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Abstract-A theoretical and experimental study ofthe mass flow field inside the free burning arc induced by a 
transverse magnetic field is presented. This induced mass flow originates from the curly Lorentz force. The 
temperature distribution of the arc column is determined by the spectroscopic method, while the flow field is 
evaluated with the aid of the energy and continuity equations. The experimental and analytical results show 
that the induced mass flow through the arc can cool the arc and flatten its temperature field effectively. This 
method is expected to find application in various arc heaters and circuit breakers for the purpose of saving 

energy. 

NOMENCLATURE 

B magnetic field vector 
B,, B,, B, z-, r-, @-projection of B 

expansion coefficient 
specific heat at constant pressure 
electric field strength 
spectral intensity of gas 
current density vector 
z-, r-, Q-projection of j 
thermal conductivity 
Boltzmann constant 
Laguerre polynomial 
mass of particle 
integer 
number density of particles 
gas pressure 
collision cross section 
radial coordinate 

electron temperature 
gas temperature 
gas velocity vector 
velocity components parallel and 
normal to the temperature gradient 
fixed Cartesian coordinates 
rotating Cartesian coordinates. 

Greek symbols 

Subscripts 
e 
S 

k 

scaling factor 
emission coefficient of gas 
peripheral angle 
gas viscosity 
angle between y’ and y 
gas density 
gas electric conductivity 
angle between r- and x-coordinate. 

electron 
particle excluding the electron 
order of Laguerre polynomial. 

1. INTRODUCTION 

SINCE the worldwide energy crisis in the 197Os, a shift in 
the energy base has occurred. As a result of oil and gas 

price increases, an electric energy economy [ 1,2] using 
both nuclear fuel and abundant supplies of coal is 
developing and requires that many high temperature 
chemical and metallurgical processes use electrical 
heating devices. Plasma devices, which heat gases by 
means of an electric arc, go far beyond the temperature 
range of the conventional furnaces with efficiencies 
much higher than can be achieved with combustion 
heating equipment. The high heat efficiency of an arc 
heater can compensate for the price difference between 
electricity and hydrocarbon fuels. Hence, the arc heater 
is worth utilizing in some areas in which the process 
temperature may exceed 1400 K, including: refractory 
shape firing, ladle preheating and billet heating, etc. 

Use of plasma (high energy electric arc) ignition in a 

large pulverized-coal-fired steam generator is expected 
to allow many electric utilities and large industrial 
steam users to reduce dramatically their consumption 
of supplemental oil and gas for ignition and warm-up 
purposes. Combustion Engineering Inc. claimed [3] 
that a system with a high energy electric arc during cold 
or hot starts of a coal-fired steam generator could, over 

a 30-year period, save more than 20 million galtons of 
fuel oil on a 600 MW unit. Further improvement of 
these arc heaters or arc igniters lies in the flattening of 
the arc temperature distribution and in the broadening 
of the arc plasma. Thus, the efficiency of gas heating by 
the arc plasma can be raised considerably. 

In order to reduce the energy loss during high- 

voltage transmission, research work on a super-high- 
voltage (1~15~ kV) transmission technique is in 
progress in various countries. One of the key problems 
in such a super-high-voltage transmission technique is 
to raise the interrupting ability of the gas-blast circuit 
breaker, i.e. how the cold, high-speed gas flowing from 
the interruptor cools the so-called ‘post-arc’ more 
efficiently, so that the gas medium between two 
electrodes can not be reignited under the condition of a 
high rate of increase of the recovery voltage. 

It is well known that the arc plasma torch produces a 
concentrated heat flux and violent plasma jet which is 
its main advantagein some technical applications, such 
as in cutting of metals with high thermal conductivity, 
plasma spraying and deep melting of metals, etc. 
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However, to get a broad arc column or to cool it 
efficiently is not an easy thing indeed. Topham [4, 51 
and Lowke and co-worker [6, 71 investigated the 
electric arc in an axial cold gas glow. Takeda and 
Nakamura [S] achieved a broadened arc for use in 
welding by means ofan alternative transverse magnetic 
field. The purpose of the present work is to develop a 
new method of arc-broadening and arc-cooling in 
terms of a homogeneous transverse magnetic field. It is 
hoped that applications will be found in the areas of 
industrial heating, arc interrupting and plasma 
welding. 

2. THEORETICAL CONSIDERATIONS 

It is assumed that the longitudinally free burning arc 

in a gas at rest is long enough for a column to develop 
away from the electrodes that is substantially uniform 
along its length. It is therefore reasonable to consider 
the arc parameters to be only radius-dependent (see 
Fig. 1). 

The well-known self-magnetic pinch effect will cause 
a pressure rise in the arc column. A long cylindrically- 

symmetric arc without an external magnetic field may 
be described by the following force-balance equation 

dP 
-+j,B,=O, 
dr 

where P is the gas pressure inside the arc column and j, 
and B, stand for the arc current density and self- 
magnetic field strength produced by j,, respectively. 
Equation (1) indicates the balance between the Lorentz 
force (j=B) and the pressure gradient (dP/dr) in the arc 
column. The gas pressure distribution will be easily 
evaluated provided the current density distribution is 
given. The integration ofequation (1) shows that the gas 

/ //A 

. 
. Arc column 

. -c . 
. * 

. . - . 
. . 

. 
..’ 

. 
. * 

. 

:, * 

8 

:: . 
I- 

8 
.7 -. . 
.* . 

I////// 

Fm. 1. Cylindrically symmetric free-burning arc. 

pressure reaches its maximum value at the axis of the 
free burning arc. 

When this free burning arc is exposed to a 
homogeneous transverse magnetic field, the arc column 
is deflected, as shown in Fig. 2, by the Lorentz force (due 
to the external magnetic field). In this case the force- 
balance equation (1) no longer holds, because the 
curved arc may not be taken as a one-dimensional (1 -D) 
problem and, more essentially, because the Lorentz 
force produced by the external magnetic field can not be 
equilibrated by the pressure gradient only. 

If only the pressure gradient appears in addition to 
the Lorentz force inside the arc column, the following 

equation should hold 

VP=jxB, (2) 

where j is the arc current density and B is the resultant 
magnetic field strength. Taking the curl of the terms on 
both sides of equation (2) eliminates the gradient term 
and leads to 

Vx(jxB)=O. (3) 

The curl of the Lorentz force (j x B) may be developed 
according to the transformation of vector analysis as 
follows : 

Vx(j x B) = (B*V)j-(j+V)B+j div B-B div j. (4) 

Since the arc column is free of electric and magnetic 
charges, the divergence of the current density j and the 
magnetic field strength B must vanish. Hence, the last 
two terms on the RHS of equation (4) can be dropped. 
For the convenience of analysis the remaining two 
terms on the RHS of equation (4) are rewritten in 
cylindrical coordinates. Then one obtains [instead of 
equation (4)] 

-j.(iF) -j, (i?) -jZ(g). (5) 

FIG. 2. Curved arc by external magnetic field. 
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A close analysis in what follows is given to the arc 
parameters in the cross section on the a-a plane of the 
arc column (see Fig. 2). Evidently, the current density j 
parallel to the z-axis yields 

j, = j, = 0. (6) 

The external magnetic field normal to the z-axis and the 
cross-section investigated being situated on the 
symmetric plane result in 

yet 

B, = 0, ; = 0, I (7) 

B, # 0, B, # 0, 

; # 0, ; # 0, 

because of the cylindrical asymmetry of the curved arc 
column. Thus, equation (5) may be reduced to 

It is not difficult to prove that the two terms on the RHS 
ofequation (9) always have the same sign for the case of 
a free burning arc. As a result, the curl of the Lorentz 
force must be non-zero, i.e. 

VxO’xB)#O. (10) 

The Lorentz force in this case lends itselfto be split into 

two parts 

jxB=(jxB),+(jxB),, (11) 

where (j x B), and (j x B), stand for the potential part 
and the curly part of the Lorentz force, respectively. 

It is because the Lorentz force in the curved arc is 
non-potential, its curly part (j xB), can not be 
compensated by the gas pressure gradient, hence, 
equation (2) should not be used to describe the force- 
balance of the asymmetric arc. 

The possible force to balance the curly part of the 
Lorentz force is the inertial and viscous forces of the gas. 
In other words, the curly part ofthe Lorentz force must 
induce a mass flow inside the arc column. Accordingly, 
the momentum equation describing the curved arc may 

be written, instead of equation (2), as 

jxB=VP+(pV*V)V-&VdivV-Vx(VxV)), 

(12) 

where V is the induced gas velocity and p is the viscosity 
of the gas. 

The second and third terms represent the inertial and 
viscous forces due to the gas flow, respectively. After the 
curl operation on both sides of equation (12) and 
substituting equation (10) into equation (12) one 

obtains 

Vx(jxB)=Vx[@V.V)V+/Jx(VxV)] #O. (13) 

The velocity equation (13) inevitably gives rise to the 
following result : 

v #O. (14) 

From the foregoing analyses one can conclude that : 

(1) When the Lorentz force in an arc column is 
potential, it will be balanced solely by the gas pressure 
gradient. 

(2) When the Lorentz force is non-potential, the gas 
pressure gradient serves as the compensating force for 
its potential part only, and its curly part should be 
balanced by the inertial and viscous forces of the gas. 
That is to say, mass flow inside the arc column must be 
induced by the non-potential Lorentz force. 

3. EXPERIMENT 

In order to quantitatively study the induced flow field 

inside the arc column and its cooling effect on the high 
temperature arc plasma, it is necessary to know the 
temperature and velocity distribution of the arc 
column. First it seems reasonable to solve a set of 

equations describing the arc state, such as the 
conservation equations of mass, momentum and 
energy, the equation of state and Maxwell’s equations, 
etc. Actually, since the boundary conditions for the free 
burning arc column are quite difficult to determine and 
the transport properties of the plasma strongly depend 
on the temperature, it is scarcely possible to solve the 
above-mentioned system of equations without a few 
assumptions which are far from the reality. In the 
present work the temperature field inside the arc 
column was evaluated with the help of the emitted line 
intensity measured by spectroscopic means. 

Afterwards the flow field induced by the transverse 
magnetic ‘field was calculated with the aid of the energy 
equation and the continuity equation for the gas. 

The free-burning arc in a H,+N, mixture is 

operating in a cylindrical, evacuable arc chamber 
which is similar to that used in ref. [9] (see Fig. 3). The 
length of the free space between the two cascade blocks 
is 28 mm. The homogeneous transverse magnetic field 
is generated by two Helmholtz coils. The arc chamber 
and the window have been re-equipped and specially 
designed to allow the side-on measurements for an 
angular range of more than 90”. 

When the arc column is cylindrically symmetric and 

optically thin, the local emission coefficient of the gas 
may be evaluated in terms of the Abel transformation, 
the side-on scanning measurements of the (line or 
continuum) intensity of the plasma gas having been 
made. The intensity I(x) of the plasma gas is an integral 
ofits local emission coefficient E(r) along a chord A A’, as 
shown in Fig. 4 

s 

Y 
I(x) = 2 E(I) dy. (15) 

0 
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FIG. 3. Cross-sectional view of arc chamber. 

As long as I(x) is known from spectroscopic diagnostics 
for all the values of x included between 0 and R, the 
inverse transformation between I(x) and s(r), also called 
Abel’s transformation 

1 
a(r) = - - 

R dl(x)/dx 

7c s ~ J(x’-r’) dx’ 

permits one to determine the local emission coefficients 
for each value of r by numerical integration [9]. 

(I 1x1 

_ALx 
-R 0 R 

FIG. 4. Abel’s transformation. 

However, the arc column in this case does not exhibit 
cylindrical symmetry and as a result, the intensity 
measured depends now not only on the radius, r, but 
also on its angle to the x-coordinate. Consequently, 
much more information, which may be obtained from 
numerous measurements of 1(x’, 5) from various 
directions of observation, is needed for the determi- 
nation of the local emission coefficient. Integration of 
the emission coefficient E(r, qb) along an observation 
path y’ at fixed x’ and 5 yields a general relation between 
local and integral quantities 

+a3 

1(x’, 5) = 
s 

e(r, 4) dy’. (17) 
--a 

The coordinate system used is shown in Fig. 5 where(x’, 
y’) serves as a rotating coordinate system. In this case 
the inverse method developed by Maldonado [lo], and 
Maldonado and Olsen [I l] must be used. One can 
obtain the following solution of equation (17) in 
accordance with Maldonado’s transformation 

E(r, 4) = e-a2r2 f a”rm cos (m$) 
Ill=0 

*,f, GiZk (a)G’(a2r2), (18) 

where Lp (a2r2) is the generalized Laguerre polynomial 
with argument m2rZ and order K, c( is a scaling factor 
and q5 is the angle between the r- and x-coordinate. 

The function 1(x’, 5) obtained from the measure- 

ments is used for evaluating the expansion coefficients 
Ci+ Z,J~) according to 

C; + 2dCo = n;;;;;j! 

s 

+ c ~0s Cm51 d5 

-n 

*I 

+a, 

W, Off,,, + 2,W) dx’, 

-m 

where s0 = f, E, = 1 form = 1,2,3,. ., and H,, zk(axr) 

is the Hermitian polynomial with argument (ax’). 

In the calculation procedure, K,,, = 80, and M,,, 

FIG. 5. Coordinate system in Maldonado and Olsen’s 
transformation. 
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= IO. The practice in ref. [12] shows that seven discrete, 
equidistant directions (At = 15”) taken for measure- 

ments are enough to obtain satisfactory results in the 
calculation. The range of x’ is normalized to 
- 1 < x’ < + 1 and subdiviged into 80 equal intervals. 

The measuring set-up is about the same as that in ref. 
[9]. The side-on measurements of line intensity of H, 
were performed by moving a monochromator across 
the arc column. The length of each step was set at 
0.0125 mm to allow the precise measurements of the 
line intensity 1(x’, 4). The monochromator could rotate 

around the arc axis to enable the measurement in 
various directions of observation. A set of such 
measurements (7t x 81x’) was carried out for three 
curvatures of the arc corresponding to three external 
magnetic field strengths. So, there are altogether 1701 
measurements of 1(x’, 5) taken for the calculation ofthe 
line emission coefficient (Y, 4). 

4. EVALUATION OF THE TEMPERATURE 

AND FLOW FIELD INSIDE THE ARC COLUMN 

4.1. Evaluation of the temperaturejield 
The local emission coefficients E(r, 4) of H, were 

numerically calculated from the H, line intensity 1(x’, r) 
in terms of Maldonado and Olsen’s transformation. 
The iso-emission coefficient curves for three curvatures 
of the arc can be seen in Figs. 6-8. In general, it is not 
difficult to evaluate the temperature field from the 
known emission coefficient field if the arc plasma is in 
local thermodynamic equilibrium (LTE). However, the 
line profile in addition to the line intensity has to be 
measured for the evaluation of the various parameters 
of an arc in non-LTE. Kuo [9] developed a calculation 
method with which all parameters ofan arc in a mixture 
of H, + N, in partially local thermodynamic equilib- 
rium (PLTE) can be obtained by measuring the line 
intensity of H, only. According to this calculation 
method a system of equations was solved simul- 
taneously, they are : mass action law, the equation of 
state, quasi-neutrality, special saha equation and the 
generalized Boltzmann distribution, etc. 

FIG. 6. Isotherms and iso- curves in arc cross section; 
transverse external magnetic field B,, = 0.33 G. 

FIG. 7. Isotherms and iso- curves in arc cross section; 
transverse external magnetic field B,, = 1.00 G. 

The isotherms of the gas for three curvatures of the 
deflected arc resulting from this calculation method are 
plotted also in Figs. 68. The maximum gas 

temperatureis about 4000 K. The electron temperature 
is higher than the gas temperature by about a factor of 2 
inside the arc column due to non-LTE. The electron 
temperature isotherms are not shown in Figs. 6-8 
because of their lesser importance for the effect of arc 
cooling. 

4.2. Evaluation of thejowjeld 
Under high temperature it is extremely difficult to 

measure the gas velocity directly. Alternatively, the gas 
velocity can be evaluated with the help of the energy 
equation and the continuity equation when the gas 
temperature field is known. 

The energy equation for the gas can be written in the 
following form : 

aEz = - V * &VT,) + V * (pVh), (19) 

where T,, V, h, and K are the gas temperature, the gas 
velocity, the gas enthalpy and the thermal conductivity, 
respectively, and aE2 stands for ohmic heating. 

FIG. 8. Isotherms and iso-s curves in arc cross section; 
transverse external magnetic field B,, = 1.94 G. 
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Viscous heating has been neglected in the energy 
equation (19). In terms of the following formulas 

(20) 

K = $I VT,, 
8 

(21) 

equation (19) may be reduced to 

oE2 = -pC,V*VT,- KV’T,t~(VT,I’ . (22) 
R 

The gas velocity can be divided into two components, 
one is parallel to the temperature gradient of the gas 
and the other is normal to it as follows 

v = V,$V,. (23) 

Substitution of equation (23) into equation (22) results 
in 

where the electric field strength E is obtained from 
measurements and the rest ofthe quantities on the RHS 
of equation (24) depend only on the temperature (the 
gas pressure change caused by the self-magnetic pinch 
effect is too small in the present case to exert its infIuence 
on material properties). 

So far, the velocity component parallel to the 
temperature gradient of the gas, VP, can be obtained. In 
calculating V,, dK/dT, was so adjusted as to satisfy the 
following control equation based on the mass 
conservation law : 

due to the lack of mass source. If the control surface 
taken is isothermal, then 

f I‘ ,* * 

$+ 
pVh*da= h 

I* ti 
pV.da = 0. (25) 

* 
T = C”“C1. 

This procedure guarantees the reliability of the 
calculation of V,. 

The velocity component V, was evaluated numeri- 
cally by solving the continuity equation 

div (pV) = 0. (26) 

Taking the vector sum of V, and V,, the local gas 
velocity, hence, the whole Row field can be obtained and 
schematically plotted in Fig. 8. too. 

Figure 9 shows the velocity distribution over the 
symmetrical axis of the arc cross section. 

5. DISCUSSION 

(1) It can be seen clearly from Figs. 68 that the 
isotherms and the iso-emission coefficient curves do not 
coincide with each other and the difference between 
them becomes more distinct as the transverse magnetic 

I V(m 5.‘) 
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+ 
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EiG. 9. Velocity distributions over the symmetric axis of the arc 
crosssection:(l)B,, = 0.33G;(2)B,, = l.OOG;(3)B,, = 1.94 

G. 

field strength increases. This phenomena seems to be in 
contradiction with the common knowledge that the 
emission coefficient of gas is only a function of the gas 
temperature in the isobar field. Actually, this statement 
presupposes the LTE of the gas. In the case of non-LTE, 
the difference between the gas temperature and electron 
temperature to which special attention should be paid 
is defined by the energy conservation of the electrons 

It2 c 2% N,N,Qe,, (27) 
site 

where T, and h4, are the 

eiectrons and the other kind of particles, and k 

represents constant. 
The coefficient 

particles at the excited level, 
and therefore, depends not only on the 
temperature, 

variation of the field 
strength, 

electrons varies in amount from point to point. 
Consequently, emission coefficient 
function of the field, E, as well as the gas 
pressure, 

exhibits a 
streaming 

magnetic field. The cold gas enters the 
curved arc column from its inner side, then turns into 
the plasma owing to the ohmic finally running 
out from the side of the curved arc. The 
magnitude velocity largely depends 
on the curly part of the Lorentz force. Under present 
experimental velocity is 
about 62 m s-i. In Fig. 8 only the induced flow field 
inside the arc column is shown schematically. 

maximum) goes down and the cross section of the arc 
column expands as the transverse magnetic 

inertial force of the gas is to 
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compensate the curly part of the Lorentz force 
increasing as the external magnetic field. This implies 

that more cold gas has been pumped into the arc 
column and the arc column is, therefore, cooled more 
intensively. 

This kind of arc-cooling mechanism is substantially 
different from that in the gas-blast arc [4-71. In the 
latter case most of the gas bypasses the arc column due 
to thermal effects. Moreover, the arc temperature, on 
the contrary, goes up because of the constriction of the 
arccrosssection.Fromastrikingcontrasttoit,themass 

flow field induced by the curly Lorentz force runs 
through the arc column and, as a result, cools the arc 
column more effectively than in the gas-blast arc. 

This method of cooling the arc plasma and 
homogenizing the temperature field of the arc column 
by means of the cold gas flow induced by the curly 
Lorentz force is expected to find its application in the 
gas-blast circuit breaker, plasma torch for welding and 
arc heaters for industrial heating. 
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LE CHAMP DE VITESSE ET DE TEMPERATURE DUN ARC BRULANT LIBREMENT 
ET DEFLECHI PAR UN CHAMP MAGNETIQUE TRANSVERSAL 

R&sum&On presente une etude theorique et experimentale sur le champ d’ecoulement dans un arc brtilant 
librement et induit par un champ magnetique transversal. Cet tcoulement est induit par les forces de Lorentz. 
La distribution de temperature de la colonne d’art est dbtetminbe par methode spectroscopique, tandis que le 
champ de vitesse est Cvalue a I’aide des equations d’tnergie et de continuite. Les resultats experimentaux et 
analytiques montrent que I’tcoulement induit a travers I’arc peut refroidir celui-ci et atttnuer sensiblement le 
champ de temperature. Cette methode devrait trouver application dans divers chauffages a arc et dans les 

disjoncteurs en vue de l’iconomie d’energie. 

DAS TEMPERATUR- UND STROMUNGSFELD EINES FREI BRENNENDEN 
LICHTBOGENS, DER DURCH EIN MAGNETFELD QUER ABGELENKT WIRD 

Zusammenfassung-Eine theoretische und experimentelle Untersuchung des Stromungsfeldes innerhalb 
eines frei brennenden Lichtbogens, das durch ein querzum Lichtbogen verlaufendes Magnetfeld induziert ist, 
wird dargestellt. Der induzierte Massenstrom entsteht durch die Lorentz-Kraft. Die Temperaturverteilung in 
der Lichtbogensaule wurde mit einer spektroskopischen Methode bestimmt, wlhrend das Strijmungsfeld mit 
Hilfe der Energie- und Kontinuitatsgleichung berechnet wurde. Die experimentellen und analytischen 
Ergebnisse zeigen, da13 der induzierte Massenstrom den Lichtbogen kiihlen und dadurch das Temperaturfeld 
abflachen kann. Diese Methode ist dazu geeignet, Anwendungen in verschiedenen Lichtbogenofen und 

elektrischen Ausschaltern zum Zweck der Energieeinsparung zu tinden. 
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TEMnEPATYPA I4 FIOJIE CKOPOCTER TEYEHLI5l CBOSOAHO rOPRLlJEfi AYI-I?, 
I-ACMMOti nOIlEPEqHbIM MArHMTHbIM IIOJIEM 

AHHOT8UHR~npenCTaBneHO TeopeTkiqecKoe A 3KcnepaMeHTanbHoe Iiccnenoeawie MaCCOBOrO "OJIR 

CKOpOCTefi TeVeHAIl BHyTpH CBO6OLUIO rOpXIUeii LlyrH, BbI3BaHHOrO nOnepe'IHbIM MarHATHbIM nOneM. 

3TO AHflyUHpOBaHHOe MaCCOBOe nOJIe CKOpOCTeti TeYeHAIl B03HIIKaeT B p'23yJIbTaTe CIiJlbI flOpeHTUa. 

Pacnpenenewie TeMnepaTypbI nyroeoro cTon6a onpenenanocb cneKTpocKonkwecKUM MeTonoM, B TO 

BFMR KaK nO,Ie CKOpOCTeti TeXHHIl pXWBTbIBaJIOCb A3 ypaBHeHR,l 3HeprHH H Hepa3pbIBHOCTH. 

3KCnepHMeHTa."bHbIe A TeO~TA'feCKAe pIZ3yJIbTaTbI nOKa3bIBaH)T, qT0 BHAyUHpOBaHHOe MaCCOBOe 

Teqewie, npoxonnluee repes nyry, MOTeT OxJIaXAaTb Ayry r( 3@IeKTABHO BbIpaBHBBaTb nOJIe 

TeMnepaTypbI.npennonaraeTca~Uenax3K0U0~HII3IieprH~npI(MeHeHAeMeTonaBpasnltqHbIxnyroebIx 

Harpeearennx II npepbIBaTennx Uenli. 


