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SUMMARY

The paper bas three main aims: +to describe the important features of the
two-dimensional problem of an arc column across a low subsonic air stream; to
present a simple model of the src column which has proved qualitatively useful
in the past; to demonstrate by analysing experimental results that the model

is not quantitatively adequate,

A principal feature of the problem is that the cross-sectional area of the
arc deperds on the current passing through the arc, on the velocity of the
urdisturbed stream and on the ambient pressure and temperature, This feature is
incorporated in the simple model, which employs an equivalent arc of circular
cross-section carrying the same current and having no convection inside it, The
experimental results, inferred from measurements on moving arcs at atmospheric
pressure, are analysed in terms of Reynolds number, Nusselt nurber and drag
coefficient, The results for the arc are found to differ greatly from results
for solid circular cyliniers, even when an allowance is made for loss of energy
from the arc by rediation, It is therefore concluded that the equivalent arc,
as here defined, is not a satisfactory model of an arc across an air stream,
ard some possible reasons for this, as well as possihle lin:s of improvement,

are given,

Departmental Reference: Aerc 2714
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1 INTRODUCTION

When an electric arc is held, by means of a magnetic field, across an
air stream, it not only creates a disturbance in the stream but it also reacts
within itself, The size and shape of the arc, and the temperature inside it,
depend on the velocity of the stream and on the ambient pressure and temperature
-as well as on the electric current passing through the arc, $o, too, do the
electric field required to maintain the current and the magnetic field required
to prevent the arc [rom being blown along by the stream, In a theoretical
treatment of arcs it is therefore necessary to take account of the situation
insjide the arc,

Of the many articles which provide tl.e background to the theory of arc
discharges, those by ifinkelburg and Maecker (1956), John and Bade (1961),
Bdels (1961), Cann (1961) and Fumons (1963) are particularly useful for their
different contributions to the subject, The first four papers also contain
extensive lists of references, The fifth paper is especially noteworthy since
it regards arc theory from the points of view of heat transfer and fluid
dynamics, From such papers as those cited may be extracted the following
simplifying features which can be exploited in establishing a theory of arcs:

(1) that part of the arc, called the "column", which is not very close

to the electrodes can be regarded as a plasma possessing charge neutrality;

(i1) if the pressure is sufficiently hirh and the electric field is not
too high, the air inside the arc is in thermal equilibrium and can be treated

as a continuum fluid with finite electric sorductivity;

(iii) if the pressure is surficiently high or the current is sulficiently
high, the discharge is of a filamentary nature so that the arc column may be
treated theoretically as having a definite boundary (which in this paper is

called the "periphery") outside which the electric current is identically zero;

(iv)  in many problems the arc column contains'a portion (called the
"uniform" column) which has no variation of properties along its length,

An example ol a problem which possesses the above {eatures is the one
considered in this paper, namely the steady two-dimensional problem of the
uniform colwan of an arc held at rcst against an imposed subsonic flow by an
applied magnetic (ield wiich is transverse to both the direction of the
undisturbed flow and the direction of the current, This problem was one of
several theoretical arc problems recently described by Lord (1963), and the
present work is a summary and development of part of that paper, The general
features of the problem are described in Section 2,



The approach to the solution of the problem is empirical, following a
line originated by Suits and Poritsky (1939) and described more recently, for
instance, by John and Bade (1961), The basic idea is to use the internal
properties of a simplified equivalent arc in conjunction with experimental
data, The properties of the equivalent arc used in this paper are described
in Section 3,

Lord (1963) used empirical relations for the heat transfer and drag of
501id cylinders to enable the theoretical treatment of the arc problem to be
completed, The resulting trends appeared to be in rough qualitative agreement
with observations, such as those made on moving arcs by Adams (1963) and by
Spink and Guile (1964), However, it is possible to deduce experimentally the
power put into unit length of an arc column and to estimate the column width
visually, so that, neglecting radiation, the heat loss from the arc can be
compared with that from the correspording solid cylinder, A comparison made
on the basis of Adams' work, for a particular pair of values of the flow
velocity and the electric current at one atmosphere pressure, gave the
astonishing result that the heat lost from the arc was about twenty-five times
that for the cylinder, It is also possible to estimate the width of the arc ¢
from the internal properties of the equivalent arc, amd the width obtained in
this way was of the same order as that deduced visually and thus led to a
confirmation that the heat lost from the arc was much greater than that from
the solid cylinder, In order to investigate this diécrepancy more closely,
the properties of the equivalent arc have been used to calculate the heat
transfer and the drag over the full range of Adams's results and to compare
them with those for a solid body, The results of the calculations, which

include an allowance for radiation, are described in Section L.

2 GENERAL FEATURES OF THE PROBLEM

The main parameters of the problem are indicated in Fig,1(a)., The arc
column is taken to have a finite cross-sectional area, The total current I
through the arc is in the z-direction and is maintained by a uniform applied
electric field E , which is also the total electric field everywhere since
there is no induced electric field, The undisturbed air stream is in the
x-direction and has a velocity v, which is small compared with the speed of
sound appropriate to the ambient pressure P,, and ambient temperature T .
Although the effects of ambient pressure aml temperature are important, we
shall concentrate on the specific case in which the ambient presaure is
atmospheric (p, = 10° kilograms/metre second® in the m k.8, system of units to
be used throughout) and the ambient temperature is nominally 300°K, The range
of flow velocities will be between about 1 and 100 metres/second,



~i

A unif‘oﬁn magnetic field B is applied in the y-direction and this has
the effect of holding the arc at rest, Ve assume that within the arc there is
one fixed point which is the point of maximum temperature (and iz called the
"centre" of the arc although it may not be the geometrical centre), Thus the
assumption is that for any values of the imposed velocity v and the current
I, the value of the anplied magnetic field [ is such that the centre stays
fixed, However, the position of the arc periphery deperds on the values of
v, and I and also on the values of p_ and T,

The most important features of the problem are the dissipation of
electrical energy into heat within the arc ard the consequent transfer of
heat from the arc, There are three temperatures of particular importance:
T, the ambient temperature of the imposed flow at infinity; "f, the
temperature of the arc periphery; To’ the temperature at the centre of the
arc, T is a given parameter, whereas’ To has to be found as part of the
solution, The peripheral temperature T is a theoretical parameter which
serves to define the periphery of the arc and plays a decisive role in arc
theory, We assume that 'f has the same value at all points on the arc periphery,
For a given gas at a given pressure T is a constant which represents the highest
temperature up to which the electric conductivity may be treated as negligibly
small, In this paper, for an arc in air at atmospheric pressure, we take T =
4000°K, Many workers on arcs, for example Golderberg (1959) and Stine and
iatson (1962), have used a value of the periphcral temperature egual to or
near to the value chosen herc, Ve assume that the arc current is in such a
range that the central temperature To lies between 4000°K and about 20000°K.

The temperatures and pressures involved in high pressure arc discharges
arc such that some effects of radiation must be taken into account, Here we
include only the loss of energy from the arc column direct to infinity without
any absorption by thc external air stream, This heat-sink effect of radiation
is represented by a net radiated power density per unit volume emitted from the
arc,

The problem of the arc held in a stream is to find the clectric field (or
voltage gradient) I , the magnetic field B 3, and the central tempcrature To in
terms of I for fixed values of Vs B T, and "i’. Of particular interest also
are the arc cross-sectional area, the total amount of heat added to the stream
and the drag on the periphery, The relations between the dependent and the
independent paramcters are known as the "arc characteristics", The first
stop in tackling this problem is to try and formulate a theoretical model,

Such a model must incorporate simple yot realistic forms for the properties
of air and for the bourdary conditions at the arc periphery,



An acourate knowledge of the high-tenperature properties of the gas
inside the arc is very important; it is also very diificult to obtain,
Detailed agreement between theoretical predictions and experimental measure-
ments of the distributions of quantities within an arc column may only be
expected when the most realistic data are used, (See, for instance, the
theoretical calculations of King (1956) and the experimental results of
Maecker (1962),) However, by using simple analytical formulae, it is possible
to simplify the derivation of less-detailed features of the arc, Ve adopt

this approach in this paper, and the formulae used are described in Appendix A,

The boundary corditions at the arc periphery are also very important.
The introduction of the concept of the arc periphery means that a theoretical
problem involving an arc column is resolved into two problems, one internal
to the arc and the other external to it, These two problems must be solved
separately and then their solutions matched at the periphery in oxrder to give
the solution to the whole problem, Only then can the arc characteristics be
fournd, The size and shape of the arc periphery should be found as part of
the solution, and in the determination of the arc characteristics, the
properties of the periphery as a fluid boundary of very high temperature and
of porous nature should be taken into account, The peripheral boundary condi-
tions are greatly influenced by the assumptions made about the inside of the
arc, For instance, in thc arc nrodel which is described in Scotion 3 it is
assumed that the arc periphery is non-porous ard moreover that there is no
convection inside it, and this implies that the periphery of the equivalent
arc is imbued with the (unlikely) property of being able to withstand
tangential stresses, Also, if the shape of the periphery is not allowsd to
be whzlly dcetermined by the matching process it is not possible to match all
the physical quantities at all points round the p:riphcry, Again taking the
model of Section 3 as an example, the assumption that the periphery is circular
has the consequence that the internal properties of the cquivalent arc and the
external properties of the air stream may Le relatcd at only one or two points
on the periphery,

3 TIE MODEL OF THE SOUIVALUNT CIRCULAR ARC WITHOUT INTZRNAL CONV.CTION

3.1 Properties of the cquivalent arc

Correspording to an arc column in an air stream we define an equivalent
arc which is similar to that introduced Ly Lord (1963) and has the following
properties;

(i) its centre coincides with the centre of the arc in the stream;

(11) it carries the same ourrent as the actudl -arc;

05
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(iii) the clectric conductivity ¢ is constant inside it and equal to

the value % appropriate to the teuwperature To as its centre;

(iv) the radiated power density ¥ is constant inside it and equal to
the value wo appropriate to the temperature To at its centre;

(v) there is no convection inside it,

With these assumptions the variables of interest inside the arc, namely
the temperature T, the pressure p, the current density jz and the magnetic
field components Br’ Be, must satisfy a set of equations comprising Ohm's
law, the conservation of energy, the momentum or pinch equations which in the
absence of convection relate the pressure gradient to the electromagnetic
force, and liaxwell's equations, In the present context, however, the momentum

and Maxwell's equations only serve to yield the overall result that
f = B_1I (1)

where I is the elcctromagnetic thrust acting on the inside ol the arc, B is
the uniform applied magnetic field and I the total current, This result,
however, can be deduced from elementary principles whatever the distribution
of current and induced magnetic {ield, Imagine the applied field B to be
removed while the current distribution is constrained not to change by the
application of mutually-cancelling internal forces: then the arc can be
regarded as teing made up of filamentary currents all reacting with each other,
but as all reactions are mutual ¥ = ZEi = O where F, is the force on the ith
filament, When B is restored additional forces given by Ei = ji x B are
introduced where Ji is the current in the ith {ilament, Since this equation
is linear in B ard since‘jiis constant the two sets of forces can be super-

imposed so that after integrating over the cross-section equation (1) results.

Ohm's law gives by (iii) above
j, = i&_0_ = constant . (2)
The energy equation is
B =y = -div (xVT) (3)

where ¥ is the thermal conductivity and depends only on T, Equction (3) is
simplified by use of the heat {lux potential ¢, defined by



$ ='f kdT (1)

so that div(xVT) = V2¢. It is convenient at this stapge to introduce a further

assumption,
(vi) that the periphery of the equivalent arc is a circle of radius 5.

Since it is a basic ascumption that T is constant arourd the periphery this
implies that a solution of (3) can be fourd for which T, and hence ¢, are
functions of the radius r only, Jquation (3) then becomes, by use of (4) and

(2)
L4 (%) - -(Ze-v) - @

This equation is integrated to give

$-py = =11 (Efo o, - wo) (6)
and in particular,
. 122 (.2
¢°-¢ = -l..-. r <hco O'o - \yo> (7)

where 3 is the peripheral value of ¢,

The total amount of heat @ which ig conducted to the arc periphery is
given by

~ P 4
Q = 2RrP (— 5%) .
r=r
A <E°° o - ;,O) (8)

by (6), and since from (2) the total current I is given by

2
I = Eoo C'o =b (9)
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there follows
3 = B 1 x32 (10)
= B, 1=V,
or alternatively, from (7) and (8)
0 = ux (-3) (11)
In order to complete the set ol relations describing the overall internal
properties of the equivalent arc, we need to augment equations (1), (9), (10)

and (11) with the expressions connecting o, and ¥, with ¢ , It follows from
equations (A7) and (A9) of Appendix A that these are

G /@2"9) , (12)

o \ ¢

qQ
1

o = ¥ (w%-(?))z . ‘ (13)

Por the purpose ol analysing experimental results we wish to cxpress

-=-
i

% and T in terms of I and :u; (\Je shall not investigate the temperature To
of the arc centre, which is represented above by 9y further in this paper. )
It follows from equations (¢) - (13) that

A -y -
o= g {1 L f—} (12)
L - ey co
: %
P ——t [ [ -Ff—} . (15)
A L R o

R
We note that when radiation is neglected 5 = Q” I, which is well known, and
that ¥ is inversely proportional to B the result for I depends, however,
on tae assumed variation of electric conductivity with temperature, whereas
that for ) does not, The effect ol the particular form of radiation term used
here is to introduce a factor which depends on I/L‘.(>° and which decreases the

amount of heat conducted to the arc periphery and increases the radius of the
arc,

3,2 "latching" the equivalent arc and the air stream

The model of the equivalent arc in the air stream is illustrated in
Fig,1(b), Because the equivalent arc is over-specified by comparison with
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the actual column of an arc in a stream, it is not possible to relate the
internal properties of the cquivalent arc and the external properties of the
air stream at all points on the periphery, In fact, only the peripheral
temperature T, which is a fundamental parameter of the theory, is continuous
across the periphery at all points, The heat flux distributions on the inside
and the outside of the periphery can satisfy only one common condition, and
this is taken to te thot the total amount of heat Q being conducted to the
periphery from inside is equal to the amount of heat, 3 say, being convected
away by the stream, The pressure distributions on the inside and the outside
of the periphery can satisfy two coumon conditions, arnd these are taken to be
that the pressure is continuous at the forward stagnation point and that the
electromagnetic thrust force [ on the inside of the periphery is equal to the
aerodynamic drag force D on the outside, An indication of' the extent to which
the internal and external distributions of heat flux and pressure do not match
at the periphery, for the simplified niodel, is given by Lord (1963) (see
Pig,5 of that paper),

The continuity of the pressure at the stagnation point has already been
implied in this paper b restricting the anbient pressure to be atmospheric
and taking properties of the air inside the arc at one atmosphere, The
remaining conditions )= Q and D = ¥ lead, by using equations (14) and (1)

respectively, to the results

. = 3 + —L -]':— -
RS [maa- £ (1€
D =B I ., (17)

It is not possible to proceed further with the theoretical treatment of
this problem without introducing relations comnecting 9 and D with the stream
velocity v, and the arc radius o Instead of assuming such relations on the
basis of inf'ormation for solid cylinders (as done previously by Lord (1963)),
we now use equations (15), (16) and (17) to analyse some experimental results
for arcs,

L APPLICATION 90 TL) MODZL TO T ANALYSIS OF EXPERIMANTAL RESULIS

Lot Description of the results

It is extremely dirlicult to perform the experiment of holding a uniform
arc column at rest against an air stream and there do not seem to be any
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published experimental results for & direct current arc in a subsonic stream,
Therefore, in seeking some evidence on the heat transfer and drag of an arc
it is necessary to use results obtained for a moving arc driven by a magnetic
field, and then to translate the results to an arc at rest, The results used
herc are those given by Adams (1963) for an arc rotating between annular

electrodes,

These tests were made in air at room pressure anl temperature and the
electrode material was carbon, Adams performed two series of experiments
with the inner electrode, the cathode, having a fixed radius, In the first
series of tests (Part I) the gap between the inner and outer electrodes was
fixed and the arc was examined through ranges of current and applied magnetic
rield, In the second series of tests (Part II) the current and the magnetic
field were fixed and the electrode gap was varied, The variation of the
electrode gap in the second series of tests enabled some definite information
on the shape of the arc centreline to be obtained, As a consequence, it is
possible to describe some of the properties of a rotating arc in the following
highly-simplified way:

(i) the arc as a whole appears to rotate with uniform angular

velocity;

(ii) each eclement of the arc moves perperdicular to itself with a

constant velocity which is the same for all elements;

(1ii) the shape of the centreline of the arc is an involute with the
inner electrode as the base circle (see Adams (1963) and also Jedlicka (1964));

(iv) as the electrode gap is increased the velocity of an arc element
decreases until at a certain critical gap the velocity takes a value which it

then retains for all larger zaps;

(v) for all gaps equal to or greater than the critical value the
gradient of the arc voltage with respect to the length of the arc, calculated
on the basis thut the arc centreliue is an involute, is constant, so that a
uniform arc column appears to ve established,

It is deduced from these results that provided the electrode gap is
sufficiently large a rotating arc may be regarded as a straight arc moving
perpendicular to its centreline and having an effective length of that of the
appropriate involute, The results for velocity and voltage gradient may
therefore be teken to apply to an arc driven in a straight line by a magnetic
field, The results for the moving arc can then be transformed to give results
for an arc held at rest, and provided the applied magnetic field and the
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current are not too larze the differences between the results in the two cases

are negligible,

In this way it is possible to get the following spot point which connects
corresponding values of current I, magnetic field B , velocity v, and electric
field (voltage gradient) E_ from Pige,5 and 8 of Part II of Adams' paper:

= 360 amps; = 0,0470 webers/metrez; = 47,0 metres/second; 4, = 1200
volts/metre, However, we require variations of‘ o @d B with v and I, and
Adams! paper does not include tests with varlable I and B for the larger
electrode gaps, ‘e therefore assume that the variations for the small electrode
gaps, where a uniform column was not established, can be taken to apply for
the larger gaps, (Decent unpublished results for larger gaps indicate that
this procedure is justified,) In equations (3) and (4) of Part I Adams quotes
relations of the form v, e B0 1933 e 1 o 50027

i, B ', where it is assumed that

5, is proportional to the voltage gradient with respect to the electrode gap,

Adems does not quote an index for the variation of | Lo With I at constant B,

‘but the evidence of his graphs is that this variation is small and we neglect

it within the range of Adams tests, namely 120 amps < I < 720 amps, 0,0059

we':'bers/metre2 < B < 0,0940 weber‘s/metrez. It then follows that the variations
o and B in tenm of v, and I are 1 e« V_ 0e45 120415 g B, 1 67 -0'55,

where the relevant renjge of v, calculated from the ranges ol BW and I, is

9,12 metres/second < v, <€ 89, 6 metres/secord. By combining these variations

with the spot point values we finally arrive at the following relations:

an VOO o. 10-5 I -O. 1 5
1200 volts/metre = <2+7- 0 metres/sec ond> \W) ’ (18)
= -—’-————-— .
0. 0470 webers /me tre2 47.0 metres/second \ 500 amps

e treat thesc relations as being representative of results for an arc
held at rest, The particular forms of the relationships are not regarded as
having any theoretical signi‘f‘icame whatever. The relations merely enable some
idea to be obtained of the sizes of & and B, and of their variations with Vg
and I, within the given ranpges, The relations are displayed graphically for
three particular values of v in Pigs,2(a) and 2(b), It is seen that the
electric field E  increases markedly with increase of velocity and decreases
slightly with increase of current, while the magnetic {ield B varies in the
same manner but to a more pronounced degree,
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Le2 Analysis of the rcaults

By using the cxpressions ror #,  and D given in equations (15), (16)
and (17) respectively, in combination with the experimental results expressed
by equations (18) and (19), it is possible to calculate #, Q and D in terms
of v, anl I, The results of the calculations, for the particular values of
v, = 92,42, 47,0 ard 89,6 metres/second and the range 120 amps € I ¢ 720 amps
are displayed in Fig,3. The results for £ and ) deperd upon the assumed
radiation law whereas those for D do not, Although the elfects of raliation
are important, they do not alter the zeneral trends of the results within
the quoted ranges, These trends are: the size of the arc (fig,3(a)) increases
with increase of current ard decreases with increase of velocity (it is of
interest that the calculated value of ¥ at the spot point is about twice as
big as the visual estimate made from Fig,12 of Part II of Adams (1963)); the
total heat rom the arc to the stream (Fig, 3(b)) increases with both increase
of current and increase of velocity, although there appears to be a tendency
for the rate of increase with current to decrease rapidly; the drag of the
arc (Mig,3(c)) increases with both increase of current and increase of
velocity, so we note that the reduction in the size of the arc with increase
of velocity is by no means great enough to reduce the drag,

Trom the heat transfer and fluid dynmamic points o view we wish to know
how ) and D vary with v _and £, .e express the results in terms of the
following non-dimensional forus o v, ¥, Q and D: the Mach number ii = vojaw,
where a_ is the speed of sound in the urdisturbed stream (the :ach number is
used here only because a more significant non-dimensional form of v_, is not
apparent and its use is not meant to imply that any effects of an approach to
the sound speed are considered), the Reynolds muber I ‘{e% =Py (25')/11', where
p1 and 'fb are the density and viscosity based on the free stream pressure and
on the mean temperature T1 between the arc periphery and stream (T1 =
(T +T)); the Nusselt mber Nu = (/2 =2)(22)/(§ - o), where the more
accurate (& - o) renlaces the tem ky (f -1 ) generally used; the drag
coefTicient Cp = /% o, co(21'), where Pe, 1S the density of the undisturbed
stream, In order to evaluate these non-dimensional parameters it is necessary
to make assumptions about the properties of air at temperatures below AOOOOK
additional to those given in Appendix A, Ve assume that: the gas is perfect
so that p = p/RT, where Rk is the gas constant for unit mass; the specilic
heat at constant pressure cy is constant and equal to (7/2)R; the specific
heat ratio y is constant; the coefficient of viscosity m is such that the
Prandtl nunber Pr = 'rpp/x is constant, These assumptions are only approximately
true for air since they neglect the effect of vibrational relaxation and .oxygen
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dissociation, After some manipulction, and using the values p = 105 kilogrems/
metre secoml?, T_ = 300%K, R = 288 imetres’/secord’K, v = 1.4 and Pr = 0,730,
the non-dimensional parameters in a form suitable for analysing the experimental

data become:

v
M = 5 = (20)
3.46 x 10 metres/secord
v._r
Rey = = (21)

rop

2,50 x 1074 metresz/second

Nu = 9 (22)

1425 x 1o3 watts/metre

2 .
P f (23)

%

1,16 kilogrmns/metre}

Then Nu and CD are easily calculated in terus of il and Re%_ by using the data
given in Fig, 3, The results Tor Ifu are shown in Fig,4(a); also plotted in
this figure is the empirical relation appropriate for hot solid cylirders as
given by Knudsen and Vatz (1958), The results for Cpy are shown in Fig, 4(b)
which also contains the empiricael results for (cold) solid cylinders as given
by Knudsen and Katz (1958), Scales of Re , the Reynolds mumber based on the
enbient temperature T , are also shown in Figs,4(a) amd 4(b).

Inspection of Pig,4 leads to the following observations,

(1) The inclusion of the radiztion factor has an important effect,
It decreeses both lNu and CD and increases Re_%_ ard hence signiricantly alters
the shapes of the Nu-Re_% and CD'RQ%- curves, It appears that an allowance for
radiation is an essential preliminary to a detailed examination of arc results,
Ve shall concentrate on the "radiationeincluded" results henceforth in this
paper, A detailed investigation of the effects of radiation on arc voltage-
current characteristics in particular is given by Lord (196L.),

(i1) The overall ranges of ‘Re;z involved are quite narrow, This is
because the radius of the equivalent arc decreases with increase of the
velocity of the stream,

(iii) The relation between the Nusselt number and the Reynolds number
for the equivalent arc is quite different from that [or the corresponding
80lid cylinder, In the [irst place, the megnitude of Nu is about ten times
as big, Secondly, Nu varies much more rapidly wif.h Re% at constant M for the

-
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arc than it does for the cylinder, Thirdly, Nu for the arc deperds on M as

well as on Re;_ , whereas in this range of Re, it is indeperdent of M for the
2 2 '

cylinder,

(iv) The relation between the drag coefficient and the Reynolds number
for the arc is also much different from that to be expected for the solid
cylinder, The drag coefficient for the arc varies with both Re%_ and M, unlike
that for a solid cylinder; the actual magnitude of CD is close to the value
which might be expected for a cold solid cylinder at the same Reynolds number,
but this cannot be regarded as of particular significance, (Note that the
value of CD for the spot point using the "visual" arc radius is not close %o
that for a solid cylinder, )

There is one way of plotting the present data which gives a surprisingly
good collapse and seems to hold promise for future investigations, To avoid
interrupting the comparison between the equivalent arc and the solid cylinder,
a discussion of this aspect o the analysis of the experimental results is
given separately in Appendix B,

5 CONCLUSION

The model of an arc in an air stream as a circular arc without internal
convection does not lead to a satisfactory quantitative analysis of the
experimental results, The following factors may be contributing to this

situation,

(1) The quoted results Tor. the heat transfer and the drag of a solid
cylinder may be inappropriate, One reason why some modification to the
empirical relation for heat transfer from solid cylinders is desirable is to
be found in the different nature of the boundary layer for the arc and the
cylinder, A simple laminar boundary layer analysis gives a relation that Nu
is proportional to VRe, which would be represented by a straight line on
Fig,4(a), but in fact the slope of the empirical curve incrcases with Reynolds
nuwrber owing to the spread of turbulence through the boundary layer, Any
boundary layer surrounding the arc, however, is likely to be fully turbulent
because of unsteadiness in the arc boundary, and this implies that a better
empirical curve would be one based on turbulent bourdary layers for all
Reynolds numbers, 4 rough allowance can be mede for this effect and leads to
an increase in Nu for the empirical curve by a factor that is about 2 for the
Reynolds nunbers appropriate to the arc results. A furthoer reason for
uncertainty in the empirical curve lies in the fact that the arc temperatures
are well above the range covered by the tests on hot oylinders,
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(i1) The interpretation of the results for a rotating arc to an arc
held et rest could be erroneous, Possible sources of error could be: the
use of data for small electrode paps; the neglect (in transforming from the
rotating arc to the arc at rest) of the induced swirl of the air in the
anmuler gap, the possibility that the arc is rotating in its own wake, and
the departures of the shape of the arc centreline from an involute; the
actual unsteadiness of the arc (which is inevitable in all experiments of
arcs in air streams because it is not possible to eliminate entirely fluctua-
tions in the stream velocity ard ripples in the direct current supplied to
the arc); the contamination of the air inside the arc by carbon vapour
ejected from the electrodes, Of these possibilities the last two appear to
be the most likely to reduce the discrepancy betveen t.e results for the arc
ard the cylinder,

(£ii) The limitations of the theoretical model are too severe, Contribut-
ing factors here could be: the over-simplified treatment of radiation; the
failure to take into account the variation of electric conductivity within the
arc; the pre-selcction of the arc periphery as a circle; the neglect of
motion within the arc and the attributing to the arc periphery of the improbable
property of withstanding viscous stresses; the assumption that the periphery is
non-porous, The last three possibilities are likely to be the most powerful,

(iv) The concept of the arc periphery as an isothermal boundary of
fixed temperature independent of the stream parameters and the current may be
too restrictive, An alternative mcthod of choosing the peripheral temperature
could be to define it so that the minimun field principle is obeyed, as
discussed by Peters (1962) A change of viewpoint of this nature could
produce very large reductlions in the non-dimensional form of the heat transfer
from the equivalent circular arc, It would, however, alter the theorctical
concept of the periphery more drastically than might be desirable,

Although the ideca of treating an arc in a strcam as an impervious circular
conductor does lead to a useful insight into the qualitative ovorall behaviour
of the arc, and also cnables all the stages of the calculation of arc
characteristics to be carried through, it appears from the evidence of this
paper that it is not adequate for quantitative calculations nor for providing
an understanding of the important processes involved in the heat transfer,

The equivalent circular arc without internal convection is itself capable of
refinement, but it scems more likely that in a better model it may be necessary
to take account of the departure of the shape of the arc from a circle, the
probable porous nature of the arc periphery (as, for instance, in the treatment



of flow through an arc by Broadbent (1965)), and the existence of fluctuations
in the shape of the arc cross-section, It will require a careful blend of
experiment and theory to achieve a proper urderstanding of this problem,

17
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Appendix A
PROP.UITIES OF AIR AT ATRIOSPHITRIC PRUSSURE

The high temperature properties ol air and nitrogen are sulficiently
gimilar for information on nitrogen to be used in the calculation of the
overall characteristics of arcs in air (see Shepard, 'atson and Stine (196L)),
Accordingly, we mix data for air and data for nitrogen in deriving approxima-
tion formlae for the properties of air, Vhile the formulae given display

the appropriate trends there is, however, much room for improved approximetions,

ile require expressions for the thermal conductivity k, the electric
corductivity o and the radiated power density ¥, In general these depend on
the temperature T and on the pressure, but with the pressure fixed at one
atmosphere they are all expressible as functions of T only, Now a useful
simplification is achieved in arc theory if the temperature amd the thermal
conducitivity are combined into the heat-flux potential ¢, which when arranged
to be zero at zero temperature is delfined by
T
¢ = / kdT (a1)
o
\le take advantage of this lact by ultimately expressing the temperature
dependence of ¢ and ¥ in terms of ¢,

Temperature range 0 ¢ T ¢ T = 4000%K

For the thermal conductivity x we assume that

i (_;;)3/4 , (12)

where & = 0,175 watts/metre °K; a camparison betwcen this approximation and
the values of k given by Maecker (1959) for nitrogen is shown in Pig, A1, It .
follows that the corresponding approximation for ¢ is

=

2 . (%)7/ v (43)

where § = (4/7)& T = 40O watts/metre, Tor the electric conductivity o and the
radiated power density y we take
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o = 0 ’ (M)
¥ = 0 . (45)
Temperature range 4000%K = %t < T < 20000%
For the heat-flux potential ¢ we assume that
. an\T/2
ozb | <H> , (46)
(p -
T

where T = 12800°K and ¢ = 105 watts/metre; a cowparison between this approxima-
tion and the values of ¢ given by Goldenberg (1959) for nitrogen is shown in
Fig,A2 ( it is noticeable that the values of ¢ in this temperature range are

very much larger than 6), For the electric conductivity we assume that o is
given directly in terms of ¢ by

j

= & , (a7)

where o = 10z+ mhos/metre; a comparison between this approximation and the

data given by Goldenberg (1959) for nitrogen is shown in Fig,A3, For the
radiated power density ¥ we take

N
¥ - (T'; ’ o

wad:'cs/mef;re3 ; a comparison between this approximation and the
data given by Kivel and Bailey (1957), used in conjunction with the data of
lilsenrath and Beckett (1956) and Hilsenrath, Green and Beckett (1957), is
shown in Pig, A4, It follows that ¥ is given in terms of ¢ by

@

where § = 1010
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Appendix B
A PROMISING ASPRECT OF TIIE ANALYSIS EXP RIMENTAL RESULIS

It follows from equation (17) and the definitions of Cp and Re1 in Section
4,2 that, for fixed apnbient and peripheral temperatures, B I/v is proportional
to Cp Re1. Also, it follows from equations (15) and (16) and the definition of
Nu in oectlon 4,2 that, for fixed anbient and peripheral temperatures and fixed
ambient pressure, v2 I/q is proportional to Nu Reg. If both CD and Nu depended
only on Re1 (as they would for a solid cyllnder at low Mach murber) then it
would follow that B  I/v,_ would depend on v 1/%_ only, Both B I/v_and v 1/8,
can be determined from the experimental re.aults, without involving any assump-
tions about the radiation loss, and to plot one against the other does not imply
any assumptions whatever about the structure of the arc or the properties of the
air inside it, The graph of B I/v against v I/E is given in Fig,B1, The
collapse of the data is noticeably good. However, the full significance of this
plot is not yet evident, The temrm vi 1/E ., 1s proportional to a non-dimensional
parameter introduced by Lord (1964) (and denoted by K) which appears to play an
important role in arc theory in general, \/hen variation of the ambient pressure
p,, is taken into account, the parameter K is proportional to pozo v°2° I/, It is
therefore suggested here that, in future analyses of experimental resulis for
arcs under the influence of imposed flows and a>p11ed magnetic fields, it may
prove illuminating to plot B _I/v  against p 1/3 o

055



SYMBOLS
B, speed of sound in undisturbed stream
cp specific heat at constant pressure
jz current density
P pressure
r radial distance measured {rom centre arc
r radius of equivalent arc
v, velocity of undisturbed stream
Br’ components of total magnetic field
B, applied magnetic field
CD drag coefficient of arc
D drag per unit length on outside of arc column
B, applied electric field (voltage gradient)
i) thrust per unit length on inside of arc column
I current
M Mach number
Nu Nusselt number
Pr Prandtl number
0 heat convected from arc by air stream
5 heat conducted internally to arc periphery
R gas constant for unit mass
Re Reynolds maber
T temperature
Y ratio of specific heats
n coefficient of viscosity
6 circumfercntial angle measured from rear of arc
K thermal conductivity
p density
(o] clectric conductivity
¢ heat-flux potential
¥ radiated power density
Superscripts:

~

values at arc periphery

constant reference values used in describing gas properties

24
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SYMOLS (Contd, )

Subsoripts:

values in undisturbed stream '

C

values at centre of arc

[ M

values calculated at mean temperature between undisturbed stream and
arc periphery
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