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Demixing in free-burning arcs
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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 af84.063-651X97)11205-3

PACS numbsgs): 52.80.Mg, 52.25.Fi, 51.28.d

I. INTRODUCTION cataphoresis, the concentration of the metallic elements near
the cathode due to the transport of ions in the electric field
Mixtures of different gases are used in most industrialthat is also observed in such af&-6]. Frie[7] has pointed
processes that utilize electric arcs. For example, in gassut the error in Eberhagen’s reasoning.
tungsten arc weldingGTAW), mixtures of helium or hydro- Maecker[8] showed that demixing also took place for
gen and argon are often used; in gas-metal arc welding, canonmetallic chemical elements, observing a concentration of
bon dioxide or oxygen, or sometimes helium, hydrogen, oifluorine on the axis of an Sfarc. Many of the observations
nitrogen, are added to argon; and air is commonly used agf demixing that followed were made during measurements
the plasma gas for plasma cutting. Other vapors may be d@®f atomic transition parameters, in which a knowledge of
rived from the vaporization of electrodes or droplets or par-species densities was required. For example, Mastrup and
ticles. In processes such as plasma metallurgy and plasn¥sliese[9] observed a concentration of helium on the axis of
waste destruction, very complicated gas mixtures occur. @ helium-nitrogen arc, Rod¢f0] noted an increase in iron
It is not possible to assume that the relative concentrationgapor concentration near the edge of an argon arc with
of the gases present are uniform in the arc. This is obviouslfeCl; added, and Wobig11] observed a decrease in the
true when a source of one of the gases, for example metéitanium to chlorine density ratio near the axis of arcs in
droplets, is present in the arc. However, even in cases whetitrogen, argon, and helium to which TiChad been added.
the gases are fully mixed before being introduced into the arS&chumaker and Popenf#2] noted an increase in hydrogen
region, a process known as demixing causes partial separeoncentration near the axis of an argon-hydrogen arc. Later,
tion of the gases. Schulz-Gulde and Barushk&3,14] observed demixing in an
Demixing is a process driven by differences in the diffu- SFg arc in measurements ofi Fransition probabilities.
sion velocities of the species that are present in the arc. It The first quantitative explanations of these demixing ef-
occurs in the presence of temperature or pressure gradienfects were contained in an important series of papers by Frie
or of certain external forces such as electric fields. For exand Maecker, in which they classified and analyzed the sig-
ample, since the degree of dissociation and ionization of aificance of the different processes that drive demixing
gas depends on the temperature, a temperature gradient dahl5-17, and in a paper by Richt¢d8], who measured the
give rise to gradients in the mole fractions of the individualdegree of demixing in arcs in mixtures of argon, nitrogen,
species present. These mole fraction gradients in turn driveelium, and hydrogen, and explained the results in a similar
diffusion until the sum of the forces, including those due tomanner to Frie and Maecker.
mole fraction gradients, frictional forces, thermal diffusion  Sulfur hexafluoride arcs have continued to be studied ex-
forces, and external forces, on the species is zero. tensively. Motschmann[19,20, Schulz-Gulde[21], and
The initial observations of demixing in arcs were made asvacquie[22] have assessed various methods of temperature
early as the beginning of the 20th century. Lenptfidis- and composition measurement in such arcs, and recently
covered the so-calledlenardsche HohlflammefLenard’'s Gonzalezet al. [23] investigated the influence of demixing
hollow flame, an electric arc in which the spectroscopic on the temperature of SFarcs.
emission from metallic elements present in trace quantities Most of the more recent studies of demixing have been
was observed to be concentrated in a cylindrically symmetricelated to the industrial applications of mixed gas plasmas.
zone separated from the central region. A summary of obseMukanovic and Vukanovic[24,25 measured the effect of
vations in such arcs was given by Eberhaf@n Eberhagen demixing in arcs used for spectrochemical analysis. Fischer
mistakenly explained the observations as a side effect di26] and Stormberd27] measured and calculated the com-
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position in high-pressure mercury—metal-halide discharge n2 A
lamps; further measurements on such lamps were performed Ji=min;v,= —miE m;D;;d;j— DiTVInT, D
recently by Karabourniotigt al. [28]. Cheminatet al. [29] poi=t
observed a demixing effect in measurements of the vaporiza- ) o ] o ]
tion of a silver anode in an argon arc. Fincke and co-workerd/herev; is the diffusion velocity of speciesrelative to the
measured30,31 and calculatedi31] the influence of demix- Mass-average velocity afidis the tempTerature. The;; are
ing in argon-helium plasma jets, and HiradiéZ] observed a qrdmary d.lffusmn coefficients, f':md thg, are thermal diffu-
similar demixing effect in an argon-helium free-burning arc. Sion coefficients. The terrd;, given by
Recently, Fudoliget al. [33] modeled temperature and con-
centration fields in an argon-nitrogen arc reactor, using an
approach based on that presented here, and Satzaki[34] dj=Vx;+
and Snyderet al. [35] investigated the diffusion of small
amounts of hydrogen added to argon arcs.

Only in a few of the above papef£6,27,31,33 were

q
Pj pi| p
Xj_;J)V“’]P_P_;)(Hij_El n|F|), (2)

describes the diffusion forces due to gradients in mole frac-

realistic models of the demixing process introduced. Thd'on xj=n;/n and pres;ureP, and due to external force_s_
main difficulty in calculating the effects of demixing is the Fi- N andp are, respectively, the number and mass densities
need to treat the diffusion of the many different specieOf the gas mixture, and, ,p;, andm; are, respectively, the
present in mixed-gas plasmas. The conservation of mass gtmber density, mass density, and mass ofjthespecies.
each of the species has to be considered, and diffusion coef- AS can be seen from Eql), there areg” ordinary diffu-
ficients describing the diffusion of each species with respecton coefficients an‘f* thermal diffusion coefficients to be
to every other species have to be calculated. Recently, mugalculated; of these;q(q—1) andq—1, respectively, are
phy [36] introduced the concept of combined diffusion coef- linearly mdependent. A further_ complication that arises when
ficients, which allowed the treatment of diffusion to be char.ged particles are present_ls that the tendency of _elef:trons
greatly simplified for many mixed-gas plasmas. The concepto diffuse more rapidly than ions sets up an electric field,
was applied to a one-dimensional model of demixing in anwhich influences the d|ffu5|o_n of all charged partl'cles
argon-nitrogen ar¢37], and to a two-dimensional model of Present. To take account of this effect, known as ambipolar
demixing in argon-nitrogen and argon-helium af8s,3d. diffusion, the diffusion coefficients have to be modified as
Not only does the concept simplify the mathematical treatShown by Devotd41] and Murphy[36].
ment of demixing, but it also allows the respective influences Murphy [36,42 has shown that in a mixture of two homo-
of the different physical processes that drive demixing to béuclear gases that do not react with each other the treatment
isolated. of diffusion can be greatly simplified if local chemical equi-
The purpose of the work presented here is to investigatidPrium is assumed. In this case, instead of considering the
in detail the phenomenon of demixing in a range of gaéjlffus_lon Qf individual species separately, one can conS|d§r
mixtures relevant to industrial arc processes. A two-the diffusion of gases. Here a gas, for example nitrogen, is
dimensional numerical model of the arc is used, with thedefined to consist of all the species that can be derived from
combined diffusion coefficient formulation used to treat dif- that gas, for example N N,*, N, N*, N**, and the
fusion. Both the changes in composition caused by demixélectrons den_ved fro_m the |on!zat|on of nltrogen molecules
ing, and the consequent changes in arc properties such ggd atoms. Itis possmle to derive an expression for the mass
temperature, gas velocity, and thermal transport, are calcdlux of a gas, defined as the sum of the mass fluxes of all the
lated. The contributions of the different demixing processe$Pecies that make up the gas, that has the form
to the changes are assessed, and comparisons are made with )
experimental measurements. — N — — —
In Sec. Il the combined diffusion coefficient formulation JA:;mA mg D3Vxg — (Dag+DA)VINT, &)
is outlined, and its relation to the different demixing pro-
cesses is demonstrated. Further, the equations and method
used in the computational model are presented. In Sec. Il = . ;
the results of the model are given for free-burning arcs in" andxg is th‘? sum of the mole_ fractions of aI_I Species of
different mixtures of argon with helium, hydrogen, nitrogen,gaSB' Expressions for the combined mole fraction diffusion

and oxygen. The predictions of the model are compared t§0efficientD3g and the combined temperature diffusion co-

available experimental data in Sec. IV. Conclusions are preefficient D o5, which are weighted averages of the ordinary

sented in Sec. V. diffusion coefficients, and the combined thermal diffusion
coefficientDX, which is a weighted average of the thermal
diffusion coefficients, have been given elsewhgzé,42.

Il. THEORY The bar notation is used to denote that a variable refers to a
gas rather than to a species. Gradients in the total pressure
and external forces have been neglected in By.if they

Diffusion in a gas can be described by equations for thevere included a further combined diffusion coefficient would
mass fluxJ;, relative to the mass-average velocity, of eachbe required for the pressure gradient and for each external
of the species present. In a gas mixture containiggspe- force considered. The reason that two distinct combined dif-
cies, in the presence of a temperature gradient, the equatiofission coefficients are derived from the ordinary diffusion
take the form[40,41] coefficients is that the expression that describes the relation

ﬁerem_A is the average mass of the heavy species of gas

A. Combined diffusion coefficient method
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FIG. 2. Radial dependence of the total mass fractions of argon
0 1

L and helium for the mixture considered in Fig. 1, after the effects of
0 5000 10000 15000 20000 25000 demixing due to mole fraction gradients have been taken into ac-
temperature (K) count, for a typical arc temperature profile.

FIG. 1. Temperature dependence of the mole fractions of thgemperature, thenassfractions of the gases remain constant
species present in a mixture of argon and helium if no demixingy demixing does not occur

occeurs. If we now consider the more realistic situation in which a

, . . temperature gradient is present, then the increasg,iand
between the gradients of the mole fractions of the specieg,e decrease iRy represent mole fraction gradients. These,

and the gradient of the mole fraction of the gas has tWoyg shown in Eq(3), drive diffusion of argon and helium until

terms: the mole fraction gradients no longer exist. This effect is
. known as demixing due to mole fraction gradients, and in

VX;=(9x;/9xg) VXg+ (9x;/dT)VT. (4) this case leads to an increase in thassfraction of helium

in the high-temperature region, and an increase innthss

It should be noted that many authors have described diffraction of argon in the low-temperature region. Figure 2
fusion in terms of gases rather than species in computation&hows the mass fraction as a function of radius for a typical
modeling of plasmas, but have done so in ways that introarc temperature profile, calculated taking this process into
duce serious errofg2]. account, for the same mixture considered in Fig. 1.

In general, demixing due to mole fraction gradients leads
to an increase in the mass fraction of the chemical element
with the higher ionization energy in the high-temperature

In their papers discussing the physical processes that leaggion, or more precisely, in the region in which the tem-
to demixing, Frie and Maeckdi7,17] classified these pro- perature is such that one element is ionized and the other is
cesses into a number of categories; demixing due to molsot ionized.
fraction (or partial pressupegradients, frictional forces, ther- A similar process occurs when a molecular gas is present.
mal diffusion, and external forces. These categories may bBissociation of homonuclear diatomic molecules leads to
elucidated by considering their effects in a mixture of twoeach molecule being replaced by two atoms, and hence an
gases, for example argon and helium. increase in the mole fraction of the chemical element con-

Figure 1 shows the mole fractions of each species presewerned. Demixing due to the resulting mole fraction gradient
in the gas mixture as a function of temperature if demixing isdrives diffusion from the higher- to the lower-temperature
neglected. It thus represents the composition that would beegion, leading to a decrease in the mass fraction of the ele-
seen if the gas mixture were heated such that no gradients orent in the region in which it is dissociated.
external forces were present. At low temperature, only atoms Let us now consider the effect of the collisional interac-
are present. As the temperature increases above 10 000 #ons between the species on the demixing process, returning
the argon begins to ionize, each argon atom being replacezfain to the example of argon and helium. We see from Fig.
by an ion and an electron. Hence the total argon mole fracl that at temperatures between around 8000 and 17 000 K,
tion X,, increases and the total helium mole fractisg,  argon is partially ionized so that the species Ar,"Arand
decreases. This continues until a temperature of aroune  are present, while helium is present almost solely as
17 000 K is reached, at which point the helium atoms begiratomic helium. The mole fraction gradients of the respective
to ionize. Note that despite the changesrnialefraction with ~ species will drive a flux of argon atoms towards the region at

B. Classification of demixing processes
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higher temperature, and a flux of argon ions and electrons The one-to-one correspondence between combined diffu-
towards the region at lower temperatures. These fluxes ision coefficients and demixing processes allows the contri-
themselves do not alter the composition if local chemicalbution of each process to be calculated separately, thereby
equilibrium can be assumed, since ionization and recombiallowing the physical causes of demixing to be examined. If
nation reactions then occur sufficiently rapidly to balance theother demixing processes, such as demixing due to gradients
fluxes. However, helium atoms also collide with the argonin the total pressure or due to an external field, were consid-
species; the collisions with argon atoms drive the heliumered, there would be a further combined diffusion coefficient
towards the higher-temperature regions, and the collisionsorresponding to each process.

with the argon ions and electrons drive the helium in the

opposite direction. The net effect of the collisional interac-

tions is to increase the mass fraction of helium in the regions D. The arc model

at higher temperature. This effect is known as demixing due
to frictional forces. Typically, but not always, it leads to an
increase in the mass fraction of the lighter chemical eleme
in the regions at higher temperature.

Thermal diffusion also leads to demixing whenever a te
perature gradient is present. Usually, but again not alway
thermal diffusion causes a flux of the lighter chemical ele-
ment to regions at higher temperature. In the case of afi

argon-helium arc, demixing due to thermal diffusion further . ) .
concentrates helium in the higher-temperature region. librium, and that the plqsmaflow IS Igmlnar. T'he temperature
Qf the cathode surface is defined using experimental data, but

All three demixing processes considered here act in th A onal ion for th lculati f d
same direction in the case of a mixture of argon and heliumtn® computational region for the calculation of current den-

This is not always the case, and as will be seen, quite comsity includes the cathode as well as the arc column. The

plicated mass fraction distributions can result from the com&auations solved fgllow.
Mass conservation:

peting influences of the different processes in some gas mix-
tures. V. (pv)=0. @

The free-burning arc model used in this work is based on

two-dimensional axisymmetric model of a single-gas arc
43]. It has been extended to allow arcs in mixtures of two
mgases to be treated by inclusion of an equation for the con-
Servation of mass of one of the gases, and by modifying the
€nergy conservation equation to take into account changes in
nthalpy due to diffusion of the gases.

It is assumed that the arc is in local thermodynamic equi-

C. Demixing processes and the combined diffusion coefficients Momentum conservation:

Equation(3), which describes the diffusive mass flux of a V- (pwW)=—VP—V. 7+ pg ®)
gas in a mixture of two gases, can be written so that each p pS

term contains one of the combined diffusion coefficients: \yhere the nonzero components of the stress tefisane
2
— N — -
Ja="-MAMg DAeVxg ~DIEVINT-DIVINT.  (5) T = =200, 1T, ©)
Too= — 270, 1T, (10
Each term then corresponds to one of the three demixing
processes defined in Sec. IIB. This can be demonstrated by T,7= —2ndv,1 0z, (11)
considering the equilibrium situation, in which the mass
fluxes of the gases have vanished. The equilibrium molé&nd
fraction gradients of the two gases are calculated by setting

J,=0in Eq. (5), giving Tor= Trz= — (91 9 + v, 192). (12

- Energy conservation:
_ — p (DAg+DYVINT
VXg=—Vxp=— ——+—. (6) j2
n D - _
My Mg V~(pVh)—U U+V.

5k vh
+EJ

K
—Vh
Cp

By settingD \5=D =0, we obtainVxg=Vx,=0, which is

simply the condition that mole fraction gradients have van- +V.
ished; hence demixing due to mole fraction gradients is de-

scribed by the term in the remaining nonzero diffusion coef- Mass conservation of one gas:

ficient D1, which is termed the combined mole fraction _ _

diffusion coefficient. V-(pvYp)=—V-Ja. (14
__The term in the combined thermal diffusion coefficient
D, describes demixing due to thermal diffusion, since this is
the only term in which the thermal diffusion coefficients are V.j=0 (15)
involved. The term in the remaining diffusion coefficient, the '

combined temperature diffusion coefficieBTE, describes \where

demixing due to the remaining phenomenon treated in the

equations, that is, due to frictional forces. j=—aVg. (16)

. (13

_ [ K —
(ha— hB)<JA— C—VYA)
p

Electric current continuity:



55 DEMIXING IN FREE-BURNING ARCS 7477

Maxwell's equation: aries, and at the cathod€, is chosen to be equal to its value
for the input gas mixture, since a free-burning arc is shielded
VXB= poj. (17)  from the atmosphere by this gas.
Some care has to be taken in treating diffusion close to
In the above equations, is the mass-average velocity of the electrodes, since the large difference in temperature be-
the gas, with radial and axial componentsandv,, respec- tween the electrode and the arc causes the diffusive mass flux
tively, P is the pressurej is the current density¢ is the  term J, in Eq. (14) to become unrealistically large in the
electric potentialB is the magnetic field induced by the cur- control volumes adjacent to the electrodes, as is clear from
rent, h is the plasma enthalpy, an, is the total mass frac- Eq. (3). The gradients in the sheath are in fact so large that
tion of gasA, defined as the sum of the mass fractions of thethe assumption of local thermodynamic equilibrium is not
species of ga®\. The material functions are mass density valid, and the equations used in the model are not applicable.
p, Viscosity 7, net radiative emission coefficiett, thermal  The problem is circumvented by settidg to zero in the

conductivity «, specific heat at constant pressurg, and  control volumes adjacent to the electrodes and in their near-
electrical conductivityo. All these material functions are est neighbors.

functions of temperature and the respective mass fractions of It was shown in Sec. Il C that the different demixing
gasesA andB. h, andhg are, respectively, the enthalpies of processes correspond to the different combined diffusion co-
gasA and gasB, defined as the sum of the enthalpies of theefficients. By setting the respective coefficients to zero in Eq.
species making up the respective gas, and are functions ¢8), with which the variablel, in Egs.(13) and(14) is cal-
temperature only. Constants appearing in the equations atgilated, it is possible to isolate the influence of the different
the acceleration due to gravity Boltzmann’s constark, the  processes on the change in arc composition due to demixing.
electronic charge, and the permeability of free spagg. It is also instructive to calculate arc properties such as tem-
The second last term in E¢13), which was omitted by perature, velocity, and heat fluxes in the absence of demix-
Lowke et al. [43], describes energy transfer due to the flowing, that is, whenY , is uniform throughout the arc. This can

of electrons and is generally included in arc models. The laspe achieved by removing E¢14) from the model, and set-
term describes the change in enthalpy due to the diffusivéing the final term in Eq(13) to zero.

mixing of gasesA andB.

The mass fluxd,, which appears in Eq$13) and(14), is
given in Eq.(3) in terms of the gradient of the mole fraction
Xa. It may be written in terms ofY, by using An arc typical of those used in gas-tungsten arc welding
Xa=(M/Mp)Y A, WhereM andM , are the masses averaged Was modeled, with a cathode of 3.2 mm diameter and a coni-
over all species, including electrons, of the gas mixture an@al tip of 60° included angle situated 5 mm above a flat
of gasA, respectively. anode(or workpiecg. The arc current was 200 A, and the

The thermodynamic propertigsc,, andp were calcu- total input gas flow was 10 L min'. The gas mixture was
lated as a function of temperature awg for the gas mix- InNPut through a nozzle of radius 2.35 mm, concentrically

tures considered using the NASA cddi,45. The transport &round the cathode. _ o
pTT In the following subsections, the effects of demixing are

coefficientsy, «, o, Dig, DAg andDj were calculated examined for arcs in mixtures of argon with helium, nitro-
as described by Murphy and Arundeli6] for argon- en, oxygen, and hydrogen. The cha?l es in mass fréction are
nitrogen and argon-oxygen mixtures, by Snyeéal. [35] galc,ulat)(/a% fo’r a ran{]e o% inbut compogitions and the contri-
for argon-hydrogen mixtures, and by Murpp#] for argon- butions of the different demixing processes are assessed.

helium mixiures. Net radiative emission coefficiehisfor These contributions are related to the combined diffusion

?ﬁg?&gﬂéﬂ}ggﬁgj& .?_Egszygfgsrr:)V\éer:ivg?écgﬁéi?ageséngoefficients for the mixtures. By calculating the temperature
: 9 and velocity fields and the heat flux to the anode, both while

by taking the values of Erngt al. [49] for a plasma radius . . ; . o
L including and while neglecting the effects of demixing, the
of 1.5 mm, and multiplying these by a factor of 1.5 because N
. 7 ; . influence of demixing on these parameters can be deter-
the radius of the radiating central region of the arc is Iessmined
than 1.5 mn{50]. '
The coupled partial differential equations describing the
arc were solved numerically using the control volume ap- A. Argon-helium arcs
proach of Patankd51], mcorporatmg_the modifications rec- Mixtures of argon and helium are relatively simple in de-
ommended by Van Doormal and Raithk52]. A rectangular  mjxing terms since they are both atomic gases, so dissocia-
grid of 82 axial by 48 radial cells was used, with the grid jo;y effects do not have to be considered. Also, as noted in
more closely spaced near the electrodes. Comparison Witgec || B, al| demixing processes act in the same direction, to
results obtained with a 41 by 24 grid showed a maximumcrease the helium mass fraction in the regions at higher
change of 8% in the mass fraction of the minority gas, anc{emperature.
generally much less. _ _ Figure 3 shows the distribution of helium and the tem-
The boundary conditions for all variables excéthave  perature distribution in an arc in a mixture of 10% helium
been given by Lowkeet al. [43], and will not be repeated and 90% argon by mass, corresponding to 52.6% helium by
here. On axis the conditiafiY ,/dr =0 is imposed to account mole. The mass fraction of helium in the hottest regions of
for axisymmetry. At the anode, the gradient boundary conthe arc is over 2.5 times larger than in the input gas, demon-
dition 9Y5/9z=0 is used. At the top and radial edge bound-strating that demixing can generate large changes in arc com-

lll. RESULTS
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: — —— fraction is more than doubled in the hottest regions of the
- T T
2 \} | arc.

(a) The influence of the different demixing processes is

shown in Fig. 5. As noted above, all three demixing pro-
cesses considered lead to the concentration of helium near
the arc axis. Demixing due to mole fraction gradients has
only a relatively small effect, causing an increase in the he-
lium mass fraction of up to about 30%. The increase occurs
at radii of less than 2 mm, corresponding to temperatures
above 12 500 K, at which argon atoms are becoming ionized.
At radii of less than 1 mm, corresponding to temperatures
above 17 000 K, helium atoms also start to become ionized,
and the magnitude of the demixing due to mole fraction gra-
dients decreases.

The most important effect is demixing due to frictional
forces, which causes the helium mass fraction to increase
. from a radius of around 2 mm right up to the arc axis. De-
042 mixing due to thermal diffusion also has a significant effect,
o <T1'O/h/ particularly close to the arc axis.

4 6 To gain a more fundamental understanding of the influ-
ence of demixing, it is useful to examine the dependence of
the three combined diffusion coefficients on temperature and
composition. The combined diffusion coefficients are plotted
against temperature in Fig. 6 for three different mixtures of
argon and helium. The combined mole fraction diffusion co-
efficient is always positive, and does not depend as strongly
on gas composition as the other two combined diffusion co-
efficients. It is largest in the temperature range in which ions
and neutrals are present in roughly equal numigefisFig.

1); the large size of the Coulomb collision cross section en-
sures that it decreases when the collisions between charged
species dominatp46]. The combined temperature diffusion
coefficient may be either positive or negative, depending on
the net effect of the interactions between all the species
present. Typically, but not always, it is found tizfg>0 in

a mixture of gaseé\ and B if m,>mg. Equation(6) indi-
cates that wheD ,3 is positive, demixing due to frictional
forces will increase the mass fraction of gasn the regions

at higher temperature. The combined thermal diffusion coef-
ficient may also be positive or negative; it is usually the case
thatD ,>0 in a mixture of gaseé andB if my>mg.

Figure 6 shows thab ,;,,.>0 andD >0 for all mix-

0 2 4 6 tures of argon and helium, except for, for a high helium
r (mm) mass fraction and high temperature. This explains the con-
centration of helium in the arc center, caused by demixing
FIG. 3. (a) Isopleths of helium mass fraction afia) isotherms, ~du€ to frictional forces and thermal diffusion, that is shown
labeled in units of 1000 K; calculated for a®® 5 mm arcwitha 1N Fig. 5.

10 L min~? input flow composed of 10% helium and 90% argon by
mass. B. Argon-nitrogen arcs

z (mm)

r (mm)

z (mm)

Arcs in mixtures of argon and nitrogen exhibit more com-
position. The mass fraction contours are similar in shape tplicated demixing behavior than those in argon and helium
the temperature contours, indicating that the helium masmixtures, both because nitrogen is a diatomic gas, and be-
fraction increases monotonically with temperature. cause the influence of frictional forces on demixing is more

Figure 4 shows the calculated radial dependence of theomplex.
mass fraction at four axial positions in arcs in three different Figure 7 shows the distribution of nitrogen and the
mixtures of argon and helium, 1%, 5%, and 10% helium bytemperature distribution in an arc in a mixture of 20% nitro-
mass, corresponding to 9.2%, 35.5%, and 52.6% by moleggen and 80% argon by mass, corresponding to 26.2%
The greatest percentage increase in the helium mass fractionolecular nitrogen by mole. It is clear that demixing
occurs in the last case, but in all cases the helium masagain leads to substantial changes in arc composition,
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L min~?! input flow composed ofa) 1% helium and 99% argorib) 5% helium and 95% argorig) 10% helium and 90% argon by mass.
The horizontal line shows the input mass fraction.

although the changes are smaller than in the argon-heliurtion of nitrogen molecules, which occurs at temperatures be-
arc. The mass fraction of nitrogen increases near the arveen about 6000 and 7000 K. As noted in Sec. Il B, disso-
axis, but decreases at larger radii, at temperatures closgation of molecules causes an increase in the mole fraction.
to that at which nitrogen molecules dissociate. The peaK he resulting mole fraction gradient drives a flux of nitrogen
value of the nitrogen mass fraction occurs near the anodepwards the regions at lower temperature, where the nitrogen
rather than in the higher-temperature region near the cathodgoms are recombined.
as was found for the helium mass fraction in the argon- The second feature is a change in the nitrogen mass frac-
helium arc. tion at radii less than about 1.5 mm. In FigaB there is a
This behavior is investigated further in Fig. 8, which large increase in the nitrogen mass fraction in this region, in
shows the radial dependence of the nitrogen mass fractioRig. 8(c), there is a large decrease, and in Figh)8there is
for three different mixtures of argon and nitrogen; 20%,only a minor change. These effects are chiefly a result of
45%, and 75% nitrogen by mass, corresponding to 26.2%gemixing due to frictional forces, as will be shown below. In
53.8%, and 81.1% by mole, respectively. Three distinct feathe case of an argon-nitrogen mixture, demixing due to fric-
tures are apparent in the figures. First, in all cases, there ist@onal forces can act in different directions depending on the
small increase followed by a larger decrease in the nitrogerelative mass fractions of the two gases. If the mass fraction
mass fraction as the radius decreases from 6 to 2 mm, thef nitrogen is small, the demixing causes an increase in the
peak and subsequent dip occurring at smaller radii at axiatitrogen mass fraction, whereas if it is large, demixing
positions closer to the cathode. This is caused by demixingauses it to decrease. At intermediate nitrogen mass frac-
due to mole fraction gradients associated with the dissociaions, demixing has little effect.
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FIG. 5. Calculated radial dependence of the mass fraction of
helium 2 mm below the cathode for the conditions of Fig. 3, with
the effects of the different demixing processes shown.

The final feature apparent in Fig. 8 is a change in the
nitrogen mass fraction in the central 0.5 mm towards its
value in the input gas stream. This change is generally great:
est close to the cathode, and is a result of the large axial flow
velocity close to the arc axis. Diffusion is not sufficiently
rapid to allow complete demixing of the input gas mixture in
this region, due to the rapid convective influx of the input
gas mixture. This effect is not nearly so marked in the argon- 0 5000 10000 15000 20000 25000
helium arc, since helium diffuses much more rapidly than temperature (K)
nitrogen, and since the flow velocity is smaller in the argon-
helium arc(see Sec. Il E FIG. 6. Combined diffusion coefficients for different mixtures

Figure 9 shows the influence of the different demixingof argon and helium by weighta) Combined mole fraction diffu-
processes on the composition of the argon-nitrogen arc. Desion coefficient|b) combined temperature diffusion coefficie(a)
mixing due to mole fraction gradients is found to lead to acombined thermal diffusion coefficient.
very strong shift of nitrogen towards the edge of the arc a T T =TT
reg?/ons ar%und a radius? of 2.5 mm, corregponding to th XIB>O and decrease DXE<O (assumanD,E|<|DllB|, as
dissociation temperature of nitrogen. In the central region of° the case heje
the arc, where the gases ionize, there is relatively little de-
mixing due to mole fraction gradients. This is because argon C. Argon-oxygen arcs

and nitrogen atoms have similar ionization energies, so large Arcs in mixtures of argon and oxygen exhibit broadly
mole fraction gradients of the gases are not set up by ionizasimilar behavior to those in argon and nitrogen mixtures.
tion. DemiXing due to frictional forces is found to have a Figure 11 shows the distribution of oxygen and the tempera-
much stronger influence in the central regions, strongly contyre distribution in an arc in a mixture of 20% oxygen and
centrating nitrogen near the arc axis in this case. It also deggo argon by mass, corresponding to 23.8% molecular oxy-
creases the changes in composition caused by demixing dg@n by mole. A substantial change in arc composition is
to mole fraction gradients in the regions near the dissociatioggain observed:; the oxygen mass fraction increases by more
temperature of nitrogen. Demixing due to thermal diffusionthan 50% near the arc axis. This increase is larger than that
is found to have a relatively small effect; as in the argon-gpserved for nitrogen in the argon-nitrogen arc, but the shape
helium arc, it concentrates the lighter gas in the higherof the contours is similar; in particular, the mass fraction of
temperature regions. oxygen is largest on axis near the anode, and it decreases at
Figure 10 shows the combined diffusion coefficients for|arger radii, where temperatures fall below the dissociation
different mixtures of argon and nitrogen. The most interesttemperature of oxygen.
ing feature is that the combined temperature diffusion coef- Figure 12 shows the radial dependence of the oxygen
ficient DLl,N changes sign depending on the relative concenmass fraction for three different mixtures of argon and oxy-
trations of the two gases. This explains the dependence afen; 5%, 20%, and 80% oxygen by mass, corresponding to
direction of demixing on the gas composition that was noted.2%, 23.8%, and 83.3% by mole, respectively. The three
in the discussion of Fig. 8; Ed6) indicates that the mass main features that were noted in the argon-nitrogen arcs are
fraction of gasB will increase as temperature increases ifalso apparent in the argon-oxygen arcs. First there is the
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2 — 1 T demixing due to frictional forces acts in different directions

| depending on the mass fractions of the two gases. The final
(a) - ) .

feature apparent in Fig. 12 is the change in the oxygen mass

fraction in the central 0.5 mm towards its value in the input
gas stream, due to the large axial flow velocity close to the
arc axis. As can also be seen in Fig. 11, the effect is larger
near the cathode; demixing has a greater effect near the an-
ode since diffusion has had a longer time to occur.

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

Figure 14 shows the combined diffusion coefficients for
different mixtures of argon and oxygen. The combined tem-
perature diffusion coefficierd 5t o changes sign depending
on the relative concentrations of the two gases, as did
Da for the argon-nitrogen mixture. In the case of the
argon-oxygen mixture, the sign change occurs for an oxygen
mass fraction of around 0.6, compared to a nitrogen mass
fraction of around 0.45 for the argon-nitrogen mixture. The
magnitude oD 5 o is generally larger than that &5 ; this
leads to the stronger demixing effects observed in the argon-
oxygen arc.

D. Argon-hydrogen arcs

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

Figure 15 shows the distribution of hydrogen and the tem-
perature distribution in an arc in a mixture of 5% hydrogen
and 95% argon by mass, corresponding to 51.1% molecular
hydrogen by mole. The hydrogen mass fraction increases to

FIG. 7. (a) Isopleths of nitrogen mass fraction afifl isotherms,  twice its input value near the anode on the arc axis, which is
labeled in units of 1000 K; calculated for a®® 5 mm arcwith a3 similarly large increase to that found for helium. The shape
10 L min™* input flow composed of 20% nitrogen and 80% argon f the contours is similar to those calculated for oxygen and
by mass. nitrogen, however. It is again observed that there is a de-

crease in the mass fraction of the molecular gas at large radii,
small increase followed by a sharp decrease in the oxygenear its dissociation temperature.
mass fraction as the radius decreases from 6 to 2.5 mm, The radial dependence of the hydrogen mass fraction is
caused by demixing due to the mole fraction gradients assshown in Fig. 16 for three different mixtures of argon and
ciated with the dissociation of oxygen molecules, which oc-hydrogen; 0.5%, 1%, and 5% hydrogen by mass, correspond-
curs at temperatures between around 3000 and 3500 K. Theg to 9.1%, 16.7%, and 51.1% by mole, respectively. Three
second feature is the change in the oxygen mass fraction &atures that were noted in the argon-nitrogen and argon-
radii less than about 1.5 mm. In Figs.(dRand 12b), alarge  oxygen arcs are again apparent. The increase followed by a
increase in the oxygen mass fraction occurs, but in Figdecrease in the molecular gas mass fraction as the radius
12(c), there is a decrease. As in the argon-nitrogen mixturegdecreases from the edge to 2.5 mm again occurs because of
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FIG. 8. Radial dependence of the mass fraction of nitrogen gas at four axial distances below the cathodd) fol5an2@ arcwith a
10 L min~* input flow composed ofa) 20% nitrogen and 80% argoftt) 45% nitrogen and 55% argofx) 75% nitrogen and 25% argon
by mass. The horizontal line shows the input mass fraction.

demixing due to mole fraction gradients associated with thevelocity close to the arc axis. This effect is more marked
dissociation of hydrogen molecules, which occurs at temwhen the hydrogen concentration is larger, because the flow
peratures between about 3000 and 3500 K. The argonselocity is greater. The same effect was also seen for the
hydrogen arc is somewhat broader than the argon-nitrogeother molecular gases, but not for the argon-helium arc.
and argon-oxygen ardgf. Figs. 8, 12, and 16 so this fea- There are two reasons for this. The first is that the flow
ture occurs at larger radii. The second feature, the change welocity on the axis of the argon-helium arc is lower than in
the mass fraction near the arc axis, also occurs at larger radie other arcgsee Sec. lll E The second is that diffusion
in the argon-hydrogen arc, extending out to about 3 mm at anoefficients, and hence the rate of diffusion, for the argon-
axial position of 4 mm below the cathode. The hydrogenhelium mixture are larger than for the other mixtures, par-
mass fraction reaches more than three times its input valugcularly at the high temperatures found near the arc axis.
for the 0.5% and the 1% hydrogen arcs, which confirms th&he diffusion coefficients for the argon-hydrogen mixture
general trend that the larger the difference in masses of thare lower than for the argon-helium mixture, despite the in-
input gases, the larger the effect of demixifighis is not an  verse relationship between diffusion coefficient and mass;
absolute rule, as is illustrated by the result that the masthe reasons for this will be discussed below.
fraction change in the argon-oxygen arc is larger than in the Figure 17 shows the influence of the different demixing
argon-nitrogen arg. processes on the composition of the argon-hydrogen arc. The
The final feature apparent in Fig. 16 is the change in thenfluence of demixing due to mole fraction gradients and due
hydrogen mass fraction in the central 0.5 mm towards itdo frictional forces is similar to that seen in the argon-
value in the input gas stream, due to the large axial flownitrogen and argon-oxygen arcs. However, demixing due to
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FIG. 9. Calculated radial dependence of the mass fraction of

nitrogen 2 mm below the cathode for the conditions of Fig. 7, with
the effects of the different demixing processes shown.

0.015 20% Ar, 80% N>

———— 60% Ar, 40% N2

(@)
80% Ar, 20% N,

0.01

DXAr,N (m2 S—1 )

0.005

DT1Ar,N (g m—1s—1)

—0.05 P R I BN B
5000 10000 15000 20000 25000

temperature (K)

FIG. 10. Combined diffusion coefficients for different mixtures
of argon and nitrogen by weighta) Combined mole fraction dif-
fusion coefficient;(b) combined temperature diffusion coefficient;
(c) combined thermal diffusion coefficient.
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FIG. 11. (a) Isopleths of oxygen mass fraction arid) iso-
therms, labeled in units of 1000 K; calculated for #2205 mm arc
with a 10 L min™* input flow composed of 20% oxygen and 80%
argon by mass.

thermal diffusion on this occasion acts to decrease the hy-
drogen mass fraction near the arc axis. In all other gas mix-
tures considered, demixing due to thermal diffusion in-

creased the mass fraction of the lighter gas in the high-
temperature region. The change in direction of demixing due
to thermal diffusion may be explain_ed in terms of the com-

bined thermal diffusion coefficierd 5, shown in Fig. 18.

Dl Ar IS negative at high temperatures, above about 10 000 K,
for the mixtures of argon and hydrogen. In all other gas
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FIG. 12. Radial dependence of the mass fraction of oxygen gas at four axial distances below the cathod& fobarit arcwith a
10 L min~ ! input flow composed ofa) 5% oxygen and 95% argofh) 20% oxygen and 80% argoft) 80% oxygen and 20% argon by
mass. The horizontal line shows the input mass fraction.

mixtures considered, it is positive for almost the entire ttem-  The combined temperature diffusion Coefﬁciebﬂ:rlH

perature range of interest. It is generally considered that thghanges sign depending on the relative concentrations of the

thermal diffusion coefficient of a heavy gas mixed with a;,,, gases, as did -y and DAL, The sign change occurs

lighter gas should be positii&3]; this is certainly the case f hvd fract fab 1 di

at low temperatures, when only neutral species are presenf)r a hydrogen mass fraction of & QUt.O' 5, correspon fing to
! 'mole fraction of around 0.8. This indicates that, despite the

but the present example shows that it is not necessarily truI diff bet d hvd d
when ionized species are present. arge mass difference between argon and hydrogen, arcs, de-

Figure 18 also shows the other two combined diffusionmixmg due to frictional forces will act in different directions
coefficients for mixtures of argon and hydrogen. As notediePending on the mass fractions of the two gases, as was also
above, they tend to be smaller, particularly at temperature$€€n in the argon-nitrogen and argon-oxygen arcs. Hence, in
between 15000 and 25000 K, than for the argon-heliunn arc containing a large percentage of hydrogen, the hydro-
mixtures (cf. Fig. 6), despite the inverse dependence of dif-gen mass fraction is expected to decrease below its input
fusion coefficients with mass. The reason for this is that hyvalue near the arc axis.
drogen ionizes at a lower temperature than helium, which It should be noted that it has been demonstrated that the
means that the Coulomb interactions dominate at lower temdensity of hydrogen atoms in the fringe regions of argon-
perature. Diffusion coefficients depend inversely on the colhydrogen arcg35] is higher than that predicted assuming
lision cross sections, and the Coulomb interaction has #ocal chemical equilibrium. This is because the atoms diffuse
much larger cross section than interactions between neutratsore rapidly than they can recombine to form molecular
and between ions and neutrals. hydrogen. However, this phenomenon only affects the com-
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FIG. 13. Calculated radial dependence of the mass fraction o

oxygen 2 mm below the cathode for the conditions of Fig. 11, with
the effects of the different demixing processes shown.
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FIG. 14. Combined diffusion coefficients for different mixtures
of argon and oxygen by weighta) Combined mole fraction diffu-
sion coefficient(b) combined temperature diffusion coefficiefi)
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FIG. 15. (a) Isopleths of hydrogen mass fraction aflg iso-
therms, labeled in units of 1000 K; calculated for #2205 mm arc
with a 10 L min~ ! input flow composed of 5% hydrogen and 95%
argon by mass.

position in regions at temperatures lower than the recombi-
nation temperature of between 3000 and 3500 K. In these
regions it may lead to a small increase in the hydrogen mass
fraction over that calculated assuming local chemical equi-
librium.

E. Effect of demixing on arc properties

It has been shown in Secs. lll A-Illl D that demixing
usually has a large effect on the composition of a free-
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burning arc. Here the effects of these changes in compositiof% hydrogen and 95% argon by mass. Demixing decreases
on three arc properties, the temperature, the axial flow velocdhe arc temperature by 1450 K on axis 1 mm below the
ity, and the heat flux to the anode, are considered. cathode; the changes are smaller elsewhere.

Results for the first two of these properties are given in  The influence of demixing on the flow velocity is also
Table I. The temperature and the axial velocity on the argenerally small. Typical changes are again less than 5%.
axis are given for four axial positions for all the input gas However, in arcs in mixtures of argon and helium, including
compositions considered in Secs. Il A1l D. Also given are the influence of demixing in the calculations can decrease the
the percentage changes in these properties due to the effential velocity by more than 20%. The changes are larger
of demixing, calculated relative to the value of the propertyclose to the anode, as can be seen in Fig. 20, which shows
when the effect of demixing is neglected; i.e., assuming thathe axial velocity distribution for an arc in a mixture of 10%
the mass fraction of argon is everywhere equal to its inpuhelium and 90% argon by mass. This change is a result of the
value. Temperatures and axial velocities for a pure argon anncrease in viscosity with helium mass fraction that is calcu-
are listed for comparison. lated to occur in mixtures of argon and helium at high tem-

Despite the large changes in composition that demixingeratures[47,54,55; this is illustrated in Fig. 21, which
causes, it has only a relatively small influence on the arshows viscosity for mixtures of argon and different gases.
temperature. The largest changes are in the argon-hydrogdine increased helium mass fraction near the arc axis caused
mixtures, and even these are of order 6% or less. Figure 18y demixing leads to a greater transfer of momentum from
shows the temperature distribution calculated including andhe central regions to the off-axis regions of the arc, leading
neglecting the effect of demixing for an arc in a mixture of to a less-peaked velocity profile. The effect is greater closer



hydrogen mass fraction

0.125

0.1

0.075

0.05

0.025

DEMIXING IN FREE-BURNING ARCS

--------------- mole fraction gradients only

- ——-—— mole fr. grads & frictional forces
all demixing effects

_/\

/
/

1 | 1 1 ]

0 2 4 6 8

radius (mm)

7487

to the anode since the gas has traveled further to reach these
positions. For the other gas mixtures, the viscosity is similar
to that of pure argon, so the effect of demixing on the flow
velocity is smaller.

Table 1, as well as showing the influence of demixing on
temperature and flow velocity, also shows some interesting
trends in these quantities due to the addition of other gases to
argon. The arc temperature and the axial velocity both in-
crease as increasing proportions of the other gases are added
to argon. The increase in the axial velocity is particularly
dramatic. It may be attributed to the increase in the current
density near the cathode, which leads to an increase in the
magnetic pinch, of X B, force, the driving mechanism for
the convective flow in the arc. The increase in current den-
sity is due to two effects. First, as shown in Fig. 22, the
electrical conductivity is increased at the high temperatures
(=20 000 K that are present near the cathode by the addi-
tion of one of the molecular gases. Second, the thermal con-
ductivity is increased by the addition of one of the other

FIG. 17. Calculated radial dependence of the mass fraction oases, particularly the molecular gases, to argon, as shown in
hydrogen 2 mm below the cathode for the conditions of Fig. 15,Fig. 23. The peaks at 3500 K for the argon-oxygen and

with the effects of the different demixing processes shown.

———— 60% Ar, 40% H;
— ——— 90% Ar, 10% H;
@ e 98% Ar, 2% H,

5000

10000
temperature (K)

15000 20000 25000

argon-hydrogen mixtures and at 7000 K for the argon-

nitrogen mixture are due to the reaction thermal conductivity

associated with the dissociation of the molecular gases. The
greater thermal conductivity causes the temperature profile
of the arc to become more strongly peaked around the arc
axis, which in turn leads to a higher current density near the
cathode.

In many applications of free-burning arcs, such as GTAW
welding, plasma cutting, and mineral processing, the role of
the arc is to transfer a concentrated flux of heat to the anode.
It is hence interesting to calculate the effect of demixing on
the heat flux to the anode. The heat flux is the sum of the
conduction term—(«/c,)dh/dz and the electron heating
term —j,¢,, wherej, is the axial current density and, is
the anode work function, taken to be 4.65 V. Zétal. [56]
have shown that other terms are negligible. The anode tem-
perature profile is taken to be that calculated by £hal. for
a 5 mm thick copper anode and a 200 A argon arc. The axial
dimension of the grid adjacent to the anode is chosen to be
0.1 mm. It is important not to make this dimension smaller
than the anode sheath thickness, shown by Morrow and
Lowke [57] to be typically about 0.04 mm, since in this
region transport is dominated by electron diffusion and the
local thermodynamic equilibriunfLTE) approximation used
in the code is not valid. Decreasing the dimension below
0.04 mm leads to unrealistically high values of the arc volt-
age and the total anode heat flux, whereas decreasing the
dimension from 0.1 to 0.05 mm leads to only a 5% change in
these quantities. The trends observed in the radial profile of
the anode heat flux are not significantly altered by decreasing
the dimension from 0.1 to 0.05 mm.

Figure 24 shows the heat flux to the anode, calculated
including and neglecting the influence of demixing, for arcs
in mixtures of argon and helium, nitrogen, oxygen, and hy-
drogen. Demixing has a very large influence in the argon-
hydrogen arc, increasing the heat flux by the order of 50% on

FIG. 18. Combined diffusion coefficients for different mixtures axis. Similar increases were calculated for the 1% and 0.5%

of argon and hydrogen by weigha) Combined mole fraction dif-

hydrogen arcs. A smaller increase, about 10%, is found for

fusion coefficient;(b) combined temperature diffusion coefficient; the argon-nitrogen arc. The increases are mainly in the con-
(c) combined thermal diffusion coefficient.

ductive component, and may be explained by the increased
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TABLE I. Temperature and axial velocity on axis, at four axial positions below the cathode, for arcs in
mixtures of argon and different mass fractions of other gases. The percentage changes in the temperatures and
axial velocities relative to their values calculated neglecting the effect of demixing are also given. Results for
pure argon are given for comparison.

Gas Mass fraction Temperatu(i€) Axial velocity (ms™%)
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% 06% -03% —-05% 06% —-14% -31% -—-58%
He 0.05 20440 19680 18640 17500 417 386 330 222
-02% 2.2% 3.9% 3.4% 20% —25% —-7.4% -—-15.6%
He 0.10 20310 19750 19140 18320 445 392 312 175
-16% 0.9% 2.5% 4.7% 3.8% —18% —-83% —21.3%
N, 0.20 21080 18470 16900 16000 570 587 570 496
—23% —-23% —-16% —-12% -18% —-15% —-15% -—-2.4%
N, 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%
N, 0.75 24910 21600 18600 17060 1067 1067 1027 928
1.3% 4.0% 2.3% 1.0% —-76% —-76% —-7.7% —-7.9%
0, 0.05 19650 18070 16950 16170 392 409 398 333
-19% -1.7% —-15% —-15% -0.7% —-08% -13% -—-3.2%
0, 0.20 19940 18000 16770 15930 488 499 475 390
—41% —-39% —-32% 29% —-45% —-24% -31% -6.1%
0, 0.80 22940 19890 18030 16840 900 889 840 724
0.7% 0.9% 0.7% 02% —-03% -04% —-0.3% 0.1%
H, 0.005 19920 18420 17360 16680 482 502 490 422
—62% —-47% -58% —-27% —-11% 00% —-03% —2.5%
H, 0.01 20860 19380 18170 17430 592 613 598 518
-51% —-27% -14% 1.1% 0.1% 1.6% 1.8% —-1.4%
H, 0.05 22970 21070 19630 18820 1182 1173 1122 989
—-59% —-25% 02% —-08% -05% —-0.1% 15% 0.0%
Ar only 19350 17960 16940 16240 348 366 358 300

thermal conductivity of the gas mixture in the temperature

range present close to the anode, between about 5000 an 25000 —_— 7z=1mm
10 000 K. Figure 23 shows that the presence of hydrogen or BNy 00 T z=2mm
nitrogen greatly increases the thermal conductivity for tem- R " - fimm
peratures below 10 000 K, far more than for the other gases 20000 :\.;‘ N f,o_ demg(‘ing
considered. Hence the conduction to the anode near the ari L

axis is strongly increased by the increase in hydrogen or
nitrogen concentration caused by demixing. The effect is
larger for hydrogen since demixing causes a greater increast
in mass fraction than for nitrogen.

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

15000

10000

temperature (K)

radius (mm)

IV. COMPARISON WITH EXPERIMENT FIG. 19. Radial dependence of temperature at four axial dis-
tances below the cathode for a®®@® 5 mm arcwith a 10 L
The mass fraction of nitrogen has been measured in arggin ! input flow composed of 5% hydrogen and 95% argon by
in different mixtures of argon and nitrogen using a spectromass. The dotted lines show values calculated neglecting demixing,
scopic techniqud58] that is an extension of the Fowler- while the other line types show values calculated including the ef-
Milne method. The technique requires the emission from dects of demixing.
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FIG. 20. Radial dependence of axial velocity at four axial dis- FIG. 22. Dependence of electrical conductivity on temperature
tances below the cathode for a®®@® 5 mm arcwith a 10 L  for argon and mixtures of 50% argon and 50% helium, nitrogen,
min~! input flow composed of 10% helium and 90% argon by oxygen, and hydrogen by mole fraction.
mass. The dotted lines show values calculated neglecting demixing,
while the other line types show values calculated including the efless than about 0.02. This uncertainty corresponds to the am-
fects of demixing. plitude of the small scale oscillations with spatial period of

about 0.2 mm that appear in some of the mass fraction data;
neutral argon line and from a neutral nitrogen line to bethese oscillations are also an artifact of the Abel transform
measured. The radial dependence of the emission coeffprocedure.
cients is obtained through an Abel transform of the data. Figure 25 shows the radial dependence of the mass frac-

The method is applicable only to regions in local thermo-tion of nitrogen at four axial positions for an arc in a mixture
dynamic equilibrium, which, as shown by Craehal. [59],  of 22% nitrogen and 78% argon by mass. The measured data
means that data cannot be obtained for those regions at terire compared to the predictions of the model for the same
peratures below around 11 000 K. Also, the errors that resufonditions. The agreement is found to be good, with the
from the Abel transform procedure accumulate in the centemeasured increase in the nitrogen mass fraction as tempera-
of the arc, meaning that uncertainties are so large in theure increases being well reproduced by the model.
central 0.2 mm that mass fractions cannot be determined. In Measurements were also made for argon-nitrogen mix-

the remaining regions, the uncertainty in the mass fraction igures containing 41% and 68% nitrogen by mass. The mass

0.00030 - 100% Ar 6 - ———— 100% Ar
~ ———— 75%Ar, 25% He L~ 75%Ar, 25% He

—_—— 75% Ar, 25% N;

0.00025 _— 75% Ar, 25% N,
) | ~5 | —-—-— 75% Ar, 25% O
—=-—-— 75% Ar, 25% O, g ’ 2 /
............... 75% Ar, 25% Ha ;'_4 | o 75% Ar, 25% He PRy

I

7 0.00020 €4

£ 2

20.00015 23

2 S

2 b

8 0.00010 82

S B
£

0.00005 21

0.00000 .

0 10000 20000 30000 0 10000 20000 30000
temperature (K) temperature (K)

FIG. 21. Dependence of viscosity on temperature for argon and FIG. 23. Dependence of thermal conductivity on temperature for
mixtures of 75% argon and 25% helium, nitrogen, oxygen, andargon and mixtures of 75% argon and 25% helium, nitrogen, oxy-
hydrogen by mole fraction. gen, and hydrogen by mole fraction.
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FIG. 24. Radial dependence of the heat flux to the anodednA28 mmarcs with a 10 L min* input flow composed ofa) 10% helium
and 90% argon(b) 20% nitrogen and 80% argoii¢) 20% oxygen and 80% argori¢g) 5% hydrogen and 95% argon, by mass. The
contributions due to conduction and electron heating are shown separately. The dotted lines show values calculated neglecting demixing,
while the other line types show values calculated including the effects of demixing.

fractions and temperatures measured along a radius 1 mwith different parameters from those considered thus far. The
below the cathode are shown in Fig. 26 for the three gaarc current was 100 A, the cathode had the same diameter
mixtures. Good agreement with the predictions of the mode(3.2 mm but the tip had an included angle of 45°, and the
is again found. In particular, the change in direction of de-distance between the cathode tip and the anode was 3 mm.
mixing as the proportion of nitrogen in the gas mixture isThe model has been used to simulate an arc with these pa-
increased is also shown by the measured data. Unfortunatelsgameters for the same mixtures of argon and helium that
owing to the limitations of the measurement technique thatvere considered in Sec. Il A. Hiraoka did not specify the
were noted above, the influence of the convective flow clos@nput gas flow rate, and 10 L min* has again been used.
to the arc axis, and the demixing effects in the region inTypical results are shown in Fig. 27. Comparison with the
which nitrogen molecules dissociate, could not be checkedesults for the 20 A 5 mm arcshown in Fig. 3 shows that
experimentally. the maximum value of the helium mass fraction is smaller in
Some measurements of helium mass fraction in an argorthe 100 A arc; this is a result of the smaller temperature
helium arc have been presented by Hirap&2l, who used a gradients in the central region of the arc. The predictions of
spectroscopic technique that involved the measurement dhe model are compared with Hiraoka's measurements of the
the emission from an Arand an A line to find the helium  helium mass fraction 1 mm below the cathode on the arc axis
concentration on the axis of arcs in different mixtures ofin Fig. 28. Once again, close agreement is found with the
argon and helium. The measurements were made in an aexperimental data.
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FIG. 25. Radial dependence of the mass fraction of nitrogen and temperature at pgajtibnsm, (b) 2 mm, (c) 3 mm, and(d) 4 mm
below the cathode in a BOA 5 mm free-burning arc with a 11.0 L mint input flow composed of 22% nitrogen and 78% argon by mass.
O, spectroscopic measurements; —, calculations.

V. CONCLUSIONS have been shown to be large in most cases. The greatest
A ical model of a free-burni . it feffect was found in the argon-hydrogen arc, for which it was
numerical model of a free-burning arc In a MIXre of 5,,nq that the hydrogen mass fraction could be increased by

two gases has been developed. The key innovation in thg ¢ tor of more than 3 on the arc axis. The smallest effect
model is the use of the combined diffusion coefficient conyas for the argon-nitrogen arc, but even in this case the

cept to treat the diffusion of the two gases. This has allowegitrogen mass fraction could be increased by 25% near the

the phenomenon of demixing to be treated simply yet accugrc axis. Only for narrow ranges of compositions of mixtures

rately, under the assumption of local chemical equilibrium. of argon and nitrogen, argon and oxygen, and argon and
The model has been applied to investigate demixing irhydrogen, is the effect of demixing small. Usually, but not

mixtures of argon with helium, nitrogen, oxygen, and hydro-always, the effect of demixing on the composition was found

gen; all these mixtures are used in industrial arc processesto be greater for a greater mass difference between the two
The effects of demixing on the composition of the arcgases.
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FIG. 26. Radial dependence of the mass fraction of nitrogen at a
position 1 mm below the cathode in @@ 5 mm free-burning arcs
in mixtures of argon and nitrogen. Measurements are shown

FIG. 28. Mass fraction of helium on axis, 1 mm below the
pgathode, plotted against the mass fraction of helium in the input gas
mixture, for 1@ A 3 mm arcs with a 10 L min'? input flow. @,

symbols and calculations by curvés, —, 78% argon, 22% nitro- ; .
gen, 11.0 L min® total flow; X,- - -, 59% argon, 41% nitrogen, spectroscopic measurements presented by Hirf®&ga (1, calcu-
10.5 L min~* total flow; (1, — — —, 32% argon, 68% nitrogen, 10.1 lations. The dotted line represents the hypothetical case of no de-

L min ! total flow: all proportions are by mass. mixing, and the solid line is a fit to Hiraoka’s measurements.

Complicated mass fraction distributions were observed
@ fo_r arcs in mi>_<tt_1res of argon with molecular_gase_zs, b_ecau_se

different demixing processes act in opposite directions in
regions at different temperatures. It has been shown, how-
ever, that the mass fraction distributions are readily expli-
7 cable in terms of three different demixing processes and the
influence of the convective, or mass-average, flow. The first
demixing process, demixing due to mole fraction gradients,
occurs in regions at temperatures at which a gas ionizes or
— dissociates. It leads to a displacement of that gas from re-
. gions at higher temperature to regions at lower temperature
] than the ionization or dissociation temperature. The second
ot ———] demixing process, demixing due to frictional forces, typi-
6 cally causes a displacement of the lighter gas to regions at
high temperature, although it has been shown that in the case
of argon-nitrogen, argon-oxygen, and argon-hydrogen mix-
tures, it may act in either direction depending on the relative
mass fractions of the two gases. The final demixing process,
demixing due to thermal diffusion, has only a minor influ-
ence on the arc composition. It usually, but not always, acts
to concentrate the lighter gas in regions of high temperature.
The influence of the convective flow of fully mixed gas from
around the cathode into the arc is to oppose the effect of
demixing; however, convection is only effective within 1
mm or less of the arc axis, and even then not for mixtures
containing helium, which diffuses very rapidly.

Use of the combined diffusion coefficient formulation to
treat diffusion between the two gases allows the effect of
three demixing processes to be separated, since each of the
three combined diffusion coefficients corresponds to a differ-

r (mm) ent demixing process. In particular, knowledge of the sign of
the combined temperature and thermal diffusion coefficients

FIG. 27.(a) Isopleths of helium mass fraction afig) isotherms, ~ allows the direction of demixing due to frictional forces and
labeled in units of 1000 K; calculated for a® 3 mm arcwith an ~ due to thermal diffusion, respectively, to be predicted. It is
included cathode angle of 45°. The input gas flow is 10 Lntin  found that the most important demixing process in the high-
composed of 10% helium and 90% argon by mass. temperature regions, where the gases are dissociated and at

z (mm)
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least partially ionized, is demixing due to frictional forces. strated between the measurements and the calculations. In
The other two demixing processes can also have significamarticular, the change in the direction of demixing that has
influences in these regions. In the regions at lower temperdeen predicted in the argon-nitrogen arc as the fraction of
ture, where dissociation of molecular gases occurs, demixingitrogen in the input gas mixture was increased was verified
due to mole fraction gradients is the dominant process. by the experiments. Further, the magnitude of the change in
Despite the large changes in composition caused by dewnass fraction predicted to be caused by demixing is verified
mixing, there is only a relatively small effect on arc tempera-by the measurements.
ture and flow velocity. Changes of less than 5% are typically Mixtures of gases are used for two main reasons in arc
calculated. Only in the case of the velocity near the axis ofand plasma processes; first, to provide the species required to
argon-helium arcs does including demixing in the calcula-drive chemical reactions in the arc or at the electrodes, and
tions have an effect of more than 10%. However, the heasecond, to increase thermal transport to the electrodes or to
flux to the anode is significantly increased near the axis byarticles injected into the plasma. The results of this study
demixing in the argon-nitrogen and particularly in the argon-have shown that demixing generally causes large changes in
hydrogen arcs. The changes in flow velocity and anode hedhe composition of an arc, and that, in some mixtures, sig-
flux can be explained in terms of the material properties ohificant changes in flow velocity and thermal transport result.
the gas mixtures. Hence both the chemical and thermal processes occurring in
The predictions of the numerical model have been comthe arc can be influenced by demixing. It may be concluded
pared with spectroscopic measurements of mass fraction dithat it is important to consider the effects of demixing when
tributions in argon-nitrogen arcs and of the mass fraction ormodeling arc and plasma processes that employ mixtures of
axis in argon-helium arcs. Good agreement has been demogases.
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