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Chapter 

INTRODUCTION 

I.I. Purpose of the investigation 

Means switchi of circuits protection in of over-

load or fault were installed already in the early electrical trans

mission and distribution systems. A large variety of circuit inter-

rupting devices with ever increasing rating has evolved • The 

enonnous patent literature on this subject bears witness to that. 

Three main types of circuit breakers can be distinguished by their 

interrupt 

The 

medium; namely gas, oil 

element of all mf'chanical 

vacutnn. 

devices a pair 

of separable contacts, which in closed position connects two circuits 

with nearly zero contact resistance, while in open position it repre

sents an essentially infinite mpedance, In the transition phase an 

electric arc, or more generally a gas discharge, maintains conduction 

of current. For alternating currents the conduction period ends with 

natural current zern, if post currents not considered. For 

interrupt of d,c, currents, cnrrent zero be produced by 

modifying the gas discharge. The circuit responds to interruption of 

current with a recovery voltage, which depends on the circuit ele-

mcnts. Should circuit separation 

to withstand this voltage. 

successful.., open cont2.cts have 

Despite extensive research and numerous attempts to theoretical-

explain above phases in interruption process, development 

circuit breakers 11 remains to some extent matter art. 

Therefore the work presented with this thesis, which is limited to 

the arcing period,is but a drop of water on the desert being culti

ed by research. 

A purpose of this investigation accordingly to contribute 

the understanding of the interruption process, particularly the pre-

interruption arcing period in circuit breakers. More generally the 9 



work described an at to determine the thermodynamic E"lec-

trical propert of a ischarge in thermal equil brium. Because 

the properties of Nitrogen are relatively well known, it was chosen as 

a test gas in our work for comparison. Since the Nitrogen arc is sim-

ilar an arc air the resul obtained may find applicat in 

circuit breakers using air as an interrupting medium • 

. To this end the electric arc is the object of the investigation, 

but may also serve as means of analysis of high amperat 

gase The methods of analysis developed this may therefore 

prove useful as well in such fields as, for example, magnetohydrody

namics and the study of re-entry of space-craft, 

I. 2. Preview 

The ground work of theory of the thermal electric arc was 

laid by the Utrecht school of Ornstein and his co-workers Brinkman 

and ter Horst with the development of the energy equations of the 

steady state ransient arcs. Later concept arc time con

stants of the dynamic arc was introduced by Cassie and Mayr and de

veloped further by others, notably Frind, Because these theories are 

of fundamental importance general and this is, thei common 

bas i is shown follow the. Boltzmann equation. This i 

lined and duely referenced in chapter 2. 

chaptf'rs and ti theory lead to a me for de-

termination o therma conductivity an arc atmosphere de-

veloped, The analysis of the response of a novel two channel arc mod

el to step current modulation permits in chapter 5 the approximate 

determination the elect cal conduct , of the enthalpy 

confirmation of the earlier introduced form factor. In chapter 6 of 

this thesis the properties of a high temperature Nitrogen atmosphere 

are ccmputed, 

chapters to 10 with cascad in Nitrogen 

are described, the results of which apparently confirm the theory de-

10 veloped in the earlier chapters. 



An electric arc is defined (ref.1,2) as a discharge having a 

positive column in thermal equilibrium and a cathode fall region of 

small voltage and high current density. 

Only the positive column and in particular the column of the 

cascade arc in Nitrogen is object in this thesis. Anode and cathode 

fall regions are accordingly excluded from the following discussions. 

The above 

all particles 

essentially the 

if all possible 

ma population 

that locally 

discharge have 

is fulfilled, 

entire plas-

all pro-

cesses of excitation, ionization and radiation are compensated by 

equally strong counter effects, In an electric arc operated at a 

pressure of one atmosphere as in our case the above equilibrium is 

nearly enough fulfilled, provided temperature gradients and radiation 

losses are not too high (ref.1,2,3). 

The temperature 

higher than 

gaseous mixture 

ions and electrons, 

property of electrical 

generally 

therefore a 

2Loms, of 

it the 

be influ-

enced by electric and magnetic fields, The properly of electrical 

neutrality follows from the low potential gradient of the positive 

column (see section 2.3). 

Finally another characteristic of the positive column is the ex

tremely short time to establish thermal equilibrium, Considering col

lision processes between electrons and atoms, and electrons and ions, 

typical adjustment 

(ref. I , 3). 

Literature to Chapter 

I. Finkelnburg, 
Berlin 1956. 

obtained resp. 

Springer, 

2. Edels, H. The British Electrical and Allied Industries Research Assoc, 
Technical Report L/T230 (1950), 

3. Locht~-Holtgreven, w. Repts. on Progr. Physics l.!, (1958) 312. 11 



12 

Chapter 2 

ENERGY BALANCE EQUATION 

The large number of 

particles. lectrons or a mix-

ture of thes large number of 

collisions per unit of time. On each collision the velocity of a 

particle can change. Moreover colliding particles can exchange their 

kinetic energy as a whole or in part. As a result even if one would 

start out with iso-energetic particles a spread in velocity would de

velop in a very short time. It is impossible to consider all parti

cles with differing velocities and energies simultaneously, Therefore 

statistical 

fects of e 

ber of part 

cles in a 

pc:rturbing ef-

on a large nurn

nurnb er of parti

of geometry 

space are between c 1,c 2 ,c3 

(coordinates of centre of velocity space which are independent of 

lf.-space) and c 1+dc 1, c2+dc 2 and c3+dc3 resp. is given by 

(2. 1-1) 

where f(~,~,t) is the velocity distribution function. Since every 

species has 

species s 

dn s 

The distribution 

Integration over velocity space yields lhen 

n 
s 

+oo 

f JJ fs(~·~·t)d~ 

density ns of 

(2.1-2) 

as c-+:too. 

(2.1-3) 



Generally the 

the distribution 

+oo 

JJJ Qs(~)fs(~,~,t)d~ 

over 

(2.1-4) 

Starting with the hamiltonian of a particle Boltzmann's equation 

for a species s can be derived (ref. 1). For the distribution function 

in component f ' ) i 

3f c.! 

aT + ~~ (2. 1-5) 
l 

where i 1,2, 

The equation states that the rate of change 3fs/at is compensated by 

the flow of particles through the walls of the element considered, by 

external forces and by collisions, 

The particle velocity with respect to laboratory coordinates ~ is 

related to the random velocity S. and the mass-average velocity ':;. as 

follows 

S.s w - v 
->s -+ 

where the subscri l; cl 

of the following additional definitions is made (ref.I). 

Total particle density 

Total mass density (ms=mass 

of species s) 

Mass average vo 

(vs=species average 

Relative to the 

kind s is 

n = In s 

p 

'is 

Im n s s 

v - v ->s ..,. 

(2. 1-6) 

in part use 

(2. 1-7) 

(2.1-8a,b) 

(2.1-9) 

species of 

(2. I-10) 13 
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With the velocity wi~dx/dt and the external force per unit mass 

Fi=dwi/dt Boltzmann's equation (2, 1-5) for species s becomes in 

vector notation 

(2.1-11) 
coll 

When there are no collisions between particles or when t he gas is in 

equilibrium the col lision term is zero, 

Multiplying the Boltzmann equation with a macroscopic property 

Qs (~) the conservation law for this property resul ts upon integra

tion over velocity space. Thus from (2,1-11) and (2.1-4) follows the 

transport equation (ref, I) 

+oo df 
J Q (w) ( _s 
- oo s -+- dt d~ 

coll 
(2, 1-12) 

Since in the further use of eq. (2,1-12) Qs is chosen as mas s, mo

.mentum or energy which are not explicit functions of time or posi

tion the V operator coul~ be placed in front of the second term, 

2,2, Species and global conservation of mass, momentum, energy and 

charge 

Substitution of the mass of a species m for Qs and with the s 
of (2,1-Sb), ( 2 . 1-6) and (2, 1-10) eq. (2, 1-12) becomes (ref. 1) 

(lp +oo 3n 

use 

s 
+ Z· ( p s'is) m ( J f dw m ( 

s 
(2,2-1) at s at s -+- s at PS 

coll - oo coll 

Similarly the conservation law for the species momentum is ob

tained from (2.1-12) for Qs = m w (ref, I) s->s 

~t(ps~s) + z.(p s (~ + fis + ~s'i) ) + y,( p s~s~s) - PSFS 
~ 

+"' af 

ms J ~s( ~ ) d~ 
- "' coll 

(2.2-2) 



To derive the equation for conservation of species energy let 

the particle energy with respect to the laboratory coordinate system 

be equal to 

I Q = E = - m wL + E 
s s 2 s s s int (2.2-3) 

Then (2. 1-12) becomes 

i._( ..!_ n m w2 + n E • ) + y. ( -21 n m w2w + n E . w ) -
at 2 s s s s s int ~ s s s->s s s int->s 

E is s 

dw -> (2,2-4) 
coll 

the total energy of particles of species s. It is made up of 

the translation kinetic energy and the internal energy of vibration, 

rotation and electronic states and of chemical energy. If the gas is 

sufficiently close to equilibrium the average internal energy is a 

function of temperature and via the Maxwell distribution also relat

ed co velocity. Then the partial pressure and the average random 

translational energy can be. expressed as 

and 

n kT s s 

where the subscript k indicates components of the velocity, 

(2.2-5) 

(2.2-6) 

With (2.1-6, 8b, 10), (2,2-6) and the peculiar energy per unit mass 

of species s (ref. I), viz. 

I 2 e =1 c s s 

the first term 

E int £ E 
s int s s trans +--- +---

m m m s s s 

of (2.2-4) simplifies to 

+ e 
s 

(2,2-7) 

(2.2-8) 15 



The second term of (2.2-4) can be modified with the relations 

(2. 1-6), (2,2-7) and the definition of the component of heat flux qsi 

as molecular transport of peculiar energy of species s (ref, I) 

PS c . ( _21 C2 
Sl S 

to give 

m 
s 

The third term of (2.2-4) changes with components 

to 

m w. 
s 1. 

(2.2-9) 

(2,2-10) 

Introdu~ing (2.2-8, 10 and II) in (2.2-4) the law of conservation of 

energy of species s can now be written in the form (ref. I) 

2 2 
p ( v + v V + e ) + V,vp ( v2 + e } + V.a + at s 2"'" ,·,s s 4 4 s s ' ~s 

+ ~· P s( i v2V + v(v,V )) + ~ ·Ps l vk(ck~s) 7 S -+ -+ -+s 
k 

at 
p F .w f Qs(:t) ( 

s dw + at s-+s -+s 7 
coll 

(2.2-12) 

Global conservation laws for mass, momentum and energy are ob

tained by summing the respective species equations over all species s, 

Since in total mass is neither produced nor destroyed the sum 

16 of the collision terms of all species is zero in (2.2-1), 



Hence for of species conserva 1 be 

stated as 

Q (2.2-13) 

The conservation law for overall momentum is derived from 

(2.2-2), making also use of (2.2-13) and the mobile operator 

D/Dt = ~·~ 

l p s1;'.s = 0 ( .2-14) 
s 

In the absence tress components in the l (l c c 
s s-+s-+s 

i.e. when all components for ifj of c.c. are equal to zero the con-
1 J 

servation law for overall momentum becomes with (2.2-5) 

The law of overall energy 

lar manner is to be noted that 

lows from ( - 0) and that l pses 

~ t p ( + e + E ))v + v.S p -+ -+ 

where again shear stress components have been omitted, 

The enthalpy per unit volume is defined as 

h p + e: 

Hith 

energy per 

a e: 
Tt: + 

sum of the average 

energy equation becomes 

(2.2-15) 

simi-

fol-

( .2-16) 

(2,2-17) 

peculiar 

.2-18) 

The preceding sets of conservation laws are complemented by the 

equations of conservation of charge. These can be obtained either 17 
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from 2-1), .2-13) or introduc Qs in (2. 1-1 ) , whe 

P es charge unit vol of species s. there t for 

conservation of chaq~e (ref. I) 

(2.2-

and by surruning over all species the continuity equation 

+ \7,J _,. -+ (2.2-20: 

where the current density l is 

Pes:'i'.es n eZ v 
es es ... .,·es (2.2-2 

s s 

with the number density of particles of species s, e the unit of 

charge and Zes charge multiplic 

2,3. Cm1ventional forms energy equations of electric 

Various forms of the energy balance equation of arcs have been 

presented in the literature and special solutions have been attempt-

ed. the fol owing some these will shown follow 

from (2.2-13) 

Splitting the force per mass Fs of (2.2-13) into an electric 

force and gravitational force there results for. the force 

term th w 
s 

l p F .v + l p F .v es-+es -+es s s~gs -+gs (2,3-1) 

where v and v are the corresponding average velocities respec-es gs 
tively, Assuming the forces to be conservative they can be expressed 

in of potential . Thus with the electric gravita-

tional potentials f and 

- 17'!' 
-+ 

and (2.3-2a,b) 



form (2.3-1) becomes with the conservation equations of charge and 

mass (2.2-20, 13) and the total current density (2.2-21) 

ap 
l P F .v = - 17.J'f' - '!' 'te - _ll.(yp<!>) - <!> ~ s->s ->s ... ... 0 ~ ~ at (2.3-4) 
s 

Substitution of (2.3-4) for the force term in (2.2-18) yields the 

fo-rm of the energy balance equation given by Edels (ref.2), viz, 

ar ap a 
at+ '!' arf- + <!> a~ + y.(~ + ~(h+p <I>) + ~'!') = o (2.3-5) 

If the gravi tational field is neglected (<!> = 0) eq. (2,3-5) be

comes with the vector identity Y•l'f' = 1· "£'.'!' + 'f'Y·::!. =-::!.·~ + 'f''Z ·l• can

cellation of '!'ape/at by 'f'Y•::!. in view of conservation of charge, and 

the enthalpy given by (2.2-17) 

aE ( - ) ~ + 17. a + v(p+e) = J,E a t ... 4 ... ~ ... 
(2,3-6) 

For a cylindrically symmetric arc geometry which is invariable 

in the Z direction and assuming constant pressure (2,3-6) takes the 

form 

ah 1 a aT 
at - r Tr (rK Tr (2,3-7) 

In this equation the internal energy has been replaced by (2.2-17) 

and the heat flux vector q by the relation 

(2.3-8) 

We connect with K the understanding that it is made up of various 

components due to different mechanisms of heat conduction of the 

species of the gaseous assembly (see section 6,6). Moreover, the 

transport of heat due to radial conduction of current usually given 

as EYspshs cys is diffusion velocity of species s) can be considered 

included in K, if it is expressed with the phenomenological equations 

(ref. I) and the cond.ition Y·::!. = 0 in terms of a temperature gradient, 

The derivation of the heat flux vector from distribution functions 19 
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(see 

balance 

e consistent with the 

ltxmann equation, will 

the energy 

It is of interest to note that a similar form of the energy 

equation of a cylindrical arc column as given by (2.3-7) was derived 

by ter Horst, Brinkman and Ornstein (ref.3), more than 30 years ago. 

Their physical reasoning given below enhances the understanding of 

the 

Power volume and time of J.E. -;. ..,. 
The rrrdr of unit length 

For is required dQ 1 = 

dT The heat loss due to Lhermal conduction is <lQ 2 = - 2n h (rK h)drdt. 

During temperature rise under conditions of constant pressure parti

cles will flow outward from the centre. Through the cylindrical wall 

of radius r there flow f(r) particles per unit of time, each parti

cle :s assumed to have average velocity vr and an aoverage energy E. 

The transport of energy by these particles is with the particle den

sity 

Through radius (r + dr) passes ergy 

Ef(r + dr)dt 

hence the annular section contains an amount of energy 

Neglecting 

of the 

where nE _ 

c)drdt 

and axial convection 

expressions yields (ref, 

()T 

;ir 
I 3 

+ - - (rv E ) r ar r 0 

energy balance 

J,E ..,. _,. (2.3-9) 



In chapter 5 of this thesis reference to Mayr's (ref.4) theory 

of a thermal arc will be made. Mayr assumed the gas veloc ity to be 

zero and thermal conduction to be the only loss mechanism. For a cy

lindrically symmetric geometry eq. (2.3-7) takes in this case the 

form 

(2.3-10) 

With v = 0 the condition of conservation of mass (2.2-13) indicates 

that Mayr's arc is one of constant density. 

For constant pr essure the enthalpy yields (ref,5) 

p 
nc 

p 
(2. 3-1 I) 

where c is the specific heat at constant pressure. Then (2.3-10) 
p 

can also be written 

J.E 
-+ -+ 

(2.3-12) 

which is the form Frind (ref,6) used ultimately in his analysis of 

the decaying arc (see section 5,1), 

Cassie (ref.7) treated an arc in which unlike Mayr's considera

tions not thermal conduction but axial convection is the major loss 

mechanism. Thus he made a first attempt to develop a theory to de

scribe arcs typical of conventional air-blast circuit breakers. 

Introducing an element of volume 6V of cross-section A, and length 61 

viz. 6V = A61, e q. (2.3-6) becomes 

Cassie considered the cross-section A to be the only variable with 

time and assumed coustant temperature over A. Then with the addi

tional assumption that the compression work is negligible against 

the internal energy there results 

(2.3-13) 
21 



The res unit length of the 

column 

R = .!:!. 
A 

dR where µ is the specific resistance. Then dt 

with (2,3-14) gives 

Combination 

to E _,. 

I dR 
R:<lt 

with (2.3-13), the 

lation J 1 E resu 
µ 

ture arc 

(2.3-14) 

- .E.... dA which together 
A2 dt 

(2.3-15) 

parallel 

arc equation 

(2.3-16) 

No further use of this equation vill be made in this thesis. It is 

included for teness of this section. 

tion of Ushio and 

from nee it has not achieved 

will here. 

ify the scalar produc 

r. derived 

it 

density and 

potential gradient in the preceding equations, One general distin

guishing mark of the positive column of an arc is the constant poten

tial gradient along the column. As a consequence it follows from 

Poissons's law that the net space charge is zero and therefore the 

average densities of positive and negative charged particles are 

equal. Since this condition is not exactly fulfilled because of sepa-

ration 

Coulomh 

clearly 

in the 

shielding 

the electric field 

speaks of quasi-neutral 

small potential 

of electric 

is a direct measure 

range 

effect is 

ly found 

the Debye 

of one 

test particle from a surrounding cloud of opposite charge carriers. 

22 In the particular case of an arc in Nitrogen of temperature 



T = J0000°K and an electron density n 
e 

shielding distance becomes (ref, I) 

-JO 
" 500 x I 0 m (2.3-17) 

where e unit of charge, k Boltzmann's constant and is the 

vacuum permittivity. The Debye length is seen to be extremely small 

relative to the dimensions of arcs found in normal laboratory exper-

iments. Therefore this ble disturbance of the condition 

quasi-neutrality is negligible, 

In the positive column of electric arcs carrying currents up to 

few hundred Amperes the self-magne field still igible 

small. the second Maxwe shows electric field 

be curl-less which permits its representation as the gradient of a 

scalar potential as was assumed in the derivation of the energy 

equation .3-5). 

\Ji the potent gradi act only i the axial direction 

ts scalar product the current density becomes lU, Thi 

implies that radial diffusion due to a density gradient is neglected. 

In order to render the energy equation subject to analysis some 

the ing ifications mus be appl • In subsequent chap-

ters the lowing of the energy equation i 11 be 

JE (2.3-

The simplifications are: 

assumption of tant pressure of (2. is retai 

2) velocity vr = 0 

3) the magnetic field is neglected 

a al gradi exist only the axial direction 

5) diffusion is considered zero or if present included in the heat 

flux~ = - KYT 

6) r~diation losses neglected. 23 
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Chapter 3 

MODELS OF THE STEADY STATE THERMAL ARC 

3.1. Methods to solve the energy equation 

The energy equation (2.3-18) of a cylindrically symmetric arc 

becomes under steady state conditions 

JE I d dT 
- rdr (rK dr (3 . 1-1) 

Brinkman (ref. I) solved this equation graphically in 1937. He made 

use of his computed data of the thermal conductivity of a number of 

gases and related the current density due to electron dri ft v ia 

Compton's mobility formula, the electron pressure and Saha's equation 

to temperature. Fig. 3.1-1, shows radial temperature distributions 

Fig. 3.1-1. 

Radial distribution of temper

ature T and current density J 

(after Brinlanan (ref. 1)). 
Curve "a" applies to an arc in 

Nitrogen with addition of a 

more readily ionizeable agent 

than curve b. 

ITl"KI 
s1--~--+-~~1--~-+-~is::--t---~-+-~---1 

0 6 12 25 ' 



obtained The influence al a more 

agent to the arc atmosphere this fi-readily 

gure as Lhe of core formation (see curve a), which 20 years 

later was analyzed by King (ref.2). Also shown in fig. 3,1-1 is the 

radial distribution of the current density, which is likewise comput

ed. 

This work distinguishes itself from later attempts to solve the 

energy balance equation, in which constant or parabolic functions of 

the thermal conductivity with temperature (ref.3) were assumed. Such 

computa only a qualitative pie character is-

ties. 

of the steady state aimed at a 

more i ysis of arc parameters, as sump-

tions radial distribution 1 conduc-

tivity dependence of CJ on function 

S(T). This latter function·is defined as the temperature integral 

over the thermal conductivity K, Since in this type of analysis one 

either starts or ends with a spatial distribution of CJ as a function 

of the 

arc mode 

subjec 

more generally geome.try, 

ifferentiated in the literature. 

sections. 

11 geometric 11 

11 be the 

In all these arc models the heat flux function S is used 

s 
T 
j KdT 
T 

w 

(3.1-2) 

where K = thermal conductivity, 

This 

ty is 

J 

T temperature (Tw = wall temperature which is usually set 

equal to zero), 

CJE 

to Kirchhoff (ref,4 

Schmitz (ref,5). In 

given by the simple 

introduced into 

current densi-

(3,1-3) 

26 where a 1s the electrical conductivity and is a function of either 



temperature or S; it may also be expressed as a function of the arc 

radius. With these notations the energy equation (2,3-18) becomes in 

the steady state case 

I d (r ~ - r dr dr (3. 1-4) 

3,2, Arc models with one electrical and a surrounding exclusively 

thermal conduction zone 

The arc models to be discussed in the following consist of two 

concentric cylinders of radii R1 and R. Only the inner cylinder of 

radius R1 is assumed electrically conducting,while to the annular 

zone between R1 and R properties of heat conduction only are as

cribed. Accordingly the energy equation (3. 1-4) can be specified for 

the two arc zones 

oE2 I d (r ~ - -r cir dr 
0 < r < RI (3.2-1) 

and 

0 
d (r dS 

RI - r dr dr 
< r < R (3. 2-2) 

Further specification of the electrical conductivity a and/or 

the heat flux function S permits particular solutions of the energy 

equations of the two zones. These solutions will be outlined next in 

sequence of their historical evolution. Since the pertaining l itera

ture is extensive and the different arc models are moreover summa-

rized by Uhlenbusch (ref.6) the following derivations can be limited 

to the essentials required for the understanding of subsequent chap-

ters. 

3,2.1, The channel model 

The first arc model, the so-called channel model, was the sub-

ject of much analysis (ref,7) and heated discussions. The electrical 27 
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conduc 

a 

a 

a 
0 

0 

ied by 

for 

for 

With the boundary conditions 

s t 

s at 

equations /;) yield 

r = 

r = 

solutions 

tion and the electric power, Pel' resp. 

S(r) SI 
lnR/r 

RI lnR/R 1 

211s 

Pel IE 
0 

lnR/R 1 

RI 

R 

for 

< r ;; 

The hea over the inner arc 

s tant, 

By teenbeck' s minimum principl 

(3E/3R ) = 0 
1 I,R=const 

(3. 2-3) 

(3. 2-4) 

(3.2-5) 

(3.2-6) 

flux func-

R (3.2-7) 

(3.2-8) 

to be con-

. !) 

(3.2-9) 

it 1s possible to obtain also an expression for the radius R 1 of the 

electrically conducting zone and therefore of the electrical conduct

ance G. 

The: nf solutions descripLi chaime 1 mode 1 

lS thE:n 

s 0 < r < (3,2-!0a) 

s 1)j (3.2-lOb) 

. 1 d lno0 

R exp[- 2 dTi1S (3.2-IOc) 
0 



d lno 
G I/E = R2110 exp(- d lnS 0 (3.2-!0d) 

0 

Rl 
0 

d lnS 
p 
el 211 J oE 2rdr 411S 

0 

0 diii(J (3.2-IOe) 
0 0 

The functional relations of o(r) and S(r) are shown in fig. 

3.2-la. 

a 
"" b •.. 

Fig, 3.2-1. Spatial distribution of the electrical conductivity and 

the heat flux function, 

a) channel arc model 

b) parabola arc model 

c) Bessel arc model. 

3.2.2. The parabola model 

This arc model (ref,G) derives its name from the parabolic dis

tribution of the heat flux function S(r),which will be seen to be a 

consequence of the solution of the energy equation for the inner arc 

zone, 

The function S requires elucidation, Typically the thermal con

ductivity of a gas is an increasing function with temperature. For a 

diatomic gas a dissociation and one or more ionization peaks are 

superimposed as shown in the idealized fig. 3.2-2a, Integration of 

this function per (~.1-2) gives the heat flux function S(T) of fig. 

3.2-2b, Combining S(T) with the typical electrical conductivity o(T) 

shown in fig. 3.2-2c results in the function o(S) of fig. 3.2-2d. 

For the parabola model the o(S) curve is approximated by a step 

as indicated in fig. 3.2-2d. The specification for the inner and 29 
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b a 
1. 1· 

c d 

_ T 

Fig. 3,2-2, Typical properties of an arc atmosphere, 

a) thennal conductivity K = K(T) 

b) heat flux function S S(T) 

c) electrical conductivity a = o(T) 

d) electrical conductivity vs. heat flux function a 

Shown is also the step approximation used in the 

parabola arc model. 

a (S), 

outer arc zone (differentiated in t he following by subscripts I and 

II resp.) of this arc model are accordingly 

0 ; r < RI a = a s > SI > SI (3.2-11) 
0 0 

RI < r < R a = 0 SI > SII > 0 (3.2-12) 

Boundary conditions are 

SI(O) s and (dSI/dr) 0 at r = 0 (3.2-13) 
0 

SII 0 at r = R (3.2-14) 



In addition the solutions of the two energy equations (3.2-1) and 

(3,2-2) with the specifications (3.2-11,12) are matched at R1, re

quiring 

and 

(3.2-15, 16) 

Then the following set of equations comparable to (3.2-!0a toe) 

results for the parabola model (subscripts I and II have been dropped) 

(ref.6) 

S(r) s ( I - (I - S /S )r2/R2 0 ; r < RI (3. 2-17a) . 
0 I o I = 

S(r) SI 
ln R/r 

Rl R (3. 2-17b) < r < ln R/R 1 

RI R exp( 2 (I - so1s1) rl (3. 2- I 7c) 

G R2rro exp( I - S/S 1 rl (3.2-17d) 
0 

Pel 4nS 0 (1 - s 1/S0 ) (3,2-17e) 

The radial distributions of the electrical conductivity and of 

the heat flux function are shown in fig. 3.2-lb. 

3.2.3. The Bessel model 

FollmJing a suggestion by Schmitz (ref .8) the function a = o(S) 

was approximated by two line segments, the equations of which were 

introduced by Maecker (ref.7) into the energy equations (3. 2-1,2). 

Thus in agreement with fig, 3.2-3 the electrical conductivity is 

specified by 

for and also (3.2-18) 

a = 0 for and also (3. 2-19) 31 
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Using the 

the energy 

Fig. 3.2-3. 

Approximation of o(S) by line 

for the Bessel arc 

(ref. 7) solved 

a-approximations. The 

solution of the inner zone in terms of S(r) is the Bessel function J 
0 

of the first kind of order zero from which the name of this arc model 

apparently is derived. 

As in 

radius of 

arc conduc 

S(r) 

S(r) 

where J 1 

:>. 
0 

the 

G 

S ln R/r 
I ln R/R1 

unctions S(r), the 

t zero of J 0 ), the 

(ref. 6, 7) 

(3. 2-20a) 

(3.2-20b) 

(3.2-20c) 

order one and 

se 1 function of 

(3,2-20d) 

(3.2-20e) 



The electrical conductivity as a function of the radius (shown 

together with S(r) in fig. 3.2-lc) is seen to be also a Bessel func

tion as follows when (3.2-20a) is introduced into (3.2-18) 

a = B(S -S 1)J (rE/B) 
0 0 

(3.2-21) 

Conclusions 

The three preceding arc models are all wall bounded and are thus 

representative of wall stabilized arcs. Despite apparently widely 

differing assumptions the three sets of corresponding expressions 

(3.2-10), (3,2-17) and (3.2-20) agree all within factors in the base 

and/or the exponent. This is particularly so for the parabola and the 

Bessel model in spite of the rather different o-cistributions. But it 

is also noticed from figures 3.2-lb and c that the &-distribution is 

nearly the same. This suggests that o(r) has but little influence on 

the radial heat flux function S(r), on the radius R1, on the arc con

ductance and on the arc power. Relative to the arc power this conclu

sion will be of utmost importance in deriving a general method for 

the determination of the thermal conductivity K in chapter 4 of this 

thesis. 

This last conclusion is not justified for the channel model, 

Here both a and S had been assumed constant, Only via the rather ar

tificial minimum principle was it possible to obtain expressions for 

R1, G and Pel' Moreover as fig. 3,2-la shows, the heat flux functions 

of the inner and the outer zones are joined with discontinuous deri

vatives, By comparison with the other arc models this lets the chan

nel model appear relatively unrealistic. 

3.3. An arc· model with one combined electrical and thermal conduction 

zone 

In the preceding three wall bounded arc models the electrical 

conductivity is zero at a radius R1• This was either an a priori as

sumption or in the last case due to linearization. Recently another 

model, the "exponential" arc model (ref.6), became known for which 33 



the electrical conduction zone extends to infinity. Because of this 

property this arc model turns out to be an exceptional case in chap

ter 4 and therefore requires our attention, 

The exponential arc model owes its name to the exponential ap

proximation of the o(S)-characteristic, viz. 

o (S) A exp(BS) (3.3-1) 

where A and B are constants > 0, 

With this expression the energy balance equation (3.1-4) can be writ-

ten 

E2A exp(BS) I d (r dS - r dr dr (3.3-2) 

Uhlenbusch (ref,6) has solved this equation and obtained for the 

radial heat flux function 

I 813 
S(r) = B ln -----

(r2E2AB + B) 2 
(3.3-3) 

and for the spatial distribution of the electrical conductivity 

o(r) BAB (3,3-4) 

where B is an integration constant. 

It is now seen from (3,3-4) that the electrical conductivity becomes 

zero as the arc radius goes to infinity. The exponential model ex

tends thus without bound, 

A free burning arc in principle also extends to infinity, But it 

has a practical boundary (see section 4,3) for which the erectrical 

conductivity is undeteccably small, The exponential arc model in that 

respect is thus representative of a free burning arc, However, it 

cannot possibly model very high current arcs because o(S) is assumed 

to rise exponentially, while in reality the electrical conductivity 

saturates for high values of the heat flux function. But still these 

arglllllents are not a serious limitation in the further use of the ex-

34 ponential arc model in section 4.3. 
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Chapter 

THERMAL CONDUCTIVITY FROM POWER AND CENTRE TEMPERATURE 

OF AN ARC 

In this chapter use will be made of the property, noted earlier 

that all known arc models, with the exception of the exponential model, 

yiel expressions for the radius of electrical conduct zone 

the electrical conductance and the electric power input , which 

for any one of these quantities differ only by constant factors. This 

in spite of the large difference among the arc models, particularly 

the radial distribution the electrical conductivity o . General-

izing this concept a form factor will be introduced into a general 

solution of the steady state energy equation of an arc. This form 

factor is a measure of the radial dis ribution the el ical con-

ductivity, More importan; will be seen to first approxima-

tion the factor of proportionality which, together with the derivative 

of the electric power input with respect to the centre temperature of 

the ,gives thermal conductivity of the plasma the 

cenr temperature, 

Discussed will be further the variation of the form factor with 

core formation anrl the influence of radiation losses on the determi-

nat of the thermal cond ivity. 

Over the years a number of investigators have reported results 

of computations and/or measurements of the thermal conductivity of 

arc plasmas. I~e highlights of some 

rized in the literature (ref.I). 

this information summa-

The foundation of the experimental technique of determining the 

thermal conductivity of temperature gases formed the ener-



gy balance equation (see section 2.3) of a constant pressure cylin

drically synunetric arc. The steady state form of this equation with 

radiation losses included in the conventional manner is given by 

o(T)E 2 - u(T) 

where a = electrical conductivity, 

E potential gradient, 

u spec. radiated power, 

T temperature, 

r = radial variable, 

K = thermal conductivity including evtl. diffusion. 

(4. 1::-1) 

To illustrate this, only a few principal methods will be outlined: 

Burhorn (ref.2) obtained the thermal conductivity of Nitrogen from 

measurements of the radial temperature distribution of a steady state 

arc, burning within the bore of the well-known "cascade" arrangement 

(described in section 8.2). From the temperature distribution the 

temperature gradient was derived graphically. The electrical conduc

tivity as a function of electron density was computed utilizing ap

propriate collision cross sections and converted to a function of the 

arc radius. These data together with the measured potential gradient 

of the arc column yielded the thermal conductivity according to the 

formula 

K = 

r 
E2 f o(r)rdr 

0 

dT 
r dr 

(4.1-2) 

(Th is result follows from eq. (4.1-1) when radiation is neglected.) 

Despite uncertainties in the collision cross sections and i nherent 

inaccuracies in the computation of the particle densities and the 

graphical differentiation, Burhorn's semi-experimental thermal con

ductivity agrees reasonably well with his theoretical results. 

More recently Sclunitz and Patt (ref.3) published the so-called 

Polygon method. From measured radial temperature distributions split 

up into a number of discrete intervals, and corresponding arc current 

and radiated power, polygon approximations of o(T) and u(T) are ob

tained. Upon substitution of these data into the integral form of the 37 



energy balance equation, integration yields the thermal conductivity, 

The computational procedure of this method appears rather elaborate, 

the results are claimed to very accurate depending mainly on 

the exactness of the temperature measurement, 

Another method, developed Wienecke (ref. ), is based the 

analysis of the time resolved decay of the radial temperature distri

bution f a suddc:nly inte.rrupted discharge, Since temperature meas

urements require great care to obtain accurate results, this method 

with the added complication of time resolution is suspected to have 

inherent large error. 

4,2, Thermal condllctivity by means of form factor 

In the following a new and simpler method of determining the 

thermal conductivity will be proposed, requires measurement of the 

el. power input, of the radiation loss and of the centre temperature 

a cylindrical symmetric arc, 

For each cylindrical arc model of sections 3.2 and 3,3 solutions 

the energy balance equation presuppose or ield expression for 

the electrical 'conductivity o as a function of the arc radius r. Thus 

channel model 

o(r) 0 const 0 < r < RI 0 

pi1rabola model 

o(r) 0 canst 0 < r < RI 0 = 
Bessel model 

o(r) 0 o3o(:\or/RI) 0 < r Rl 

th >.. 
0 

the first zero of the ze~o order Besso function J 
0 

Exponential model 

o(r) BAB 

38 where A, B and B are constants, 

(4,2-1) 

(4.2-2) 

(4. 2-3) 

(4. 2-4) 



Any of these preceding functions o (r) satisfies the energy bal~ 

ance equation (4.1-1). Conversely any particular function o (r) must 

produce via the energy balance equation a particular arc model. Ac

cordingly it is assumed that there is a general function o = o0 f(r) 

which describes the spatial distribut i on of the electrical conductiv

ity of a cylindrically symmetric, steady state arc, burning within a 

cylinder of radius R. At r = R the temperature is maintained at Tw 

(generally Tw is put equal 0). For r = 0 a second boundary condition 

is given by dT/dr = 0, A general solution of the energy balance equa

tion (4,1-1) (radiation will be neglected initially), viz. 

oE2 = _ _!_i_ (rK dT) 
r dr dr 

(4.2-5) 

is sought for 

(4.2-6) 

Integrating equation (4.2-5) once, using the boundary condition 

dT/dr = 0 at r = 0 and replacing the variable r by t gives 

o E2 r 
0 f tf(t)dt 
r 

0 

_ (K dT 
dr r 

The variable r is now replaced by s and after a second integration 

with respect to s there results 

r s 
o E2 j ~ f tf(t)dt 

0 0 s 0 

or with modified limits 

r R T T 0 (wall temperature) w 
r = 0 T T (centre temperature) c 

R 
T 

ds s c 
o E2 f J tf(t)dt f K dT 

0 s 
0 0 0 

Next the order of integration in the left-hand member is interchanged 39 



and inner ntegration carried out giving 

Using 

given 

Subs 

R R 
a0 E2 f tf(t)ln t dt 

0 

. 2-6) the electrio 

by 
R 

T c 
f K dT 
0 

power 

R 

input per unit 

p 
el 2n J oE2tdt 2110 E2 f tf(t)dt 

0 

ing a E2 
0 

given 

R R f rf(r)ln r dr 
0 

R 
2TT J rf(r)dr 

0 

0 
0 

(4,2-8) into (4, 

< dT 
0 

(4. 2-7) 

length el is 

( 4. 2-8) 

leads 

(4.2-9) 

where variab of ion t been replaeed by original 

variable r, Final differentiation (4.2-9) th respeet to the 

centre temperature Tc yields the thermal conductivity 

(PelFel) 
dT 

c 
K ('r ) 

c 

where the form factor Fel is defined by 

R 

f (r)ln ~ 
r 

0 
2TTF el - --R------

j rf(r)dr 

(4.2-1 

(4, 2-1 I) 

Strictly speaking Fel is not constant with respect to the centre tem

perature, But if application of (4,2-10) is restricted to a small re-

gion Pel 

sonabl fixed 

. T0 plot, which radial n-<listribut is rea-

form, then the corresponding is nearly constant. 

Thus for piece-wise application of formula (4.2-10) the important 

relation 

(4,2-1 

for the determination of the thermal conductivity as a function of 

the temperature results, 



model 

As will be seen in the following it is justified to consider Fel 

as a constant, at least in first approximation, because it is only 

weakly dependent on the radial distribution of the electrical conduc-

For example, 

211Fel can 

2nFel 

2TTF el 

0,5 

0,8 

exponential 

this section, 

the previously cited models (4, 1) to 

shown by direct computation using (4. to be 

(channel and parabola model) (4,3-la,b) 

(Bessel model) (4,3-2) 

an except and treated 

The weak dependence of Fel on f(r) is further demonstrated by 

considering the function 

I - ( with .3-3) 

By means of (4,2-1 I) form (4,3-3) gives 

m + 
.3-4) el 2 (m + 2) 

In the special cases m = 0,1,2, 00 the results of table 4,3,l follow 

from (4.3-4) (but note that (df/dr)r=o f 0 when 0 < m < !)• 

, 3. I. 

211Fel f (r) 

m > 0 I A 4 • 

m = I 0,833 ~ 
m = 2 0.750 Lb 

I 

m -+ "" 0.5 LD~ 
41 



Summarizing 

I - (r/R)m 

00 > m > 0 

0,5 < 211Fel < I 

This 

power series 

cal conduct 

f (r) 

With the conditions 

f(O) 

f (R) 0 

function 

f(r) 

for f(r) = 

(4,3-5) 

third order 

of the electri-

(4.3-6) 

(df/dr)r=O 0 

(4. 3-7) 

(df/dr) - K 

(4.3-8) 

Substituting this expression into (4.2-11) integration gives 

9 3 
ZnFel = 20 + 6 + 2KR (4.3-9) 

With t~e additional condition that f(r) (eq, (4,3-8)) is decreasing 

from r = verified that 

0 < 0,7 (4.3-10) 

Again the Li ity (4.3-5). 

As stated earlier the exponential arc model (see section 3.3) is 

42 an exceptional case in as far as the electrical conductivity does not 



vanish until the . l rewrites ex-

pression (4.2-4 

( 4, 3-1 I) 

where 

f (r) (4.3-12) 
(r 2 I 

and substitutes I I ) t 

2nF el = 2 l ) (4. 3-13) 

At the arc boundary and the arc centre f(r) assumes the values 

f (R) f(O) (4.3-14) 

Defining now R to be a fictitious arc radius such that the corre-

spending el. conduct 

then 

f(O) 
f (R) 

centre, 

(4,3-15) 

If R is expressed in terms of N, viz, R =~ then (4.3-13) can 

be written as 

I N 
2nFel = 2 ~ lnN (4,3-16) 

The right hand (4,3-16) of N when 

N > I, hence the iven in 

this case by 

lim 2nF 1 N-+I e 
(4-3-17) 

To estimate roughly an upper limit of the form factor consider a high 

current arc in Nitrogen with a centre temperature of T ~ 15000°K. The 43 
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correspond 

IOO(Ohm cm) boundary the elec-

trical conductivity has decayed to a value of o(R) = I, then N2=100/L 

Using (4.3-15) the not completely unrealistic arc radius becomes 

R = 3 cm, while (4.3-16) yields 2rrFel = 1.28. Accordingly also the 

exponential arc model gives values of 2rrFel of the order of I, when 

use of a fictitious arc boundary is made, However, when no restric-

tions are 

bound, 

The 

3.3 not 

cm)-I is 

a finite upper 

discussions of section 

= 100 (Ohm 

and thus the 

upper limit for application of the exponential arc model. The value 
· -I o 

a = I (Ohm cm) corresponds to a temperature of appr. 5000 to 6000 K 

which nearly falls together with experimental arc boundaries (ref.2). 

So far particular radial distributions of the electrical conduc

tivity were considered and 2rrFe1 's between 0.5 and approximately 

were found. Tn the 

form factor 

it depends 

ratio of el 

an attempt wi 11 he made to estimate the 

manner in which 

core and on the 

and the centre. 

4,4, Influence of core formation on the form factor 

A cored arc is defined to consist of a high temperature inner 

cylinder and a lower temperature outer shell. If such a radial tern-

perature 

a function 

4.4-1 shows 

ified by 

0 
f(r) 

0 
0 

p 

0 

< 
= 

for RI 

for R < 

r < 

< r 

r 

'.J( l 

RI 

< R 

(core) 

(shell) 

conductivity as 

ies as well. Fig. 

such an arc spec-

( 4. 4-1) 



t l id 

JI------

Fig . 4.4-1. 

p ---------..L...----~ Idealized radial distribution of the 

electrical conductivity of a cored 

__ .J.__ ____ -'------~~==-'- arc (two channel arc model). 
R 

For this o distribution the term "two channel arc model" will be used 

Ln the following. 

Substitution of function (4.4-1) into (4.2-11) yields 

RI 
2 

!_ )2] (I - p) ( 
R ) [1 + ln( + p 

I RI 
211Fel =1 

RI 2 

(I - p)( "R ) + p 

(4.4-2) 

Formula (4.4-2) is plotted in fig. 4.4-2. 
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I// ./ ...-- P=i -~ ~ •// i.--
11>:1 --~ Plot of form factor of two channel .6 

arc model versus ratio of core to .5 
R1tR 

s hell radius with parameter p. .2 .6 .8 45 



As an ill ion assume low r arc of f normalized 

electrical conductivities of core and shell of I and p O. I resp. 

Let the radius of the core be R1 = 0 initially. The form factor is 

then 211Fel = 0,5. As the diameter of the core of constant electrical 

conductivity o 

rises to a max 

I grows 

value of I, 

increasi current factor 

35R. In-

creasing the current further until the entire arc cylinder is filled 

with highly conductive plasma a form factor of 211Fel = 0,5 is obtain

ed again. The configuration of the two extremes - entirely low or 

completely high conductivity mode - correspond to the channel 

mod2l shown 4.4-3. 

f fl,I 
11--~~~~~~~~~~---. 

Next as 

R 

r -
arc of fixed core 

• !+-3. 

Idealized radial distribution of 

the electrical conductivity of 

the single channel arr model. 

shell radius. certain 

low current, core and shell should have the same normalized o/o0 , Now 

as the curren't is increased let the conductivity of the core only in-

crease, This 

value of !,while 

p approaches 

that the io p 

form factor is 

, i.e. when the 

dcccreasing from 

ing from 0. 

becomes 

respect to the core, formula (4.4-2) changes to 

211F el [ R 2] 
ln( R;- J 

in addition core diameter approaches zero the 

initial 

the limit 

with 

(4.4-3) 

factor 

grows beyond limit, On the other hand if the two previous limits are 

taken in reversed order the result is independent of p 

(p arbitrary) (4.4-4) 



In conclusion the form factor of the two channel model has a 

lower limit of L where:i.s mathematically finite. upper limit exists 

(see so fig, ,4-2), This uncertainty the magnitude the form 

factor can be overcome by practical reasoning, which excludes the 

above extreme imits experimentally unfounded, Consider for 

ple the Nitrogen arc for which a large amount of experimental data is 

available. Typical centre temperatures of a high ourrent a.re aro of 

the order of 15000 to 20000°K, Because of saturation the electric:i 
-I 

conductivity is about IOO(Ohm cm) at these temperatures, Near the 

arc boundary temperi1ture decays very rapidly from about 7000°K to 

ambient, The corresponding a varies from about 5(0hm cm)-l to essen

tially zero. Taking these two extreme values as the mean oonductivi-

ies the and shel resp., their inverse rat is p .05 

giving according to fig. 4,4-2 the maximum of 2rrFel = 1,26. For in-

termediate and low current arcs similar typical values 

They are also listed in table 4.4.I, 

found, 

Table 4.4. J. 

High Intermediate Low 
Arc current 

T a T a T a 

Core 3000° 65 

Shell 7000° 5 6500° 2 6000° 

p o.os 0.03 0.04 

l)max 1.26 43 I.33 

It is readily seen from this table that even in extreme cases 

the form factor remains below 1,5. If instead approximate mean tern-

perature lines for the core the shell would have been drawn, 

form factor of appr. I would have been obtained in all 3 cases, 

More careful evaluation of the radial distribution of a of Ni

trogen arcs burning within the bore of the cascade arrangement 

subsequent determination of the form factor according to (4.2-11) 

produced the data of table 4. ,2, In this analysi figs, and 

ref,3 were utilized, 47 
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Table 4.4.2. 

I(Amps) 

2-rrFel 

10 

o. I. 19 

20 

I. 20 

30 

I. 23 

100 

0.89 

200 

0.7 

Suppose now the value 2rrFel = l would be used then the max. rel

ative error in the computation of the thermal conductivity according 

to 2-12) would be 23% to the form factor plus error contri-

bution due to the derivative dPe/dTc. Relative to the spread of pub

lished thermal conductivities this appears to be quite an acceptable 

result, particularly in view the implicity of the method, which 

does not really require knowledge of the lectrieal conductivity (T) 

o(r) nor measurement of the ent radial temperature distribution, 

although the outcome can be improved thereby. 

Similar results can be expected for other gases, for in cases of 

extreme coring (oxygen and SF6 arc) the lowest possib form factor. 

is in agreement with eq, (4.4-4) 2TTF el ! , whi an upper limit of 

2TTFel = I. is obtained for an unlikely high ratio of mean el rical 

conductivities of core and shell of 100/1 with R1/R = 0, !63 (see fig. 

4-2)' 

4,5. Extreme a-distribution - extreme form factor 

It remains to verify that the two channel arc model and not some 

other configuration yields extreme values of the form factor, de

tailed general proof has been published (see appendix of (ref. 6)) in 

which is shown that maximum form factors (2TTFel)max =A are given 

by the implicit relation 

p 
-2/.. 

e 

2:\ + e-2>.. - ! 
(4. 5-1) 

As before, p is the ratio of the normalized electrical conC!uct.i-

vit of the shell and the core of the two channel arc model, Form 

(4.5-1) represents 

radi R1 are 

peak values of The associated core 

(4. ~-2) 



The extrema of 

sults ,\ -+ "'• Al 

there re-

can as-

sume is one, i.e. the electrical conductivity at the arc boundary can 

at most become equal to that at the centre. In this case the single 

channel model (fig. 4.4-3) with 2rrFel = ! is obtained, which has been 

shown to be a minimal a-distribution (ref,6), 

It is to be noted that in the above mentioned proof neither the 

single nor the 

are consequently 

We conclude 

and (2rrF el)max 

respectively. Earlier it was found by 

ions, but 

proceeds, 

between 

arc models 

reasoning and analy-

sis of published data that the maximlDll form factor. is limited, More 

~articularly it does not exceed 1,5 in the case of the cascade stabi

lized arc in Nitrogen, 

In deriving 

electrical conduc 

ion of the 

direct in-

tegration of eq, (4.2-5) possible, If in addition one assumes a gen

eral radial distribution of the specific radiation of an arc 

u(r) = u0 g(r) also eq, (4,1-1) can be integrated directly. Rewriting 

(4, 1-1) in terms of f(r) and g(r) we have 

a f(r)E 2 -
0 

Proceeding similar 

there results af 

electric power 

p 
u 

R 
2rru J rg(r)dr 

0 
0 

r 
\r 
\ 

dT , 
r 

(4.6-1) 

l:O 9)) 

total 

given by 

(4.6-2) 
49 



the same simple expression as before (compare formula (4.2-9)} 

R 
rf(r)ln ~ 

R 
R f dr f rg(r)ln r dr T r c 

Pel 
0 - p 0 f KdT 

R u R 
211 f rf(r)dr 211 f rg(r)dr 0 

0 0 

Introducing in addition to the electric form factor Fel (form. 

(4.2-11)) a radiation form factor Fu' viz. 

R 
R J rg(r)ln r 

211F 0 
-

R u 
J rg(r)dr 
0 

relation (4.6-3) becomes 

T 
c 

dr 

f K dT 
0 

(4.6-3) 

(4.6-4) 

(4.6-:S) 

Assuming that both form factor~ are reasonably constant as was justi

fied earlier for Fel' differentiation with respect to the centre tem

perature results in 

(4.6-6) 

from which the thermal conductivity can be obtained. In view of the 

foregoing discussion it is to be expected that both form factors are 

approximately equal. Then with Fel =Fu 

with radiation accounted for becomes 

F0 the thermal conductivity 

(4. 6-7) 

In section JO. I it will be seen that radiation in the case of Nitro

gen is sufficiently effective to explain the difference between the 

theoretical and the experimental thermal conductivity, the latter ob-

50 tained when radiation is neglected. 



4.7. Application 

To demonstrate t he preceding me thod of obtaining the the rmal 

conductivity the power vs. Tc curves of fig. 3 (re f. 3) were differen

tiated and multiplied with a form factor F0 = l/ 2rr. These data are 

plotted in fig, 4.7-1. Assuming that the errors due to the form fac-

---J-
l (m°K) 

(\ 0 
I 

10 I ~ ~< 
,{ u 

/I 
/'I I 

It\ I~ VJ 

I 

b/ ~ § 
o' - I 

" 

I n°.<1 
I ---

4 6 8 10 12 14 16• 103 

Fig. 4,7-1, Thermal conductivity vs . temperature. 

a ) Obtained with form f actor met hod 

b) after King (ref.7) 

c) after Uhlenbusch (ref, 8) , 

tor and of the power curves are 20% and 10% resp. and that diffe r en

tiation increases the l at ter somewhat, a tota l r elative error of 20 

to 30% of K is not un l ikely. Nevertheless the thermal conductiv ity 

obtained in this manner agrees reasonably well with other pub l ished 

data for Nitrogen see e.g.((ref.7,8) ) . Of particular interest in 51 
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fig, 4,7-1 is of course the confirmation of the first ionization peak 

near IS000°K derived theoretically first by King (ref,7), Equally 

well compares the location of the first minimum, while the dissocia

tion peak could not be obtained because of the limited range of the 

available measurements, 

Besides demonstrating the simplicity of the form factor method 

it is seen that also the error of the thermal conductivity obtained 

in this manner can be estimated, This is particularly important when 

more exotic gases are evaluated for which no other references as in 

the case of Nitrogen are available, 

Although one can be quite content with the accuracy of the ther

mal conductivity obtaine<l in the described manner, further expansion 

of the method is desirable. In chapter 5 an arc model is developed 

from which form factors can be obtained experimentally. 
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RESPONSE OF A TWO CHANNEL ARC MODEL TO CURRENT 

STEP MODULATION 

Chapter 5 

A two channel transient arc model is discussed. This model ac

counts for two thermal time constants and .relates them to two voltage 

time constants observed in response to current step modulation, It is 

shown that the individual partial currents through the arc core and the 

shell of the two channel model cannot be step currents by ~hemselves, 

The theory of the model permits determination of the conduct

ances of the arc core and shell and of the radius of the arc core. 

Approximate values of the electrical conductivity can be obtained. 

Also the electrical form factor, introduced in chapter 4, is computed 

for this model. Via integration of the formula for the time constant 

the mean internal energies of the two arc zones result, 

5.1. Review of previous work 

The measurement of the voltage response to current step modula

tion has proved to be a useful method in the study of electric arcs 

(ref. I). Typically the arc voltage decays exponentially with one or 

more time constants 8 after onset of modulation towards a new steady 

state value, which is determined by the static arc characteristic and 

the modulation ratio. Idealized cause and response curves, also su

perimposed on the static arc characteristic, are shown in fig. 5.1-1. 

The time constant is said to be a measure of the thermal inertia of 

the electric arc. This interpretation is based on the theories of 

Cassie (ref,2) and Mayr (ref,3), who by solving their energy equa

tions (see section 2.3) were able to interpret the time constant as 

the ratio of a characteristic energy content and a constant arc loss. 

In the first case arc loss is exclusively due to convection, in the 

second due to heat conduction only. 53 
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Fig. 5,1-la. 

Voltage response to step current 

modulation. Also shown is the 

change of the arc conductance G. 

10 l (+Ol 

Fig. 5. l-lb. 

Static Volt-Ampere 

characteristic with traject 

1-2 due to modulation. 

A refinement of Mayr's work represents the theory of the filled

tube thermal arc column. Accordingly Edels and Fenlon (ref.4) have 

linearized not only the electrical conductivity o (see section 3.2.3) 

but also the internal energy per unit volume E in terms of the heat 

flux function S. Thus they were able to solve the energy equation 

(2.3-18) for a single arc channel and obtained, like their predeces

sors, an exponential voltage response to current step modulation with 

a single time constant. However, their response shows one significant 

difference, namely, that the voltage before onset of modulation and 

the new steady state voltage have the same value. Equality of the in

itial and the final value of the voltage have not yet been observed. 

In view of fig. 5. I-lb the occurrence of such a condition is conceiv

able, though in the high current region of the arc characteristic on

ly. 

The transient response of an arc model consisting of two concen

tric cylinders, of which the inner cylinder is electrically conduct

ing, while the outer cylinder is only thermally conducting, was ana

lyzed by Frind (ref. 5). He has shown that th_e decay of the heat flux 

54 function S(r,t) after an arc has been crowbarred can be described by 



a spectrum of 

given by consecut 

first kind. 

th amplitudes and time cons 

zero order Bessel functioo 

Next Frind investigated the decay of the electrical conductivity, 

i.e., he considered the inner arc zone only and concluded that there 

is but one time constant to describe the change of the arc conduct

ance if the characteristic o(S) is approximated by a single line seg-

ment, He implied, 

mated by a number 

According to 

zone, when spl 

number of time 

function o(S) could be 

each yielding a time 

of the electrical conduction 

regions, could be described 

constant thermal diffus 

the entire arc geometry was assumed, such time constants lack an es

sential degree of freedom. This short coming was noted by Rizk (ref. I) 

and lead v.d. Heuvel (ref.6) to describe in first approximation the 

change of the rest-conductance due to thermal decay in terms of two 

time constants of different thermal diffusivity, assuming that the 

radii of the arc core and the shell are approximately equal. 

The above 

cussion of th<' 

partially fil 

conduction zone 

tain the voltage 

also to Frind's analysis 

Moreover, since he cons 

,e,, the diameter of the 

total arc diameter) he could 

c step modulation analyt 

In the following sections the previously cited work serves as a 

basis for further expansion, It seems then desirable to distinguish 

the different arc models by a consistent terminology: 

I) A single channel arc model has a cylindrically syuunetric ge

ometry, within which each of the gas properties as a function 

of s fol ionship or has certain 

2) A two coiisisting of two symmetric 

tric cy shell) each characterized 

own 1 mean values of gas propert 

terms ion S,A.ny one of these 

may or may not be zero in any one of the channels. 

3) Multi-channel arc models are a mere extension of this termi

nology, 55 
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A novel two channel arc model in accordance with the preceding 

terminology is considered, To both, the core and the shell properties 

of electrical and thermal conduction, internal energy and dissipation 

of electric power are ascribed. Emission of radiation is neglected. 

In addition a convection free arc is assumed as produced for example 

in the cascade 

equations 

section 8.2). The energy ,.,'I> 
are given by eq. (2.3-@) 

where index i for the arc core i.e. 0 ; r ; R 1 

i 2 for the arc shell i.e. R1 < r < R 

E = internal energy per unit volume 

J current density 

K = thermal conductivity 

E the positive arc column 

r = 

t 

Introducing the heat flux function eq. (3,1-2) 

T.2 
S. (r,t) = f1 .KdT 

1 

Tit 

the current density eq. (3. 1-3) 

and the 1 

a. 
l. 

E.=..!.....s+o. 
l. c. ]. 

l. 

T T(r,t) 

E as indicated in fig. 

(5.2-2) 

(5.2-5) 
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Fig. 5. 2-1. 

Dependence of E and a on S of 

air (according Hanssen (ref,7)). 

~ 
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equation (5.2-l) can also be written in the form 

where A, B, 

In order to 

+ 
I dE 

+---EC. dt 
]. 

constants • 

• 2 6) separat 

()J. 
]. 

F 0 

variables is applied 

using the form 

Then with, 

time only, 

d2J. 
]. 

and 

F.(t) 
]. 

( 5. 2-7) 

(-)a. 2 , the separation constant and E being a function of 
]. 

ime dependen 

(r) 0 

I dE 
- -- + E dt 

c. Cl~ 
]. ]. 

of (5.2-6) become 

(5. 

0 (5.2-8b) 

For our two channel arc model, split up into a high temperature inner 57 
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zone and a lower temperature outer zone, two corresponding solutions 

for each of the eq, (S.2-8a) and (S,2-8b) will be obtained. These so

lutions contain the gas properties £ 1(S), e2(S), a 1(S) and a 2(S). 

Thus the space dependent solutions for the arc core and the shell be-

come resp. 

(5, 2-9a) 

and 

(5.2-9b) 

where ell •••• e22 are constants 

J B is the Bessel function of the first kind of order zero (the 
0 

superscript B has been added to distinguish between Bessel 

function and current density J) 

Y0 is Weber's Bessel function of the second kind of order zero, 

In principle, the constants e 11 through e 22 can be determined with 

the conditions 

J 1 (0) = finite 

J 2 (R) = 0 

Jl(RI) = J2(RI) 

dJ I (r) 
( --;rr- ) 

r=R 1 

(S,2-IOa to d) 

But even then further specialization of the conditions is required to 

obtain a unique solution, This, however, will not be persued, 

In order to obtain time dependent solutions eq. (S.2-8b) is re

written. Thus 
dFi dE 

Ed"t-Fidt 

F.2 
]. 

d E e.A.F. 2 
]. ]. ]. 

( E )-2 With the substitution v. = ~ eq, (S.2-11) becomes 
J. Fi 

dv. 
dt l. + 2e.a. 2v. 

]. ]. ]. 
2C.A.F. 2 

]. ]. ]. 

E 
F. 

]. 

(S.2-11) 



which has as solution 

2 ft 2( ) 2t/Ti dt + K. k":° Fi t e 1 
l. 0 

where by definition 

(5,2-12) 

T. 
l. 

- c. C!. 2 
l. l. 

and I 
k. - C.A. 

l. l. 
(5.2-13a,b) 

l 

T. is the thermal time constant as will be seen more clearly later 
l. 

and K. is 
l. 

an integration constant. As before, subscripts i = I , 2 ap-

ply to core and shell resp. 

Relation (5,2-12) is the same as derived by Edels (ref.4), but its 

general form is applied now to the two channel arc model, 

For later use (5,2-8b) can also be solved to yield an explicit 

expression for Fi(t), Thus from (5.2-Sb) 

there results after integration and identification of the integration 
I 

constant as K.~ by means of form (5,2-12) 
l. 

Fi (t) (5.2-14) 

The constants of integration K1 and K2 can be inter-connected, 

Since the voltage drop and therefore also the voltage gradient across 

the arc core and the shell are equal, form (5.2-12) when written with 

indices I and 2 gives 

Fl 2 (t)e2t/TJ 

2 tj Fl2(t)e2t/Tl dt K 
~ o + I 

2 tj F22(t)e2t/T2 dt K 
k2 0 + 2 

(5.2-15) 59 



= 0 follows 

F i2 (0) 
_K_I_ 

Both expl 

ements 

forms (5. 2-12) 

to current , 

(5.2-16) 

.2-14) perrni certain general 

tage and t constants. 

These will be subject of subsequent sections. 

5,3. Partial s currents 

In case of modulation current up of the 

partial time dependent currents F 1 (t) and F2 (t), multiplied by con

stants of proportionality as will be seen later. If one assumes these 

partial currents to be step functions by themselves a certain voltage 

response, reali not, must consequence. introducing 

step funct 

t > 0 (5.3-la,b) 

into (5,2-15) there results with (5,2-16) 

(5.3-2) 
T l (e2t/T 

~ 
+---

E2(0) 

Taking the limit t • it is seen that 

lim E2 (t) - E~ 
t _,. 00 

(S.3-3) 

itution of into the hand equal:i. • 3-2) 

lds 

E 2 (0) E2 
"' 

or 
u 2 u 2 kl l 2 

E~ 
~ = 1S"" T l 

(5.3-4a,b) 



while further combination of any right hand member of (5,3-2) with 

E2(t) shows 

constant 

Hence, when F 1(t) and F2(t) are step functions, the voltage response 

of the two channel arc model is a constant throughout time. Converse

ly, since a constant vo ltage response to current step modulation has 

never been observed , F 1 (t) and F2(t) canno t be step functions. The 

on ly exception is the trivial case when the electrica.l and t hermal 

properties of the arc core and of the shell are the same (i.e. 

1 1 = 1 2 ). Then the results of Edels' and Fenlon's (ref,4) single 

channel model apply. 

5 .4. Exponential voltage r esponse 

It is observed from experiments (see section 9.3) that in cer

tain cases the voltage response of the arc column to current step 

modulation can be approximated by the formula 

E(t) t > 0 (5.4-1) 

where e1 , e2 will be called voltage time constants to distinguish 

them from the therma l time constants 1 1 , 1 2 (see section 5 ,2) and E1, 

E2 are associated initial amplitudes of voltage gradient. 

If one of the two exponent ial t erms of (5.4-1) is zero , the re

sponse is that of a single channel arc model; but no statement can be 

made as to the voltage prior to onset of modulation, which in the 

case of the filled tube model (ref,4) is identical to the voltage as 

t ~ "'• In Mayr's (ref.3) theory the voltages for t < 0 and t ~ 00 are 

also not the same. This follows if his response, normally expressed 

in terms of conductance 

I 
R(t) 

+ ( I 
R00 R0 R 

Je-t/8(Mayr) (5.4-2) 
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(with R00 appropriate resistances !J(Mayr) t time 

stant is rewritten in terms of voltage, To do this *-- terms are re

placed by i/vn terms and permitting only small modulagion steps (i.e. 

v(t) 1}, resul 

v(t) "' + (v _ v )e-t/8(Mayr) 
0 00 

(5.4-3) 

where is the tage onset of modulation. 

Since in this equation v 0 and v00 depend on the arc characteristic and 

the modulation ratio, v(t < 0) and v00 are generally not the same. 

important is here tl1e fac~t that model r the st0p mod-

ulated i·c (see so sect ,I) predict exponential voltage 

sponse curves in agreement with observation. 

Proceeding with our analysis the voltage response (5.4-1) will 

be introduced (5.2-1 . Thus with 

t 

f E2 (t)dt 
0 

+ !E 1 •·s 1 (1 - e 

e 

there results the time dependent partial current 

I 

K. 2 (E 
l 00 

l 
2 (I - e 

2E I E2 0 
~~--

E2 
( I 

00 

For (+O) the initial 

E2 
l) + ( Eoo 

81 + B2 

-t 8162 

itude of F. 
l 

T. 
1 

2 (l - e 

, i. e, 

.4-4) 

8 2) + 

4-5) 

onset 



current modulation, becomes 

(5.4-6) 

Next consider the lim Fi(t). Inspection of (5.4-5) shows that it de-

E~ 
t _,. "' 

pends on- Thus for k . T. 
l. l. 

E2 

I I "' > k. T. 
l. l. 

one finds lim F. (t) ->- 0 
t-?oo l. 

(5.4-7) 

while for 

I I 
E~ 

< k. T. 
l. l. 

there results 1 im F . ( t) -> "' 
t' 00 l 

(5.4-8) 

The sum of all partial currents is equal to the total time dependent 

current, which in the present case of step modulation is constant and 

finite. Since such a total current F(t) cannot support one diverging 

partial current without an inconceivable opposing cancellation cur

rent limit (5.4-8) is physically impossible. 

Also limit (5.4-7) is unrealistic. Assume that only one of the 

two partial currents would tend towards zero, then the second partial 

current would have to rise to the value of the constant and finite 

total current F(t), If F2(t) increases as a result of limit (5.4-8), 

it would increase without bound, This contradicts the specified F(t). 

E~ I 
Instead one could also assume that I -k I = I - I , then F2(t) would 

2 T 2 

follow its normal course. But it is impossible to state mathematically 

with certainty whether the total current F(t) would then be a step 

function. The same holds also if the indices I and 2 are exchanged. 

These cases are therefore excluded from further considerations, al

though the transition from a two channel model to a single channel 

model with F2(t) disappearing is a physical possibility. On negative 

modulation, of course F1 (t) could disappear. As a result of these 

discussions 
E~ 
k. 

l. 
T. 

l. 
(5.4-9) 
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represents the only reasonable choice, if expression (5.4-5) is to be 

a realistic formula for the time dependent currents. This same result 

was obtained n 

Now eq, (5 

K. 
]_ 

of section 5.3 (see form 

substitution of (5,4-9) 

-t/8 2) {I [ 2EI 6 1 exp - ---
T. E ]_ 00 

2E262 /e El 
+ -E- ( I - e -t 2) + ( E 

00 ~ 

2 e f (I - e-2t/62) 

is the lim F.(t), which 
t-+oo 1. 

Our 

(5,4-9) 

lim F' 
t-+ 00 

where 

z. [ ]_ 

E 2 El 

+[ E2 ) f 
00 

We have ( 00) and an expression for 

further use can be made, the earlier 

of space and be reviewed, 

The (5.2-6) was separated 

the product 

J 1(r)F 1(t) and 

(5,4-10) 

l l 

(5.4-12) 

(5.2-7a,b) 



The current 

i. 
1. 

with 

channel 

I. 
1. 

by 

ri2 
211 J rJi (r)dr 

ril 

(5.4-13) 

The total current is equal to the sum of the partial currents through 

the two channels 

i = (5. 

or with (5, 

I F (t) (5. 

Dividing by the total current I and defining the ratios N1 and N2 as 

the fractions of the spatial currents through the core and the shell 

of the arc relative to the total current resp., the time dependent 

current F(t) can be written in the form 

F (t) (t) (5. 

When and (5,4- introduced into (5. 

two equations which the integration constants K.! 
1 

rather N.K. 
1 l 

determined, Thus 

(5.4-17a,b) 

and utilizing the property due to current step modulation, namely 

F(+O) = F r0sult the 

and 

/E"" 
-i·· ·:_·-~~. 1--

! _ F E(O)/E00 - z1 

N2K2 - E(O) z2 - zl 

ents 

(S.4-18a,b) 
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Since at no time the currents through the core and the shell of 
. ! 

the arc can have opposite directions, the expressions for NiKi must 

be positive. This is the case if in (5.4-18a,b) 

I) either both the numerator and the denominator are > O, i.e. 

z2 > E(O)/E00 > z1 (S,4-19a) 

2) or both the numerator and the denominator are < 0, i.e. 

In addition conditions for single channel models, obtained when ei

ther the core or the shell disappears and thus the corresponding par

tial current becomes zero, are readily derived by setting the numera

tors of (5,4-18a and b) equal to zero, Thus for an arc without core 

E(O)/E00 (S,4-19c) 

and an arc without shell 

(S.4-19d) 

For small degrees of step modulation values of E1/E00 and 

E2/E 00 << I are generally observed, Moreover also the ratios of the 

time constants multiplied by the preceding voltage ratios, i.e. 
2E 1 81 2E2 02 
~-~and~-~ are assumed to be smaller than one, so that the 
Eoo Ti Eoo Ti' 
squares and higher orders of these terms are all negligible in a se

ries development of (5,4-12), Then, (5,4-19a and b) become with 

(5,4-1) for E(O) and E(oo) 

El 81 
+ I 

< 282 
E2 a; 

< (5,4-20) '2 > El > '1 
-+ 
E2 

Since for either of the single channel models (without core .or 

66 without shell) the corresponding exponential term disappears in the 



voltage response (5.4-I), there follows with the above series devel

opment for (5.4-I9c and d) resp. 

and T = I 
(5,4-2Ia,b) 

The question which of the two opposing inequalities (5.4-20) is 

valid can be resolved by simple argument, Modulation experiment~ at a 

certain low nominal arc current show in first approximation a single 

exponential term with time constant 6 = 82 in the voltage response.As 

was just shown, the voltage time constant e2 is in this case equal to 

!12; r 2 being the thermal time constant, 

On step modulation of a somewhat higher nominal arc current the 

voltage response shows two time constants e1 and e2• Since e1 < 82 it 

is clear in view of (5.4-2Ia,b) that also t 1 < r 2• Therefore a lso on

ly the bottom inequalities in (5.4-20) are valid. Thus 

El 6 I 
I 

~~ 
+ 

T2 > 282 
El 

> TI (5.4-22) 

E2 
+ I 

In the preceding e1 and 1 1 were already associated with the arc 

core, while e2 and T 2 were said to be descriptive of the response of 

the arc shell to step modulation. More insight into the significance 

of these time constants is gained by inspection of radial temperature 

distributions of cylindrically symmetric arcs, From such data, for 

example of a Nitrogen arc (see fig, 5.4-1), typical transitions are 

Fig, 5.4-1. Radial temperature distribution for different currents 

of a Nitrogen arc (according Maecker (ref.8) ) . 67 



observed 

distribut h 

temperature channel via a 

rature core with a low 

shell, to a high temperature single channel, as the arc current is 

increased from a small value of a few Amperes to a large value of 

hundreds of Amperes. The prime difference between the two extreme 

single channel arc modes is thus seen to be the temperature as stated 

earlier verbatim. Since here the electrical and thermal time constai.ts 

are proport 

electrical 

they are 

perature 

At the 

,b)) and depend on the 

ies of the arc medium with 

properties as a function o 

range the electrical 

time constants are related by (5,4-22). The uncertainty between e and 

T can also be clarified, Assume a case where the low temperature sin

gle channel is still predominant then T 2 ~ 28 2 • (Note , 2 can be smal

ler in agreement with (5.~-22).) Making use of experimental data (see 

section 9.3 and 10,2) computation in sequence of N1K1! and N 2K2 ~ per 

(5,4-18a,b), N~F;(t) per 

N.F. 's accord 
l 1 

first round 

results for 

til reasonable 

current is 

(5,4-10) and taking 

d result in a 

11 be assumed 

ial currents, 

computed F(t) 

the sum of the two 

step func 

equal to 

, 1/2 can 

with the 1 i 

For arc currents of the order corresponding to the high tempera

ture single channel the procedure is analogue, but here T 1/2 is to be 

held fixed relative to el. 

5.5. Inte.rpretatioe of the thermal time constants 

In the 

tions were 

1. - ---
1 

C.ct. 2 
1 1 

k. 
1 

C.A. 
l_ l_ 

chapter the following definit 

ived 

(S.2-13a,b) T. 
l_ 

k. 
1 

68 From relations (5.2-2, 4 and 5) follows resp. 

(5.4-9) 



( 5. 5- l) I 
=-c. 

l 

(5,5-2) and 
()a. 

l 

~ 
A. 

l 
(5.5-3) 

Further the change ot internal energy with respect to temperature may 

be expressed by 

i 
n c p. 

p. l 
l 

where CPi ls the specific heac at constant pressure and 

Pi ls the mass density, 

(5.5-4) 

Making use of the preceding relations the thermal time constant 1 can 

be expressed in different ways namely 

where 

ac. 
l 

1. = ---
I ()£/aS 

= -ao:m = E'~ aCT:' 1 
l ~ l 

ac. a£. 
1 l 

---~=---F 

i 

K. 
l is the thermal diffusivity 

i 

(5.5-5) 

(5.5-6) 

From .5-5) is seen to be equal the change of internal energy 

with the electrical conductivity. Considering E~ constant, which is 

approximately true over a small region of the volt-ampere character-

istic, the t canst can also be expressed as the increase or de-

crease of Ei relative to the change of the power input into the arc. 

It :i worthwhile to r0view in this connPction the definition of 

Mayr' time constant (ref,3) 

(Mayr) 

In words: The time during wh.i an electric 

.5-7) 

N into the 
0 

heat sink of the arc of characteristic heat content Q0 causes an in

crease of the electrical conductivity by the ratio I :e. 69 



similar of Mayr' and our time constant evident, 

ticularly if it is recalled that due to the linearization of the 

thermal and electrical properties, d€i/3S and aoi/as are particular 

cons relat the characteristic heat content power input 

of Mayr de fin Howev1•r, 8 (Mayr) is unique €>Ver entire 

range of the Volt-Ampere characteristic, which Mayr idealized in form 

of a rectangular hyperbola. The Ti's on the other hand are functions 

of the changing properties the arc coli~n. 

Frind's time constant with the except of the thermal diffu-

sivity is identical to our definition (5.5-6). But as stated in sec-

tion 5 I he uses mean kl over the conduct and 

channel of his , while here according .5-6) rate kt ' ap

ply to each of the two electrically and thermally conductive channels. 

5.6. Properties of the arc column 

section 5,4, expressions for the 

and the shell were derived, Combi 

ial currents through the 

arc these. the ltage 

response the corresponding conductances are obtained, Thus for 

t = (+O), there result with the current (5,4-17a) divided by the 

voltage gradient .4-1) conductances 1 (O) and of un arc 

leng t = 

IF IN K (5,6-1) 

or g (O) (5.6-2) 

The current the dependent current F(t) Lso cal the 

modul inn ratin) and the tage response al 1 measurable 
j ' tities, while the NiKi 2 s ·can be computed from (5.4-18a,b) with ad-

justed thermal time constants 'i" Consequently the 's can be de

termined, 

In order to obtain the electrical conductivity, fo~ example, at 

the arc centre the radial a-distribution over the arc diameter must 

be , For two channel arc model the or a-distributions are 



given by 

equations 

• Unfortunate] 

determined fully, 

constants of these 

not enough condit 

are ~t our disposal. An alternative is to select a special Bessel

type distribution. But even then, evaluation of eq. (S.2-9a,b) is 

rather complex. Instead, a double parabolic distribution as shown in 

fig. 5.6-1 is assumed in close agreement with reality. The current 

densities for the inner and outer arc zones are accordingly 

The 

arc 

a or J 

for 

for 

r 
~ 

< R 

Two pacabola approximation of 

distributions of electcical 

ivity and current dens 

corresponding arc currents are obtained by integration over the 

zones, viz. 

Rl AR 2 

II 2c· ( J (r) RI 27TJ l (I 
I (5. 6-5) -

[~ -
4 

I2 R"7TJ2 + 

4 Rl 
( 

Rl /] (S,6-6) +3 "R - 'R 71 



With the currents r 1, r2 and the arc radius R given, the constants in 

the preceding equation can be determined using the conditions 

and (5.6-7.8) 

From (5.6-3,4) and the conditions (5,6-7,8) follows the constant 

while further operations on (5.6-3 to 9) give 

I RI 
R/11J1(1 -2R 

JI 

(5.6-9) 

(5,6-10) 

(5.6-11) 

The ratio of (5.6-10 and 12) results 1n an implicit relation for 

R1 /R, namely 

I R 2 r: = ( ~ ) (5.6-13) 

With I I and r 2 known, the ratio R1 /R is easiest found from a plot of 

form (5.6-13), shown in fig. 5, 6-2. Then, for a given set of currents 

and R1 /R taken from the preceding graph, the current density at the 

arc centre follows from (5.6-10) 

(5 . 6-14) 

With the relation 

oo = Jl/E (5.6-15) 

J 1 is readily converted to the electrical conductivity at the arc 

72 centre, If in addition the centre temperature is measured for an arc 
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Fig. 5.6-2, Ratio of currents through the core and the shell of the 

two channel arc model vs. R1/R for the double parabolic 

a- and J-distributions. 

of the same total current, a and Tc can be related, Carrying out ex

periments for a number of currents, the a(T)-characteristic of a high 

temperature arc atmosphere results, We have thus found a new me t hod 

to determine the e lectrical conductivity as a function of temperature, 

Substitution of t he values of (5,6-14,15) into (5.6-3 to I I) 

gives the radial J- and a-distributions for the currents considered. 

In section 10.2 this will serve as a check on the above double para

bolic approximation, which is compared there with the "true" distri

bution, The latter is obtained by conversion of measured temperature 

profiles with computed a(T) data. 

In view of chapter 4 it is of further interest to calculate also 

the form factor for the double parabolic a-distribution, Wi t h (5 ,6-9, 

I 1,15) there results from (5.6-3 and 4) for the arc core and the 

shell resp, 

a (1 
r2 

a 1 (r) -- ) 0 < r < RI (5. 6-16) 
0 R1R 

a2 (r) a (r - R) 2 
RI < r < R (5.6-17) 

0 
R2 (I - R1 /R) 73 



Integration of two forms (4.2-11) form f ac-

tor of the double parabolic a-distribution 

211F el 
ln R/R 1 

(5,6-18) 

ig. 5. 6-3 formula is plot the two viz. 

R/R 1 = l and infinity, 211F el is 0, 75 and 13/12 resp. The first limit 

is recalled from section 4.3 to be the form factor of the single 

parabolic distribution, while the other extreme is of the order of 

as in otber of chapter 

Fig. 5,6-3. Form factor of double parabolic a- and/or J-distribution, 

Finally it should be mentioned that with '• E and a known,inte-

ion of form 

enthalpy, of the 

results 

atmosphere. 

internal energy, the 

appears to be only experi-

mental method to date for the determination of the internal energy of 

a high temperature gas. However, the application is beset with the 

difficulty that the initial level of E is not necessarily known,since 

generally thermal 

proximately 

can ·only operated above temperatures of ap-
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PROPERTIES OF THE ARC ATMOSPHERE 

6. I. 

In 

cles 

trons. 

libriurn 

temperature is a mixture of neutral 

toms), excj neutral particles, ions 

tly small spati and time variations 

of energy velocity) of these part 

Maxwell-Boltzmann distribution. If radiation is negligible and the 

exchange of energy among the partners of the mixture is collision 

dominated thermal equilibr1um can be expected, provided no strong ex

ternal forces are acting. 

To such a system a single temperature may be assigned, which is 

then the most probab kinetic energy of a 

or the 

arcs 

The 

most plasmas 

boundaries such 

r1 ion of such 

in particular for 

electrodes and walls) 

rni:<ture and other thermodynarni 

properties can be calculated (ref,2) from total densities and temper

atures, making use also of the chemical and/or electronic reactions 

taking place in the gas. In essence the formalism developed for real 

gases applies with suitable modifications to the individual reaction 

partners. 

For the determination of thermodynamic and electrical properties 

tions, 

gas atmosphere 

These wil1 

exeerpts of a 

over states and n1~ber 

subject of the foll 

general report (ref,3), 

a molecule 

Any internal energy state of a molecule Ei is determined in 

76 first approximation by the sum of the electronic (e), the vibrational 



(v) and the rotational (r) ~nergy contributions. Thus relative to the 

energy of the separated atoms 

E. 
]. 

( 6. 2- l) 

( -l 
Conventional spectroscopic energy units in (cm ) will be frequently 

used in this chapter, consequently the velocity of light is to be in

serted in (cm/sec), all other units are m.k~s. Dimensions will be in

dicated where dubious.) 

Substituting (6.2-l) into the sum over internal energy states defined 

by (ref.2) 

z. 
]. 

there results (ref.4,5) 

z. 
]. l l l 

e v r 

-E hc/kT -E hc/kT 
e v 

gee e 

where the energies E are expressed in units of (cm- 1) 

h Planck's constant 

k Boltzmann's constant 

T temperature 

c =velocity of light (cm/sec) 

(6.2-2) 

(6.2-3) 

g-fold degeneracy of electronic and vibrational energy lev

els. 

For the molecular model of the anharmonic oscillator and nonrigid

vibrating rotator, the vibrational energy levels referred to the 

ground level and the rotational energy terms are given by the follow

ing equations (ref.6). 

and 

E 
v 

w v - x w (v2 + v) + ,,, (cm- 1} 
e e e (6,2-4) 

(6,2-5) 7T 
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v = vibrational quantum number, 

( cm 1 J0 characteristic factors fitting observed spectral we,xewe 

levels, 

J is the rotational quantum number related to the- degeneracy gr 

(also cal 

g = 2J + l 
r 

statistical by 

(6. 2-6) 

In (6,2-5), B is modified to account with ae for the change of the 

of inertia the molecule vibration 

(6. 2-7) 

Be (cm -I) is inver.sely proportional to the molecular moment of iner-

and depends electronic 
-I) also on the quantum and is a 

correction for the influence of the centrifugal force on the rota

tional energy. It is like the other constants used above tabulated by 

Herzberg (ref,6) for a large number of molecules, 

For sufficient high temperatures with nearly excited ro-

ional levels over the ional energy , with Ee 

and Ev in (6.2-3) held fixed, can be replaced by the integral over 

states, which when evaluated (ref ,3) yields 

Z (e,v) 
J 

integer j I , . • • (6, 2-8) 

In this form the symmetry number o has been introduced. It is normal

ly one, except for homonuclear diatomic molecules for which o = 2, 

At higher tempe.ratures above 

ly, but then dissociation is 

if ication a (e,v) se-

ete and therefore hardly any 

effect is felt in the computation of particle densities. In actual 

( Dv kT ) computations the numerical values of ~ ~h are normally very much 
B2 c 

less than one. Then sum (6.2-8) can be broken off after .the contribu-

of the jth has become igible. There , however, cases 

this is • Particularly rotational of the 



Hydrogen molecule are exceptions, the effect of which is noticeable 

already at a few thousand degrees, In this case it is within the ap

proximate character of (6.2-5) to drop Dv entirely, Le. to let j 0 

in form (6,2-8), or more reasonably to break off summation before 

successive terms begin to increase. Thus from (6,2-8) with 

u . = (2j)! 
J j! (6.2-9) 

and the recurrency requirement 

uj+I Dv kT 
= 2(2j + I) ( - - } < I 

~ ~ he 
{6,2-10) 

the cut-off criterion, which is to be obeyed by all terms of sum 

(6, 2-8) becomes 

(6, 2-1 I) 

With (6,2-8) the sum over internal energy states of a molecule 

(6,2-3) can be written 

kT -(E +E )hc/kT l ( 2 ')' D kT j 
Z . l A g l e e v - l ~ ( _v_ ) 

i. = ohc e e B . J • B2h e v J c 
(6.2-12) 

In this formula the factor Ae accounts for A-doubling. It is two for 

all electronic states other than E-states for which it is one. 

For sufficiently high temperatures also the partial sum over v 

of (6,2-12) may appear to be divergent, unless it is recalled that 

there is only ·a limited number of discrete vibrational energy levels, 

One way to affect cut-off is to break off summation when (Ee+Ev)hc/kT 

is greater than a certain pre-selected value very much larger than 

one, This is generally possible below temperatures of, say, 5000°K. 

For higher temperatures summation must be carried to the dissociation 

limit, The correspooding limiting vibrational quantum number, v0 , is 

known only in very few cases. It can be found with errors of the or

der of 25% by the Birge-Spooner extrapolation (ref,6,7). 

An estimate of the last vibrational quantum number vL just below 

the dissociation limit is also possible from (6,2-4), if Ev is set 79 



equal to the dissociation limit EL. One must, however, keep in mind 

that the constants of eq. (6,2-4) are generally derived from low vi

brational energy levels near the potential minimum of the electronic 

state under consideration. Thus breaking off (6.2-4) after the 

term and solving for vL = vD - I there results 

x w 
e e 

w - x w e e e 
2x w 

e e 
~ w - x w 2 EL J ! 

::_ ( e 2x we e J - x-;;;-
e e e e 

- I (6.2-13) 

In this formula only the (-) sign is significant since the maxi

mum of (6.2-4) corresponds to the dissociation limit. As before the 

error involved is considerable. For example, the limiting vibrational 

quantum number of the ground state of Oxygen is 41 (ref,7) 1 while the 

value computed from (6.2-13) is vL ~JS. Greater differences must be 

expected for other states and different molecules. Therefore the use 

of such data appears rather questionable. However, because high ener

gy levels are involved which enter summation via negative exponen

tials their contributiO'l1 to the sum over states should be negligible 

at low and intermediate temperatures. At high temperatures dissocia

tion is nearly complete, hence the influence of vL on the particle 

densities should be wiped out, This follows from fig, 6,2-la,b, where 

Fig. 6.2-la, 

Relative variation of sum over 

states of Nitrogen particles 

N2 and N2+ due to changing vL 

to nearest integer of 0,75 vL 

80 (pressure = I kgf/cm2). 

10·6 
N, 

168 
N 

1610 

161, 

N; 
10·!-4 

Fig. 6.2-lb. 

Relative variation of particle 

densities of Nitrogen when 

z.N2 and Z.N2+ are computed to 
]_ ]_ ' 

nearest integer of 0.75 vL 

(pressure= I kgf/cm2), 



sample computa 

cle densi 

and 0.75 

at a pressure 

sum over states and 

kgf/cm2 ) are compared, 

6,3, Sum over internal energy states of atoms and ions, the Saha 

equation 

Using tabulated spectroscopic data (ref,8) the sum over internal 

states is 

z. 
1 

where c in (cm/sec) 

with the (ref. 2) 

(6. 

(6, 

. (cm- 1) gm is the statistical weight of the energy level Eim 

(referred to the appropriate ionization level) 

Jm total angular momentum, 

For low 

practical 

higher temperatures 

significant 

remains essent 

.3-1) is 

the high 

, terms up 

states. 

Lant, the stat 

self-limiting in 

terms E. hc/kT » l, 
im 

ionization limit 

energy of these lcvc 

weights are not bound 

as the ionization limit is approached. The sum over states therefore 

diverges unless appropriate cut-off criteria are applied, 

In earlier computations of sum over states and particle densi

ties (ref.9) the Unsold lowering of the ionization potential (ref. JO) 

was used, which is applicable only to high density plasmas (ref, II) 

with electron 

n > ( 
e 

( 6. 

where e = 

s 0 is the vacuum permittivity. 

At a temperature of I0000°K the above cut-off procedure requires 
26 3 electron densities in excess of 10 per m • Comparison with the ap- 81 



pended tables shows the densities considered here to be bel ow this 

range and therefore within the region of the Debye-Hilckel theory 

(ref. II). Accordingly, a shielding charge cloud surrounding a test 

charge is considered, which modifies t he. Coulomb potential , The po

tential energy of the charge cloud gives a contribution to the in

ternal energy of the thennodynamic system under consideration, which 

shows up as a correction 1H2 (ref. I I) to the ionization potential,Iz' 

in Saha's equation 
A (Iz-1'.lz)hc 

nenz+I mm 3/2 2Z. z+I 
kT (2rr~ kT ) l. (6.3-4) = e n mz h2 z .Az z 

l. 

Here the sum over states of electrons is equal to two and the correc

tion term is given by 

61 z 2 (z+ I) 
3 i 

e ( rr ) 
(4rre; )3/2 kT (ne 

0 

I I I 
+ l z 2n ) l -

z he 

where c in (cm/sec) and Iz' 6Iz in (cm- 1), 

(6.3-5) 

ne' nz' nz+J are densities of electrons and of species of sue-

cessive ionization stages z and z+I res p . 

z = O, I, 2 ••• for atoms, single, double etc. i oni zed species. 

z.Az, z .Az+l are the sums over i nternal energy s tates and the 
l. l. 

m mass. 

superscripts A~ and Az+l indicate species of t ype 

A the latter of which is stripped of one more 

electron than the first. 

The lowered ionization potential in (6.3-4) presents itse lf also 

as a natural upper level, i. e . a cut-off, for the sum over s tates 

(ref, II), Accordingly,in the sum over internal states eq. (6.3-1) all 

levels 

(cm- I) E. < I - 61 im z z 

should be included, 

(6.3-6) 

An equation similar to (6.3-4) can also be written f or molecular 

and atomic species (see (6.4-3) ) . In this case one speaks of the 

82 equation of mass-action. 



6.4. Particle densities 

In the preceding sections of this chapter a revic· of the for

malism was given which is required to compute particle densities of a 

high temperature gas atmosphere, In the following a gaseous mixture 
+ + ++ 

consisting of the generalized perfect components A2 , A2 , A, A , A , 

A+++ and electrons is assumed. 

The total particle density n is made up of the sum of the par

tial densities of the above components 

(6.4-1) 

With the assumption of neutrality and recognizing that on each 

successive stage of ionization an additional electron comes free, the 

electron density ne is related to the densities of the respective gas 

components by the equation 

n 
e (6.4-2) 

For the above system of components the equation of mass-action 

and the Saha equations are 

(nmAkT) 312 (2/) 2 
-------A- exp(-E0hc/kT) 

h 3 2. 2 

(2nm kT) 312 
e 

(2nm kT) 312 
e 

l. 

A++ 
22. 

l. 

~ 2. 
l. 

A++ 
exp(-Ei hc/kT) 

A+++ 
22. A+++ l. 

exp(-Ei hc/kT) 

(6.4-3) 

(6.4-4) 

(6.4-5) 

(6.4-6) 

(6.4-7) 
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A+ A++ A+++ -I 
where c in cm/sec and ED and Ei , Ei , Ei (cm ) are the dis-

sociation and reduced ionization energies resp. The latter are given 

by the relation 

E. 
l 

I - LII z z 

with LIIz per (6.3-5). 

(6,4-8) 

In the above system of equations t he f ollowing simplifications were 

The system of equations (6.4-1 to 6.4-8) was solved fo r particle 

densities as a function of temperature (ref.3), which for the case of 

Nitrogen are shown in fig. 6.4-1, Detailed data of Nitrogen only for 
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Fig. 6,4-1. 

Particle densities of Nitrogen 

as a function of temperature 

(pressure= I kgf/cm2), 

temperatures between I000°K and 50000°K and a pressure of I kgf/cm2 

are tabulated in an appendix to this thesis. For the computation of 

the sum over states and particle densities use of an IBM 1620 digita l 

computer was made, Briefly the procedure more fully described in 

(ref.3) was as fo l lows. 

First molecular sum over states were computed according (6,2-12) 

84 using Herzberg's (ref.6) table value s with the exception of the dis-



ertergy of for which 's (ref.7) of 

9,764 eV was taken, Limiting vibrational quantum numbers were gener

ally obtained from (6,2-13), The first occuring of the following two 

cut-off criteria for the partial.sum over j of (6.2-12) was used 

the practical of (6,2-9), 

u. < I0- 7u 
J = 0 

(6.4-9) 

2) inequality (6,2-ll) 

In addition, because of computer limitations only those cornbina-

electronic hrational levels sati the in-

(6.4-10) 

uded in the molecular sum over states. 

preliminary over states aloms and ionized species 

computed acco • 3-1) and using the levels 

and statistical weights of (ref,8). Only data subject to the limit 

exp(-E. hc/kT) 
J.m .. 

(6. 4-1 I) 

luded, 

Then "first round" particle densities were computed with the 

above sum over states by solving the set of equations (6.4-1) to 

, where L'iiz 

Computing 1'.Iz 

equal to 

.3-5) and app ( 6 • 3-6) firs sum 

over states of atoms and ionized species were obtained, with which 

for 2nd round particle densities was solved, If these agreed with all 

first round particle densities within 1% all first round sum over 

and all second 

ition was 

particle 

the iterat 

ies were printed , If 

continued agree-

ment of successive computational rounds within the specified limits 

was reached. 

Gen·erally two to four iteration rounds were required for final 

Comparing 

concluded 

rt of numbers 

n·umerical 

consecutive terations it 

of particle ties and 85 



sum over states is not more than 0.1%, but frequently does not exceed 

0,01%. This result could not be improved significantly by requiring 

agreement of particle densities of two successive rounds within 0.1% 

instead of the earlier mentioned value of 1%. 

It was deemed necessary to shed light on th~ influence of the 

vibrational quantum number and the Debye-Hlickel correction (eq. 

(6.3-5)) on the particle densities. The first was discussed in sec

tion 6.2. The second effect was checked by varying 6lz to 10 x 6lz. 

The associated variations of the particle densities with temperature 

are s.hown in fig. 6,4-2a,b. It is somewhat surprising that the rela-

J n(l•••,)- n(~'.!~)J a I +··l-·l~::~ll b 
"9otal "10101 

1o':p-- 1""0---c2c'-::o---cJOc'-::----"°":-•""'10,......, 

TC°KI 

10- 1~0--1·0--2~0--3~0--.~o-.~,o=,~ 

Fig. 6.4-2. Relative variation of particle densities of Ni trogen due 

to modificat ion of 61 (pressure = 1 kgf /cm2) z 
a) densities of particles Ne' N2, N2+, N 

b) densities of particles N+, N++, N+++. 

tive deviation of the JO x 6Iz-data is not larger. As i s to be ex

pected ne is affected most. In the temperature range from appr. 20000 

to 40000°K the error due to 61 is greatest but the difference be-
z 

tween the 10x6Iz and the 2x6lz-data is smallest. At temperatures low-

86 er than I0000°K the error due to 61 should eventually dis appear. z 



This because 

cles decrease 

densities 

the temperat 

charged and atomic 

but also because the 

tive exponent of the terms of the sum over states increases with con

sequent decreasing contributions of the higher energy levels, 

The preceding statements apply to other gases as well. But for 

Hydrogen, for example, greater deviations with 6I 2 must be expected 

because of the high statistical weights of the higher energy levels. 

Generally 

in the computat 

ergies have 

variations 

stated that 

over states 

largest influence 

6.5. Internal energy, enthalpy 

hence, the cut-off 

reduced ionization 

particle densities of 

In statistical mechanics. the internal energy E per unit mass is 

expressed as a function of temperature and sum over states (ref.2). 

Thus for species s 

E 
s 

(m,k,s, units 

energy Es 

CJlnZ. 
-.,.---1.-S ) 

CJT 

ty of ligi1 

(6, 

cm/sec and the separation 

where the factor 3/2 is due to the translatory sum over states 

Zi is the sum over internal states, 

E5 is the contribution of the dissociation and ionization energy 

to the internal energy depending on the species considered. 

For a gaseous 

by summation 

cent ration 

s 

where 
nm 

s s 

l nm s s 

=~ 
p 

internal energy 

multi.plied 

unit mass is obtai 

corresponding mass 

(6, 

(6.5-3) 
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Then 

the 

Table. 6,5, I, 

General 

species 

A 

A+++ 

electrons 

p 

nA++ 

p 

3 
2 

[i 

of general 

, • I give the 

of section 6.4 

internal energy (ref, I 

kT 

Component of internal energy 

in case 

+ kT 2 l_ 
aT 

+ kT 2 l_ 
3T 

Nitrogen 

inZA+ 
ED 

+ he( z + E/+)J 

[ 2. kT + kT 2 l_ lnZA++ + he( 
ED A+ A++ J 
2 + E. + E. ) 2 aT ]_ ]_ 

1 kT + kT2 
A++ 

A+++ J E. ) 
]_ 

ED= dissociation energy, Ei given by (6.4-8). 

Using the appended particle densities of Nitrogen, the dissociation 

and ionization energies of (ref,7,8) and appropriate masses, the spe

cies and total internal energies, all per unit mass, of fig, 6.5-1 were 

obtained, 

data 

energy equation 

6,5. I the 3/2 by 5/2 correspond 

a gas are computed, Total enthalpy 

of temperature are also shown in f 

and enthalpy per unit volume as 

(section 2.3) are shown in fig. 6.5-2. J'hese data 

have been converted from the above per unit mass values with the mass 

density p which is plotted in fig. 6.5-3. 
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6.6. Thermal conduct i vity 
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Fig. 6.5-1. 

Componen t and total internal energies 

per unit mass of Nitrogen£= £ (T). 

Total enthalpy h = h(T) 

(pressure= I kgf / cm 2) . 

Fig, 6.5-2. 

Internal energy per unit volume of 

Nitrogen £v ' Enthalpy per uni t 

volume of Nitrogen hv 

(pressure I kgf/cm 2). 

Fig . 6 ,5-3. 

Mass density of Nitrogen p 

(pressure= I kgf/cm2). 

p(T) 

In a gaseous mixture a number of processes contribute to the 

thermal conductivity, more particularly to the heat flux or transport 

of energy per unit time through unit area: 89 



I) the classical heat flux qc associated with transport of 

internal energy, 

2) the heat flux qd due to transport of reaction energy, 1,e, 

diffusion of dissociation and ionization energies, 

3) the heat flux qt due to diffusion thermo-effects, 

To each of these three heat fluxes coefficients of thermal conductiv-

ity Kc' Kd and Kt are assigned so that the total heat flux is given 

by 

(6.6-1) 

with the thermal conductivity K (see (2,3-8)) 

(6,6-2) 

The theoretical evaluation of the above coefficients for a mul

ti-component gas mixture is most complex and requires approximations, 

Useful summaries outlining the basic theory and computat ional 

schemes, from which approximate coefficients of the thermal conduc-

Fig. 6, 6-1, 

Thermal conductivity of Nitrogen 

90 (pressure= I kgf/ cm2). 
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tivity can be obtained, are given in the literature (ref,12,13,14), 

The aim is here to update the theoretical thermal conductivity of 

Nitrogen for purposes of comparison with experimental results follow

ing from the theory developed in chapter 4. Therefore older data will 

be revised only, Retaining the computational scheme of (ref,14) and 

utilizing the particle densities and values of enthalpy of sections 

6,4 and 6,5 the coefficients of thermal conductivity of fig. 6,6-1 

resulted, Following Burhorn's practice (ref, 14) the contributions of 

the gaseous species to thermal conduction are indicated in this fig

ure, Uncertain in our computation is the height of the dissociation 

peak (error+ 25%), It is interesting to note that variation of the 
-16 N -14 cross section of Q +from l,4xl0 to 

N 
l,4xl0 had only a minor ef-

feet on K total, Therefore, it can not explain the difference between 

Burhorn's theoretical and experimental thermal conductivities as sug

gested by others (ref. 13,14), For further discussion of this problem 

see section 10,I, 

6.7. Electrical conductivity 

For the computation of the electrical conductivity of high tem

perature gases various expressions are found in the literature (refJ, 

12,13,15). They are based on widely differing conditions such as the 

constitution of the gaseous assemble, the degree of ionization, the 

electric and the magnetic fields.For electric arcs of current magni

tudes considered here the latter is insignificant. Diffusion of 

charged species is assumed to be the only mechanism of conduction, 

Exchange of charge on collisions is thus neglected. 

Ihe best known and also generally accepted calculation of the 

electrical conductivity of a fully ionized gas was presented by 

Spitzer (ref. 16). He considered a hypothetical gas in which electrons 

interact with positive ions only. Assuming also a sufficiently small 

electric field (Tgas ~ Telectron)' as found in electric arcs the ele::

trical conductivity for single charged ion species is given by (ref. 

16) 

2.64 x I0- 2 T3/ 2 
lnA 

-I 
(ohm m) (6.7-1) 
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-3 where with the electron density ne(m ) 

A = 1.238 x 107 T312 n -! 
e (6. 7-2) 

The effect of electron-electron collisions has been calculated by 

Spitzer and Harm (ref.16) and is accounted for by multiplying (6.7-1) 

by a factory which for single charged species is 0.582. Then 

-I 
(ohm m) (6.7-3) 

Inspection of fig. 6.4-1 reveals that an arc in Nitrogen meets 

the inherent limitations of form (6.7-3) for temperatures between 

appr. 15000°K (degree of ionization > 50%) and 25000°K (double ioniz

ed species are still negligible). It should also be remarked that 

Spitzer's theory of the electrical conductivity was checked on a wa

ter stabilized arc by Haecker et Al (ref, 17), Their carefully obtain

ed data cover a temperature range from I 1000 to 45000°K and are con

sidered the best to date (ref, 13), This then justifies our computa

tion of the electrical conductivity according (6.7-3). 

To compute the electrical conductivity of a partially ionized 

gas Lin et Al (ref. 18) and Olsen (ref. 19) have used the form 

a (6.7-4) 

where n is the particle density of the species indicated by the sub

script, 

Q is the gas kinetic cross section, 

Qi are the electron-heavy particle cross sections, i indicates 
e 

species of charge i ~I. 

For negligible densities of the neutral particles, i.e. suffi

ciently high temperatures, the cross section Qi is obtained by set-
e 

ting (6. 7-4) equal to the Spitzer (ref.16) formula, Then considering 

single ionized species only and using the correction factor 0.582 for 

electron-electron interactions it is found 

· 0.975 e4 lnA 
Ql = ------

e (411E kT) 2 
0 

2.71 x 10-IO lnA 

T2 
(6.7-5) 



The remaining difficulty in applying (6.7-4) is the choice of 

the cross sections of the neutrals, the effect of which is predomi

nant at lower temperatures. No attempt wil l be ~ade here to evaluate· 

these accurately since we are only interested in the order of magni

tude of o. Instead the electrical conductivity will be computed for a 
-20 2 few cross sections from 5 to IOxQ, with Q assumed to be 10 (m ) in 

rough agreement with literature (ref.17,20). 

Form (6.7-4) was checked experimentally with Argon plasmas (ref. 

18,19) and was shown (ref.IS) to be equivalent in the case of con

stant cross section Q to the relation given by Chapman and Cowling 

(ref.3). In the present application to Nitrogen also for molecular 

species must be accounted. It is then good practice to replace in 

(6.7-4) n0 Q by the sum over the products of the densities of all neu

tral particles with their associated cross sections. This approach 

was followed by Lamb and Lin (ref. 21) in their analysis of an air 

plasma. Since the cross sections of all neutrals are approximately 

equal one merely has to sum over the densities of molecules and 

atoms. 

Following the above procedure the electrical conductivity of 

Nitrogen at a pressure of I kgf/cm 2 was computed (see fig. 6.7-1). 

The effect of the gas kinetic cross section is seen to be relatively 

minor. In these computations the appended particle densities have 

been utilized. 
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Chapter 7 

ELECTRIC CIRCUITS AND EXPERIMENTAL TECHNIQUES 

7. I. Circuit for measurements on a steady state arc 

A typical static voltage-current characteristic of an electric 

arc is shown in fig. 7. I-I. Due to the negative resistance an arc 

must be operated in series with a stabilizing resistor R. The opera

ting points of the discharge are determined by the intersections of 

Fig. 7, 1-1, 

Typical Volt-Ampere characteristic 

of a d,c. arc. 

its characteristic and the inverted resistance line. Of t he two in

tercepts A, B shown in fig. 7 . 1-1, on l y poi nt A is stable as follows 

already from Kaufmann's (ref.I) criterion 

dV 
dia + R > 0 (7. 1-1) 

For more particula~s reference should be made to the extens ive analy

s is of arc s t ability publ ished recently by v.d. Heuvel (ref. 2). 

In our experiments the feeding source was a 500 Volt, 200 Ampere 

d. c . generator. Stable operating points of the arc could be adjusted 

by variation in steps of the series resistor R and fine regulation of 95 



the 

tor vo 

However, for 

ltage drop 

3 to 4 cm length 

the stabilizing res 

insufficient to permit stable arc operation for currents lower than 5 

Amperes. Therefore a 3-phase transformer fed 2300 Volt rectifier cir

cuit with smoothing capacitors and series resistors, which permitted 

stable operation of arcs of less than one Ampere was used in this 

case. With a JOO KVA, 500 Volt, 500 Hz, 3-phase generator as variable 

power 

arc 

teris 

ripple 

than b. 1%. 

were employed 

9.1) and 

7.2. Circuit for arc modulation 

voltage at the termina 

he measurement of arc 

temperatures (see sect 

In order to test the theory of the current step modulated arc 

(see chapter 5) the circuit of fig. 7.2-1 was utilized. The left hand 

portion serves 

R1 
----·--11~ll~ll~5~lHH5""ll "'llO.----.i/NtNV'w 

• Vg 

Circuit for 

supply of the steady 

I 
Va /;'arc chamber 

modulation of a d,c, 

arc, series connected resistors and induct 

a 500 .c generator. purpose of the indun 

will become clear from the subsequent circuit analysis.) The low cur

rent modulation pulse is generated in the right hand thyratron trig-

96 gered low inductance RC part of the circuit. 



The mode of operation is as follows. With the master breaker 

(M.8.) closed and switch s 1 open the •re is initiated by pulling a 

tungsten trigger rod through the arc chamber. The resulting arc cur

rent is I. Switch s2 is closed next and the capacitor C = 160 µF is 

charged. Once the predetermined voltage vc across C is reached an au

tomatic electronic level control energizes the opening and closing 

coils of the switches s2 and s 1 resp. If the arc burns steadily, the 

recording oscilloscope and the thyratron (Philips type 5C22) are 

triggered in a suitable time sequence, which is continuously adjusta

ble by separate timing units. Steady arc operation can readily be de

tected by monitoring the voltage across the arc. Figures 7.2-2a and b 

Fig, 7.2-2a, 

Typical a,c, signal of anode

cathode voltage of an unsteady 

6,SAd.c. arc. 

5 V/div; sweep 20 ms/div; 

tungsten electrodes, 

Fig, 7.2-2b. 

Typical a.c. signal of anode

cathode voltage of a steady 

6.5 A d.c. arc, 

0,5 V/div; sweep 20 ms/div; 

tungsten electrodes. 

are typical records of unsteady and steady arc voltages. Firing the 

thyratron capacitor C is discharged via resistor R2 , whereby the mod

ulation step is produced. 

In general the modulation current is chosen small compared to 

the arc current. Therefore, a relatively high ohmic shunt SH2 is re

quired to detect small modulation steps. But since, this shunt must 

also measure the steady s.tate arc current the resulting voltage drop 97 
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is Arc tage measurement from to ground are therefore 

the consistent and accurate false hy that amount. However, because 

operation (±17,) of the level control it was possible to calibrate the 

charge voltage across C as a function of the modulation current and 

to out SH2 subsequent test runs. Then, only the low 

ohmic shunt SHI is necessary to adjust the steady state arc current 

to the desired value. It should be noted that calibration of the lev-

el control is required every nominal current setting, since, 

as fol.lowing analys shows generator and modulation circuits 

cannot be considered independent of each other. 

If in fig. 7.2-1 the arc is replaced by its steady state resistance 

close 
at t=O 

Fig. 7,2-3. Circuit schematic for step modulation of a d.c. arc. 

R the.thyratron by ideal switch 
' 

which a 
circuit schemat 

loop 

where 

equations 

v c 
s 

+ IL 

is given by 

in operational 

(s) (r 1 + 

r 1 = R1 + Ra and 

fig. 

form 

7.2-3. 

are 

I 
+

Cs 

With 

and the following initial conditions were used 

(0) and i (0) 

currents 

I 
v 

at t the 

i I and i2 the 

2-la) 

(7.2-lb) 

(7.2-2,3) 

(7. 2 ·4, 5) 



Solving the simult 

finds 

(7.2-Ia,bJ for i 1(s) and ( ) 

R v 

s [ r ~c 
rl )] rl I s2 + [I 

a c 
+- +-- +--

L r 2 V r 2 LC 
i I (s) 

v 
r I 

(7.2-6a) 
s(s 2 + 2ci.s + w 2\ 

0 / 

v (s + r /L) (v c/V + R,/r 1) 

r r, 
L 

where 

-- _rl 
2ci. L + w 2 

0 
(7 ' ) 

Below is a list of typical values of the circuit elements. From 

the damping constant a and the natural frequency w0 found in our ap

plication it is seen that the circuit is non-oscillatory (ci. 2 >> w 2). 
0 

V = 500 Volts; 2000 < vc < 4000 Volts; C = 160 µF; r 2 ~ R2 = 4000 n 

These data reveal 

ticular case the 

ply s 2(s + r 1/L) 

in partial fract 

yields finally 

12 < r I < 80 n 

266 > 2a > 122 

17xl03 > a 2 > 3xJ03 

0.4xl03 > w 2 > 0.14xl03 

CJ.2 » <;; 2 
0 

0 

r 1/L, see (7.2-7). In this 

denominators of (7.2-6a,b) become 

rcsp. Formal expansion of 

of the Laplace transformat 

currents 

v R ( _ _j c a L +-- I - e 
V r 2 

(7.2-9a) 
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(7.2-9b) 

Because of the above simplifications, the preceding expressions 

are only valid over a small interval relative to the time constant 

r 2c .= 640 msec. 

The current through the equivalent arc resistor Ra is the dif-

ference of the two loop currents i 1 and i 2 • Thus with (7.2-9a,b) and 

neglecting the term t/r2c, the current ia becomes for modulation by 

step reduction 

v 
+ ....£ v 

v R 
c a +--v r 2 

-r I t/L J 
( 1 - e ) (7 .2-10) 

For a step increase of the arc current it is deduced from the circuit 

of fig. 7.2-3 that t~e signs of the vc terms in (7.2-10) must be 

changed. 

Using the preceding circuit data the determining time constant 

of the modulation current L/r 1 (note r 2c is unimportant, since it is 

very much larger than L/r 1) lies between the limits 

L 3 < - < lO(msec) 
rl 

(7.2-11) 

This circuit time constant is at least 200 times the arc time con

stants considered here. Accordingly, the modulation current has de

cayed exponentially a maximum of 2.5% by the time the practical end 

value of the voltage response of the arc (5 x arc time constant) has 

been reached. This change is clearly negligible as f~llows also from 

oscillogram fig. 7.2-5b which shows a positive modulation step with a 

sweep time of 50 µsec/div. 

The test circuit (fig. 7.2-1) was checked at the 10 Ampere arc 

current level (R1 ~ 2Sn, Ra ~ 25n, all other elements as tabulated 

above) with different values of inserted air-core inductances. The 

long time voltage response across the arc was measured. Figures 

7.2-4a and bare typical examples. Because of the long sweep time 

used in these oscillograms the arc response itself is barely visible 

100 in these records. In fig. 7.2-4a the trace could be misinterpreted as 



Fig. 7.2-4. Long time voltage response measured across JO A d.c. arc. 

(Modulation current 0,5 A, sensitivity 2 V/div; sweep 

2 msec/div, 

a) Lis here the active inductance of the d,c, generator 

alone 

b) with inductance of 720 mH added to the circuit, 

a long time response of the arc. But by way of comparison with fig. 

7.2-4b the response is seen to be affected by the addition of induct

ance to the circuit. Suppressing the dynamic response of the arc, the 

equivalent static arc resistance Ra together with form (7 . 2-10) gives 

an expression for the measured voltage response. In the case of fig. 

7.2-4a it is now seen that the time constant of the voltage is due to 

the resistance r 1 and the active inductance of the d.c. generator. 

This inductance was found to be approximately 40 mH. Then, in order 

to keep the modulation current as constant as possible large induct

ances were added to the generator side of the circuit (fig. 7.2-1), 

resulting in the above mentioned circuit time constants L/r 1 of the 

order of m.seconds. 

A second change of the modulation current is due to the R2c por

tion of the circuit (fig . 7.2-1). But as stated already, this influ

ence is negligible, since R2C >> L/r 1. 

In view of the large inductance of the generator side of the 

circuit of fig. 7. 2-1 the rise of the modulation current is deteru!in

ed by the inherent inductance of the step forming R2C circuit portion. 

With the exception of the application of low inductance "Morganite" 101 



(a trade name) resistors, no particular effort was made to reduce the 

inherent circuit inductance or to use low inductance capacitors. But 

still, the rise time of the modulation step current was only 0.3 µsec 

(see fig. 7.2-Sa). This value is sufficiently small relative to the 

smallest arc time constants obtained in the course of t his work. 

Fig. 7.2-Sa. 

Front of modulation step 0, 12S 

A/div; sweep O.S µs/div. 

7.3 . Instrumentation 

Fig. 7.2-Sb. 

Modulation current O. 125 A/div; 

sweep 50 µs/div. 

For all measurements of electrical quantities standard equipment 

was utilized. 

Steady state voltages and currents were measured either directly 

with meters (error I to 27.) and/or a shunt combination. Volt-Ampere 

characteristics of arcs were traced, either via x-y inputs of an os

cilloscope o~ with an x-y recorder (Mosely Autograph Model 2D 2AM-OS). 

For the measurement of transient voltages and currents a 

Tektronix type SSS cathode ray oscilloscope with suitable plug-in 

units was generally employed. Voltages were fed either directly or 

via Tektronix probes (types P6006 and/or P6015) to the oscilloscope. 

Small currents were measured by means of low inductance coaxial 

shunts of the type usually employed with high voltage surge genera

tors. Their ultimate response is unknown. However, by comparison with 

102 a Tektronix current probe (type P6016) it was found that a current 



step of 0 

produced. 

rise time µsec was accurately 

Larger steady state and transient currents were measured with a 

folded strip shunt. Its response was insufficient to reproduce accu

rately the rise of a current step within less than 2 µsec, but still 

adequate for calibration of the level control mentioned in section 

7. 2. 

Oscil were obtained either with a Polaroid 

camera or Star camera. 

Literature to Chaptcr:_I 

I. Kaufmann, W. Ann. d. Physik l (1900) 158. 
See also: 
Cobine, J.D. Gaseous C9nductors. (Dover, New York 1957). 

2, Van den Heuvel, W.M.C. .Interruption of Small Inductive Currents in A.C. 
Circuits. Thesis Eindhoven 1966. 
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PROPERTIES OF THE ARC CHAMBER 

8. I. 

aped 

ifferent experirnen 

basic idea 

arc chambers have been 

Lhese devices is to 

simple, cylindrically symmetric arc geometry, which is reproducible, 

highly stable in space and time and which lends itself readily to 

mathematical analysis. Typical examples are the "rotating tube" arc 

(ref. I), the "gas-whirl" (ref.2) and the "water-whirl" (ref.3) stabi

lized arcs. Modifications of the latter two of these arc devices are 

described 

suitab 

puts 

the arc 

literature (ref. ,5), Some of these arc chambers 

inputs. 

arc length 

been reported 

new device, 

water-whirl device 

temperatures to 

so-called cascade arc 

was by Haecker (ref. 7), maximum specific loading 

less than 10 KW per cm arc length is much lower than for the water 

stabilized arc. But the apparent simplicity of this apparatus and the 

improved arc stability outweigh load considerations in our applica

tion. 

chamber developed and used in the course 

work .2-Ia,b. have shown that 

suited for continuous operation up to a specific loading of I KW/cm. 

The device consists of a stack of individually water cooled copper 

104 plates, which are insulated from each other by Silicone rubber gas-



kets. In centre 

hole. Lining up all 

each 

holes 

plate there 

stack of 

a 5 mm i..ameter 

plates cylindr 

cal tube is produced, within which the arc column burns. At both ends 

of this stack one additional copper plate is placed. These plates 

bave a I diameter hole and serve spacers between column 

stack and the likewise water cooled electrode blocks at each end. The 

electrodes (8 mm diameter) are mounted flush with the plane of the 

blocks facing the stack. A central 3 mm diameter hole through 

each electrode serves gas or outlet. 

For ease of assembly and alignment jig pins and corresponding 

holes in each copper plate are provided. Indivi~ual cable adaptors 

soldered co every late of stack to facil tate co:mcetion 

with instruments. Screw terminals on each end-block serve as electri

cal connection with the power supply. 

The on the anode end the arc device is used connec-

ion to the gas supp (Gas flow was metered held constant at 

low rate of 200 cm 3/min. in all our experiments.) 

The tube at the cathode end is the gas outlet. It also serves as 

guide he tungsten trigger rod. For arc iation rod 

led manually or by chanism through the bore the arc 

chamber. 

The reason for some. of the design details will be better under-

stood in connection the scussions on arc tability our 

measurements. 

8.3. Arc column and electrode spot stability 

The cade arc chamber has heen adopted many investigators, 

although design details found in the earlier cited literature (ref,7) 

are rare and are limited to the lay-out of the copper stack and gen-

eral descr ions. 

with one version of 

seems unfortunate, because results obtained 

cascade chmnber are not necessarily reproduci-

ble with another. Therefore, tests were made to investigate the prop

crt ies of the arc chamhcr. at hand. 105 



®--_ __,,,==,j_ 

©----_,,,;~~~~~ 

5 1-----------A~ ~~:!:::!:::!:~~ 
-l?'S!I-- - -{ 

8 '-------
'--k::±=:J==~~~=t:=i~~~~~ 

®'------

HARDWARE AS REQUIRED 
3: 42 mm LONG 

(1) BRASS TUBING 12•3- 25mm LONG SOLDERED 
"--'4"--'--1"'0-.l-'AS""-"S'-"Ee:M,_,,B"'"'-L~ PINS BAKELITE 

I 9 ENDPLATE COPPER 
B 8 BUSH ING BAKE LITE 
2 7 ELECTRODE PER SPECIFICATION 
6 6 PLATE COPPER CIJ BRASS TUBING 4•3, 2Smm LONG SOLDERED 

11 5 GASKET SILICON RUBBER 1mm THICK 
2 4 SPACER COPPER <t.> BRASS TUBIN G 4"3, 25mm LONG SOLDERED 
2 3 ELECTRODE BLOCK COPPER (4) BRASS TUBING •10•8, 30mm LONG SOLDERED 
4 2 ROD STEEL M4. 150mm LONG 
I 1 ENDPLATE COPPER C4l BRASS TUBING 4•3, 25mm LONG SOLDERED 

CHY. ITEM DESCRIPTION MATE RIAL REMARKS 

106 Fig. 8.2-la. Cascade arc chamber (lay- out), 



'° 

~ 
?O 20 

EB• ~~· 
·©-

-

• 10 
~ 

._. 

~ •s 
7 

; - DIAMETER 
o - SQUARE 

20 

ALL DIMENSION S IN mm 

1 

.J 

Fig. 8.2-lb. Details of cascade arc chamber. 

·$-

$ 
I 

~ ·~ 1---

. . ~ 

·-(f>· ~ 

40 .J 

In the cascade device the arc co lumn burns within the bore of 

the stack of coppe r plates in close proximi ty to the walls, which 

g 

serve as a very effective column stabili zer . One speaks therefore of 

a wall stabilized arc . Stability is defined here in terms of observa

tion time and resolut ion in time , when the positive column is s tudied 107 



by side-on streak photography through a 1.5 mm high and 5 mm wide 

slit, cut into one of the plates of the stack. A drum type streak 

camera (Frungel Strobodrum) was used f or this investigation. It per

mits at a maximum writing speed of 0.09 mm/µs a tota l observation 

time of 20 ms. The slice of cross section of the arc column under in

vestigation was chosen 0.5 mm high giving a time resolution of 

0.5/0.09 = 5.5 µs . Contact prints of sections of streak records of 6, 

JO and 20 Ampere d.c. arcs in Nitrogen burning on Molybdenum elec

trodes are. shown in fig. 8.3-1. Streak films were scanned lengthwise 

6A 

10 A 

20 A 

Fig. 8,3-1. Records of streak photographs of 6, 10 and 20 A d,c, 

cascade arcs in Nitrogen . (Molybdenum electrodes, side

on observation, writing speed 0.09 mm/µs , scale appr. 

1:1, camera slit 0.5 mm, f:2,8, film Agfa Record, Kodak 

filter No. 18A.) 

and crosswise with a micro-densitometer in order to detect any varia

tion of the emitted light of the arc centre and of the cross section. 

Scanning lengthwise and choosing 10 test points along a number of 

successive 100 mm long film sections by random numbers the spread ex

pressed in percent of the peak intensity of the arc centre was less 

than 1.6% for the three current levels of fig. 8.3-1. The same value 

was obtained for the half widths of the photographic cross sections 

of the above random film positions. In fig. 8.3-2 photographic cross 

108 sections of 6, I 0 and 20 Ampere d. c. arcs are reproduced. (The asym-



20A 

the outer 

1on channel 

first.) 

Fig. 8.3-2. 

Photographic cross sections (side-on 

observat of 6, I 0 d. c. 

cascade in Nitrogen, ohtained by 

micro-densitometer scanning of the 

streak records of fig. 8.3-1. 

zones in this 

under 120 

1.S caused 

in the same 

second ob

as the 

These records are conclusive evidence that the positive column 

remains in a fixed central position within the bore of the cascade 

. They also 

current. It is 

the diameter 

further interes 

arc to be on 

note that the toadiness of 

the positive column is apparently unaffected by other electrode mate

rials such as carbon or tungsten, nor by the mobility of the elec

trode spots as evidenced by additional tests. The steadiness of the 

li 

co 1 onm in the 

effect achi 

arc chamber 

th the water-whi 

superior 

arc (ref. 8) , 

stabi-

In preliminary tests with a somewhat different cascade chamber 

molybdenum and carbon electrodes were used, which were not embedded 

in copper. In this case a total arc voltage variation of 30% due to 

spot mobili 

ive column 

described above. 

observed 

the same 

side-on streak records of 

iness of the urnn as 

Immobility.of the electrode spots in the case of copper sleeved 

electrodes is due to the formation of a stabilizing shield of copper 

around the e spots, which only on the ively 

boiling point trode base, molybdenum, or 

tungsten. This effect was found by observation with high speed photo

graphy of arc transfer from an electrode to an ar~ runner and was 

checked with a large number of metal combinations (ref.9). Erk (ref.9) 

also that 

spots. 

erosion w.:is much less table 

109 



110 

The proximity the copper the electrodes was found 

to be critical in our experiments. Satisiactory results, Lhough like

ly subject to further improvement with respect to arc voltage varia

tion and loss of electrode material, were obtained with the electrode 

arrangement as fig. 8.2-

The question the extent ich the copper of the 

stabilizing shield might influence the column temperature will not be 

treated in this thesis. It should, however, be remarked that no sub

stantial change is expected because the ionization potential of cop-

and the refrac 

the copper 

lectrode 

shield should 

are of the 

sturb the 

order, 

balance 

any more than the vapor from the electrodes themselves. This is quite 

unlike to the increase of the centre temperature or core formation of 

the arc column as observed by Brinkman (ref. I O;, when carbon elec-

are filled readily agent ( i . 3. 1-1). 

8,4, Steady state properties of the cascade arc chamber 

Haecker (ref.7) employed already a pair of copper plates of the 

cascade chamber for measurement of the potential gradient of the pos-

arc column not until recent were the proper of the 

cascade chamber icularly of the plates the stack 

as probes the subject of thorough investigation. Edels and Kimblin 

(ref.I I) not only interpreted the characteristics of the plate probes 

of the cascade chamber, but also have shown that unrestricted meas-

of potenti gradients with pairs can serious 

In the following their findings are summarized: 

I) Floating probes assume a negative potential relative to the posi

tive column. 

short circui two consecut probes, the of the 

anode side probe to nearly of the cathode probe. 

The geometric pitch of the cascade arrangement is therefore to be 

taken as the difference between cathode side edges of consecutive 

plate probes. 

potential 

ial difference 

of the 

two probes 

lumn res.ults, 

ivided by the 

he poten

p itch. 



4) Making relative floating potential 

electron be collected, a negatively biased 

probe can draw only small ion currents. The Volt-Ampere character

istics of all probes are parallel, Small probe currents relative 

to the arc current do not disturb the potential gradient of the 

arc column, 

5) The interprobe resistance, R, due to contamination, paths of the 

cooling 

a probe 

electron 

equipment affects the voltage across 

slope resis 

the Volt-ion 

R+ and R_ from the 

characteristics o 

t-

4) above, voltage divider circuit can be const 

for a true plasma V is related to 
p 

voltage V measured across the probe tenninals i.e. across R, by 

V = V R/(R + R + R ) p - + 
with R » R 

+ -
(8,4-1) 

Accordingly,depending on R and R+' a substantial error can occur 

in the measurement of voltage gradients of the plasma. Care must 

also be exercised since R+ increases with decreasing arc current 

In our 

value 

ual plates 

6) R decreases 

much 

interprobe 

separate 

value the 

increasing elec 

ifting therefore 

tance R is appr. 2 MG. 

er paths for the 

probe error is negligible. 

current and is moreover 

operating point (re , l I, 

12) of a probe pair into the region of the Volt-electron current 

characteristic by drawing an electron current of the order of 

100 mA from both probes, R+ changes to R_, which is generally neg

ligible against R. The voltage error in item 5) above therefore 

becomes still smaller. 

Reference 

measurements 

properties 

gradients 

made in chapter 9, 

described, 

In item 5) of the preceding section plasma-probe and inter-probe 

~esistances were defined, Under transient conditions also the inher-

ent capacitances of the cascade chamber between electrodes, plates 111 
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the plasma considered, these element change 

while the plasma transiLs from one steady state to another as, for 

example, on step current modulation. Combining all these elements and 

their properties an equivalent circuit results, which does not lend 

to analys 

essential 

and Kimbl 

lent probe 

• 11) have fore discuss-

ies of one probes on-

ly, They treated the simple case Lhat the probe and the plasma poten

tials change identically. The resulting current charging the inter

probe capacitance C is then i = CdV /dt. Since one probe of the pair 
p 

lccts positive 

lectron 

current i+ 

a reduct 

other accept 

the probe 

compensa

,'V results 

in view of the Volt-Ampere characteristics of the probes. Because of 

lack of dynamic probe characteristics this case is illustrated in 

fig. 8,5-1 using two static probe characteristics. The normal probe 

Fig. 8.5-1. 

Schematic static Volt-Ampere character

istics of two probes. Indicated are the 

change 

ing 

probe current 

potentials 

the result-

to float-

ing probes (according ref.I I), 

voltage VN (difference of floating probe potentials) and the modified 

voltage v}1 

change of the 

charging 

voltage is 

components 

to be mainly 

ion current branch of the characteristic, 

indicated, 

the Volt-

The above authors also cheeked the transient response of a probe 

pair experimentally, They compared the transient arc conductance, ob-

from the 

corresponding 

the init 

modulat 

current response the rise of 

, with the s tate arc 

conductance just prior to modulation, Full agreement of the two val

ues was found in accordance with theory. 

In view of the earlier mentioned strong influence of the ion 

component 

effect by 

probe vol 

the operat 

was sugges 

ints of the 

reduce 

into the 



Volt-electron current region of the probe characteristics (ref.I I), 

No experimental evidence in support of this proposal was found in the 

literature, Reviewing our experiments with step current modulated 

arcs (see section 9.3) no significant difference was noted i n t he 

voltage rise of floating and positive biased probes, On the other 

hand, if the probes are negatively biased by placing a resistor be

tween ea~h probe and the negative terminal of the power supply, the 

initial rise is muc h slower and the magnitude of the tail of t he arc 

voltage response is reduced, Figures 8,5-2a and b show the difference 

between floating and negative probes (probe current 5 mA) resp. In 

Fig, 8.5-2. Oscillographic record of step modulated arc. Sweep time 

50 µs /div. Trace I is modulation current (0.2 A/div), 

trace 2 response of anode-cathode voltage (10 V/div), 

trace 3 response of voltage across probes 3-4 of a 6 

plate cascade chamber (I V/div), 

a) floating probes (overlay of 5 tests) 

b) probes 3,4 biased towards cathode drawing 5 mA of 

current. 

these oscillograms the modulation step current Im' superimposed on a 

10 Ampere d.c. arc and the anode-cathode voltage (VA-C) were recorded 

in chopped mode. The lower trace is the voltage response, meas ured 

with a Tektronix differentia l plug-in unit, across probes 3-4 of a 6 

plate cascade chamber, It is worth to note that fig. 8.5-2a repre

sents five tests in succession, which shows the excellent reproduci

bility of our experimental conditions. 1U 



tage magnitude case of fig, 8,5-2b i 

to the ctfecL described by eq, (8. l), with R being the parallel 

connection of the inherent interprobe resistance and the sum of the 

two bias resistors, For the operating points of the two probes in the 

Volt-ion current region R becomes an R+, which is of the order of 

5000 n, while R is appr. 500 kn in this case, 

The slower initial rise of the probe voltage now appears to be 

typical 

resistor. 

re 

charging 

plate 

of voltage 

implicity assume 

across C 

completed af 
-10 0 F and 

a capacitor charged 

voltage step is appl 

as (1 - exp(- t/re) 

ime t 5 re. With 

above two plasma-probe 

ances r 10 kn, the charge time is 5 µs, in rough agreement with the 

voltage trace of fig. 8,5-2b, Since for unbiased and for operation of 

the probes in the Volt-eJectron current region the combined plasma

probe resistances are very much smaller, viz. of the order of 1000 

and 100 n resp., the rise of the voltage is also about 1/10 and 1/100 

resp. 

constants 

thus 

Therefore, 

applied 

very much 

the course 

than the smallest 

is thesis. Neither method 

nn the determi11at i en of arc time constants 

technique 11ring with unbiased probes 

time constant measurements (see section 
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MEASUREMENTS ON THE CASCADE ARC IN NITROGEN 

9 I Potential 

The vol 

tained in 

method is based on the relation 

v 
a 

positive column of an 

by arc lengthening experiments. 

(9. 1-1) 

where Va is the total arc voltage drop between anode and cathode, VAC 

is the sum of the voltages over the anode and cathode fall regions, E 

is the voltage gradient and 1 the length of the positive column, 

VAC i 
length, 

rent as 

the current 

For a 

current and independent 

of Va against arc length 

of the positive arc 

is extremely difficult to 

the true length, because the column undergoes rapid variations by 

looping and/or spiraling, Mobility of the electrode spots adds anoth

er component of inconsistency. In an elaborate effort King (ref, I), 

for example,has overcome these problems by coordinating simultaneous 

voltage and current measurements with side-on high speed films taken 

from two posi 

With 

was demonstrated 

variations 

poses likewise 

degrees. 

the column is highly 

where it was also shown 

mobility are for all pract 

our arc chamber. Determinat 

arc voltage gradient by discrete changes of arc length removing or 

adding plates to the stack of the arc chamber is therefore relatively 

116 reliable within limits which will be discussed later in this section, 



A second method of determining the voltage gradient is according 

section 8,4 the division of the voltage difference over a probe pair 

by the geometric pitch of the cascade chamber, However, in practice 

this is not nearly as simple, 

In initial experiments a 4 plate (8 nun thick plates) cascade 

chamber equipped with carbon electrodes was used, Measurements were 

carried out in the circuits described in section 7,1, The arc atmos

phere was Nitrogen, The potential gradients measured with probes de

viated as much as 30 percent from those obtained by arc lengthening, 

It was observed that the electrodes eroded quickly and that deposits 

of carbon particles reduced the interplate resistance. Hence, in view 

of item 5 of section 8.4, the probe measurements were in error. Fre

quent cleaning of the test apparatus and shortening of the arcing 

time eliminated this source of error, In spite of this effort the 

discrepancy, though smaller, remained, But the gradients measured 

with different probe pairs were now nearly proportional to the gradi

ents from arc lengthening experiments, This indicates that in this 

case the pitch of the distribution of the electric field over the 

probes is not the same as the geometric pitch of the arcing chamber, 

In later experiments with a cascade chamber according fig, 8,2-la,b, 

using at least 5 plates of 4,8 nun thickness the above effect was not 

noticeable, except for plate pairs next to the cathode and on low 

current measurements, This suggest that electrode effects reach part

ly into the bore of the stack. However, no further experiments to 

substantiate this were carried out, 

Test s during the development stage of our cascade chamber have 

shown that reduction of the interprobe resistance due to contamina

tion with eroded electrode material became negligible, when the car

bon electrodes were replaced by Molybdenum or Tungsten electrodes, 

This was particularly so with Tungsten electrodes, in which case the 

arc chamber coul'd be operated without adverse effects for hours at 

typical current levels of IQ to 20 Amperes, The reduc tion of loss of 

contact material in the preceding sequence is moreover consistent 

with the improved electrode spot stability as discussed in section 

8,3, 117 



118 

The potential grad i ents as a function of arc current of fig. 

9.1-1 were obtained by arc lengthening experiments and by probe meas

urements using the arc chamber of fig. 8.2-1. In both cases voltages 

and currents were traced with an x-y recorder and spot checked with 

separate meters. Current intervals of 10 to 20 Amperes up to 100 Am

peres were recorded and traversed several times each at a rate of ap

proximately one minute per cycle. The bands written in this manner 

showed a spread of the voltage of I to 3% about the mean value for 

currents of 2 to 30 Amperes resp. For currents in excess of 30 Am

peres the spread increased to appr. 6%. This was probably due to spo

radic and intermittent breakdown between the electrodes and the end 

plates of the stack of the cascade chamber. 

With the results obtained by arc lengthening experiments, using 

from 5 to 10 probe plates, least square lines were computed for par

ticular currents, the slopes of which are the potential gradients. 
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Fig. 9. 1-1. Potential gradient and power input per unit arc length 

as a function of arc current. (Crosses indicate results 

from probe measurements, the solid line is considered 

to be the true voltage gradient and is obtained from arc 

lengthening experiments.) 



least square line IS test points used, The gra-

clients for currents between 3 and 30 Amperes show standard deviations 

from l.S to 3% resp., which for higher currents increase to 4%. 

The crosses in fig. 9.1-l indicate potential gradients obtained 

measurements six-probe-plate 

potential was and 

chamber 

potential 

usr:d, 

of 

the positive column in this case is the potential difference of 

probes 2 and S divided by a length equal to three ,times the geometric 

pitch of the arc device. This gradient will be called in the follow-

probe From 30 to 1 the ob-

by the two method agree, Lower current 

probe gradients are consistently higher than the gradients resulting 

from lengthening experiments. 

A possible explanation can be given if one assumes local devia-

rom the condi of quasineutral if for on 

cathode electron dens is higher the 

rest of the arc coiumn a higher electron and a smaller ion current 

. would be collected by the probes in this region than by other probes. 

But since the total currents must sum to zero the electron retarding 

existing probe surface (ref. 

means the probe plat 

increase 

near the cat 

comp en-

assume 

a lower than normal potential. Similarly it could be argued that an 

excess of ions in the anode region results in an increased potential 

of probes near the anode. The effect is such that the electric pitch 

larger than the geometric pitch. Divid 

2-5 by the ric pitch results 

fore an incorrect probe gradient. 

voltage 

in a higher there-

One could also argue that with decreasing arc current the probes 

loose more and more contact with the plasma, while the high potential 

s near the leetrodes increase the 

, leaving ions essentially 

velocity 

ed. Then condi-

tion of·zero total probe current suggests the same result as above. 

According to the aforesaid the pitch must be adjusted for the 

determination of probe gradients at low currents. Indiscriminate use 

probe property item 2) sect would result a 

, for example, at the 2 Ampere levPl,which is in by +97.. 119 



Final 1-1 unit length of 

the positive colwnn Pel. This curve was obtained by multiplying the 

potential gradients with the associated arc currents. Since the cur

rent measurements are essentially free of error the error limits of 

Pel are the same as for E. 

The 

mined by a 

ments, specr 

can be deter-

probe measure

methods. The 

temperature measurements described in this thesis were carried out 

spectroscopically. 

Principly one can only speak of a temperature, if the gas under 

consideration is in statistical equilibrium not only within individu

al degrees of freedom of a particle, but also among these and the de-

grees of 

scopic measurement 

dom, for 

tribution 

tion other 

tially the same temperature Lhennal 

Spectro

degree of free

equil i brium dis

• If in addi

yield essen

exis ts. Such is the 

case within the positive column of an electric arc, as was stated al

ready in chapter I, but with the restriction of local equilibrium 

(ref.3) because of the existence of temperature gradients, 

For our spectroscopic measurements a scanning type half meter 

Ebert spectrometer (Jarrel Ash model 82-000) was used. Its resolution 

in first 

grating, Bot 

An EMI type 

on the ins 

was found 

, I 180 grooves/mm 

this instrument. 

was mounted 

spectrometer 

ambient temperature 

it was placed into an environmental chamber, permitting temperature 
0 . 0 

control to within+ 0,1 C for temperatures of at least 5 C above am-

120 bient, 



Spectrograms were traced with a continuous writing recorder . For 

writing lines or band heads as a function of current or arc radius an 

x-y recorder was employed. 

In section 8.3 excellent arc column and electrode spot stability 

were reported to exist in our arc chamber. The electrode spots are 

formed predominantly at the joints of the tungsten electrodes and the 

copper end blocks of the cascade chambe'r (see fig. 8.2-la 1 b). There

fore, the spots are essentially out of the line of sight when t he arc 

column is viewed end-on, which was the method used in all our experi

ments. This is confirmed by the extremely small noise superimposed on 

all our spectroscopic records as will be discussed later in t his sec

tion 

The experimental set-up for spectroscopic measurements 1s shown 

schematically in fig. 9.2-1. All the equipment was rigidly mounted 

aperture 

arc chamber 

. . 
g 1 
0 3 

Fig. 9.2-1. Experimental set-up for spectroscopic measurement of arc 

temperature (dimensions in mm) . 

horizontally on an optical bench with provisions for alignment of the 

optical axis in three dimensions. The arc chamber was fastened to a 

carriage equipped with a micrometer drive, permitting displacement 

perpendicular to the opt i cal axis in the horizontal plane for scan

ning across the diameter of the arc column. In addition a trave l re

corder was coupled to the drive of the carriage for recording dis

placement vs. intensity of a spectral line or region. 121 



From f it is evident optical \,"'as chosen 

such as to fill the grating of the spectrometer and to give a small 

field depth, The first is necessary for optimum resolution, the sec

ond to permit focussing of a particular spot along the arc column. A 

mm diamet aperture in the optical limits the angle un-

observat that no additional fringe zones off by 

the lense-side edge of the arc chamber, when the arc diameter is 

scanned to within 0.5 mm of the wall of the 5 mm diameter bore. This 

requirement necessitated also modification of the cathode electrode 

according fig. 

accept the 

.2-2 and a corresponding change of t 

mm diameter lectrode (compare with 

+ + rfirm 
~; 
w 

t" +· 

block to 

8. 2-1). 

• 9. 2-2. cathode ectrode holder. cation of 

3 and 7 o ig. 8. 

For the measurement of arc temperatures two methods were applied 

which will ined next. The firs involves the of mo-

lec.ular bands following the techniques loped alrc ady years ago 

by Ornstein aud his co-workers at the University of Utrecht. A cross

section of this work and a detailed description of the techniques 

were reported by Brinkman (ref,4). Thus restricting ourselves to the 

band of intensi of ion of rotat transi-

tions yielding P and R branches . are given relations 

(rcf.4) 

CJ exp ( -EJ_ 1hc/kT} (9.2-1) 

I) exp ( 
J+l 

(9.2-2) 



where the rotational energy EJ is according section 6.2 

BJ(J + I) - D J 2(J + 1)2 
v 

(9 .2-3) 

and the constant C could be introduced because the wavelengt h is 

nearly constant within the rotational band considered. 

With B constant and neglecting in (9,2-3) the Dv term the slopes of 

plots of the relative intensities of ln(Ip/J) and ln(IR/(J+I) } against 

(J-1) and (J+I) resp. yield the rotational temperatures jf t he P and 

R branches. 

Using carbon electrodes the 0-0 and 0-1 bands of CN at t he cent

re of a 6 Ampere arc were scanned in 2nd order with a 5 micron slit, 

Although the resolution of our spectrometer was adequate, t he i nten

sity variation of all lines within a given spectrogram did not j usti

fy to draw a single temperature line. Moreover, reproducibili ty of 

these bands was extremely poor, despite constant arc c urrent during 

the scanning time of appr. 6 minutes per band, Writing the intensity 

of the band head of the 0-0 band of CN as a function of time an unex

plained periodic variation of the intensity with a period of appr. 2 

minutes was found. With a slit width of 100 microns the band heads of 

the 0-0, 0-1, 1-1 and 1-2 bands were then recorded over a time of ap

proximately 10 minutes each. Also the tail sections of the 0-0 and 

0-1 bands and the background in front of the 0-0 and 0-1 bands we re 

registered in the same manner, All these band heads and band tails 

showed periodic variation with time. Since these bands are not re

solved with the 100 micron slit, central arc temperatures were ob

tained with the "top-ratio pyrometer" curves of Smit-Miessen et Al 

(ref.5), by associating separately the minima and the maxima of the 

intensity variations of the above band heads , tails and background. 

These results are entered in fig, 9.2-7. Their mean value is appr. 

7000°K in agreement with the temperature obtained by other methods. 

With tungsten electrodes used in all subsequent experiments the 

CN bands could not be evalu·ated, becaus e of their weakness relative 

to the background and other unidentified disturbing lines, 

With the Bartels-Larenz method for electric arcs (ref,6) applied 

to the N2 and N2+ band heads and to the N line at wavelengths of 3371, 123 
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3916 and 4935 R resp, highly reproducible temperature measurements by 

end-on observation were carried out, This method utilizes the occur

rance of an intensity maximum of emitted radiation for temperature 

calibration, The intensity maximum is due to the peaking of the par

ticle density of the species considered and the increasing exponen

tial of the Boltzmann factor as the temperature rises.Thus, the in

tensity of a given spectral line is 

I hv A n n->m n4m n 

where h = Planck's constant, 

(9.2-4) 

v 
~m 

frequency of the spectral line for a transition from 

energy level n to m, 

transition probability of spontaneous emission, 

The number density nn of a species in energy state En i s related to 

the density n0 of the same species in the ground level by the 

Boltzmann relation 

n 
n (9.2-5) 

The statistical weight gn gives the number of states of energy En. 

Summing over all possible energy states, the total number density of 

the species considered results 

I n = n n 
n Z 

0 (9.2-6) 

with Z being the sum over states (see chapter 6). Eq, (9,2-5) becomes 

with (9,2-6) 

n n 

-En/kT 
g ne 

n 
z (9.2-7) 

Introducing (9.2-7) in (9.2-4) and considering only relative intensi

ties at a s pecific wavelength one finds 

I ~ (9.2-8) 



The intensity vs. temperature curves obtained by this relation 

(ref.7) show a peak at a characteristic temperature. Normalization of 

the intensity in terms of the peak value resulted in the pyrometer 

curves of figures 9.2-3 and 4. Arc temperatures obtained by other i·n-
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Fig. 9. 2-3. 

Normalized intensity as a func

tion of temperature of the N2 and 

N2+ band heads at 3371 ~ and 

3918 ~ resp. 

vestigators with such pyrometer curves deviate from temperature meas

urements using other methods and involving also ionic states by not 

more than 5% at the most (see e.g. ref.7,8). Since these temperatures 

were derived from side-on profile measurements converted with the 

Abel integral they also serve as a check for our end-on measurements. 

In a first t ype of experiments the centre temperature of the 

positive column was determined as a function of arc current. Thus 

with a slit width of 100 microns and a slit height of 0.5 to I mm at 

the spectrometer, intensity vs. d.c. arc current was recorded with an 

x-y recorder. Next the background intensity was traced also as a 125 



function of arc current. Typical records are reproduced in fig. 9.2-5 

and 6. The peak o f the difference of intensity and background normal

ized to one, corresponds to the peak of the appropria te pyrometer 
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Fig. 9.2-5. 

Record of intensities of band heads 

of u2 at 3371 R and N2+ at 39 18 R 
and their respective background as a 

func tion of current. 
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Fig. 9. 2- 6 . 

Record of intens ity of 

NI-line at 4935 R and 

background vs. current. 

curve (fig . 9.2-3.4) and thus se rves as temperature calibration. It 

is then possible to plot the centre temperature as a f unct i on of arc 

current. The curve of fig. 9.2-7 was ob t ained 1n this manner . 

The traces of fig. 9.2-5,6 were recorded by cycling the indicat

ed current range at least 5 times in succession at a rate of appr. I 

minute per cycle. (This time was s uffic iently short to permit meas

urements to 100 Amperes d.c., i.e. to exceed the continuous rating of 

t he arc chamber by appr. 100%.) In all cases narrow bands of intensi

ty and background resulted. Defining the ratio of the sum of the 

widths of these bands and the distance between the bands as the rela-

126 tive spread of our temperature measurements, maximum values between 4 
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Fig. 9.2-7. Centre temperature of cascade arc . in Nitrogen as a · 

function of arc current (end-on observation). 

and 6% were found for the peak temperature and temperatures corre ~ 

spending to small intensities resp. The temperature associated with 

the intensity peak is estimated to deviate not more than ±3% from its 

exact value. Assuming the above band to be spread equally about a 

mean temperature the maximum error due to the two preceding sources 

is of the order of ±5,0% if also a small instrumentation error is al

lowed for. In fig. 9.2-7 also the temperatures obtained from side-on 

measurements (ref.8) are indicated. They agree with our results. 

In a second type of experiment the temperature profiles of cas

cade arcs were determined. Set-up and techniques were identical to 

the preceding experiment except the arc current was held constant 

while the arc diameter was scanned. Using the centre temperatures of 

fig. 9.2-7 and/or for sufficiently high currents the occurence of an 

intensity peak for calibration, records of intensity vs. displacement 

were converted with the pyrometer curves fig. 9.2-5,6 to the tempera

~ure profiles of fig. 9.2-8. Again good agreement with data found in 

the literature (ref.8) was obtained, which shows once more t hat end- 127 
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Temperature profiles of cascade 
r(m.) arcs in Nitrogen (end-on observation) • 

2.S 

on measurements are possible with stabilized electrode spots and a 

stable arc column, However, because of the time required for scanning 

the arc diameter, profile measurements had to be limited to currents 

corresponding to the continuous rating of the arc chamber, 

9,3, Response to step current modulation, 

The electric circuit, its characteristics and the sequence of 

operation for step current modulation were described in section 7,2, 

A six probe-plate cascade chamber as shown in fig. 8,2-1 equipped 

with tungsten electrodes was connec ted to the circuit of fig, 7.2-1 

in this investigation, Steady state voltages and currents were meas

ured with meters, while transient quantities were recorded with a 

model 555 dual beam Tektronix oscilloscope, Since the modulation cur

rent was pre-adjusted toge ther with the steady state arc current (see 

section 7,2) no combined records of transient voltages and currents 

were made, with the exception of calibration records. Both channels 

of the oscilloscope were therefore available for voltage measurements. 

More particularly the anode-cathode voltage was fed to one channel of 

the oscilloscope and the potential difference of probes 2 and 5 was 

measured with a type G Tektronix differential unit of the second 

channel, In accordance with the discussions in section 9.1 only 

128 floating probe-plates were used in all our experiments. 



Figures 9,3-1 to 9,3-6 show a selection of voltage records, cov

ering a steady state arc current range from 5 to 50 Amperes, The 

voltage response is due to 0.5 and I Ampere positive modulation cur

rent steps. The sweep time in these oscil lograms is 50 µs /divis ion, 

Other pertinent calibration data are given with the captions to the 

above figures, 

Not considering the vertical deflection in these records it is 

noted that the decay time of the voltage response after onset of mod

ulation first decreases noticeable with increasing current and in

creases again slightly above 18 Amperes, All probe voltages (trace I) 

clearly show a disturbance in the course of the voltage trace. This 

is not an incidental phenomena but a highly reproducible signal also 

on negative modulation as demonstrated by the 5 tests of f{g, 8,5-2a, 

Moreover the pattern of the disturbance changes along the arc column. 

This was found from measurements of successive probe pairs along the 

arc column. While the origin of this signal was not investigated fur

ther, it should be noted that superficial inspection of oscillograms 

indicates slow travelling waves of velocities of the order of sound, 

originating apparently from the anode and the cathode, This is sug

gestive of electrode phenomena, 

In chapter 5 it was noted that all theories of the dynamic arc 

predict an exponential voltage response to step current modulation. 

Testing the voltage trace recorded in our oscillograms, generally two 

exponential terms were found. For t > 0 these combine to the form 

(9,3-1) 

where E is the voltage gradient of the positive column. It is obtain

ed by dividing the voltage difference of probes 2 and 5 by a length 

equal to.three times the electric pitch, The latter follows from a 

comparison of the voltage gradients resulting from arc lengthening 

experiments and probe measurements of section 9. I (see fig. 9. 1-1), 

E00 corresponds to the arc voltage after the transient response has 

died out, 

Since e1 << e2 it is relatively easy to identify in (9,3-1) the 

values E1 and E2 and the voltage time constants e. For times t > 38 1 129 
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Fig, 9,3-1 to 6. 

Voltage response of the cascade arc to positive step current modulation, 

Trace 

Trace 2 

differen tial response of probes 2 and 5 (V2_ 5). 

response of anode-cathode voltage (VA-C). 



Fig, 9.3-1 5/0.5 A; VA-C V/div; v2-s 5 V/div. 

Fig. 9.3-2. 1ar/1mod 10/0.S A· 
' VA-C 5 V/div; v2-s 2 V/div, 

Fig. 9.3-3. I /I arc mod 
14/0,5 A; VA-C 2 V/div; v2-s 1 V/div. 

Fig. 9.3-4. 1ar/1mod 18/0.S A; VA-C 2 V/div; V2-S 0.5 V/div, 

Fig. 9.3-5. I 1 A· 
' VA-C iv; V2-S 0,5 V/div. 

Fig. 9.3-6. 1 A· 
' VA-C 1v; V2-S 0.2 V/div. 

the second term of the above equation is essentially zero. Therefore 

a plot of ln(E(t) - E00 ) as a function of time gives a straight line 

with slope (-)1/6 2, Extending this line tot= 0 the intercept with 

the ordinate magnitude consider the funct 

al values t 12 • Then 

ln(E( (9. 

and 

(9.3-3) 

The difference of these two equations yields the voltage time con

stant 62 

(9. 

Subtracting E2 exp e2) from (9.3-1) and plotting ln(E(t) - E00 

~ E2e-t/ 82 ) vs. time a second straight line with slope (-)1/8 1 and 

initial magnitude E1 results. Considering the functional values at 131 



times t 22 and t 21 , the time constant e1 is given Ln this case by 

(9,3-5) 

The graphical procedure for this analysis is illustrated i n fig. 

9.3-7. First (v(t) - v00 ) of the measured voltage response of the 

V / cm) 
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probes to step modulation is transferred to semi-log paper and con

verted to voltage gradient with an appropriate scale factor . Through 

the long time response a straigh t line is drawn, which cuts out E2 on 

the ordina.te. Then the m.nnerical difference of the shor t time re

sponse and the above line is r e-plotted and a second straight line i s 

drawn, the intercept of which wi th the ordina t e dete r mi nes E1• Next 

the two voltage time constants are computed according (9.3-4) and 

(9.3-5). 

I n the pre ceding manner the data of table 9. 3. I were obtained. 

They repres ent aver ages of at l eas t 5 measurement s each . Despite the 

exce l lent reproducibili t y of the t est da ta the gradient s £ 1, E2 and 

the time constants e1, e2 have a standard deviation of 3 to 57. .It was 

determined in a few test cases, by computing least square lines of 

132 ln(E(t) - E00 ) f or time s t > e2• The major cause for this deviation is 



, 3, I • 

I I E(-0) E(+O) E 
"" El E2 al e2 a m (I + I ) /I 

a m a 
A A V/crn ~s 

0.5 I. I 60.7 67,28 1.82 6,96 52 

0,5 I ,083 56,7 61 ,45 .30 5, I 5 45 

8 0,5 I ,062 50.6 54,30 49,5 1.10 3,70 10 41 

10 0.5 I .050 46,0 48.50 44.7 I, 10 2.70 10 35 

14 0.5 I, 035 38,5 39,55 37.5 o.6 I .45 9 24 

0.5 1,027 13. 2 34. 216 0,91 0,606 20 

0.5 I .022 30,0 30,75 82 0,33 23 

0,5 I ,0 27.7 28,288 606 o. 182 30 

30 I.O 1,033 26.3 26. 682 25,5 0.802 0.38 6.5 30 

35 1.0 1.028 24.0 24.79 23.8 0.64 0,35 5.6 34, s 

40 1.0 1,025 22,7 23. 29 22,5 0,59 o. 20 5.1 34 

1.0 I. 22, I 22.54 36 o. 18 34 

l ,0 1,020 1,6 22.07 376 o. 194 34 

I arc current, I = modulation current, E voltage gradient, a m 
e voltage time constant, 

the disturbance in the voltage trace, It introduces inaccurracies 

when the test data are transferred to semi-log paper, Thus generally 

read-out errors 

a deviation 

the voltage 

straight 

tirne.s t > 2e 2 t in 

expected of the semi-log 

plot, This is inherent in the log scale can be overcome by giving 

less· weight to the data for t > 26 2, when the E2 line is drawn. 

Similarly, time constants can also be obtained from the voltage 

measured anode and 

here the constants, A , 

Over the 

consistent 

range 

than 

the time constants from probe measurements, Further research is re

quired to clarify this. A possible explanation is given below: 

The construction of our arc chamber (fig. 8.2-1) is such that 

plasma can 

tack. Then 

larger d near the eI 

ower mean temperature of the 

than 

shell can 133 
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reasonably be assumed in electrode region. Consequently the ther-

mal conductivity the thermal diffusivity are lowe.r, which accord-

ing (5,5-5,6) results in a larger T 2 or e2• This observation is also 

in agreement with Frind's (ref.9) definition of e in terms of arc 

radius. 
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Chapter 10 

APPLICATION 

10,I, Thermal conductivity 

The thermal conductivity can be determined by form (4,2-12),viz. 

(I 0, 1-1) 

In chapter 4 it was. shown, that the form factor has in first approxi

mation a constant value Fel = l/2n, Therefore, this method of deter

mining the thermal conductivity will be called the "constant form 

factor method". 

In section 9,1 and 9.2 the electric power input and the centre 

temperature of a cascade arc in Nitrogen, both as functions of arc 

current, were obtained, Combining these, the function lxPe1 (Tc) of 

fig, 10,1-1 resulted, where the "I" stands for 21rFel =I, Evaluation 

of this function according form (10,1-1) with Fel = l/2n yielded the 

thermal conductivity curve "a" of fig. 10, l-2, Differentiation was 

carried out numerically and graphically and was progressively cor

rected by re-integration with a planimeter. 

The actual form factor, however, is according definition (4.2-11) 

not a constant but a function of the radial distribution of ·the elec

trical copductivity cr(r) = o0 f(r), namely 

R R 
J rf(r)ln - dr 

r 
0 

2nFel - R 
J rf(r)dr 
0 

R R 
J ro(r)ln - dr 

r 
0 

R 
J ro(r)dr 
0 

(10.1-2) 

For the evaluation of this expression o(r) was obtained by conversion 

of temperature profiles, which were measured in section 9.2, The o(T) 135 
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Fig. ID.I-I. Electric power input and radiated power vs. centre 

temperature of a cascade arc in Nitrogen. 

(For 211Felpel' lxPel' lxPu see text section ID. I; 

211Felpel indicates product of variable form factor 

with power, 211Fel = "I" indicates constant form 

factor.) 
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Thermal conductivity of Nitrogen vs. 

centre temperature 

curve "a" with form factor Fel = 1/211 

curve "b" with variable form factor 

of fig. ID. 1-4 

curve "c" theoretical K according 

136 section 6.6. 
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data of fig. 6,7-1, computed with the cross section Q = 7.Sxlo-20 (m2), 

were used for that purpose, They yielded best overall results , when 

the cr(r) profiles were subjected to the condition 

I 
a 

R 
2nE J r o (r)dr 

0 

( 10, 1-3) 

where I is the measured arc current and I* is the integrated current, a 
resulting from the o(r) profile. 

Since the integral of (10.1-3) is equal to the denominator of 

(10.1-2), it also serves as a useful check in the evaluation of the 

form factor. In fig. 10 . 1-3 the preceding is summarized: Shown are 

the integrands of the numerator and the denominator of form (10, 1-2) 

for a few typical currents, while the inserted table gives specific 

* data of la' I and 2nFel' 

2 
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1* E . ~ . 
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(chapter 51 
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Fig. 10.1-3. 

Integrands of numerator and 

denominator of form ( 10 . 1-~. 

Using these form factors and values as interpolated in fig. 

10,1-4 the curve marked 2nFelpel of fig. 10.1-1 resulted. Di fferenti

ation of this curve according form (4.2-10), viz. 

d(Felpel) 

dT c 
( 10. 1~4) 

produced the thermal conductivity curve "b" of fig. 10, l-2, Since 137 
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Fig. 10. 1-4. 

Electrical form factor 2rrFel 

(from o(r)-profiles) vs. arc 

current. 

2rrF el is here a variable, this method will be termed t he "variable 

form factor method", 

As before re-integration of curve "b" served a s a check. The er

ror due to differentiation is therefore negligible, Accord i ng sec

tions 9, I and 9,2 the e"rrors of the arc power and t emperature meas

urements are of t he order of 5% each, Assoc iating onesided positive 

and negative errors, or vice versa, with Pel and Tc resp. the thermal 

conductivity is found between the limits 

ll (PelFe l) (1 - 0,5) 

6Tc (I + 0.5) 
0,9K and 

£\ (PelFel) (I + 0 .5 ) 

6Tc (I - 0.5) 
I, I K 

( 10, 1-5) 

In addition the form factor is subject to error, At the most it is 

equal to the error, within which the measured currents a nd the cur

rent s r esulting from the integrated o(r) profiles of fig . 10 ,1-3 

agree, namely 10%, Then the max. e rror of " becomes with ( 10 .1-5) ap

proximately 20%. This appears to be a satisfactory r esult , 

Comparing now in fig. 10, l-2 curves "a" and "b" with t he theo

retical thermal conductivity curve "c " (obtained in section 6.6) rea

sonable agreement up to I0000°K is fo und, At highe r temperatures the 

experimental va l ues are much higher than the theoretica l data, In 

view of section 4,6 this difference can be due to radiation of power 

from the arc plasma, This effect can be estimated wi th re l ation 

138 (4,6- 7), which is valid if the electrical and the radiation form fac-



tors are equal and constant ("extended constanL form factor method"), 

vl~z. 

(I 0, 1-6) 

Thus assuming the theoretical K c) be correct, ion of 

curve "c" (fig. 10,1-2) gives according (10,1-6), lx(Pel - P), where 

the "I" stands for 2nF0 = I. Subtracting it from the lxP01 curve re-

sults in radia power I per unit arc lc:ngth, is like-

wise shown in fig, 10. l-l, Typical associated dala, among them also 

lxPu in percent of lxPel' are listed in table 10,1, I, 

The percentages Pu/Pel very much large than obtained, 

for examp , from data of Schmitz et Al . I), If takes 

Table 10, I. I, 

I lxP lxPu/lxPel p 
ile) 

p a u u 

A OK W/rn % W/m W/rn 

19 620xl Oxl 0 

22,5 664 8 • 2 

27 732 40 5.5 

30 775 65 8,4 26xl0 2 I. 95 33.4xl02 

37,5 860 130 I .o 
65 1470 700 47,5 

90 1900 E_ 58,5 

I 

-
2200 I 6!1. 0 72'.ixl 02 1.29 1085xl02 

I 

into account that the actual electrical form factors for the above 

currents 211Fel I , these percentages increase even ,, except 

for the two of table JO, I , which decrease. However, if a high-

ly cored configuration of the radial distribution of the specific ra

diation of the plasma with a very low intensity shell is assumed, ap-

ication fig. suggest in this case high rad form 

factors. But these will not exceed 2TIFu = 2. This cuts Lhe above per

centages of radiation essentially in half, but leaves them still far 

above the data of . I) , 139 



Recently Knopp et Al (ref,2), using the Burhorn method (see sec

tion 4, I), determined the thermal conductivity of Nitrogen accounting 

also for the effect of radiation. They noted a considerable radiation 

loss from the arc column extending over wave lengths from 0 < >. < 6 

microns, Converting with their data of specific radiation temperature 

profiles (fig. 9.2-8) to radiation profiles and integrating these, 

the total radiated power, P ( f"l )' for the arc current considered u pro i e 
resulted, For the 30 and 100 Ampere arcs values of P are 

u(profile) 
listed in table 10,l,I, They are of the same order as the lxPu data 

of column 4 of this table. 

Better agreement with P ( f "l ) results, if the lxP data of u pro i e u 
table 10,I, I are reduced by the actual radiation form factors, given 

by definition (4,6-4), Evaluation of the above radiation profiles ac

cording (4,6-4) produced the values 21T fu' which when combined with 

I xP u yielded the radiate"d power per unit arc length Pu*', These data 
*' are also l is ted in table 10.1.I, P ( f "l) and P are now seen to u pro i e u 

agree within approximately 307., Therefore, if the data of specific 

radiation of Knopp et Al (ref.2) are taken at face value, it is con

cluded that the thermal conductivity in the high temperature region 

(T > I0000°K), obtained when curves "a" and "b" are corrected by the 

effect of radiation, follows closely the theoretical curve "c" of 

fig. 10.1-2. 

Accordingly the thermal conductivities obtained by Knopp et Al 

(ref,2) using the Burhorn method (section 4.1) and our results fol

lowing from the form factor method confirm each other, Up to the tem

peratures considered, the thermal conductivities obtained with con

stant and variable form factors do not differ significantly. There

fore the constant form factor method, which combines the centre tem

perature of an arc with readily measurable quantities of electric 

and radiated power is preferred. For more accurate result s the vari

able form factor method, must be used. It requires detailed measure

ment s of temperature profiles and data of electrical conduc tivity 

and specific radiation both as a function of temperature. Such data 

are available for a few simple gases only. Moreover, if they are 

available their accuracy is questionable, It is therefore not possi-

140 ble to obtain the thermal conductivity of more complex gases by con-



ventional methods. However, the constant form factor method, employ

ing simple bulk measurements still yields acceptable thermal conduc

tivit s. 

The final discussions of this section concern a point of fine 

detail. Comparison of che experiment 1 curves "a" and 11b" of 

10.1-2 with the theoretical Lhermal conductivity components of fig. 

6,6-1 reveals an interesting hump in the temperature interval from 

8000 I 0000°K of the experimental results. s hump does ap-

pear to be incidental, for it occurs in the temperature region, where 

KN of fig. 6.6-1 shows a maximum. The reason it is not as pronounced 

in theoret cal curve is to the choice the lision cross 
N . N 

sections of the heavy particles, mainly QN. Thus reducing QN to 0,75 

of value, cited section 6.6, only hump shows tn the 

theoretical data of KTotal' but also the discrepancy in the 5000 to 

6000°K region between the theoretical and experimental results is re

duced. This llows a tr comput.ation. Tlierefore this observa

tion could perhaps be used to determine the cross section QN more ac-
N 

curately. 

10,2._J!:lectrical conductivity1 form factor 

The theory of the two channel arc model permits the determina-

tion the Lectriea conductivity sect 5.6) This method in· 

valves the following steps: 

I) Measurement of the voltage response of a step current modu

lated :ffc. 

2) Computation of the partial currents through the core and the 

shell of the arc using the data of I). 

The luation of a double parabolic approximation of the 

radial o-distribution (see section 5.6), 

4) Combination ':Jo obtained under 3) result of measure-

ments of the centre temperature. 

Item I) is described in section 9.3 with all pertinent test data 

~isted i.n table 9.3 •. For i 2) the lectrical time constant of 

this table were related to the thermal time constants (see section 141 
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1 
5,4) by TI = c1e1 and T2 = c2e2 . Values of NiKi 2 were computed ac-

cording (S.4-I8a,b) for a number of values of C between o.s:;,c 1 2 ~5 • 
• ! 

Combining these NiKi 2 with the voltage gradient E(+O) and the total 

current I =I of table 9.3,I in form (5,4-17a), the modulated cur
a 

rents were found 

IF(+O) (I 0, 2-1) 

or 

IF(+O) ( 10. 2-2) 

Next, the ratios I 1F 1(+0)/I2F2 (+0) were converted with fig. 5.6.2 to 

R1/R as required by step 3), Since in our application the radius of 

the bore of the cascade chamber was fixed (R = 2.5 mm) , also the ra

dius of the arc core, R1, is known. Then, application of relation 

(5,6-14 and JS) yields values of electrical conductivity o0 , associ

ated with the total steady state arc currents I, Thus 

0 
0 

(10.2-3) 

where 0 0 is the electrical conductivity at the centre of t he double 

parabolic radial a-distribution. 

Finally for each value of total current, for which o0 was found, 

the corresponding centre temperature was taken from fig. 9,2-7. The 

electrical conductivity oT(Tc), resulting from the above procedure is 

shown in fig. 10.2-l. It is seen to agree reasonably well with the 
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Fig, 10. 2-1, 

Electrical conduct ivity vs. t emperature oth 

(theoretical) from section 6.7, oT from 

current step modulated arc for two combina

tions of c1 and c2• 



theoretical curve oth(T) of this figure, which was computed in sec

tion 6.7 and checked during the calculation of the form factor in 

section 10. I. 

In the course of obtaining oT(Tc) combinations of c1 = 0 .5 and 

c2 = 2 were found to give good overall results, though not the best 

individually fitting data, Some typical data are given i n table 10,2.1. 

For example, when c1 was decreased the oT values improved in t he 

temperature region from 8500 to llS00°K, while a larger c1 gave bet

ter fitting oT for higher temperatures. 

The associated modulation steps, computed according (5,4-10,16), 

using the previously obtained values of NiKil' showed only little 

variation with C 1 and c2• However, they approached the ideal step 

more closely, when o th and oT were more nearly the same, This is dem

onstrated in fig. 10. 2-2, where the computed modulation steps at the 

~ h --1~6 ,, 
74l ------

., 

•IOOl 

!!d. 
1=0 40 80 120 

Fig. 10.2-2. Comparison of normalized step currents 

a) ideal step current, 

b) and c) step currents computed from theory of two 

channel arc model for 10 and 30 Ampere steady state 

curr ents la resp. 

10 and 30 Ampere arc current levels are compared with an ideal s tep 

current, In the fir s t case the deviation is 14 in the second 26% , 

while the associated oT of table 10.2,I deviate from oth by 16 and 

24% resp. 

The quality of the o1 data, obtained in this section may be 

termed reasonable in view of the approximate character of the theory 

of the two channel arc model, the double parabolic a-distribution and 143 



10. 2. I, 

r F(+O) E(+O) ! IIFI (+0) 
IIFI RI 

RI T cl c2 NIKI IzF2_ 'R IJ 
0 c 

A V/m m/V A m (s'lm)-1 OK 

xl0-3 

1.020 2207 13370 2 

45 I .022 2254 12278 I 2720 3713 2650 663 47,3 I 1950 

599,5 608 133.4 490 123 58.68 I 1950 

2405 244 61 11 0.5 2 

1,028 2479 7510 555 34. 11 2 2 

442 383 IOJ 440 110 41.6 11700 

1571 1363 393 825 206 42, 7 I 1700 0.5 2 

30 1,033 2668,2 11120 8900 4029 27.'iO 688 26 11470 

270 95 36. 

1574 241 34 11 0.5 

26 I .019 2828. 8 15054 11070 7179 3520 880 19,5 11200 2 2 

2054 1510 604 1050 262 26,0 11200 

2835 2086 855 1200 300 27,8 11200 0,5 

1.022 3075 8960 850 2 2 

1533 246 27. 0,5 

18 1,027 3421,6 8699 5360 4081 2750 688 12,2 10000 2 . 
1412 897 494 925 231 16,4 10000 0,5 

1.035 3950 1480 I I I 356 10, 

212 130 0.5 2 

10 I ,050 4850 1496 7 26 742 1120 280 6.5 7650 

194 94,2 91 400 100 6.3 7650 0,5 2 

I ,062 5430 314 205 2 

35.8 70 I;' 0,5 2 

6 1,083 6145 315 116 181 570 142 3, I 7100 2 

24.3 13.8 180 45 2,3 7100 0,5 

1.100 6728 82. I 525 131 2.3 7000 2 

2. 5 25 l ~ 0,5 2 

144 



the error involved in the modulation experiments. Further improvement 

of aT(Tc) is of course possible by a more selective choice of the 

values c1 and c2 and by minimizing the deviation of the comput ed from 

the ideal step current, but probably is more dependent on whether the 

actual steady state Bessel equations of t he current density of this 

arc modal can be solved. 

In fig. 10.2-3 double parabolic and actual a-distributions (the 

latter obtained by conversion of the temperature profiles of fig, 

9,2-8 using curve Q = 7.SxI0-20 cm2) of fig. 6,7-J) are shown for 10, 

.5 1.5 2.5 

Fig. 10.2-3. Comparison of actual ( ~- ) with double parabolic 

(---) a-distributions for 10, 20 and 30 Ampere arcs, 

20 and 30 Ampere arcs. These curves do not match too well. But i f the 

form factor, 2nFel' is taken as a measure of the goodness of fit, the 

double parabolic distribution is seen to be superior to any of the 

arc models discussed in this thesis. This is apparent, when the data 

of table 10,2.2 are compared with the form factors of various arc 

models di scussed in sec tion 4. 3. In this table the actual form fac

tors are taken from fig, 10, 1-4, while the form factors of the double 

parabolic distribution are obtained from fig. 5,6-3 with values of 

R1/R of table 10.2, l (C 1 = 0.5, c2 = 2). 145 



Table 10.2.2. 

.A.re current (A) 50 40 30 20 10 ~l 2nF 
el (actual) I. 17 1. 26 1.35 1.38 l. 25 

2nF el (double parabola) I. 1.08 I 08 I. 08 l. 082 

, 3. Electrical conductiv~t~cl~thalpyvs. transient 11rc resp()~Sr~ 

A method for the determination of the enthalpy from the response 

the step current modulated two channel arc model was suggested 

section 5.6. There it was also stated that application of this method 

fails, unless the initial level enthalpy is known. In case 

theoretical enthalpy of Nitrogen, computed in section 6.5 could be 

used. Instead another course will be taken here. 

Results of time constant measurements will be compared with the 

theoretical properties or Nitrogen, Agreement serves to confi.rm the 

theory of our two channel arc model. More specifically, the defini

tion of the thermal time constant ('i. 5-5) i .. n the form 

(I 0. 3-1) 

will be tested. The quantities E~ and Ti(1 1, 2 ~ c1, 2e1, 2) on the left 

hand side of this relation are all experimentally determined, They 

listed as a ion arc current table , . I. differen-

tials on the right in (10.3-1) follow from the theoretical curves of 

'figures 5-2 and .7-1 7.5x 0-20(m 2)), Plott the left and 

right sides of (10.3-1) as a function of arc current and temperature 

resp, resulted in the two curves of fig. 10.3-1. For the left hand 

of figure values of 1 2 c2 = I, due the arc 

shell were used. 

The two graphs of fi , 10,3-l A.re rol;ited next, For this purpose 

mean lectrical conductivities, a, of the cyl indrica1 she I 

146 have been determined from a-profiles (see e.g. fig. 10.1-3) for a 
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where R1 was taken from table 10.2-1 (note: generally R/ « R2) . From 

fig, 6,7-1 (Q = 7.5x !0- 20 (m2 )) the temperature corresponding t o o was 

obtained, Thus the current I is related via a to T. Associated data a 
of la and a are lis ted under the temperature scale of the right hand 

graph of fi g . 10,3-1, Transposing the preceding data points fr om the 

right to the left the triangular marks resulted, 'They are seen to 

match closely with the results of our time constant measurements of 

the arc shell. Agreement of the theoretical gas properties wit h time 

constant measurements is therefore established for the arc shell. 

The time constants, associated with the arc core, must likewise 

corre spond to the theor e tical gas prope r ties, Mor eover, t he r esults 

of (10,3-1) with the time constants of t he shell of one arc and of 

the core of another arc must be identical, if the prevailing gas 

properties in both cases are the same, Such agreement ex ists i ndeed 

as the following example shows: 

Consider the core of a 5 Ampere arc, Table 9.3,J g i ves with 

TI 8! the value 

337 ( I 0, 3-3) 147 



This value is set equal to the ordinate of fig. 10.3-1, which till 

now is valid for arc shells only. Correspondence of the core of the 

5 Ampere arc with an equivalent arc shell is tested by transposing 

the value 337 into the right and left hand planes of fig. 10.3-1 

(square data points). In the left plane the abscissa gives an arc 

current of 15.5 Amperes, the shell of which with interpolated values 

of table 9.3. 1 yields approximately the 'same experimental results as 

the core of the 5 Ampere arc. In the right plane a temperature of 

7000°K is cut out on the abscissa. This temperature is approximately 

equal to the temperature corresponding to the mean value of the elec

trical conductiviy of the arc shell of the 15.5 Ampere arc. Moreover 

fig. 9.2-8 shows the 7000°K to be equal to the temperature of the 

core (in this case the centre) of the above 5 Ampere arc. Thus the 

core of the 5 Ampere arc is in every respect equivalent to the shell 

of a 15.5 Ampere arc. 

Accordingly consistent results are obtained from the core and 

the shell of our two channel model, provided the derivatives about 

the mean properties in form (10.3-1) are the same. In addition the 

above agreement of theory and experiment can be taken to confirm the 

theory of our two channel arc model and the computations of the elec

trical conductivity and enthalpy (chapter 6). 
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Chapter 11 

SUMMARY AND CONCLUSIONS 

The positive collll!ln of the steady state and of the step current 

modulated thermal electric arc investigated in this thesis. Meas-

urable quantities, snch as voltage, current, and temperaturP are re

lated to the electrical and thermal properties of the arc atmosphere. 

i'lew general methods the determination of the thermal conductivity, 

the electrical conductivity, and the enthalpy of high temperature 

gases in thermal equilibrium are developed. The properties of Nitrogen 

were obtained by experiments conducted under highly controlled condi

tions and were confirmed with computed theoretical data. 

ll,I. The steady state arc 

Fundamental in any study of electric arcs is the energy balance 

equat on. Various forms of this equation found in the 1 iterat11re 

shown to follow from the Boltzmann equation, 

A general solution of the energy equation of a cylindrically 

synunetric, steady state arc is obtained. Its application to known arc 

models and to widely differing distributions of the electrical con

ductivity over arc diameter leads to the development of "form 

factor method" for the determination of the thermal conductivity. Ac

cordingly, the thermal conductivity is given by the derivative of the 

product of arc power and the form factor with respect to the centre 

temperature of the arc. The form factor is a measure of the radial 

distribution of the electrical conductivity. For all practical pur-
. . h I poses it is a constant of t e order of 2~. Therefore, the thermal 

.conductivity of high temperature gas can be determined in first ap

proximation from relatively simple measurements of the electric power 149 



and the centre temperature of an arc, This result can be improved 

with the actual form factor by evaluation of the profile of the elec

trical conductivity over the arc diameter, 

For the cascade arc in Nitrogen the results of both methods are 

shown to agree closely with the computed thennal conductivity up to 

I0000°K, At higher temperatures the "extended form factor method", 

which accounts also for radiation losses from the arc, suggests the 

difference between the experimental and the theoretical thennal con

ductivities to be due to very high radiation losses (exceeding 50% of 

the total arc power), Recent literature seems to confinn such high 

losses. 

For the extended fonn factor method, in addition, a radiation 

form factor is defined, Like its electrical counterpart it is also of 

the order of ~TI· Then in first approximation ~TI times the derivative 

of the difference of the arc power and the radiated power with re

spect to the centre temperature gives the thermal conductivity. Eval

uation of the actual form factors in the case of Nitrogen has yield

ed refined results, However, for most gases, the form factors cannot 

be obtained at all because the lack of basic data of electrical con-

ductivity and specific radiation prevents conversion of temperature 

profiles to corresponding radial distributions of electrical conduc

tivity and specific radiation, For complex gases the constant form 

factor method, using readily measurable bulk quantities of electric 

power and total radiation, both as a function of the centre tempera

ture, still yields the thermal conductivity, which at present cannot 

be obtained otherwise. 

11,2, The step current modulated arc 

The theory of a new two channel arc model is developed, Unlike 

older arc models, properties of electrical and thermal conduction and 

dissipation of energy are ascribed to each of the two arc channels. 

For each of the two arc zones a thennal time constant, descriptive of 

the electrical and thermal properties of the arc atmosphere, is de-

150 fined, The thermal time constants are related to the voltage time 



constants, observed in the voltage response to current step modula

tion, The steady state radial distribution of current density or 

electrical conductivity is approximated by a convex and a concave pa

rabola, which are matched at the movable boundary of the arc core. 

This together with results of time constant measurements permits seg

regation of the partial currents through the two arc zones and of the 

corresponding arc conductances. In turn, also the electrical conduc

tivity (o) at the arc centre can be determined and combined with 

measurements of the centre temperature (Tc) to give o(Tc), For the 

Nitrogen arc reasonable agreement of the theoretical and experimental 

electrical conductivities was found by this method, 

The definition of the thermal time constants suggests a method 

for the determination of the enthalpy, This method fails, if the ini

tial level of enthalpy corresponding to the lowest current at which 

an arc can still be operated is not known, The method was successful

ly tested by comparing theoretical gas properties of Nitrogen, com

puted in the course of this thesis, with results from time constant 

measurements of both arc zones, This can also be taken as verifica-

tion of the theory of our two channel arc model, 

11,3, Experiments with the cascade arc in Nitrogen 

A cascade arc chamber was developed and its properties were in

vestigated. The main features .of this device, resulting in highly 

controlled and reproducible steady state and transient arc conditions 

are: 

I) a highly wall stabilized arc column, 

2) very stable electrode spots, essentially out of the line of 

sight, when the arc is viewed end-on, 

3) low loss of electrode materials. 

The voltage gradient of the positive column of the steady state 

arc was obtained as a function of current to JOO Amperes by double 

probe measurements and arc lengthening experiments, Consistently 

higher values are noted in the first case than in the second for cur- 151 



152 

rents la < 12 Amperes. Caution with probe measurements is emphasized. 

The centre temperature of the steady state arc was measured as a 

function of current by spectroscopic end-on observation, Temperature 

profiles were scanned for a number of arc currents, In both cases re

producible test data with almost negligible variations were obtained, 

Using the preceding results the theoretical electrical conduc

tivity was confirmed, form factors were computed and the thermal con

ductivity was determined. 

The voltage response of the step current modulated cascade arc 

was measured with floating double probes. The effect of positive and 

negative biasing of the probes is discussed, Analysis of the voltage 

response yields two voltage time constants and associated initial 

values of the voltage gradient. 

Evaluation of these data conform to the theory of the two chan

nel arc model has led ultimately to the determination of the electri

cal conductivity and form factor and confirmation of the theoretical 

data of enthalpy. 



SAMENVATT/NG EN CONCLUSIES 

In deze dissertatie wordt de positieve zuil van de stationaire 

en van de stapvormig gemoduleerde thermische boogontlading onderzocht. 

De samenhang tussen meetbare grootheden zoals spanning, stroom en 

t emperatuur en de e lektrische en thermische eigenschappen van de 

boogontlading wordt beschouwd, Er warden nieuwe methoden ontwikkeld 

voor het bepalen van de thermische en de elektrische geleidbaarheid 

en van de enthalpie van een gas van hoge temperatuur in t hermisch 

evenwicht. De eigenschappen van stikstof warden bepaald uit experi

menten, die onder nauwkeurig gekontroleerde voorwaarden werden uitge

voerd, 

I I.I. De stationaire boogontlading 

I n i eder e s t udie van elektrische boogontladingen is de ve r ge

lij king voor de energiebalans van fundamenteel belang. De verschil

lende uitdrukkingen van deze vergelijking,die in de literatuur voor

komen,worden uit de vergelijking van Bo l tzmann afgeleid, 

Er wordt een algemene oplossing gegeven van de energie-ve r gelij

king van een statische boog met een cylindrisch synune trische door

snede . Toepassing op bekende boogmodellen en op uiteenlopende verde

lingen van de elektrische geleidbaarheid over de boogdoorsnede voert 

voor de bepaling van de thermische geleidbaarheid tot de ontwikkeling 

van de "vormfaktor-methode". Volgens deze methode wordt de t he rmische 

geleidbaarheid verkregen uit de afgele i de van het produkt van vorm-

f aktor en elektrisch ve rmogen naar de t emperatuur in de a s van de po

s i t ieve zui l. De vormfaktor is een maat voor de radiale ver deling van 

de elektrische geleidbaarheid, en is in eerste benadering een con-

stante met een waarde van grootte-orde l/ 2n . Daarom kan de thermische 153 



geleidbaarheid van een gas van hoge temperatuur in eerste benadering 

worden bepaald uit betrekkelijk eenvoudige metingen van het totale 

elektrische vermogen en de temperatuur ih de as van de ontlading. Een 

grotere nauwkeurigheid kan worden verkregen door bepaling van de wer

kel ij ke vonnfaktor uit het profiel van de elektrische geleidbaarheid 

over de boogdiameter. 

De resultaten van beide methoden blijken een goede overeenkomst 

te vertonen met de berekende waarden van de thennische geleidbaarheid 

voor de cascade boog in stikstof tot I0.000°K. De "uitgebreide vorm

faktor-methode", waarbij ook de stralingsverliezen in aanmerking wor

den genomen,wijst erop,dat het verschil tussen de experimentele en de 

theoretische resultaten bij hogere temperaturen te wijten is aan 

zeer hoge stralingsverliezen (tot meer clan 507. van het totale elek

trische vennogen). Onlangs verschenen literatuur schijnt het voorko

men van zulke hoge stralingsverlieien te bevestigen. 

Voor de uitgebreide vonnfaktor-methode wordt op analoge wijze 

een "stralings-vonnfaktor" gedefinieerd, die eveneens van de grootte

orde l/2n is, De thennische geleidbaarheid wordt dan in eerste bena

dering verkregen uit l/2n maal de afgeleide van het verschil van het 

totale elektrische en het uitgestraalde vennogen naar de temperatuur 

in de as van de ontlading, Invoering van de werkelijke vormfaktoren 

leverde nauwkeuriger resultaten voor stikstof. Voor de meeste gassen 

kunnen de vormfaktoren echter niet exact worden bepaald, omdat door 

het ontbreken van voldoende gegevens de temperatuurprof ielen niet 

kunnen worden omgezet in overeenkomende profielen van elektrische ge

leidbaarheid en straling. Zelfs voor samengestelde gassen kan met de 

methode van de constante vonnfaktor de thermische geleidbaarheid wor

den bepaald, hetgeen tot nu toe onmogelijk was, Hiertoe behoeft 

slechts het totale elektrische vermogen, de totale straling en de 

centrale temperatuur van de boogontlading te worden gemeten. 

I 1.2. De stapvormig gemoduleerde boog 

De theorie van een nieuw tweekanaals-boogmodel wordt ontwikkeld. 

In tegenstelling tot oudere boogmodellen worden aan beide kanalen ka-

154 rakteristieke eigenschappen van de elektrische en thermische geleid-



baarheid en van de energie-dissipatie toegekend. Voor elk van de twee 

boogzones wordt een thermische tijdconstante gedefinieerd, uitgaande 

van de elektrische en thermische eigenschappen van het booggas. De 

relatie tussen de thermische tijdconstanten en de elektrische tijd

constanten wordt afgeleid. Deze elektrische tijdconstanten beschrij

ven de responsie van de boogspanning ten gevolge van een stapvormige 

verandering van de boogstroom, Het verloop van de radiale verdeling 

van de stroomdichtheid (of van de elek~rische geleidbaarheid) van een 

stationaire boog wordt benaderd door een convexe en een concave para

bool. De parabolen worden o.a. gedefinieerd met behulp van de rand

voorwaarden aan de varierende grens tussen de beide boogkana l en. Door 

deze benadering en de resultaten van metingen van elektrische tijd

constanten kunnen de deelstromen door de twee boogzones en de bijbe

horende elektrische geleidbaarheden worden gevonden, Verder kan de 

elektrische geleidbaarheid (o) in de as van de boog worden vastge

steld. Kombinatie hiervan met metingen van de centrale boogtempera

tuur (Tc) levert o(Tc). Met deze methode werd een redelijke overeen

stemming gevonden tussen de theoretische en de experimenteel bepaalde 

elektrische geleidbaarheid van stikstof. 

Uit de definitie van de thermische tijdconstante volgt een me

thode voor het bepalen van de enthalpie, Deze methode is slechts 

bruikbaar, wanneer het beginniveau bekend is van de enthalpie, het

welk verband houdt met de laagste stroom waarbij de boog kan worden 

gehandhaafd. De bruikbaarheid van de methode werd aangetoond door 

vergelijking van theoretisch berekende eigenschappen van stikstof met 

resultaten van tijdconstante metingen van de beide boogkanalen. Omge

keerd kan dit ook worden gezien als een bevestiging van de theorie 

van het tweekanaals-model, 

I 1.3. Onderzoek met de cascade boog 1n stikstof 

Een cascade boogkamer werd ontwikkeld en de eigenschappen ervan 

werden onderzocht. De belangrijkste kenmerken van de ontlading in dit 

apparaat zijn: 

I. een zeer stabiele boogzuil, 155 



156 

2. zeer stabiele eloktrodevlokken r.1el bu:i het gezi sveld wan-

neor boog geobserveerd 1 langsrieh ing, 

3. gering verlies van elektrode-materiaal, 

Hierdoor ontstaan nauwkeurig eerbare reprodueeerbare kondi 

ties voor de stationaire en de transiente boog. 

De veldsterkte van de positieve zuil als funktie van de stroom 

van de tationaire boog werd Lot I 00 door dubbele-sonde 

tingen door verlenging , Bij ror'ren boven I A werd<'n 

in het eerste geval steeds hogere veldsterkten gevonden dan in het 

tweede geval. Er wordt op gewezen dat bij sonde-metingen grate oplet

tendheid vereist 

De centrale temperatuur van een stationaire boog werd in de as

richting spektroscopisch gemeten als funktie van de stroom, De tempe-

ratuurprofielen een aanta 1 comen bepaa l storingcrn 

in de ingen b I verwaar klein, rwij 1 in i e geva l 

len reproduceerbare experimentele resultaten werden bereikt. 

Met behulp van de voorafgaande resultaten werden de berekening 

van eloktrisehe geleidbaa bcvestigd, vormfak en de 

thenaisdte geleidbaarheid bepaald. 

De responsie van de spanning op de stapvormig gemoduleerde 

stroorn door de boog :en met behulp van stroom-

loos sonden-paar, effekr positievc negat voorspan-

ning van de sonden wordt besproken, De analyse van de spanningsres

ponsie levert twee elektrische tijdconstanten en bijbehorende begin-

waarden van de erkte, 

Het uitwerken van deze resultaten konforrn de theorie van het 

tweekanaals-boogmodel heeft uiteindelijk geleid tot de bepaling van 

de ~lektrische geleidbaarheid 

de enthalpie worden erdoor 

vormfaktor, De berekeningen van 



T(°K) z.N2 z.Nz+ z. N 
N+ N++ ~++ 

z. z. z. 
l l l l l l 

1000 I ,80422 E+02 3,79234 E+02 4.00000 7. 93463 5, 11184 1,00000 
2000 4,30462 E+02 9. 2290 I E+02 4.00000 8. 44527 5.52808 1.00000 
3000 7,85405 E+02 I, 70527 E+03 4.00099 8,62824 5,67885 1.00000 
400d I. 25152 E+03 2. 74120 E+03 4.01010 8.73707 5,75663 I. 00000 
5000 I, 83259 E+03 4 .04307 E+03 4 .04104 8,83353 5,80409 1,00000 
6000 2. 53235 E+03 5.62694 E+03 4.10540 8.93737 5. 83608 1,00000 
7000 3.35526 E+03 7.51435 E+03 4,20815 9.05291 5.85916 I, 00000 
8000 4. 30773 E+03 9,73261 E+03 4.34848 9.17892 5.87681 1,00005 
9000 5,40019 E+03 I, 23146 E+04 4.52220 9.31281 5. 89121 I. OOO 19 

10000 6,64958 E+03 I, 52985 E+04 4. 72381 9.45201 5.90398 1.00056 

12000 9.73431 E+03 2.26449 E+04 5. 18927 9.73882 5,92971 I, 00282 
14000 I, 39096 E+04 3.21359 E+04 5 .'71279 1,00291 E+OI 5.96251 I. 00894 
16000 I. 97229 E+04 4,41367 E+04 6.28552 I ,03184 E+OI 6,00838 1,02125 
18000 2.79062 E+04 5,89152 E+04 6. 92431 1.06054 E+OI 6,07100 1,04166 
20000 3.93280 E+04 7.67406 E+04 7.67130 I, 08908 E+OI 6. 15214 1.07146 

22000 5,49348 E+04 9. 77635 E+04 8.57199 I, 11760 E+OI 6,25219 I. 11121 
24000 7,56446 E+04 1,21918 E+05 9.68336 I. 14632 E+OI 6. 37064 I, 16095 
26000 I, 02394 E+05 1,49331 E+05 I, 10575 E+OI I, 17551 E+OI 6.50648 I . 22033 
28000 1,36016 E+05 I, 79954 E+05 I. 27390 E+OI 1,20547 E+OI 6. 65840 1,28875 
30000 I, 77247 E+05 2. 13201 E+05 1,47623 E+OI I, 23655 E+OI 6.82502 I ,36552 

32000 2,26369 E+05 2 ,49609 E+05 I. 71507 E+OI 1.26911 E+OI 7.00498 I ,44990 
34000 2,83792 E+05 2.88990 E+05 I, 99172 E+OI I ,30354 E+OI 7. 19699 1,54116 
36000 3,49475 E+05 3.30914 E+05 2.30650 E+OI I, 34027 E+OI 7.39992 I. 63863 
38000 4.23978 E+05 3.75289 E+05 2.65896 E+OI I. 37968 E+OI 7.61276 1,74167 
40000 5.07902 E+05 4.2· 1~35 E+05 3.04802 E+OI 1.42220 E+OI 7.83468 I. 84972 

42000 6,01063 E+05 4.69810 E+05 3,47209 E+OI I ,46820 E+OI 8,06504 I, 96229 
44000 7,03070 E+05 5.19582 E+05 3.92922 E+OI I ,5180:i E+OI 8,30332 2.07890 
46000 8. 11464 E+05 5. 72288 E+05 4 .41723 E+OI I, 57203 E+OI 8,54918 2. 19917 
48000 9. 29659 E+05 6.26674 E+05 4.93379 E+OI 1,63048 E+OI 8 , 80243 2. 32273 
50000 1,05743 E+06 6, 80808 E+05 5,47650 E+OI 1,69363 E+OI 9.06301 2,44927 

E + A = IOA 

Sum Over Internal States of Nitrogen (p = I kgf/cm2) 



T(°K) nN nN nN2 nN2 + 
total e 

!OOO 7.10600 E+24 7. 10600 E+24 
2000 3. 55300 E+24 3.55300 E+24 
3000 2,36866 E+24 2.36863 E+24 
4000 I. 77650 E+24 1,07110 E+l6 I, 77333 E+24 I. 03445 E+16 
5000 1.42120 E+24 I, 18189 E+l8 1,37453 E+24 8. 63390 E+l 7 
6000 I, 18433 E+24 3.34629 E+l9 9.32443 E+23 I, 13538 E+l9 
7000 1,01514 E+24 3.77457 E+20 3,88113 E+23 3. 94197 E+l9 
8000 8. 88250 E+23 2,02244 E+21 8.26547 E+22 4.87631 E+l9 
9000 7 ,89555 E+23 6. 80390 E+21 I, 49904 E+22 3,90101 E+I9 

10000 7. 10600 E+23 I. 73983 E+22 3.20257 E+21 2.87155 E+ 19 

12000 5.92166 E+23 6.52934 E+22 2.10247 E+20 I. 35944 E+l9 
14000 5,07571 E+23 I, 40844 E+23 1.22295 E+l9 3.94866 E+l8 
16000 4.44125 E+23 I. 84367 E+23 4.74786 E+ 17 6, 96417 E+I7 
18000 3,94777 E+23 1.86556 E+23 I. 74975 E+I6 1.00226 E+ 17 
20000 3. 55300 E+23 I, 74167 E+23 I, 83980 E+l6 

22000 3. 23000 E+23 I, 60880 E+23 
24000 2. 96083 E+23 1.50274 E+23 
26000 2.73307 E+23 I. 44350 E+23 
28000 2.53785 E+23 I, 42853 E+23 
30000 2,36866 E+23 I. 42364 E+23 

32000 2.22062 E+23 1.39918 E+23 
34000 2.09000 E+23 I, 35364 E+23 
36000 I, 97388 E+23 1.29831 E+23 
38000 I, 87000 E+23 I. 24287 E+23 
40000 I. 77650 E+23 I, 19314 E+23 

42000 1,69190 E+23 I, 15202 E+23 
44000 1,61500 E+23 I, 11931 E+23 
46000 1.54478 E+23 1,09174 E+23 
48000 I ,48041 E+23 I ,06509 E+23 
50000 1.42120 E+23 I ,03683 E+23 

Particle Densities /m3 of Nitrogen (p "" I kgf/cm2) 

nN nN+ 

3.30062 E+l9 
3.16530 E+21 
4. 66654 E+22 3. 18508 E+l7 
2,51889 E+23 2. 21091 E+l9 
6,26274 E+23 3.38037 E+20 
8,01550 E+23 I. 97368 E+2 I 
7.60957 E+23 6. 76489 E+21 
6. 72600 E+23 I, 73696 E+22 

4.61369 E+23 6.52798 E+22 
2. 25869 E+23 1.40840 E+23 
7 ,53921 E+22 1.84361 E+23 
2. 17034 E+22 1.86479 E+23 
7. 23115 E+21 I . 73636 E+23 

2. 66343 E+21 I .58032 E+23 
I, 11665 E+2 I I .39108 E+23 
4.98947 E+20 I. 12566 E+23 
2.17890 E+20 7. 85768 E+22 
8,75356 E+ 19 4.64838 E+22 

3,26210 E+l9 2.43841 E+22 
1.19061 E+ 19 I. 21539 E+22 
4.46272 E+ 18 6 .05430 E+2 I 
1.75030 E+ 18 3.07457 E+21 
7 .14405 E+ 17 I , 58533 E+21 

2.97236 E+) 7 8,14405 E+20 
I, 22739 E+l7 4.07076 E+20 
4. 92634 E+l6 I, 94894 E+20 
I, 91281 E+I6 8.94637 E+l9 

4.00120 E+ 19 

nN++ 

1,21295 E+ 17 
3.09127 E+l8 
3.85356 E+l9 
2. 65243 E+20 

I, 42395 E+21 
5,58313 E+21 
1.58912 E+22 
3,21342 E+22 
4,79129 E+22 

5. 76477 E+22 
6, 11970 E+22 
6.07186 E+22 
5. 76962 E+22 
5.25188 E+22 

4.51327 E+22 
3. 59597 E+22 
2.63450 ' E+22 
1.79068 E+22 
I, 15446 E+22 

"N+++ 

1.32616 E+l 6 
2. 66270 E+ 17 
2.84749 E+l8 
I. 81157 E+ 19 

7,95808 E+ 19 
2. 72208 E+20 
7.79991 E+20 
I, 94007 E+21 
4.23054 E+21 

8,04078 E+21 
I ,32016 E+22 
I ,87633 E+22 
2. 35355 E+22 
2.68515 E+22 

E + A = JOA 

00 
Ill ... 
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cross section 

constant 

transition probability 

constant 
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inversely proportional to molecular moment of inertia 

random velocity 

velocity of light 

coordinate of centre of velocity space 

specific heat at constant pressure 

constant 

capacitance 

Debye length 

constant 

higher order contribution to vibrational energy 

unit charge 

peculiar energy per unit mass of species s 

gradient of positive arc column 

inte rnal energy (e = electronic, v 

r = rotational) 

vibrational, 

energy level of limiting vibrational quantum number 

dissociation energy 

distribution function 

normalized radial a-distribution 

force 

time dependent modulation current 

electrical form factor 

radiation form factor 159 
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radial distri 

weight 

arc conductance 

arc conductance of channel i 

enthalpy per unit volume 

Planck constant 

of specific radiated 

partial current through arc channel i 

current 

energy 

iooization energy 

radiation 

trom integrated ·.l 

integer 

current density 

Bessel functions 

quantum number 

constant 

-profile 

thermal diffusivity of arc channel i 

integration constant 

value of slope of a-distribution at r R 

length 

inductance 

mass 

i.ty 

r p;nt:icles 

l, conductivit the arc centre and 

ial current arc channel i and 

current 

power input 

pressure 



ized electri conductivity of the 

l p input into 

* P P P radiated power 
u' u ' u(profile) 

r 

r,R 

RI 

R 

s 
l 

T,Tc,Tw 

u 
0 

u 

heat flux vector 

characteristic heat content of an arc 

collision cross section 

property of species s 

core 

function 

t i 

temperature (absolute) 

specific radiated power 

unit step function 

v,v0 ,v00 ,vc voltage 

v,v1 vibrational quantum number 

w 
->s 

x. 
1. 

y 
0 

z,zes 
z 
CL 

1. 

E 
0 

8 

velocity 

of spcci 

velocity relative aboratory coordinates 

coordinate of centre of geometry space 

Weber's Bessel function 

charge number or multiplicity 

sum over states 

separation constant 

damping constant 

particles 

vacuum permittivity 

voltage time constant 

species s relative to 
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e (Mayr) 

>. 

>. 
0 

A 
e 

µ 

LI 

P,P i 

0e•Pes 
o,a0 

0 th 
a 

[ 

Mayr's time constant 

thermal conductivity 

wave length 

first zero of zero order Bessel function 

factor to account for A-doubling 

spiecific resistance 

frequency 

mass density 

charge density 

electrical conduct 

theoretical electrical conductivity 

elertrical conductivity from time constant measurements 

symmetry number 

thermal time constant 

gravitational 

electric potential 

characteristic factors of spectral level 

natural radial frequency 



STELLING EN 

1. De weerstanden die in olietankschakelaars warden toegepast voor 

spanningssturing zijn in het algerneen te groot orn aan hun doel te 

beantwoorden, 

2. Ongeschikte keuze en toepassing van afbrandconcacten, vervaardigd 

van gesinterde metalen of legeringen, kan bij schakelaars met rnag

netische beblazing fune1t zijn voor het uit1chakelverrnogen. 

3. Door Reece werd vastgesteld dat de kathodevlek van een boog in 

vacuum zich bij een uit twee rnetalen sarnengestelde elektrode bij 

voorkeur hecht aan het metaal met de laagste boog1panning. 

Door Erk werd waargenomen dat de kathodevlek van een boog in lucht. 

bij een dergelijk kathodemateriaal een stabiel karakter heeft, 

Beide verschijnselen staan met elkaar in verband, 

(Reece, M.P. Journal IEE (May 1959) 275. 
Erk, A, Grundsatzliche Untersuchungen an Kontaktstucken unter 

besonderer B.erlicks icht igung der Bed ingungen i n Stark
s tromschal tgeraten, 
Contact Seminar, University of Maine, U,S,A, 1966,) 

4. De gebruikelijke methode om de tijdconscante van de kern van een 

aan zichzelf overgelaten plasrnazuil (niet door externe oorzaken 

be invloed) te bepalen uit de beginsteilheid van de toenarne van de 

elektri sche weerstand als functie van de tijd levert onjuiste re

sultaten, 

(Edels, H, and C.W. Kimblin, Brit, J, Appl, Phys, (1966) 1607.) 



s. bestaat een verband tussen de vermin<lcring de eiektrische 

geleidbaarheid van de kern van een aan zichzelf overgelaten 

plasmazui , en de thermisohe tijdconstante van 

lichtboog, 

mantel van 

6. De methode die a.a. door Maecker, Pfender en Bez wordt toegepast 

bepal van veldsterkte van de zuil cascade-

lichtbogen is in principe onjuist, hoewel de hiermede bereikte re

sultaten aanvaardbaar zijn. 

(Mae.cker, Z, , 1 (I 960) 392, 
Pfender, E. and W, Bez-.~Proc, Sth Int. Conf, Ionization Phenomena 

in Gases, Munich 1961. 
North Holland Publ. , Amsterdam,) 

7, het meten van snel veranderende tromen kunnen met voordeel 

coaxiale shunts worden toegepast waarvan het weerstandselement 

taat een mecaalfilm, Door toepassing van waterkoeling 

een redelijke stroom warden toegelaten. 

8. Expansieruimten aan de anode en de kathode van een cascade-boog

hebben een grate invloed op het transiento gedrag van de 

lichtboog, 

9. De Nederlandse verkeerswetgeving waarborgt niet voldoende be

sc:ierming voor kinderen. 

Eindhoven, 17 oktober 1967 H.M,J. Pflanz 


