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AN APPROXIMATE MODEL OF AN ELECTRIC ARC
IN TRANSVERSE MUTUALLY PERPENDICULAR
AERODYNAMIC AND MAGNETIC FIELDS

A. F. Bublievskii UDC 537.523.5

Expressions are obtained for the characteristics of an electric arc in transverse, mutually
perpendicular, aerodynamic, and magnetic fields.

There are quite a few reports devoted to the investigation of an electric arc balanced by aerodynamic
and magnetic forces or moving under the action of an external magnetic field. Among them, however, there
are few theoretical solutions which admit of practical use. The concept of the impermeability of the core of
an arc [1], strengthened in such a way that the arc column itself is treated as a solid cylindrical body, can
therefore turn out to be admissible. The experimental investigations of the wake, the frequency of coming
off of vortices, the heat exchange, and the resistance presented in [2] indicate that the flow over the core of
an arc is similar to the flow over a heated cylindrical body. Indirect considerations about the high viscosity
- and low density of the arc column in comparison with the envelope also point to the impermeability of the arc.
The gas density in the central core comprises several percent of the density of the free stream, so that when
the velocities in the core and in the stream do not differ too much about 10% of the gas can pass through the
arc.

The model of an arc as a solid cylindrical body naturally requires a cautious approach, since the real
physical picture will differ from this idealized scheme.

We note that for such a model as a whole it doesn't matter whether the arc is under steady-state condi-
tions with equality of the resultant aerodynamic and magnetic forces or moves under the action of the magnetic
field. In the latter case the velocity, except for the initial period, must be set in such a way that it corresponds
to a balance of these forces.

We assume that the properties of the arc do not vary in the axial direction, although it is well known that
its characteristics also depend on the interelectrode distance. Such a dependence is primarily due to the in-
fluence of the arc sections near the electrodes. In the middle part of the arc column the variations of its pro-
perties are slight [2].

Let us write the equation for the energy balance in the electrically conducting zone of the discharge,
allowing only for conductive heat transfer in the radial direction.
ds

_11(,_)+ng=0, ' @)
r dr dr
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the equation of balance of the resultant forces at the surface of the electrically conducting cylinder of
radius ry,

IB =c0.Vares 2)
and Ohm's law,

I =2n \’oErdr. &)
0

The complete system of equations must also include Maxwell's equations and the dependences of the
transfer coefficients on the temperature and pressure.

We take E = constant and ¢ equal to some constant mean value o. In this case the solution of Eq. (1)
- 2 4
S = Sy — OE? fT . @)

The condition Sy, =S, gives the expression for determining E,

— (5)
PRV~
Iy o

while from (3) and (5) we obtain the expression for determining the current strength,
I =2xr,VaAS,, . 6)

From the equation curl H =7 we get the well-known expressions for the azimuthal component of the
strength of the intrinsic magnetic field, by analogy with an infinite cylindrical wire containing a current.
The rest of Maxwell's equations are satisfied automatically.

The radius ry can be determined by joining the solutions of the equation of energy balance at the in-
terface between the electrically conducting and nonconducting zones. For this one would have to solve the
transfer equations for the electrically nonconducting region, which have the form of boundary-layer equa-
tions. However, one can use experimental data on the heat exchange of a cylinder in transverse stream-
line flow with subsequent refinement under the conditions of electric-arc burning. These data are usually
represented in the form of a power-law dependence of the Nusselt number on the Reynolds and Prandtl
numbers and T,/T,, [3]. If

Nu = ARe™q, )

then the average heat-flux density at the surface of a cylinder of radius r, at the controlling temperature,
equal to the temperature of the free stream, can be obtained from the expression

9x = Ag

ALAT., ( 2Vrpe \™ 8)
2r, P ‘

The condition (dS/dr)r=r . = Ux makes it possible to determine the radius of the electrically conducting
zone:
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TABLE 1. Comparison of Equations Obtained in the Present Re-
port and in [5-9]

Lit. Equation Corresponds
source to Eq,
. i
16) E=19-10® -5 (16)
8 —
7] V=595102VH —p;— (7
T
(5] d, =8:10-4 VT (18)
ULo 202 13810+32
(8] 2o = 1,5 ("_""EITD_) (19)
PuVi L pohd of L*B >°-°7
8 = RALAL A 20
8] T 2,52 ( R (20)
——, \ —0,2(—0.135)
Vc, 0.3[0,27)
19] | l;poueo —9.6[4.7] ( _Ooftglten BzV Polteo | ) @2
e
£=1,s4-10=‘/7- @) | qo
' 5T
V =5,5.10-2 I;Tl @9 | g
3
dey =3-107¢ ‘/’é‘ (25) (13)
2 0.4
Uloy _ 0,962 (M) @ | an
1 P
p.VaLl _ ( poh§ 0f L*B ) 07
7 7 @) | qg
E Oololteq Ve ! )_0'2
=4, 28
B V o ( 2 @1 ay
V.° _-o- . .y 0,2
Y. V;ol‘c —56 ( Uohol‘eomy Polieo ) ® |
1
r, = ( 4AS,, m Bo _ (9)
APh AT 2V

By eliminating r, and AS,, from (5), (6), and (9), we obtain the electric field strength as a function
of the airflow velocity and the current strength:;

._, C m 2m
9. \"TFm |V 24m
—@V73) T l/ L (agr.aTy (Fp ) = 40
b ] m

One can also obtain the electric field strength expressed through the current strength and the magne-
tic induction, From (2), (5), (6), and (9), with allowance for the fact that the drag can be approximated by

the function ¢y = CRe-P, we have

2m 2m
2(2—-p)—m _— 3(e—pjim RBIH2—p)Im

= i 2 2=p J2(2—p)+m  B2A2—p)tm 11

E = (m) 20)Fm [l/_a_ (p ) = (Aphe AT Y7 J —sEi— 11)
. - J2@—pjFm
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Fig. 2. Volt—ampere characteristic curve for the arc: 1) calcul-
ated from (26); 2) generalized Eq. (19) [8]; outlined region: array
of experimental points for B =0.012-0.108 T; L. =0.0127-0.038 m
[8]; points: B =0.0125 T; L = 0.0254 m [8]. I, = ULgy/I; I, = p,0f X
h3LSB/I.

Fig. 3. Comparison of calculated and experimental data on the
function V =£(B, I): 1, 2, 3) calculated from Eq. (24) for I =4,
300, and 70 A, respectively; 4, 5) experiment [2] for I =4 and 300
Aj; 6) experiment [6]for I =70 A. V, m/sec; B, T.

Equating the right sides of (10) and (11), we obtain the dependence of the velocity balancing the arc or
the velocity of motion of the arc with respect to the electrodes on the external magnetic field and the current
strength:

2p+m 24im 2—-2p
pr 2+m 2p4+m

V= [n VA¢E}.,,A—T:(1) e ]2(2_p)+"' B(2=p)tm [H2=p)im, a2
P

Ko

The radius of the electrically conducting core of the arc is expressed through the known quantitiés by
eliminating AS,, from (9) with the help of (6), after which

1 m

'ro

. 1 )m( T )2-;—m ViEE
* ( 12 AgorLAT ., 2w Vi

3

13)

_}.Is

n

By substituting (12) into (13) one can also obtain the dependence r« =f(I, B).

Returning to (7), it should be noted that there are no experimental data in the literature on the heat ex-
change of strongly heated cylinders. A data analysis made in [3] shows that for laminar flow in the boundary
layer the heat exchange is described by the criteria dependence (7) with the values A =0.94-0.47 and m = 0.33~
0.52, while for turbulent flow A = 0.25-0,0239 and m = 0.6-0.8. In this case the coefficient A decreases while
the exponent m increases with an increase in the Reynolds number. In the tests the wall temperature of the
cylinder was 2 maximum of 1300°K, whereas the temperature of the isothermal surface of the arc core below
which the contribution of electrical conductivity becomes negligible is 6000 + 1000°K accordingto the data of
2].

We determine the coefficient A and the exponent m in (7) for arc conditions by using the experimental
data of [2] and [4].

The results of an analysis of these experiments in the form Nu = f(Re) are shown in Fig. 1. The Nusselt
number for heat exchange between the arc and the external stream was found from the expression (AT, =
5700°K)

Nu = El/aA AT,. (14)
To determine the Reynolds number when analyzing the data of [2], we used the results of a measurement
of the dimensions of the arc column presented there. The dimensions were determined by photography under

the same exposure conditions. The calibration showed that the measured dimensions corres pond to the iso-
therm of 6000 + 1000°K. The size of the arc column in the direction of the velocity vector of the oncoming
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stream was taken as the controlling dimension. When treating the data of [4] the column diameter was cal-
culated from the equation [5]

d,=kVIIV, (15)

corrected with the data of [2]. Then the coefficient k proved to be twice as large as that suggested by the
author (k =1.6-10~3 m%/2-A-1/2.sec-/?), The disagreement and the necessity of correction arising in con-
nection with it may be explained by the different methods of defining the dimensions of the column.

The dependence presented in Fig. 1 can be approximated by the expression Nu = 0.2 Re or, taking Pr~1
for gases, St = 0.2. We note that the exponent to Re must not be larger than one, since in this case St > 1 as
Re — o, ,

As for the values of the drag, according to [2] one can set cx = C=1,i.e,, p =0.

From (10), (12), and (13) with m =1 and p =0 it follows that E ~ V¥/3 I-1/3, v ~ BY/511/5, 1, ~ I?/3V-V3,
Analogous results were obtained in {1] through an analysis of experimental data, equations, and dimensionless
criteria under certain assumptions.

A comparison between the equations obtained from Eqgs. (10)-(13) and the theoretical and empirical func-
tions for air from [5-9] is presented in Table 1.

The values of the coefficients and exponents in the case of two-sided current supply [9] are given in
brackets in (21) and (22).

In the transformation of (10)-(13) to the equations obtained by the authors of [5-9] we used the following
values of the required quantities: A =0.2, m=C =¢ =Pr =1, p,, =1.18 kg/m?, p =0, p, =1.86-10~% kg/m-
sec, Ay = 0.027 W/m-.deg, Cp = 10% J/kg-deg, AT, =5700°K. The coefficients in Egs. (26)-(29) were calcul-
ated with allowance for the values of the characteristic quantities taken by the authors of [8, 9]: p, =1.95-1072
kg/m?, hy =4.4-10" J/kg, 0 =3-10° @-m)~!, p,, =1.18 kg/m? for (26) and (27); pey =1.26-10~% H/m, h; =
3-10° J/kg, 0y =100 (@-m)~!, p, =1.18 kg/m? for (28) and (29). For o we adopted its integral-mean value in
that range of values of S which corresponds to the range of variation of T = (6-20)- 10%*K. When using the data
on A(T) from [10] and o(T) from [11] we took ¢ = 7.7-10~% (@ -m)~!. Moreover, U =EL in (26).

As seen from Table 1, in some cases the equations don't differ much from each other while in other
cases the agreement is less satisfactory.

The dependence (26) is compared with the experimental data of V. Adams and with Eq. (19) [8] in Fig. 2.
If is seen that whereas the entire array of experimental points is described better by (19), for the curves of
B = const (26) is more suitable, although the scatter of the entire array of points will be greater than for (19).

The function V ={(B, I) calculated from (24) is compared with the experimental data of [2, 6] in Fig. 3.
As is seen, the calculations and experiments agree satisfactorily.

Thus, the model discussed here for an electric arc burning in an external magnetic field and stabilized by aero-
dynamic forces or moving along parallel electrodes agrees satisfactorily enough withthe experimental data of various
authors and can be offered for practical use. Thetheoretical and empirical functions obtained in [5-9] can be united
within the framework of this model.

NOTATION
T
T, temperature; S = [ A(T, P)dT, heat-conduction function; P, pressure; p, density; Cp» heat capacity;
0

q, heat-flux density; A, u, o, coefficients of thermal conductivity, viscosity, and electrical conductivity; pe,
magnetic permeability; E, H, electric and magnetic field strengths; I, current strength; U, voltage; B, mag-
netic induction; j, current density; V, velocity; cx, drag; r, running radius; d, diameter; L, distance between
electrodes; Nu, St, Re, Pr, Nusselt, Stanton, Reynolds, and Prandtl numbers, respectively; m, n, I, p,
exponents; A, C, k, constants; ¢ = PrA(T,/T ) ASy =Sgy—S«; ATo = Ty—T,. Indices: », free flow; *,
boundary of electrically conducting zone; 00, value at axis; 0, controlling value; =, averaging sign.
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DETERMINATION OF THE CHARACTERISTICS OF
NONSTEADY HEAT EXCHANGE IN ONE DISPERSE
REACTIVE SYSTEM

A. M. Grishin, G. 8. Loskutov, UDC 536.242
and T. S. Sandrykina

The laws of nonsteady heat exchange in a disperse reactive system are investigated
within the framework of a new model of heat exchange in a disperse medium not using
the concept of a coefficient of heat exchange.

The problem of energy transfer in stationary, disperse, nonreacting and reacting media has been in-
vestigated in [1-7]. An analysis of the heat-transfer mechanism is given in these reports and the basic equa-
tions are obtained. In [2], in particular, a review is made of the methods for mathematical modeling of the
heat exchange in disperse media and it is pointed out that the simplest means of mathematical modeling is the
use of the ordinary heat-conduction equations and the volume heat-transfer coefficients. A sufficiently simple
two-temperature model for the heat exchange in disperse media is obtained as a result. A more complicated
mathematical model of the transfer processes in a reacting medium, allowing for the multiphase and multi-
temperature nature of the medium, is suggested in [4]. In this model, however, they use the concept of the
heat-transfer coefficient, which is a function of time not known in advance, and additional assumptions are in-
troduced in connection with the use of so-called accomodation equations,

The problem of the nonsteady heat exchange in a disperse system is analyzed below within the framework
of the mathematical model given in [8].

Suppose there is a vessel filled with a liquid or gaseous substance whose temperature is known and equal
to Tp. A constant temperature T), is maintained at the vessel walls during the entire process. Reactive spher-
ical particles of a solid substance, equal in mass and having the same initial temperature Tin, enter the ves-
sel at some moment, We assume that the particles will be in a suspended state at equal distances from each
other and that chemical reactions whose rates are determined by the Arrhenius law [9] can be observed at the
particle—gas (liquid) interface. We presume that the depletion of the material of the particles during their
ignition is small, so that their depletion and the depletion of the gas is ignored. Moreover, we assume that
the following assumptions are valid:

1) the number concentration of particles per unit volume of disperse medium is known and equal to n;
2) the process of heat transfer as a result of molecular heat conduction is one~-dimensional;
3) the thermophysical coefficients of the particles and gas are constant;

4) the temperature inside any particle does not vary from point to point, since the radius of a particle
is small.

Tomsk State University. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 35, No. 6, pp. 1019-
1026, December, 1978. Original article submitted February 7, 1978.
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