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Demixing in free-burning arcs

A. B. Murphy
CSIRO Telecommunications and Industrial Physics, P.O. Box 218, Lindfield, New South Wales 2070, Australia

~Received 23 December 1996!

Demixing in atmospheric-pressure free-burning arcs is investigated using a two-dimensional numerical
model that incorporates the combined diffusion coefficient treatment of diffusion. Arcs in mixtures of argon
with helium, nitrogen, oxygen, and hydrogen are modeled. It is found that demixing almost always has a large
influence on arc composition, with the greatest changes occurring in the argon-helium and argon-hydrogen
arcs. The influence of three different demixing processes is assessed. Demixing due to frictional forces is found
to dominate in the high-temperature regions of the arc, while demixing due to mole fraction gradients is
important in the regions where dissociation of the molecular gases occurs. Demixing due to thermal diffusion
has a smaller effect. The effects of demixing on arc temperature and flow velocity are usually small. The heat
flux to the anode is significantly increased near the axis by demixing in argon-nitrogen and argon-hydrogen
arcs. The predictions of the model are validated by comparison with spectroscopic measurements of arc
composition in argon-nitrogen and argon-helium arcs.@S1063-651X~97!11205-3#

PACS number~s!: 52.80.Mg, 52.25.Fi, 51.20.1d
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I. INTRODUCTION

Mixtures of different gases are used in most indust
processes that utilize electric arcs. For example, in g
tungsten arc welding~GTAW!, mixtures of helium or hydro-
gen and argon are often used; in gas-metal arc welding,
bon dioxide or oxygen, or sometimes helium, hydrogen,
nitrogen, are added to argon; and air is commonly used
the plasma gas for plasma cutting. Other vapors may be
rived from the vaporization of electrodes or droplets or p
ticles. In processes such as plasma metallurgy and pla
waste destruction, very complicated gas mixtures occur.

It is not possible to assume that the relative concentrat
of the gases present are uniform in the arc. This is obviou
true when a source of one of the gases, for example m
droplets, is present in the arc. However, even in cases w
the gases are fully mixed before being introduced into the
region, a process known as demixing causes partial sep
tion of the gases.

Demixing is a process driven by differences in the diff
sion velocities of the species that are present in the ar
occurs in the presence of temperature or pressure gradi
or of certain external forces such as electric fields. For
ample, since the degree of dissociation and ionization o
gas depends on the temperature, a temperature gradien
give rise to gradients in the mole fractions of the individu
species present. These mole fraction gradients in turn d
diffusion until the sum of the forces, including those due
mole fraction gradients, frictional forces, thermal diffusio
forces, and external forces, on the species is zero.

The initial observations of demixing in arcs were made
early as the beginning of the 20th century. Lenard@1# dis-
covered the so-calledLenardsche Hohlflammen~Lenard’s
hollow flame!, an electric arc in which the spectroscop
emission from metallic elements present in trace quanti
was observed to be concentrated in a cylindrically symme
zone separated from the central region. A summary of ob
vations in such arcs was given by Eberhagen@2#. Eberhagen
mistakenly explained the observations as a side effec
551063-651X/97/55~6!/7473~22!/$10.00
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cataphoresis, the concentration of the metallic elements
the cathode due to the transport of ions in the electric fi
that is also observed in such arcs@3–6#. Frie @7# has pointed
out the error in Eberhagen’s reasoning.

Maecker @8# showed that demixing also took place fo
nonmetallic chemical elements, observing a concentratio
fluorine on the axis of an SF6 arc. Many of the observation
of demixing that followed were made during measureme
of atomic transition parameters, in which a knowledge
species densities was required. For example, Mastrup
Wiese@9# observed a concentration of helium on the axis
a helium-nitrogen arc, Roder@10# noted an increase in iron
vapor concentration near the edge of an argon arc w
FeCl3 added, and Wobig@11# observed a decrease in th
titanium to chlorine density ratio near the axis of arcs
nitrogen, argon, and helium to which TiCl4 had been added
Schumaker and Popenoe@12# noted an increase in hydroge
concentration near the axis of an argon-hydrogen arc. La
Schulz-Gulde and Barushka@13,14# observed demixing in an
SF6 arc in measurements of FI transition probabilities.

The first quantitative explanations of these demixing
fects were contained in an important series of papers by
and Maecker, in which they classified and analyzed the
nificance of the different processes that drive demix
@7,15–17#, and in a paper by Richter@18#, who measured the
degree of demixing in arcs in mixtures of argon, nitroge
helium, and hydrogen, and explained the results in a sim
manner to Frie and Maecker.

Sulfur hexafluoride arcs have continued to be studied
tensively. Motschmann@19,20#, Schulz-Gulde @21#, and
Vacquié@22# have assessed various methods of tempera
and composition measurement in such arcs, and rece
Gonzalezet al. @23# investigated the influence of demixin
on the temperature of SF6 arcs.

Most of the more recent studies of demixing have be
related to the industrial applications of mixed gas plasm
Vukanović and Vukanovic´ @24,25# measured the effect o
demixing in arcs used for spectrochemical analysis. Fisc
@26# and Stormberg@27# measured and calculated the com
7473 © 1997 The American Physical Society
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7474 55A. B. MURPHY
position in high-pressure mercury–metal-halide discha
lamps; further measurements on such lamps were perfor
recently by Karabourniotiset al. @28#. Cheminatet al. @29#
observed a demixing effect in measurements of the vapor
tion of a silver anode in an argon arc. Fincke and co-work
measured@30,31# and calculated@31# the influence of demix-
ing in argon-helium plasma jets, and Hiraoka@32# observed a
similar demixing effect in an argon-helium free-burning a
Recently, Fudoliget al. @33# modeled temperature and co
centration fields in an argon-nitrogen arc reactor, using
approach based on that presented here, and Suzukiet al. @34#
and Snyderet al. @35# investigated the diffusion of sma
amounts of hydrogen added to argon arcs.

Only in a few of the above papers@26,27,31,33# were
realistic models of the demixing process introduced. T
main difficulty in calculating the effects of demixing is th
need to treat the diffusion of the many different spec
present in mixed-gas plasmas. The conservation of mas
each of the species has to be considered, and diffusion c
ficients describing the diffusion of each species with resp
to every other species have to be calculated. Recently, M
phy @36# introduced the concept of combined diffusion coe
ficients, which allowed the treatment of diffusion to b
greatly simplified for many mixed-gas plasmas. The conc
was applied to a one-dimensional model of demixing in
argon-nitrogen arc@37#, and to a two-dimensional model o
demixing in argon-nitrogen and argon-helium arcs@38,39#.
Not only does the concept simplify the mathematical tre
ment of demixing, but it also allows the respective influenc
of the different physical processes that drive demixing to
isolated.

The purpose of the work presented here is to investig
in detail the phenomenon of demixing in a range of g
mixtures relevant to industrial arc processes. A tw
dimensional numerical model of the arc is used, with
combined diffusion coefficient formulation used to treat d
fusion. Both the changes in composition caused by dem
ing, and the consequent changes in arc properties suc
temperature, gas velocity, and thermal transport, are ca
lated. The contributions of the different demixing proces
to the changes are assessed, and comparisons are mad
experimental measurements.

In Sec. II the combined diffusion coefficient formulatio
is outlined, and its relation to the different demixing pr
cesses is demonstrated. Further, the equations and me
used in the computational model are presented. In Sec
the results of the model are given for free-burning arcs
different mixtures of argon with helium, hydrogen, nitroge
and oxygen. The predictions of the model are compared
available experimental data in Sec. IV. Conclusions are p
sented in Sec. V.

II. THEORY

A. Combined diffusion coefficient method

Diffusion in a gas can be described by equations for
mass fluxJi , relative to the mass-average velocity, of ea
of the speciesi present. In a gas mixture containingq spe-
cies, in the presence of a temperature gradient, the equa
take the form@40,41#
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r
mi(

j51

q

mjDi jdj2Di
T¹lnT, ~1!

wherevi is the diffusion velocity of speciesi relative to the
mass-average velocity andT is the temperature. TheDi j are
ordinary diffusion coefficients, and theDi

T are thermal diffu-
sion coefficients. The termdj , given by

dj5¹xj1S xj2 r j

r D¹lnP2
r j

PrS r

mj
Fj2(

l51

q

nlFl D , ~2!

describes the diffusion forces due to gradients in mole fr
tion xj5nj /n and pressureP, and due to external force
Fj . n andr are, respectively, the number and mass densi
of the gas mixture, andnj ,r j , andmj are, respectively, the
number density, mass density, and mass of thej th species.

As can be seen from Eq.~1!, there areq2 ordinary diffu-
sion coefficients andq thermal diffusion coefficients to be
calculated; of these,12q(q21) and q21, respectively, are
linearly independent. A further complication that arises wh
charged particles are present is that the tendency of elect
to diffuse more rapidly than ions sets up an electric fie
which influences the diffusion of all charged particl
present. To take account of this effect, known as ambipo
diffusion, the diffusion coefficients have to be modified
shown by Devoto@41# and Murphy@36#.

Murphy @36,42# has shown that in a mixture of two homo
nuclear gases that do not react with each other the treatm
of diffusion can be greatly simplified if local chemical equ
librium is assumed. In this case, instead of considering
diffusion of individual species separately, one can consi
the diffusion of gases. Here a gas, for example nitrogen
defined to consist of all the species that can be derived f
that gas, for example N2 , N2

1, N, N1, N21, and the
electrons derived from the ionization of nitrogen molecu
and atoms. It is possible to derive an expression for the m
flux of a gas, defined as the sum of the mass fluxes of all
species that make up the gas, that has the form

JA5
n2

r
mAmBDAB

x ¹xB2~DAB
T11DA

T!¹lnT, ~3!

wheremA is the average mass of the heavy species of
A, andxB is the sum of the mole fractions of all species
gasB. Expressions for the combined mole fraction diffusio
coefficientDAB

x and the combined temperature diffusion c
efficientDAB

T1 , which are weighted averages of the ordina
diffusion coefficients, and the combined thermal diffusi
coefficientDA

T, which is a weighted average of the therm
diffusion coefficients, have been given elsewhere@36,42#.
The bar notation is used to denote that a variable refers
gas rather than to a species. Gradients in the total pres
and external forces have been neglected in Eq.~3!; if they
were included a further combined diffusion coefficient wou
be required for the pressure gradient and for each exte
force considered. The reason that two distinct combined
fusion coefficients are derived from the ordinary diffusio
coefficients is that the expression that describes the rela
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55 7475DEMIXING IN FREE-BURNING ARCS
between the gradients of the mole fractions of the spe
and the gradient of the mole fraction of the gas has t
terms:

¹xj5~]xj /]xB!¹xB1~]xj /]T!¹T. ~4!

It should be noted that many authors have described
fusion in terms of gases rather than species in computati
modeling of plasmas, but have done so in ways that in
duce serious errors@42#.

B. Classification of demixing processes

In their papers discussing the physical processes that
to demixing, Frie and Maecker@7,17# classified these pro
cesses into a number of categories; demixing due to m
fraction ~or partial pressure! gradients, frictional forces, ther
mal diffusion, and external forces. These categories may
elucidated by considering their effects in a mixture of tw
gases, for example argon and helium.

Figure 1 shows the mole fractions of each species pre
in the gas mixture as a function of temperature if demixing
neglected. It thus represents the composition that would
seen if the gas mixture were heated such that no gradien
external forces were present. At low temperature, only ato
are present. As the temperature increases above 10 00
the argon begins to ionize, each argon atom being repla
by an ion and an electron. Hence the total argon mole fr
tion xAr increases and the total helium mole fractionxHe
decreases. This continues until a temperature of aro
17 000 K is reached, at which point the helium atoms be
to ionize. Note that despite the changes inmolefraction with

FIG. 1. Temperature dependence of the mole fractions of
species present in a mixture of argon and helium if no demix
occurs.
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temperature, themassfractions of the gases remain consta
if demixing does not occur.

If we now consider the more realistic situation in which
temperature gradient is present, then the increase inxAr and
the decrease inxHe represent mole fraction gradients. Thes
as shown in Eq.~3!, drive diffusion of argon and helium unti
the mole fraction gradients no longer exist. This effect
known as demixing due to mole fraction gradients, and
this case leads to an increase in themassfraction of helium
in the high-temperature region, and an increase in themass
fraction of argon in the low-temperature region. Figure
shows the mass fraction as a function of radius for a typ
arc temperature profile, calculated taking this process
account, for the same mixture considered in Fig. 1.

In general, demixing due to mole fraction gradients lea
to an increase in the mass fraction of the chemical elem
with the higher ionization energy in the high-temperatu
region, or more precisely, in the region in which the te
perature is such that one element is ionized and the oth
not ionized.

A similar process occurs when a molecular gas is pres
Dissociation of homonuclear diatomic molecules leads
each molecule being replaced by two atoms, and hence
increase in the mole fraction of the chemical element c
cerned. Demixing due to the resulting mole fraction gradi
drives diffusion from the higher- to the lower-temperatu
region, leading to a decrease in the mass fraction of the
ment in the region in which it is dissociated.

Let us now consider the effect of the collisional intera
tions between the species on the demixing process, retur
again to the example of argon and helium. We see from F
1 that at temperatures between around 8000 and 17 00
argon is partially ionized so that the species Ar, Ar1, and
e2 are present, while helium is present almost solely
atomic helium. The mole fraction gradients of the respect
species will drive a flux of argon atoms towards the region

e
g

FIG. 2. Radial dependence of the total mass fractions of ar
and helium for the mixture considered in Fig. 1, after the effects
demixing due to mole fraction gradients have been taken into
count, for a typical arc temperature profile.
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7476 55A. B. MURPHY
higher temperature, and a flux of argon ions and electr
towards the region at lower temperatures. These fluxe
themselves do not alter the composition if local chemi
equilibrium can be assumed, since ionization and recom
nation reactions then occur sufficiently rapidly to balance
fluxes. However, helium atoms also collide with the arg
species; the collisions with argon atoms drive the heli
towards the higher-temperature regions, and the collisi
with the argon ions and electrons drive the helium in
opposite direction. The net effect of the collisional intera
tions is to increase the mass fraction of helium in the regi
at higher temperature. This effect is known as demixing d
to frictional forces. Typically, but not always, it leads to a
increase in the mass fraction of the lighter chemical elem
in the regions at higher temperature.

Thermal diffusion also leads to demixing whenever a te
perature gradient is present. Usually, but again not alwa
thermal diffusion causes a flux of the lighter chemical e
ment to regions at higher temperature. In the case of
argon-helium arc, demixing due to thermal diffusion furth
concentrates helium in the higher-temperature region.

All three demixing processes considered here act in
same direction in the case of a mixture of argon and heliu
This is not always the case, and as will be seen, quite c
plicated mass fraction distributions can result from the co
peting influences of the different processes in some gas m
tures.

C. Demixing processes and the combined diffusion coefficients

Equation~3!, which describes the diffusive mass flux of
gas in a mixture of two gases, can be written so that e
term contains one of the combined diffusion coefficients:

JA5
n2

r
mAmBDAB

x ¹xB2DAB
T1¹lnT2DA

T¹lnT. ~5!

Each term then corresponds to one of the three demix
processes defined in Sec. IIB. This can be demonstrate
considering the equilibrium situation, in which the ma
fluxes of the gases have vanished. The equilibrium m
fraction gradients of the two gases are calculated by set
JA50 in Eq. ~5!, giving

¹xB52¹xA5
r

n2
~DAB

T11DA
T!¹lnT

mA mBDAB
x . ~6!

By settingDAB
T15DA

T50, we obtain¹xB5¹xA50, which is
simply the condition that mole fraction gradients have va
ished; hence demixing due to mole fraction gradients is
scribed by the term in the remaining nonzero diffusion co
ficient DAB

x , which is termed the combined mole fractio
diffusion coefficient.

The term in the combined thermal diffusion coefficie
DA
T describes demixing due to thermal diffusion, since this

the only term in which the thermal diffusion coefficients a
involved. The term in the remaining diffusion coefficient, t
combined temperature diffusion coefficientDAB

T1 , describes
demixing due to the remaining phenomenon treated in
equations, that is, due to frictional forces.
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The one-to-one correspondence between combined d
sion coefficients and demixing processes allows the con
bution of each process to be calculated separately, the
allowing the physical causes of demixing to be examined
other demixing processes, such as demixing due to gradi
in the total pressure or due to an external field, were con
ered, there would be a further combined diffusion coefficie
corresponding to each process.

D. The arc model

The free-burning arc model used in this work is based
a two-dimensional axisymmetric model of a single-gas
@43#. It has been extended to allow arcs in mixtures of tw
gases to be treated by inclusion of an equation for the c
servation of mass of one of the gases, and by modifying
energy conservation equation to take into account change
enthalpy due to diffusion of the gases.

It is assumed that the arc is in local thermodynamic eq
librium, and that the plasma flow is laminar. The temperat
of the cathode surface is defined using experimental data
the computational region for the calculation of current de
sity includes the cathode as well as the arc column. T
equations solved follow.

Mass conservation:

¹•~rv!50. ~7!

Momentum conservation:

¹•~rvv!52¹P2¹• tJ1rg, ~8!

where the nonzero components of the stress tensortJ are

t rr522h]v r /]r , ~9!

tuu522hv r /r , ~10!

tzz522h]vz /]z, ~11!

and

tzr5t rz52h~]vz /]r1]v r /]z!. ~12!

Energy conservation:

¹•~rvh!5
j 2

s
2U1¹•S k

cp
¹hD1

5k

2ecp
j•¹h

1¹•F ~hA2hB!S JA2
k

cp
¹YAD G . ~13!

Mass conservation of one gas:

¹•~rvYA!52¹•JA. ~14!

Electric current continuity:

¹• j50, ~15!

where

j52s¹f. ~16!
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55 7477DEMIXING IN FREE-BURNING ARCS
Maxwell’s equation:

¹3B5m0j . ~17!

In the above equations,v is the mass-average velocity o
the gas, with radial and axial componentsv r andvz , respec-
tively, P is the pressure,j is the current density,f is the
electric potential,B is the magnetic field induced by the cu
rent,h is the plasma enthalpy, andYA is the total mass frac
tion of gasA, defined as the sum of the mass fractions of
species of gasA. The material functions are mass dens
r, viscosityh, net radiative emission coefficientU, thermal
conductivity k, specific heat at constant pressurecp , and
electrical conductivitys. All these material functions are
functions of temperature and the respective mass fraction
gasesA andB. hA andhB are, respectively, the enthalpies
gasA and gasB, defined as the sum of the enthalpies of t
species making up the respective gas, and are function
temperature only. Constants appearing in the equations
the acceleration due to gravityg, Boltzmann’s constantk, the
electronic chargee, and the permeability of free spacem0.

The second last term in Eq.~13!, which was omitted by
Lowke et al. @43#, describes energy transfer due to the flo
of electrons and is generally included in arc models. The
term describes the change in enthalpy due to the diffus
mixing of gasesA andB.

The mass fluxJA, which appears in Eqs.~13! and~14!, is
given in Eq.~3! in terms of the gradient of the mole fractio
xA. It may be written in terms of YA by using
xA5(M /MA)YA, whereM andMA are the masses average
over all species, including electrons, of the gas mixture
of gasA, respectively.

The thermodynamic propertiesh,cp , and r were calcu-
lated as a function of temperature andYA for the gas mix-
tures considered using the NASA code@44,45#. The transport
coefficientsh, k, s, DAB

x , DAB
T1 , andDA

T were calculated
as described by Murphy and Arundell@46# for argon-
nitrogen and argon-oxygen mixtures, by Snyderet al. @35#
for argon-hydrogen mixtures, and by Murphy@47# for argon-
helium mixtures. Net radiative emission coefficientsU for
argon, helium, oxygen, and hydrogen were calculated us
the method of Cram@48#. Those for nitrogen were calculate
by taking the values of Ernstet al. @49# for a plasma radius
of 1.5 mm, and multiplying these by a factor of 1.5 becau
the radius of the radiating central region of the arc is l
than 1.5 mm@50#.

The coupled partial differential equations describing
arc were solved numerically using the control volume a
proach of Patankar@51#, incorporating the modifications rec
ommended by Van Doormal and Raithby@52#. A rectangular
grid of 82 axial by 48 radial cells was used, with the gr
more closely spaced near the electrodes. Comparison
results obtained with a 41 by 24 grid showed a maxim
change of 8% in the mass fraction of the minority gas, a
generally much less.

The boundary conditions for all variables exceptYA have
been given by Lowkeet al. @43#, and will not be repeated
here. On axis the condition]YA/]r50 is imposed to accoun
for axisymmetry. At the anode, the gradient boundary c
dition ]YA/]z50 is used. At the top and radial edge boun
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aries, and at the cathode,YA is chosen to be equal to its valu
for the input gas mixture, since a free-burning arc is shield
from the atmosphere by this gas.

Some care has to be taken in treating diffusion close
the electrodes, since the large difference in temperature
tween the electrode and the arc causes the diffusive mass
term JA in Eq. ~14! to become unrealistically large in th
control volumes adjacent to the electrodes, as is clear f
Eq. ~3!. The gradients in the sheath are in fact so large t
the assumption of local thermodynamic equilibrium is n
valid, and the equations used in the model are not applica
The problem is circumvented by settingJA to zero in the
control volumes adjacent to the electrodes and in their n
est neighbors.

It was shown in Sec. II C that the different demixin
processes correspond to the different combined diffusion
efficients. By setting the respective coefficients to zero in
~3!, with which the variableJA in Eqs.~13! and ~14! is cal-
culated, it is possible to isolate the influence of the differe
processes on the change in arc composition due to demix
It is also instructive to calculate arc properties such as te
perature, velocity, and heat fluxes in the absence of dem
ing, that is, whenYA is uniform throughout the arc. This ca
be achieved by removing Eq.~14! from the model, and set
ting the final term in Eq.~13! to zero.

III. RESULTS

An arc typical of those used in gas-tungsten arc weld
was modeled, with a cathode of 3.2 mm diameter and a c
cal tip of 60° included angle situated 5 mm above a fl
anode~or workpiece!. The arc current was 200 A, and th
total input gas flow was 10 L min21. The gas mixture was
input through a nozzle of radius 2.35 mm, concentrica
around the cathode.

In the following subsections, the effects of demixing a
examined for arcs in mixtures of argon with helium, nitr
gen, oxygen, and hydrogen. The changes in mass fraction
calculated for a range of input compositions, and the con
butions of the different demixing processes are asses
These contributions are related to the combined diffus
coefficients for the mixtures. By calculating the temperatu
and velocity fields and the heat flux to the anode, both wh
including and while neglecting the effects of demixing, t
influence of demixing on these parameters can be de
mined.

A. Argon-helium arcs

Mixtures of argon and helium are relatively simple in d
mixing terms since they are both atomic gases, so disso
tion effects do not have to be considered. Also, as noted
Sec. II B, all demixing processes act in the same direction
increase the helium mass fraction in the regions at hig
temperature.

Figure 3 shows the distribution of helium and the te
perature distribution in an arc in a mixture of 10% heliu
and 90% argon by mass, corresponding to 52.6% helium
mole. The mass fraction of helium in the hottest regions
the arc is over 2.5 times larger than in the input gas, dem
strating that demixing can generate large changes in arc c
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7478 55A. B. MURPHY
position. The mass fraction contours are similar in shape
the temperature contours, indicating that the helium m
fraction increases monotonically with temperature.

Figure 4 shows the calculated radial dependence of
mass fraction at four axial positions in arcs in three differ
mixtures of argon and helium, 1%, 5%, and 10% helium
mass, corresponding to 9.2%, 35.5%, and 52.6% by m
The greatest percentage increase in the helium mass fra
occurs in the last case, but in all cases the helium m

FIG. 3. ~a! Isopleths of helium mass fraction and~b! isotherms,
labeled in units of 1000 K; calculated for a 200 A 5 mm arcwith a
10 L min21 input flow composed of 10% helium and 90% argon
mass.
to
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fraction is more than doubled in the hottest regions of
arc.

The influence of the different demixing processes
shown in Fig. 5. As noted above, all three demixing pr
cesses considered lead to the concentration of helium
the arc axis. Demixing due to mole fraction gradients h
only a relatively small effect, causing an increase in the
lium mass fraction of up to about 30%. The increase occ
at radii of less than 2 mm, corresponding to temperatu
above 12 500 K, at which argon atoms are becoming ioniz
At radii of less than 1 mm, corresponding to temperatu
above 17 000 K, helium atoms also start to become ioniz
and the magnitude of the demixing due to mole fraction g
dients decreases.

The most important effect is demixing due to friction
forces, which causes the helium mass fraction to incre
from a radius of around 2 mm right up to the arc axis. D
mixing due to thermal diffusion also has a significant effe
particularly close to the arc axis.

To gain a more fundamental understanding of the infl
ence of demixing, it is useful to examine the dependence
the three combined diffusion coefficients on temperature
composition. The combined diffusion coefficients are plott
against temperature in Fig. 6 for three different mixtures
argon and helium. The combined mole fraction diffusion c
efficient is always positive, and does not depend as stron
on gas composition as the other two combined diffusion
efficients. It is largest in the temperature range in which io
and neutrals are present in roughly equal numbers~cf. Fig.
1!; the large size of the Coulomb collision cross section
sures that it decreases when the collisions between cha
species dominate@46#. The combined temperature diffusio
coefficient may be either positive or negative, depending
the net effect of the interactions between all the spec
present. Typically, but not always, it is found thatDAB

T1.0 in
a mixture of gasesA andB if mA.mB. Equation~6! indi-
cates that whenDAB

T1 is positive, demixing due to frictiona
forces will increase the mass fraction of gasB in the regions
at higher temperature. The combined thermal diffusion co
ficient may also be positive or negative; it is usually the ca
thatDA

T.0 in a mixture of gasesA andB if mA.mB.
Figure 6 shows thatDAr,He

T1 .0 andDAr
T .0 for all mix-

tures of argon and helium, except forDAr
T for a high helium

mass fraction and high temperature. This explains the c
centration of helium in the arc center, caused by demix
due to frictional forces and thermal diffusion, that is show
in Fig. 5.

B. Argon-nitrogen arcs

Arcs in mixtures of argon and nitrogen exhibit more com
plicated demixing behavior than those in argon and heli
mixtures, both because nitrogen is a diatomic gas, and
cause the influence of frictional forces on demixing is mo
complex.

Figure 7 shows the distribution of nitrogen and t
temperature distribution in an arc in a mixture of 20% nitr
gen and 80% argon by mass, corresponding to 26
molecular nitrogen by mole. It is clear that demixin
again leads to substantial changes in arc composit



s.

55 7479DEMIXING IN FREE-BURNING ARCS
FIG. 4. Radial dependence of the mass fraction of helium gas at four axial distances below the cathode, for a 200 A 5 mm arcwith a 10
L min21 input flow composed of~a! 1% helium and 99% argon;~b! 5% helium and 95% argon;~c! 10% helium and 90% argon by mas
The horizontal line shows the input mass fraction.
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although the changes are smaller than in the argon-he
arc. The mass fraction of nitrogen increases near the
axis, but decreases at larger radii, at temperatures c
to that at which nitrogen molecules dissociate. The p
value of the nitrogen mass fraction occurs near the ano
rather than in the higher-temperature region near the cath
as was found for the helium mass fraction in the arg
helium arc.

This behavior is investigated further in Fig. 8, whic
shows the radial dependence of the nitrogen mass frac
for three different mixtures of argon and nitrogen; 20
45%, and 75% nitrogen by mass, corresponding to 26.
53.8%, and 81.1% by mole, respectively. Three distinct f
tures are apparent in the figures. First, in all cases, there
small increase followed by a larger decrease in the nitro
mass fraction as the radius decreases from 6 to 2 mm,
peak and subsequent dip occurring at smaller radii at a
positions closer to the cathode. This is caused by demix
due to mole fraction gradients associated with the disso
m
rc
se
k
e,
de
-

on
,
,
-
a
n
he
al
g
a-

tion of nitrogen molecules, which occurs at temperatures
tween about 6000 and 7000 K. As noted in Sec. II B, dis
ciation of molecules causes an increase in the mole fract
The resulting mole fraction gradient drives a flux of nitrog
towards the regions at lower temperature, where the nitro
atoms are recombined.

The second feature is a change in the nitrogen mass f
tion at radii less than about 1.5 mm. In Fig. 8~a!, there is a
large increase in the nitrogen mass fraction in this region
Fig. 8~c!, there is a large decrease, and in Fig. 8~b!, there is
only a minor change. These effects are chiefly a result
demixing due to frictional forces, as will be shown below.
the case of an argon-nitrogen mixture, demixing due to fr
tional forces can act in different directions depending on
relative mass fractions of the two gases. If the mass frac
of nitrogen is small, the demixing causes an increase in
nitrogen mass fraction, whereas if it is large, demixi
causes it to decrease. At intermediate nitrogen mass f
tions, demixing has little effect.
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7480 55A. B. MURPHY
The final feature apparent in Fig. 8 is a change in
nitrogen mass fraction in the central 0.5 mm towards
value in the input gas stream. This change is generally gr
est close to the cathode, and is a result of the large axial
velocity close to the arc axis. Diffusion is not sufficient
rapid to allow complete demixing of the input gas mixture
this region, due to the rapid convective influx of the inp
gas mixture. This effect is not nearly so marked in the arg
helium arc, since helium diffuses much more rapidly th
nitrogen, and since the flow velocity is smaller in the argo
helium arc~see Sec. III E!.

Figure 9 shows the influence of the different demixi
processes on the composition of the argon-nitrogen arc.
mixing due to mole fraction gradients is found to lead to
very strong shift of nitrogen towards the edge of the arc
regions around a radius of 2.5 mm, corresponding to
dissociation temperature of nitrogen. In the central region
the arc, where the gases ionize, there is relatively little
mixing due to mole fraction gradients. This is because ar
and nitrogen atoms have similar ionization energies, so la
mole fraction gradients of the gases are not set up by ion
tion. Demixing due to frictional forces is found to have
much stronger influence in the central regions, strongly c
centrating nitrogen near the arc axis in this case. It also
creases the changes in composition caused by demixing
to mole fraction gradients in the regions near the dissocia
temperature of nitrogen. Demixing due to thermal diffusi
is found to have a relatively small effect; as in the argo
helium arc, it concentrates the lighter gas in the high
temperature regions.

Figure 10 shows the combined diffusion coefficients
different mixtures of argon and nitrogen. The most intere
ing feature is that the combined temperature diffusion co
ficientDAr,N

T1 changes sign depending on the relative conc
trations of the two gases. This explains the dependenc
direction of demixing on the gas composition that was no
in the discussion of Fig. 8; Eq.~6! indicates that the mas
fraction of gasB will increase as temperature increases

FIG. 5. Calculated radial dependence of the mass fraction
helium 2 mm below the cathode for the conditions of Fig. 3, w
the effects of the different demixing processes shown.
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T1.0 and decrease ifDAB
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is the case here!.

C. Argon-oxygen arcs

Arcs in mixtures of argon and oxygen exhibit broad
similar behavior to those in argon and nitrogen mixtur
Figure 11 shows the distribution of oxygen and the tempe
ture distribution in an arc in a mixture of 20% oxygen a
80% argon by mass, corresponding to 23.8% molecular o
gen by mole. A substantial change in arc composition
again observed; the oxygen mass fraction increases by m
than 50% near the arc axis. This increase is larger than
observed for nitrogen in the argon-nitrogen arc, but the sh
of the contours is similar; in particular, the mass fraction
oxygen is largest on axis near the anode, and it decreas
larger radii, where temperatures fall below the dissociat
temperature of oxygen.

Figure 12 shows the radial dependence of the oxy
mass fraction for three different mixtures of argon and ox
gen; 5%, 20%, and 80% oxygen by mass, correspondin
6.2%, 23.8%, and 83.3% by mole, respectively. The th
main features that were noted in the argon-nitrogen arcs
also apparent in the argon-oxygen arcs. First there is

of

FIG. 6. Combined diffusion coefficients for different mixture
of argon and helium by weight.~a! Combined mole fraction diffu-
sion coefficient;~b! combined temperature diffusion coefficient;~c!
combined thermal diffusion coefficient.
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55 7481DEMIXING IN FREE-BURNING ARCS
small increase followed by a sharp decrease in the oxy
mass fraction as the radius decreases from 6 to 2.5
caused by demixing due to the mole fraction gradients a
ciated with the dissociation of oxygen molecules, which o
curs at temperatures between around 3000 and 3500 K.
second feature is the change in the oxygen mass fractio
radii less than about 1.5 mm. In Figs. 12~a! and 12~b!, a large
increase in the oxygen mass fraction occurs, but in F
12~c!, there is a decrease. As in the argon-nitrogen mixtu

FIG. 7. ~a! Isopleths of nitrogen mass fraction and~b! isotherms,
labeled in units of 1000 K; calculated for a 200 A 5 mm arcwith a
10 L min21 input flow composed of 20% nitrogen and 80% arg
by mass.
n
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demixing due to frictional forces acts in different directio
depending on the mass fractions of the two gases. The
feature apparent in Fig. 12 is the change in the oxygen m
fraction in the central 0.5 mm towards its value in the inp
gas stream, due to the large axial flow velocity close to
arc axis. As can also be seen in Fig. 11, the effect is lar
near the cathode; demixing has a greater effect near the
ode since diffusion has had a longer time to occur.

Figure 13 shows the influence of the different demixi
processes on the composition of the argon-oxygen arc. Ag
the results are similar to those calculated for the arg
nitrogen arc, shown in Fig. 9. Since oxygen is a molecu
gas, demixing due to mole fraction gradients is observed
regions at temperatures close to the dissociation tempera
of oxygen, at radii around 3 mm, leading to a displacem
of oxygen towards the edge of the arc. Further, since oxyg
like nitrogen, has a similar ionization energy to argon, th
is again little demixing due to mole fraction gradients in t
high-temperature regions. Demixing due to frictional forc
and thermal diffusion both concentrate oxygen near the
axis in this case. The effect is greater than in the arg
nitrogen arc for both these demixing processes.

Figure 14 shows the combined diffusion coefficients
different mixtures of argon and oxygen. The combined te
perature diffusion coefficientDAr,O

T1 changes sign dependin
on the relative concentrations of the two gases, as
DAr,N
T1 for the argon-nitrogen mixture. In the case of th

argon-oxygen mixture, the sign change occurs for an oxy
mass fraction of around 0.6, compared to a nitrogen m
fraction of around 0.45 for the argon-nitrogen mixture. T
magnitude ofDAr,O

T1 is generally larger than that ofDAr,N
T1 ; this

leads to the stronger demixing effects observed in the arg
oxygen arc.

D. Argon-hydrogen arcs

The results presented so far may be divided into t
groups; those pertaining to the relatively heavy molecu
gases nitrogen and oxygen, and those pertaining to the
atomic gas helium. Hydrogen is both light and molecular,
it might be expected that demixing in argon-hydrogen a
will share some of the characteristics observed in the arc
the different gas mixtures treated so far.

Figure 15 shows the distribution of hydrogen and the te
perature distribution in an arc in a mixture of 5% hydrog
and 95% argon by mass, corresponding to 51.1% molec
hydrogen by mole. The hydrogen mass fraction increase
twice its input value near the anode on the arc axis, whic
a similarly large increase to that found for helium. The sha
of the contours is similar to those calculated for oxygen a
nitrogen, however. It is again observed that there is a
crease in the mass fraction of the molecular gas at large r
near its dissociation temperature.

The radial dependence of the hydrogen mass fractio
shown in Fig. 16 for three different mixtures of argon a
hydrogen; 0.5%, 1%, and 5% hydrogen by mass, correspo
ing to 9.1%, 16.7%, and 51.1% by mole, respectively. Th
features that were noted in the argon-nitrogen and arg
oxygen arcs are again apparent. The increase followed
decrease in the molecular gas mass fraction as the ra
decreases from the edge to 2.5 mm again occurs becau
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FIG. 8. Radial dependence of the mass fraction of nitrogen gas at four axial distances below the cathode, for a 200 A 5 mm arcwith a
10 L min21 input flow composed of~a! 20% nitrogen and 80% argon;~b! 45% nitrogen and 55% argon;~c! 75% nitrogen and 25% argon
by mass. The horizontal line shows the input mass fraction.
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demixing due to mole fraction gradients associated with
dissociation of hydrogen molecules, which occurs at te
peratures between about 3000 and 3500 K. The arg
hydrogen arc is somewhat broader than the argon-nitro
and argon-oxygen arcs~cf. Figs. 8, 12, and 16!, so this fea-
ture occurs at larger radii. The second feature, the chang
the mass fraction near the arc axis, also occurs at larger
in the argon-hydrogen arc, extending out to about 3 mm a
axial position of 4 mm below the cathode. The hydrog
mass fraction reaches more than three times its input v
for the 0.5% and the 1% hydrogen arcs, which confirms
general trend that the larger the difference in masses of
input gases, the larger the effect of demixing.~This is not an
absolute rule, as is illustrated by the result that the m
fraction change in the argon-oxygen arc is larger than in
argon-nitrogen arc.!

The final feature apparent in Fig. 16 is the change in
hydrogen mass fraction in the central 0.5 mm towards
value in the input gas stream, due to the large axial fl
e
-
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en
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dii
n
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ue
e
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ss
e

e
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velocity close to the arc axis. This effect is more mark
when the hydrogen concentration is larger, because the
velocity is greater. The same effect was also seen for
other molecular gases, but not for the argon-helium a
There are two reasons for this. The first is that the fl
velocity on the axis of the argon-helium arc is lower than
the other arcs~see Sec. III E!. The second is that diffusion
coefficients, and hence the rate of diffusion, for the arg
helium mixture are larger than for the other mixtures, p
ticularly at the high temperatures found near the arc a
The diffusion coefficients for the argon-hydrogen mixtu
are lower than for the argon-helium mixture, despite the
verse relationship between diffusion coefficient and ma
the reasons for this will be discussed below.

Figure 17 shows the influence of the different demixi
processes on the composition of the argon-hydrogen arc.
influence of demixing due to mole fraction gradients and d
to frictional forces is similar to that seen in the argo
nitrogen and argon-oxygen arcs. However, demixing due
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55 7483DEMIXING IN FREE-BURNING ARCS
FIG. 9. Calculated radial dependence of the mass fraction
nitrogen 2 mm below the cathode for the conditions of Fig. 7, w
the effects of the different demixing processes shown.

FIG. 10. Combined diffusion coefficients for different mixture
of argon and nitrogen by weight.~a! Combined mole fraction dif-
fusion coefficient;~b! combined temperature diffusion coefficien
~c! combined thermal diffusion coefficient.
thermal diffusion on this occasion acts to decrease the
drogen mass fraction near the arc axis. In all other gas m
tures considered, demixing due to thermal diffusion
creased the mass fraction of the lighter gas in the hi
temperature region. The change in direction of demixing d
to thermal diffusion may be explained in terms of the co
bined thermal diffusion coefficientDAr

T , shown in Fig. 18.
DAr
T is negative at high temperatures, above about 10 000

for the mixtures of argon and hydrogen. In all other g

of

FIG. 11. ~a! Isopleths of oxygen mass fraction and~b! iso-
therms, labeled in units of 1000 K; calculated for a 200 A 5 mm arc
with a 10 L min21 input flow composed of 20% oxygen and 80
argon by mass.
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FIG. 12. Radial dependence of the mass fraction of oxygen gas at four axial distances below the cathode, for a 200 A 5 mm arcwith a
10 L min21 input flow composed of~a! 5% oxygen and 95% argon;~b! 20% oxygen and 80% argon;~c! 80% oxygen and 20% argon b
mass. The horizontal line shows the input mass fraction.
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mixtures considered, it is positive for almost the entire te
perature range of interest. It is generally considered that
thermal diffusion coefficient of a heavy gas mixed with
lighter gas should be positive@53#; this is certainly the case
at low temperatures, when only neutral species are pres
but the present example shows that it is not necessarily
when ionized species are present.

Figure 18 also shows the other two combined diffus
coefficients for mixtures of argon and hydrogen. As no
above, they tend to be smaller, particularly at temperatu
between 15 000 and 25 000 K, than for the argon-heli
mixtures~cf. Fig. 6!, despite the inverse dependence of d
fusion coefficients with mass. The reason for this is that
drogen ionizes at a lower temperature than helium, wh
means that the Coulomb interactions dominate at lower t
perature. Diffusion coefficients depend inversely on the c
lision cross sections, and the Coulomb interaction ha
much larger cross section than interactions between neu
and between ions and neutrals.
-
e
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-
h
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a
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The combined temperature diffusion coefficientDAr,H
T1

changes sign depending on the relative concentrations o
two gases, as didDAr,N

T1 andDAr,O
T1 . The sign change occur

for a hydrogen mass fraction of about 0.15, correspondin
a mole fraction of around 0.8. This indicates that, despite
large mass difference between argon and hydrogen, arcs
mixing due to frictional forces will act in different direction
depending on the mass fractions of the two gases, as was
seen in the argon-nitrogen and argon-oxygen arcs. Henc
an arc containing a large percentage of hydrogen, the hy
gen mass fraction is expected to decrease below its in
value near the arc axis.

It should be noted that it has been demonstrated that
density of hydrogen atoms in the fringe regions of argo
hydrogen arcs@35# is higher than that predicted assumin
local chemical equilibrium. This is because the atoms diffu
more rapidly than they can recombine to form molecu
hydrogen. However, this phenomenon only affects the co
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55 7485DEMIXING IN FREE-BURNING ARCS
FIG. 13. Calculated radial dependence of the mass fractio
oxygen 2 mm below the cathode for the conditions of Fig. 11, w
the effects of the different demixing processes shown.

FIG. 14. Combined diffusion coefficients for different mixture
of argon and oxygen by weight.~a! Combined mole fraction diffu-
sion coefficient;~b! combined temperature diffusion coefficient;~c!
combined thermal diffusion coefficient.
position in regions at temperatures lower than the recom
nation temperature of between 3000 and 3500 K. In th
regions it may lead to a small increase in the hydrogen m
fraction over that calculated assuming local chemical eq
librium.

E. Effect of demixing on arc properties

It has been shown in Secs. III A–III D that demixin
usually has a large effect on the composition of a fre

of

FIG. 15. ~a! Isopleths of hydrogen mass fraction and~b! iso-
therms, labeled in units of 1000 K; calculated for a 200 A 5 mm arc
with a 10 L min21 input flow composed of 5% hydrogen and 95
argon by mass.



7486 55A. B. MURPHY
FIG. 16. Radial dependence of the mass fraction of hydrogen gas at four axial distances below the cathode, for a 200 A 5 mm arcwith
a 10 L min21 input flow composed of~a! 0.5% hydrogen and 99.5% argon;~b! 1% hydrogen and 99% argon;~c! 5% hydrogen and 95%
argon by mass. The horizontal line shows the input mass fraction.
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burning arc. Here the effects of these changes in compos
on three arc properties, the temperature, the axial flow ve
ity, and the heat flux to the anode, are considered.

Results for the first two of these properties are given
Table I. The temperature and the axial velocity on the
axis are given for four axial positions for all the input g
compositions considered in Secs. III A–III D. Also given a
the percentage changes in these properties due to the e
of demixing, calculated relative to the value of the prope
when the effect of demixing is neglected; i.e., assuming t
the mass fraction of argon is everywhere equal to its in
value. Temperatures and axial velocities for a pure argon
are listed for comparison.

Despite the large changes in composition that demix
causes, it has only a relatively small influence on the
temperature. The largest changes are in the argon-hydr
mixtures, and even these are of order 6% or less. Figure
shows the temperature distribution calculated including
neglecting the effect of demixing for an arc in a mixture
on
c-

n
c

ect
y
at
t
rc

g
c
en
19
d

5% hydrogen and 95% argon by mass. Demixing decrea
the arc temperature by 1450 K on axis 1 mm below
cathode; the changes are smaller elsewhere.

The influence of demixing on the flow velocity is als
generally small. Typical changes are again less than
However, in arcs in mixtures of argon and helium, includi
the influence of demixing in the calculations can decrease
axial velocity by more than 20%. The changes are lar
close to the anode, as can be seen in Fig. 20, which sh
the axial velocity distribution for an arc in a mixture of 10%
helium and 90% argon by mass. This change is a result of
increase in viscosity with helium mass fraction that is calc
lated to occur in mixtures of argon and helium at high te
peratures@47,54,55#; this is illustrated in Fig. 21, which
shows viscosity for mixtures of argon and different gas
The increased helium mass fraction near the arc axis ca
by demixing leads to a greater transfer of momentum fr
the central regions to the off-axis regions of the arc, lead
to a less-peaked velocity profile. The effect is greater clo
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55 7487DEMIXING IN FREE-BURNING ARCS
FIG. 17. Calculated radial dependence of the mass fractio
hydrogen 2 mm below the cathode for the conditions of Fig.
with the effects of the different demixing processes shown.

FIG. 18. Combined diffusion coefficients for different mixture
of argon and hydrogen by weight.~a! Combined mole fraction dif-
fusion coefficient;~b! combined temperature diffusion coefficien
~c! combined thermal diffusion coefficient.
to the anode since the gas has traveled further to reach t
positions. For the other gas mixtures, the viscosity is sim
to that of pure argon, so the effect of demixing on the flo
velocity is smaller.

Table I, as well as showing the influence of demixing
temperature and flow velocity, also shows some interes
trends in these quantities due to the addition of other gase
argon. The arc temperature and the axial velocity both
crease as increasing proportions of the other gases are a
to argon. The increase in the axial velocity is particula
dramatic. It may be attributed to the increase in the curr
density near the cathode, which leads to an increase in
magnetic pinch, orj3B, force, the driving mechanism fo
the convective flow in the arc. The increase in current d
sity is due to two effects. First, as shown in Fig. 22, t
electrical conductivity is increased at the high temperatu
(*20 000 K! that are present near the cathode by the ad
tion of one of the molecular gases. Second, the thermal c
ductivity is increased by the addition of one of the oth
gases, particularly the molecular gases, to argon, as show
Fig. 23. The peaks at 3500 K for the argon-oxygen a
argon-hydrogen mixtures and at 7000 K for the argo
nitrogen mixture are due to the reaction thermal conductiv
associated with the dissociation of the molecular gases.
greater thermal conductivity causes the temperature pro
of the arc to become more strongly peaked around the
axis, which in turn leads to a higher current density near
cathode.

In many applications of free-burning arcs, such as GTA
welding, plasma cutting, and mineral processing, the role
the arc is to transfer a concentrated flux of heat to the ano
It is hence interesting to calculate the effect of demixing
the heat flux to the anode. The heat flux is the sum of
conduction term2(k/cp)]h/]z and the electron heating
term2 j zfa , wherej z is the axial current density andfa is
the anode work function, taken to be 4.65 V. Zhuet al. @56#
have shown that other terms are negligible. The anode t
perature profile is taken to be that calculated by Zhuet al. for
a 5 mm thick copper anode and a 200 A argon arc. The a
dimension of the grid adjacent to the anode is chosen to
0.1 mm. It is important not to make this dimension smal
than the anode sheath thickness, shown by Morrow
Lowke @57# to be typically about 0.04 mm, since in th
region transport is dominated by electron diffusion and
local thermodynamic equilibrium~LTE! approximation used
in the code is not valid. Decreasing the dimension bel
0.04 mm leads to unrealistically high values of the arc vo
age and the total anode heat flux, whereas decreasing
dimension from 0.1 to 0.05 mm leads to only a 5% change
these quantities. The trends observed in the radial profile
the anode heat flux are not significantly altered by decrea
the dimension from 0.1 to 0.05 mm.

Figure 24 shows the heat flux to the anode, calcula
including and neglecting the influence of demixing, for ar
in mixtures of argon and helium, nitrogen, oxygen, and h
drogen. Demixing has a very large influence in the arg
hydrogen arc, increasing the heat flux by the order of 50%
axis. Similar increases were calculated for the 1% and 0
hydrogen arcs. A smaller increase, about 10%, is found
the argon-nitrogen arc. The increases are mainly in the c
ductive component, and may be explained by the increa

of
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TABLE I. Temperature and axial velocity on axis, at four axial positions below the cathode, for ar
mixtures of argon and different mass fractions of other gases. The percentage changes in the tempera
axial velocities relative to their values calculated neglecting the effect of demixing are also given. Resu
pure argon are given for comparison.

Gas Mass fraction Temperature~K! Axial velocity ~m s21)
1 mm 2 mm 3 mm 4 mm 1 mm 2 mm 3 mm 4 mm

He 0.01 19940 18500 17310 16500 374 377 356 283
1.9% 0.6% 20.3% 20.5% 0.6% 21.4% 23.1% 25.8%

He 0.05 20440 19680 18640 17500 417 386 330 222
20.2% 2.2% 3.9% 3.4% 2.0% 22.5% 27.4% 215.6%

He 0.10 20310 19750 19140 18320 445 392 312 175
21.6% 0.9% 2.5% 4.7% 3.8% 21.8% 28.3% 221.3%

N2 0.20 21080 18470 16900 16000 570 587 570 496
22.3% 22.3% 21.6% 21.2% 21.8% 21.5% 21.5% 22.4%

N2 0.45 22880 19590 17450 16340 835 842 809 716
0.1% 0.2% 0.1% 0.0% 2.2% 1.8% 1.6% 1.5%

N2 0.75 24910 21600 18600 17060 1067 1067 1027 928
1.3% 4.0% 2.3% 1.0% 27.6% 27.6% 27.7% 27.9%

O2 0.05 19650 18070 16950 16170 392 409 398 333
21.9% 21.7% 21.5% 21.5% 20.7% 20.8% 21.3% 23.2%

O2 0.20 19940 18000 16770 15930 488 499 475 390
24.1% 23.9% 23.2% 2.9% 24.5% 22.4% 23.1% 26.1%

O2 0.80 22940 19890 18030 16840 900 889 840 724
0.7% 0.9% 0.7% 0.2% 20.3% 20.4% 20.3% 0.1%

H2 0.005 19920 18420 17360 16680 482 502 490 422
26.2% 24.7% 25.8% 22.7% 21.1% 0.0% 20.3% 22.5%

H2 0.01 20860 19380 18170 17430 592 613 598 518
25.1% 22.7% 21.4% 1.1% 0.1% 1.6% 1.8% 21.4%

H2 0.05 22970 21070 19630 18820 1182 1173 1122 989
25.9% 22.5% 0.2% 20.8% 20.5% 20.1% 1.5% 0.0%

Ar only 19350 17960 16940 16240 348 366 358 300
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thermal conductivity of the gas mixture in the temperatu
range present close to the anode, between about 5000
10 000 K. Figure 23 shows that the presence of hydroge
nitrogen greatly increases the thermal conductivity for te
peratures below 10 000 K, far more than for the other ga
considered. Hence the conduction to the anode near the
axis is strongly increased by the increase in hydrogen
nitrogen concentration caused by demixing. The effec
larger for hydrogen since demixing causes a greater incr
in mass fraction than for nitrogen.

The addition of oxygen only has a large influence on
thermal conductivity at temperatures up to around 5000
Such temperatures are only present within the sheath reg
No attempt is made here to treat the sheath region, so it is
possible to conclude whether the reaction component of
thermal conductivity arising from the dissociation of oxyg
molecules will have a significant effect on the anode h
flux. Nevertheless, the effect is expected to be much sma
than that observed for argon-hydrogen arcs.

IV. COMPARISON WITH EXPERIMENT

The mass fraction of nitrogen has been measured in
in different mixtures of argon and nitrogen using a spect
scopic technique@58# that is an extension of the Fowle
Milne method. The technique requires the emission from
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FIG. 19. Radial dependence of temperature at four axial
tances below the cathode for a 200 A 5 mm arcwith a 10 L
min21 input flow composed of 5% hydrogen and 95% argon
mass. The dotted lines show values calculated neglecting demix
while the other line types show values calculated including the
fects of demixing.
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neutral argon line and from a neutral nitrogen line to b
measured. The radial dependence of the emission coe
cients is obtained through an Abel transform of the data.

The method is applicable only to regions in local thermo
dynamic equilibrium, which, as shown by Cramet al. @59#,
means that data cannot be obtained for those regions at t
peratures below around 11 000 K. Also, the errors that res
from the Abel transform procedure accumulate in the cen
of the arc, meaning that uncertainties are so large in t
central 0.2 mm that mass fractions cannot be determined.
the remaining regions, the uncertainty in the mass fraction

FIG. 20. Radial dependence of axial velocity at four axial dis
tances below the cathode for a 200 A 5 mm arcwith a 10 L
min21 input flow composed of 10% helium and 90% argon b
mass. The dotted lines show values calculated neglecting demixi
while the other line types show values calculated including the e
fects of demixing.

FIG. 21. Dependence of viscosity on temperature for argon a
mixtures of 75% argon and 25% helium, nitrogen, oxygen, an
hydrogen by mole fraction.
ffi-

-

m-
lt
r
e
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is

less than about 0.02. This uncertainty corresponds to the
plitude of the small scale oscillations with spatial period
about 0.2 mm that appear in some of the mass fraction d
these oscillations are also an artifact of the Abel transfo
procedure.

Figure 25 shows the radial dependence of the mass f
tion of nitrogen at four axial positions for an arc in a mixtu
of 22% nitrogen and 78% argon by mass. The measured
are compared to the predictions of the model for the sa
conditions. The agreement is found to be good, with
measured increase in the nitrogen mass fraction as temp
ture increases being well reproduced by the model.

Measurements were also made for argon-nitrogen m
tures containing 41% and 68% nitrogen by mass. The m

-

g,
f-

d
d

FIG. 22. Dependence of electrical conductivity on temperat
for argon and mixtures of 50% argon and 50% helium, nitrog
oxygen, and hydrogen by mole fraction.

FIG. 23. Dependence of thermal conductivity on temperature
argon and mixtures of 75% argon and 25% helium, nitrogen, o
gen, and hydrogen by mole fraction.
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FIG. 24. Radial dependence of the heat flux to the anode in 200 A 5 mmarcs with a 10 L min21 input flow composed of~a! 10% helium
and 90% argon,~b! 20% nitrogen and 80% argon,~c! 20% oxygen and 80% argon,~d! 5% hydrogen and 95% argon, by mass. T
contributions due to conduction and electron heating are shown separately. The dotted lines show values calculated neglecting
while the other line types show values calculated including the effects of demixing.
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fractions and temperatures measured along a radius 1
below the cathode are shown in Fig. 26 for the three
mixtures. Good agreement with the predictions of the mo
is again found. In particular, the change in direction of d
mixing as the proportion of nitrogen in the gas mixture
increased is also shown by the measured data. Unfortuna
owing to the limitations of the measurement technique t
were noted above, the influence of the convective flow cl
to the arc axis, and the demixing effects in the region
which nitrogen molecules dissociate, could not be chec
experimentally.

Some measurements of helium mass fraction in an arg
helium arc have been presented by Hiraoka@32#, who used a
spectroscopic technique that involved the measuremen
the emission from an ArI and an ArII line to find the helium
concentration on the axis of arcs in different mixtures
argon and helium. The measurements were made in an
m
s
el
-

ly,
t
e
n
d

n-

of

f
rc

with different parameters from those considered thus far. T
arc current was 100 A, the cathode had the same diam
~3.2 mm! but the tip had an included angle of 45°, and t
distance between the cathode tip and the anode was 3
The model has been used to simulate an arc with these
rameters for the same mixtures of argon and helium t
were considered in Sec. III A. Hiraoka did not specify t
input gas flow rate, and 10 L min21 has again been used
Typical results are shown in Fig. 27. Comparison with t
results for the 200 A 5 mm arcshown in Fig. 3 shows tha
the maximum value of the helium mass fraction is smaller
the 100 A arc; this is a result of the smaller temperat
gradients in the central region of the arc. The predictions
the model are compared with Hiraoka’s measurements of
helium mass fraction 1 mm below the cathode on the arc a
in Fig. 28. Once again, close agreement is found with
experimental data.
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FIG. 25. Radial dependence of the mass fraction of nitrogen and temperature at positions~a! 1 mm, ~b! 2 mm, ~c! 3 mm, and~d! 4 mm
below the cathode in a 200 A 5 mmfree-burning arc with a 11.0 L min21 input flow composed of 22% nitrogen and 78% argon by ma
s, spectroscopic measurements; —, calculations.
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V. CONCLUSIONS

A numerical model of a free-burning arc in a mixture
two gases has been developed. The key innovation in
model is the use of the combined diffusion coefficient co
cept to treat the diffusion of the two gases. This has allow
the phenomenon of demixing to be treated simply yet ac
rately, under the assumption of local chemical equilibrium

The model has been applied to investigate demixing
mixtures of argon with helium, nitrogen, oxygen, and hyd
gen; all these mixtures are used in industrial arc process

The effects of demixing on the composition of the a
he
-
d
-

n
-
s.

have been shown to be large in most cases. The gre
effect was found in the argon-hydrogen arc, for which it w
found that the hydrogen mass fraction could be increased
a factor of more than 3 on the arc axis. The smallest eff
was for the argon-nitrogen arc, but even in this case
nitrogen mass fraction could be increased by 25% near
arc axis. Only for narrow ranges of compositions of mixtur
of argon and nitrogen, argon and oxygen, and argon
hydrogen, is the effect of demixing small. Usually, but n
always, the effect of demixing on the composition was fou
to be greater for a greater mass difference between the
gases.
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FIG. 26. Radial dependence of the mass fraction of nitrogen
position 1 mm below the cathode in 200 A 5 mmfree-burning arcs
in mixtures of argon and nitrogen. Measurements are shown
symbols and calculations by curves.s, —, 78% argon, 22% nitro-
gen, 11.0 L min21 total flow; 3,•••, 59% argon, 41% nitrogen
10.5 L min21 total flow;h,222, 32% argon, 68% nitrogen, 10.
L min21 total flow; all proportions are by mass.

FIG. 27. ~a! Isopleths of helium mass fraction and~b! isotherms,
labeled in units of 1000 K; calculated for a 100 A 3 mm arcwith an
included cathode angle of 45°. The input gas flow is 10 L min21,
composed of 10% helium and 90% argon by mass.
Complicated mass fraction distributions were observ
for arcs in mixtures of argon with molecular gases, beca
different demixing processes act in opposite directions
regions at different temperatures. It has been shown, h
ever, that the mass fraction distributions are readily ex
cable in terms of three different demixing processes and
influence of the convective, or mass-average, flow. The fi
demixing process, demixing due to mole fraction gradien
occurs in regions at temperatures at which a gas ionize
dissociates. It leads to a displacement of that gas from
gions at higher temperature to regions at lower tempera
than the ionization or dissociation temperature. The sec
demixing process, demixing due to frictional forces, typ
cally causes a displacement of the lighter gas to region
high temperature, although it has been shown that in the c
of argon-nitrogen, argon-oxygen, and argon-hydrogen m
tures, it may act in either direction depending on the relat
mass fractions of the two gases. The final demixing proc
demixing due to thermal diffusion, has only a minor infl
ence on the arc composition. It usually, but not always, a
to concentrate the lighter gas in regions of high temperat
The influence of the convective flow of fully mixed gas fro
around the cathode into the arc is to oppose the effec
demixing; however, convection is only effective within
mm or less of the arc axis, and even then not for mixtu
containing helium, which diffuses very rapidly.

Use of the combined diffusion coefficient formulation
treat diffusion between the two gases allows the effect
three demixing processes to be separated, since each o
three combined diffusion coefficients corresponds to a diff
ent demixing process. In particular, knowledge of the sign
the combined temperature and thermal diffusion coefficie
allows the direction of demixing due to frictional forces an
due to thermal diffusion, respectively, to be predicted. It
found that the most important demixing process in the hi
temperature regions, where the gases are dissociated a

a

y

FIG. 28. Mass fraction of helium on axis, 1 mm below th
cathode, plotted against the mass fraction of helium in the input
mixture, for 100 A 3 mm arcs with a 10 L min21 input flow. d,
spectroscopic measurements presented by Hiraoka@32#; h, calcu-
lations. The dotted line represents the hypothetical case of no
mixing, and the solid line is a fit to Hiraoka’s measurements.



s.
ca
er
xin

d
ra
ll
o
la
e
b
n
e
o

m
d
o
o

s. In
as
of

fied
e in
fied

arc
ed to
and
r to
dy
s in
ig-
ult.
g in
ed
en
s of

55 7493DEMIXING IN FREE-BURNING ARCS
least partially ionized, is demixing due to frictional force
The other two demixing processes can also have signifi
influences in these regions. In the regions at lower temp
ture, where dissociation of molecular gases occurs, demi
due to mole fraction gradients is the dominant process.

Despite the large changes in composition caused by
mixing, there is only a relatively small effect on arc tempe
ture and flow velocity. Changes of less than 5% are typica
calculated. Only in the case of the velocity near the axis
argon-helium arcs does including demixing in the calcu
tions have an effect of more than 10%. However, the h
flux to the anode is significantly increased near the axis
demixing in the argon-nitrogen and particularly in the argo
hydrogen arcs. The changes in flow velocity and anode h
flux can be explained in terms of the material properties
the gas mixtures.

The predictions of the numerical model have been co
pared with spectroscopic measurements of mass fraction
tributions in argon-nitrogen arcs and of the mass fraction
axis in argon-helium arcs. Good agreement has been dem
iv
in
nt
a-
g

e-
-
y
f
-
at
y
-
at
f

-
is-
n
n-

strated between the measurements and the calculation
particular, the change in the direction of demixing that h
been predicted in the argon-nitrogen arc as the fraction
nitrogen in the input gas mixture was increased was veri
by the experiments. Further, the magnitude of the chang
mass fraction predicted to be caused by demixing is veri
by the measurements.

Mixtures of gases are used for two main reasons in
and plasma processes; first, to provide the species requir
drive chemical reactions in the arc or at the electrodes,
second, to increase thermal transport to the electrodes o
particles injected into the plasma. The results of this stu
have shown that demixing generally causes large change
the composition of an arc, and that, in some mixtures, s
nificant changes in flow velocity and thermal transport res
Hence both the chemical and thermal processes occurrin
the arc can be influenced by demixing. It may be conclud
that it is important to consider the effects of demixing wh
modeling arc and plasma processes that employ mixture
gases.
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@24# D. Vukanović, Spectrochim. Acta22, 815 ~1966!.
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