small appearance of the
characteristic frequencies can be also noticed even in these
spectra.

From this study, it is now apparent that the instability
originates from the boundary layer near the anode wall and
the components of the observed dynamics in frequency space
are controlled by the arc current. Since it is only the arc root
region in the boundary layer through which the arc current
passes, it appears that the instability originates from the re-
gion at and near the arc root.

The importance of the demixing process in the present
study can be better understood from the mass ratio chart of
Fig. 16. All of the operating points A, B, and C in Fig. 16
correspond to identical Ar:H2 mass ratios in the uniformly
mixed gas. But individual Ar:H2 flow rates for the points A,
B and C vary and they are respectively �42 slm:3 slm�,
�57 slm:4 slm�, and �70 slm:5 slm�. Therefore, without de-
mixing there should be no change in the instability features
as one shifts from one operating point to another �since mass
ratio in the uniformly mixed gas does not change�. At most,
one can expect a change in the average arc voltage due to
different flow velocities associated with different conditions
A, B, and C. However, if demixing is active, individual mass
flow rates are important rather than the mass ratio in the

uniformly mixed gas and different instability features are ex-
pected in each case. This is indeed the feature exhibited in all
the experimental results presented. For example, the lower
curve in Fig. 14�a� corresponds to point A and the upper
curve in Fig. 14�e� corresponds to point C. Respective insta-
bility amplitudes are distinctly different. For low arc currents
�	300 A�, a thicker boundary layer exists over the anode
and this seems to be the only explanation for the observed
behavior. However, for higher currents, higher flow rates
may influence the relatively thin boundary layer and may
show its effect on the observed instability.

B. Changing frequency behavior with arc current

As observed in the previous section a variation in arc
current causes change in the behavior of the dynamics in
frequency space. Figure 17 presents such changes in behav-
ior in some more detail. Approximate values of the major
components are plotted in Fig. 18. As the current increases

FIG. 15. Behavior of the instabilities in frequency space for
different argon and hydrogen flow rates at an arc current of 700 A.

FIG. 16. Argon hydrogen mass ratios in flow space of argon and
hydrogen at standard temperature and pressure �STP�.

FIG. 17. Bifurcating behavior with change in arc current.

FIG. 18. Explicit variation of the primary frequencies.
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from 300 A to 500 A, the number of primary components of
the dynamics changes from one to three. While a study with
smaller current steps needs to be performed to allow the
dependence on current to be better resolved, it can be con-
cluded from the available data that, with increase in current,
the dominant frequencies of the dynamics have a tendency to
increase in number and to move towards higher frequency
regimes. The frequency shift with increasing current be-
comes weaker at higher currents.

C. Effect of gas flow rates on average arc voltages
at different currents

The instability amplitude depends on the plasma gas com-
position in the boundary layer and hence does not change
with the change in the core flow. However, a major part of
the arc path lies in the core itself. The arc path gets elongated
more by the fluid dynamic drag force for higher flow rates of
the core gas, resulting in a higher value of the average arc
voltage. The instability-originated fluctuations are superim-
posed on this average arc voltage resulting in the actual val-
ues of measured arc voltages. Variation of arc voltages with
core or boundary layer flow is almost linear for 300 A and
500 A �Figs. 19�a� and 19�b��. However, for 700 A �Fig.
19�c��, the behavior is complicated. Rapid erosion of the
anode at higher current is suspected to be the major cause for
this. Localized high electric fields resulting from eroded sur-
face morphology and possibly enhanced interactions be-
tween arc current and magnetic fields might be responsible
for such behavior.

D. Quadratic zones of instability in flow space of binary gas
mixtures at higher currents

It has been observed that enhanced electromagnetic body
forces at higher currents are capable of suppressing the
instability-originated dynamics. Increase in flow rates, suffi-
cient to influence the composition of the boundary layer can
overcome such actions and may be able to bring back the
dynamics dominated by instabilities �see, for example, Fig.
14�. Since demixing enhances hydrogen concentration in the
boundary, it is expected that relatively smaller variations of
the hydrogen will be effective for this and a relatively large
variation of argon flow will be required to get similar effects.
Figure 20 presents such observations for an arc current of
700 A. In a steady mode, the arc voltage exhibits fairly

steady behavior. A major decrease in average arc voltages,
significant reduction in acoustic noises and significant de-
crease in light emissions from the jet in steady modes make
them distinctly different from the unsteady modes and easily
identifiable. Higher flow rates produce sharp transitions from
a steady to an unsteady mode. Therefore, the so-called take-
over and restrike modes, both fall in the category of unsteady
mode. Interestingly, the study exhibits the existence of a qua-
dratic zone in flow space of a binary gas mixture where
steady behavior is possible and beyond which the arc be-
haves unsteadily. Since, binary gas mixtures are in common
use in various industrial applications, these results may be
useful for further study.

VI. CONCLUSIONS

A mixture of hydrogen with primary plasma gas argon is
used to investigate some fundamental aspects of arc instabil-
ity exploiting the inherent demixing of binary gases in arcs.
Using a two temperature one-dimensional model it has been
shown qualitatively that owing to the inherent demixing pro-
cess in arcs, the boundary layer and the core of the plasma
column may be dominated by hydrogen and argon, respec-
tively. While associated variations in instability features due
to variation of argon flow reflect phenomena happening in
the core, similar effects for variations in hydrogen flow re-
flect the phenomena happening in the boundary layer. In the

FIG. 19. Behavior of average arc voltage with varying flow of argon and hydrogen. �a� Arc current =300 A; �b� arc current =500 A; �c�
arc current =700 A.

FIG. 20. Existence of quadratic zone in flow space of a binary
gas mixture separating steady and unsteady behavior at 700 A for
SG-100 torch. Separating boundary: 
 ·h2+ �a−��2=�; h: hydrogen
flow �slm�, a: argon flow �slm�, 
=121, �=38.5, and �=7.56
�102. Operating points �A, B, C, D, F, G, H� exhibit steady behav-
ior and other operating points �E, H, I–U� exhibit unsteady behavior
in the experiment.
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experiment, it has been observed that for given hydrogen
flow and arc current, the basic instability features remain
unaffected for a wide range of variation of argon flow; only
the average arc voltage varies. On the other hand, a smaller
increase in hydrogen flow significantly changes the instabil-
ity features under similar conditions. Identical behaviors
have been observed for all values of currents studied. While
the behavior with 300 A and 500 A are found to be highly
reproducible, experiment with 700 A are reproducible only
within a short time interval, mainly due to high rates of an-
ode erosion at higher currents. The overall observations sug-
gest that the arc instabilities originate in the boundary layer
over the anode surface. The frequencies of the instabilities
are primarily controlled by the arc current and remain mostly
unchanged for a change in flow rate of plasma gases. In other
words, the instability originates from that region over the
anode boundary layer which carries current. Therefore, the
study provides evidence that the instability originates from
the region at or near the anode arc root.

Variation of average arc voltage with core as well as
boundary layer flow has been found to be mostly linear for
arc currents of 300 A and 500 A. However, for 700 A, a
more complex behavior has been observed. Localized elec-
tric field from eroded surface morphology, body forces re-

sulting from enhanced interactions between arc current and
magnetic field are suspected to be responsible for such be-
havior.

A study on bifurcation behavior of the instability in fre-
quency space as a function of arc current revealed a tendency
of the instability to shift toward higher frequencies for higher
arc currents as well as generation of new components. Fur-
ther investigations with finer current steps are required to
explore the basic routes followed in the bifurcation. Higher
arc currents tend to suppress the instabilities.

For higher currents, a quadratic region has been found in
the flow space of argon and hydrogen, within which the arc
exhibits a steady behavior and beyond which the arc be-
comes unsteady. Since binary gas mixtures are in common
use in various industrial systems, these results may be of
interest for further investigations.
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