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CHAPLER « VI

HEAZ FLOW PROCESSES TN THE POSITIVE COLUMN
OF 4 LOV PRESSURE MIRCURY ARC.

INERODUCTION

The heat transport properties of confined electric are
plasme (1.e. the electiric are burning in a tube with ecold
walls) have been investigated by o mumber of investigators
during the past few decades (Haecker, 19603 Ulenbusch, 10643
Fmmone and Land, 1062, ete,)s Emrons and Land (1962) measuraed
:the thermal conduetivity of argon and helium between SOO0%K to -
10000°E, They assnmed Tlenbaas«lleller heat balance eguation
(¥lenbaas, 1961) with the inclusion of a radlation term, The
nodel, as 1t has been treated, rgsta unon an egquation aUPTrESSe a

ing sinmply the bhalance of three terms ¢

(1} Heat generatlon by Joule Bffaect,
(25 Heat tronsfer by themmal conduetlon,

(3) Heat transfer by radlation.

Rowever, they wera able o show that the radlatlon loss was a

féw percent of the total lmss and in thelr report the radiation
effact had heen lumped with sone eff@ctive thermal eonduetivity,
In general, the elecirical conductlvity assumes a radlsl distri-

bubion within the are tube hiut for simpliflcation they assumed
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the "Channel Model" (Haoyaux, 1968) for the elsctrical cone

duetivity ddstribution within the arc.

In o later paper Zmmons (19%?) studied the heat
transport of high temperature (7E00% to 13760%K), high
?fe&su?e‘argonuanﬁ hellum gas using confined glectric are and
tackleﬁ the prableﬁ vory rigorcﬁsly treaﬁing the radlation

loss in an adeguate manner,

Knopp and Cambel (1966) measured the radlal ﬁempeya_
ture distribution within s eylindrically symmetric argon
plasma columm by spectrascngie m@théﬁ. Using the nmeasured
temperature profiles and theoretically caleulated radiated
powar, the thermal conduetivity of argeon was determlned .for the

temperature range S500YK to 120009,

Most of the experimenis almed at determining the
transport properiies of noble gases ab very high temperatures,
At those temperatures thermal fonlzation pr@vaiis,and radial
distribution of e}acﬁrical canduéﬁivity and thermal conduetie
viﬁy could be esleulated using Sakbnts e@u&ticﬁ'knawing the
radial dstribution of the pas temperature T, In those cases .
all the constituents of the gas were consldered to be in
thermal equillibrium, Goldsteln and Sekipguehi (19E8) have done
glogant éxperiments employing microvave technique to determine
.%hermal conductlvity of a decaying plow discharge plosma where

the plasza constlituents were also dn thermal equillibrivm,
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It 1s worthvhile to mentlon at this stage that no
reference in the lilterature is avallabls where the process
of heat flov in a confined low pressure arc (vhera the
electrons are far fro: belng in thermal equillibriﬁm,with
the heavier coﬁstituents) has heen’aaequately stuéia&b Thae
work presented in this Chapter devafes to study semi.
emperieally. the heat flow rrocesses occourring within a low

Pregssure mercury arc nlasha,

In a previons Chaptap and also 1n & paper by %he
present anthor and others (Chosal ot a2l 1978) 1t has heen
shovm that vhen an are 1s forﬁed within_a tube, the current
ae,siéy.ls nct uniform throughout the eross-section hut s
maxitum at the axls and mintmun at the perivhary, Thislphenc‘
trenon gives rise to selective'self{heating at the axis of the
are plasma, The arc continnously absorbs pover from the
source ama\gives it away to the surroundings. One might
therefore be tempted to consider that the mechanlsm of
selective self-heating might be employed to determine thermal
conduetivity of the plasma. Thef@'are justificaﬁions'in
neglectilng the effect of radiation and convectlon in the case

" ‘ :
of low tenperature arcs bt nevertheless 1t is worthwhile

* I% mey bYe secen in our discussion that even ignoring the
effect of radlation and convection the ohtained valve of
loneneutral atom colllision cross-section alls at the higher
S5ide., I any significant contribution of those terms are
incorporated the caleulations wonld lead to ahsurd resulis,
Thus we may assume that the radlatlion and conveetlon affests
are falrly snall 1f not insignificant,



%'

to mention that in this case2 the process of heat flov requires
- close ohservations; In a weakly ionised plasma both the
electronic and moleenlar contributlons o thermal conductivity
ars tdiﬁé conéideréd. One might predoninate substantially

cver the other depending on the electron temperature, tempera-
ture gradients_(électron.t&mperatura and gas temp@rature'ete.).
There might be present another mechanism of heat flow other

- than thermal conduetion, radiation and convectlon, which avises
due To the fact that electron density dietrihution ﬁ1thin the
are may couse alffusion and emerpy might be carried avay by the
electrons. In contrast to the case of high pressure are this
“mechanism of heat flow might play a slpnificant role in cese of

low pressure ares,.

The purpose of the following article$'ia to present the
gtudy of these processes and to ccm@are then in the present
ezparinental condlticns., It will also he gshown that thie sﬁuﬁy
yields valuahle infomation abcutfelectron—atom collision cross.

gsection at very low electron energies,

IHECRETICAL CONSIDERATION

In the previons Chapters (Chapter IV and V and also
Ghosal et al 1873) it has bhesn reported that the present author
has stuﬁiéﬁ the radial strﬁcture'bf electrical conductivity of
a mércury arc plaske in an are tubé by 2 new rodlo frequency

probe technigue, There 1t has heen shown that the radial
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electrieal conduetlvity dlsiributlon funcition can well be

repfesented by the formula
727"
T(r) = Uo['—-(zu eo (6.1)

where v repraseunte the radial posltion, R the;radius

of the tuba and (,, the conductivity at the axis., The
experinentally determined fterm 'n’ 1s found to be dependent

. on @lscharge currents, As indicated In the previons section
this radlal distribudtion of electrical conductivity glves rise
to a dletribution of the raté of heatlng inslde the plasma
cylinder definad by the radil r and r a4+ dr., The rate of
heating per unit length 4K, within the annular space can be

represented as
dg, < 2(v)

vhere ‘2(79 15 the electrical conductance of the annular

viasna cylinder considered and is plven by
2 () = amrq(e)dr
Thus we can write,

o 6‘(0 = .C Y U'('f) odr

here ¢ 18 a constant, The rate of heating inside the

plasma cylinder of radius 'r is glven hy

7‘- .
. 0{74 = F a
ojc o cre), teey] ee (642)



How lat us turn our sttentlon to the DBoltzmagnn transpors

eguation Tor electrons in absence of magnetic fleld,

i,l—},t) - 9)‘ (i\)?,)t) = 9; 2,-‘[), t)
3fe( “+ V. —e—_\—— -£ £ _i(—_;— =-1) f'el
ot 2% Me v me

vhere , ia the slectron dlstribution functlion, E==E(§3f>
iz the electric Tield, })m@ 1s the effectlive electron-aton
ccllislon frequency and fg; 48 the parturbation in the
amuilibring d&@téihntion—funaticm. A% equilibrivm,considering
gne-dinanslional cgse ond taking first order approxinction
(eosuning Loy iz very smell in cowparison to the eguilibriunm

letribution function £, ) and therehy linearising one gots,

Ui ﬁeo elz 9)%0 _;l),me fel e (Goﬁ}

vhere L, ls the fleld prodused in the z.directlon due fe
diffusion of charged particles, vhere the sguilibrimm functlon

iz glven by

. 3 - me V"
é ,zk_Te

= Z ' " 5 gt
f;‘ao <P()(2Tk7e) € , €6 4}

where @ (2) is related to the slectron demsity by

m(z) =M, P(2) = 7o [ -(—E)i]ﬂ | . (6.8)

/3¢



(Since we are interesisd in calenlating the heat flux we

Intentionally omlt the contribntion of the supply field

79/

hecanse the net hent flux within a glven evlindrieal volume \

dune %o the presence of this fleld will be zero),

Now Trom eguation (6,3) fo9 can be deternined 4if

proper velue of B, is substitubted. Assuming eleetron and

ion density to be approximately equal i.e. Dng e ny = nilz)

and there 1s no net accumulation of charze in the plasma, we

get (see appendix BA),

Dy oL'n(Z) De atfn(z)
n

—

j’L = - ”- /4' E X (5-8)

where Dgy Dy and fuﬁ’ Py ere the dlffusion coeffielents

and wmobllitlies of electrons znd ious respectively

or,

2_' ' . ) -De "DL d,CP(E)
Z ?(E) /Aefﬂl‘ d Z *°

Substituting equation (8.7) in equation (8.8)

0fpe . €(%e-D) 1. AP Bfes 5 o
v, 2= ot = -
25z T /me(j'ie*_,“) e Lz v, hoe Je:

ffes € De-Di 1 . dP@)  Bfe

Vi
QT = - 2
‘3)(4’1 Ve 0F Ve Me  Met Mi P(z) dz gvz

(6.7)

(6.8)



Recalling, ™Mo )3/ > 6— E—R_'T—e‘
= 2)( T ‘
7[60 fé ( > 27Kk T, >

el e s )
%— (L) el 4

wo (Ga®)

mi 3/9_ ol b g U’Z .
- _ % o =
wvherae a‘ "(27‘-k> 2_/< se (601(\)
-B*

and also 97[20 - 7 75(2) AR B & o (6,11)

7%

™ (%é Mg , |

whars A = ( < ) g( A = S mTe e [6,118%

ZWR(TQ

Hriting let. term and Snd. FTeri of R.H.S. of n{;\ut‘aea {(G.8Y to

- /
he f;i" and f@fi_ respeciively, one ohtalns,

/ 1!
- fowf :
Je 20 e\ el s 'Y (@.1?) :
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Thus the electrcn contribution of heat flux can he obbalned as,

e ///”""(”"LL‘) U, fo oL Ve Lyl
///”“0("%”) NERERENLLLY

// (/wczﬂ)vf’f,alz&‘olzﬂ}d"ﬁ*//%(’mgv/ fo(u%fp(

.

= Hl 4 Hg (say) , oo (6413)

v, oy
(since // To (‘/ e U) 2o ok K -vanishes)

{See Anvendlx 6B).

The terme H; and Hy, L.e. the lst. and 2nd, integrals of
equation (6.13) can be obtained by using equations (6,.8),
‘ (6.9), (6.10), (€.11), (6,1la) and (6,13),

s K A K dd)
o/ - 2 -2 e oo (6,14)
| T,
’-‘-—-kQO{ e —_5 De O{CPCZ)J'\ORT&
d 2 g oz e (6.18)
N, ¢ (2) R* |
where K, = " % 48 the alectronic thermal
Z Me. ])mg
conductivity of the plasma and D,= R Te is the diffusion
MLsz_

coeffieient of eleetrons,
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' _ 2 m, R T - .
And ~H2 - 2 2/1/\ /lA T ,—‘-— J z ve (6.16)
whers the electren mobillty j—(a = € /mz ’I)%z

Now since T.Q/MQ >> Ti’fm[_ y va can write Dg « Dy & Ng

and sinece }xe>> }zi « we can write %o a lst. apn*wimaticm,

(ferpt) - e (7 G

Thus equation (6,16) becomes,

| 5 d 4@ LY p,. 0@
H, = 2mokTeDe _C],‘_;L SRt B e

o Te 5 [
Hence - j‘le = = K‘e- o 2 - E 7o RTe ._—Zl D'e s (6418)
: _ Te - (&
or J_‘e - .,_.ke SA_,_Q_. _E‘Y\OV\TL'DA .d_?_) (8,19)

- Az

<
where D AT —&-' - Do 45 the approximate amhirvolar Alffusion
. L
coefficient;. ihe second term of the R, H. U, of equation (6.19)_

can bhe interpre‘saﬁ in the Tollowing way @

The fluzx of electrons fa axecuting ambivolar diffusion

is glven hy, ol n(z d¢ @)
| [{T:-—D O(Z()“"DAV\O d z

Therefore, energy flux carried awa;v by these electrons will he
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the averaze kinetic energy multiplied hy [é"

Again, avéz‘age K.E; o /?Te_

Thus heat flux will be,

i Te ny Dy
Ha,mb = _(@Q#. & € 0 A

o ¢(2)

z

Hence, the 2nd, term on the R .4, of eguation (6,12) 1s the

heat flux dus to the ambhipolar diffusion of elsctrons,

The total heat flux, however, will contain otﬁer
terms Hy and M, for the ion specles and the neultral particle
specles respectively. I ean he neglected in comparlson %o
Hgy since lon temperature is very small in comparison to that

of electrons,

.-Thus | 7—1’ = /L/z_ u Hh

5 M R 12
= -3 e
2 me ))».e O\
.
__l<7\ n
o 2

vhere K, 1s the thermal conductivity for the mercury gas,

Assuming cylindrical symmetry 2 can be replaced hy

the radicl variable r.

: ‘ v v AT
T g K 47 AT 5T p 4RO T
=7 me 15 ¢ Te 3T 73 ~e Av 1
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The heat flow acresa the plasta c¥linder of unlt

length of radinsg »r is glven by,

.. deM

CF(¥) = mw[—g Eﬁ;i qﬁ()" OLT% 5n&Tz?iQD2 T
L

dr

or, aasuping Te(r) = Te 9y le®. Bome sultable averape valne of

eleciron temperature within the plasna colunn,

o F(?')a('r: ‘27][5 N f??“ls_(—"“_) _71(7&0_7;;>+§Rai€7—'1 %Da@ﬁﬁa

" 2 me Vw_
-+ kn(T;w" an)] s

o}

where the sulfices o and W refer to the values of the
relevant guantities at tha axis and ot the well respectlvely,

Agaln, let us turn cur attention Ho the equatlion (6,2),
R

/Yr(v)olv = C F(R) = Q‘o (Scx))

o

where ’?ﬂ is the Sotal rate of haagving inslde tha plasma

ceolumn of unit length. Thns,

C - ‘io /F (R) (6.72)
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Now using equation (6.2a) we have from eguation (6.20)

N, » 27 B0 el o) o 8 ()]

“({henceforth omitting the bar (-) sigm over Iy)

where
F(r) ~ 2
_/\ i 4 F( ) oo {6.22)
)
. (See Ahpandix 6-).
L
§ oy R
14 th o = 2 7%; l> |
’ 2 LX) (6023)
and

f{z B [‘U& se (6-?»43

The electrieal conductlvity at the axis of ths plasma columm
is given by the relation,

ea,
" .
Oz = _O se (60‘3‘:
o Me Ve
Thus,
2
O R : ’ ‘
o = 2 o e (6.26)
2 2.
e ,
‘and 1 . 2
) R !T;_ e
3 Ter

s o (8,97)
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Assuming ¢ (M2 V2 %o a 1st, amamxmatton, we ean rewrite

quat&on (6.21) in the form
1.
ek e T s T (88

+ 2 N Kn (T\,\o_ T?\LD) (6.28)

LR 2

 The quantlty Tpg = Tyy can he known experimentally by
using thermometers (vide experimental arrangement)., If the
longitudinal electric field of the placma is ascumed %o bé
" uniform throughout the cross~séction of the plasma the quane

tity ( T, = I,,) becomes a constant parameter vithin 1%,%

Hence equation (6,28) takes the forn,

* Thiz 1s true since electron temperature Te 1s,y In the
constant collision approximation, related to the gas Lempera.
ture Tg and the applied electric f1eld T as follows 3 L

" ya o
7o :T?_—f- %k (—eE/M })m> (Pepssan ,\/369
wvhera ¥ and m are the masses of the neutral gas
particle and the electron, respectively, whﬂle k 1is the

Boltzmann conutant.
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where we have put @, = 1 and f{, = o according to the

prcposeﬁ‘di@tribution'funct%on,
//R /'rcr(v) Ar
e 0(7,
o T
R

v o (r)dr

The quantity /\=

can be deternined 4f g (») is known.beformhaﬁa.

The equation (6.29) ean also he written as

ve (6o30)
vhera
2 - g
T B
Q& 2 2, A ' 2a  (6.31)

is the rate of heat flov from the plasma per wnlt length to

the wall due 10 eleétrcnic thermal econduetivitys

R MR g %
=sal_. — =T :
Qy =57 Fe @A ¢ o (6,32)

is the heat flow rate due to ambipolar diffusion of electronsy

and

N ee  (o6.33)
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is the'heat‘flaw rata dne to thermal conduction of nentral

particles,

TXPERIMBITAL ARRA%GEHBﬁT AND RESULTS

The schematic axperimental arrangemant is showm in
figﬁre (6.1). The gpparatus conslasts of a mercury arc tuhe
(Lengths 21 cmsS., Internal dia,: 1.€ cma,s exterﬁal dla.:

1.9 cms.) with the ueuﬁi D.C. Bource, rheostat (R), armeter(A)
arrangements, The are tube has got some speclal constructlonal
features, A condenser of length 20 cms, is fitted alohg the.
tideportion of the tube to facilitate the flov of waber around
tha positive:cmiumn'ef the mercury arc, The temperature of the
eutflowing vater can ho measnreﬁ{with an ordinary mereupy
thermemeter fitted vwlth the condenser, A thin glase capsule
contalining a small pladtinmevire coll 1s placed at -the axis of
the tube, The coll having 1%8 leads omtsilde the tube serves
the purpose of a platinvm resisfance thernometer, The other
accessories which are regqulired tb record the resistance of the
. thermometer at different temperatures are not shawm in the
figure, There is also a donble.prohe arrangemenﬁ o measure
the voltage across the positive eolumn ana‘one of the nrobes

nay be utilised to measure the electron temparature.
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The sxperimental procedure is quite stralght.forward,

The platinum'reslstance thernoneter 18 first ecalibrated and
water i8 made to flovw throggh the condenser, The arc is then
| dravn elong the tuﬁe. some time is allowed to pasa'to achligve
the thermal equilibrium of the ﬁlatinum thernometer with the
mercury vapour at the axls, The temperature of the platimum
thermomotar reads 1I,.,, the temperature at the axis, The
mereury thorncneter reads the temperature 8 of the outflioving
wvater, Due to the finite conduetivity of glass,vthié 8 1is
not the actual paripheral temperature of the plasma. Knowing
the thickness and the conductivity ( Kg )-of the giaés of the
tube, the actual peripharalvtemperature Tyy 18 ecalenlated.
The experiment is repeated for different ﬁischérge eurrents,
In sach ease the'rate of supply of heat 0 18 calonlated by
knoving the discharge current and the voliage across the plasmp
éolumn mder study, The experimental resulis are gi&en bblow
in tabﬁlarlform‘(fabie 6,1) whiﬁh i3 selfeexplanatory. The

Qo' have heen calculated from the measured values of & and I,
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DISCUSSION

In Chapler W (and also Ghoszl ot 21, 1978) the
electirical conductivlity dlstribution function was dsternined
for aﬁ are plasma in an are tube having the same dimension
as the present one and the Adlscharge condiftione also vera the
' Bane, Hence here also we assuna the same set of dlstribution
functions at 2,3 anps., 3.1 amps. and 4,0 amps. of discharge

currents. The wvalve of the quantisy

R/r”o*("r)dr
T d
2} .Y‘ .
= R -
_/v 0‘(7*)}0("('

[v) r N
! - (’E)] the paraneter n bHzing dependent

T

A

vhere Gyr)= 0, [
on dlecharge currents, may be solved awmerieally, Glven
below in Table 6,2 the valunes of (T, n  and /\ at

different dlscharge currants,



TABLE = 6.1

\

Exberimental Resulss

Discharge

Longitu.

G in

L enparie

_ Te{ﬂ (=2 AC@:{’&], T -T_ MlLect £ ANEF =y
current dinal ergs/ ture at ratgre gas ' »no aw ﬁé;g.rgg g;grgggp.
In Amps. electric| om,gec.| fthe axis | of the | temp. in °C - { ox (Probe '
fileld in in O¢c . ottt at the meas., } T - E&
(1) volt/em. | | floving | peri- _f o
B {T water hery 7 in OK,
= (Tyo) | vgter | phery (%o )
(@) {Tyr)
2.3 0.685 1.57 102,8 7.5 | 41,3 | 615 | L.76x10% | 548,30
3,1 0.472 1,46 105.8 32,0 41,6 63,90 2,50x%10° | 246,88
4,0 - 0,495 1.70 111.4 59,0 68.3 | 2.23x10% | 3£0.30

43,1

Foz
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TAVLE = 6.2

Values of Gig,.n and /\_ for aifferent discharge currents

Discharge G ' : I
current in o n AN
Aampe (1) | |
{mhos/enm. )
2.3 5426 2,203 0.8800
3.1 18,08 3.859 1.,0661
4,0 : - 26,88 584 _ 1,0676

3
Ta table 6,3 the vaelnes of quaniities Joy e and By
(in Joules/om.cec,) are inserted for three different discharge
currents (2.3 amps., 3.1 amps. and 4,0 aups.). To obiain Oy,
the value of X, has been taken to be 1.8 x 10° . cals/Cy.8e0,

obtained from the kinetle theory data for mercury gas.

It may elearly he seen that there 1s 11itla conﬁribu.
tion of Op4 %.€ the heat flow‘due ﬁo naﬁtral particles, to
the total heat flow rate. It 48 also ohserved that heat flovw
due to electronic thermal conductlvity is below 30% of the
total flov rate for 2.3A discharge current and at lower electron
temperatures the contritntion of electronle thermal conducti.
vity Germ deérea&es‘an& in the present situwation heat is mainly

carried awvay ﬁé the wall by elecirons due to ambipolar diffusiocn,
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The eolumn for éD has been obdalned from %he eguation

(6.30) and Qn a8 bhaeen neglectad,

How equation (6.32) may bhe ntilised to chiain the
mobility ratio /uacﬂe or expressing thils ratio in terms of
the meun free path raﬁio‘)\yfﬁzéne ohtains from equation

(6.32), )
52—

_ e k> 0o Ta SN |
Q=5 Wi € A T% he e (6.34)

where T3 1slthe averaze ion temperature,
Here we shall make anothoer assumptlon ¢

Iy ﬁ':i:n whare En 18 the average‘ gas Lemperie

ture, and so we can revrite eguation ( 6,.34) éa

o 5
. ' &% Mg hz 7, T.? Ve
p = = mi et A TH U

1

vhere %ﬂ/% 15 the ratlo of the elactroneatom to Lon-atom
crossesection,. In the 7th, column (Tah?e 6 ?) the dhtainea
values of % /y; are incerted, Since 1n the present experi
ment the fon energy remains falrly constant, we can masume g
to he a constant gquantity,. Thus 1t may bhe seen that there is
a remarkable increase ef electron-atom ecllision CTOSSe
section a& the electron tenperature falls to a vaTue of uha
order of 3 x 10° % (at discharge currents 23,1 and 4,0 amps,) -
from 1ts value 1,76x10° %K at 3 nmps, dlscharge current.
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In the 92th, colunn the olectron suergles ave inserted
1n‘e1eetr0n volt, The slectron.fg. atom collision erosoe
section can be estimated fron Brode's measurarients (Brode,
1933) and(Hassey, 1969), Bui for emergies (1 ev. the g
walues are not well knowvn (Von Ungel, 1964)., However, qu
ean be obbained from Brode's curvre for sleetron energy 2,97

ev. This 18 found to be 6,226 x 10F 8q, om, Utlllsing this

value of g, the valve of qi 1s chiained to he 16.7831@f15
8q. ci, This wvalue shows quite an order of magnitude agrea.
ment with the mercury afom-atem cciliaion.oross~sectiem,which
1 4 TT/2 7% = 8,080 x 10~38 gg, om., vhere r 15 the radiue
of the mercury atom, This agreément not only justifiaé our
previous arguments but also the pbtained éalﬁe'of gg can-be
utilized to determine the values of 4, ab two Alfferent
electron energlesc below 1 &v.y thus enabling us %o extend

- Brede's enrve in the lowver eleciron energles (Tahle 6,4), Dur
results also corrchorates with the rasults obtained by
Margenaw: and Adler (1PEQ) vho predicted an cecurrence of
mgziméuiﬁ thejregicn of lcﬁer olectron energzes from vhere
Brode’s reasurenents begln. The ohtained high values of
electron-atom collision gross-seetions at lower elactron enere
gles also.ezplains the éudden fall of elgctron temparatnre at
1t gher ﬂischargé currenta, siﬂéenas the current 1s 1nc§easeﬁ

~ the vapour pressure of Hg. inerecases, and thareby lowers theA

olectron energy Lo some extent., These lar energy electrons
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again suffer greater number of collisions due %o sharp
- plse of ge at lover electron energles, thershy lowering

the clectron enersy apaln and the process continves until
the equilibrlum iz reached.



TABLE » G.3

I B & b - 3 | g Tlectron
e _ = % _ n K A %1 Tq in %K energy
{ in amp.) | (ergs/enm.| (ergs/em. | (erga/en, | {ergs/cm.sec.} D in ev,
5@33) sec..') Sec.) 7
2.3 1.58 0,48 .12 {2.76 = 100 |o.98 [o.av1 [1.76x10% 2,97
3.1 1.46 0,92 1.24 |2.40 x 10™° |o0.18 3.50220% 0edE
4,0 1.70 0.32 1.38 2,63 x 10~ 10.19 |2.149 |3.23x103 0.42
TABLE ~ 6.4
' i)iséharg@ Bleetron dg
eurrant -+ energy
(amp.) (1) (ev.) (89, cm.)
2.3 2,97 6.22 x 10-€
2.1 0.46 1.68 1013
4,0 0.41 1,63 x 10=33

J07C
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APPENDIX 64

Arriving gt Bquation (6.8)

Let us suppese-that at an instant of time the positive
ions and electrons assume the same arbitrary spatial density
dlstributlon within the plasma, In some later instant of tire
the distribution 48 expected to be changed dus fto unegual
dlffusion veleocity for the 1lighter and heavier ions of the
plasma, As the densiiy dlstribution function for the two
specles go on to 4iffer, an electrie field 1s set up vhich
would retard the'elee%rons and enhanee the positive ton matidn.
¥hen the equilibrium is reaéhea the flow of both the positive
ions and the electronz becones egual, The flow of ieons is now
governad by the combined effect of dlffusion and drift due to
the space charge rield produced, The partlele flux of the ion
type o thus may he glven hy

. —_N
/;:——DO(VMQ"'/*OCESMOL

where D and My are the diffuslon coeffleient and mobility

of the lon type « and £, 1e the space charge field produced.
N -
Putting [Z =[, one cbtains,
~—N _ =
- .Dg_—VAVlL‘ +/“1 Ec = = DeV hf-_/“ﬁ Es

Assuming electron. @nd 1lon density to he arproximately sguel
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1.6, Ny ¥ ni = n(z) we get for ona dimensional case

D¢ Z) |
kv /*EZ" - De O\V\(?) Z‘*EZ {6,6)

APPRNDIX 6B

Bvaluation of the integrals of equation (13)

Formula uged
- o

/Q‘B“Zuzk o i - Jo3. e (2R-1) . A

R+ | 2R+
o Z @k

(B.6.1)

(1) Gince fgy 15 even function of v,

(lz me Ul) Ua is the o0dd function of veloelty,

+oC
The !.ntegral///mo ('/Z“"zv‘l) Yy 4, o(ﬂxciv«&dwg vanighes

Jffm (S meV )"‘ZJC Aty duy ds,
.: "‘OM‘L///(”KVE -~ ~ +v2)<_v >2£e°o(?90(v}c('z,§

(11)
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Bﬁzo

[where 1a given by equat:!.on (6.9)]

mwu < ) /Ti 9¢(2)// C"’ Tv vzafvz))z o(vo(«yaflwz

Vm

—Z;Z . (ZJ///(U;( % +v> +’l)’z % (T) g /T’z 2;’2 o(f«f g, de

(B.8.2)

The fi.rst part of the R.H. 5. of egquation (B.6.2)

may be wiritten as , : (
2%

-RY* 2 - Bu .
const, [_/uxz%ze Q(dem?‘(’% + U? UL_'Q q(\’lo{w7d\ﬁ2

2u
+J’V‘4 - otham‘yomzj

: '5/2 3/7_. 3/ . T
= Const, [! A + 4 _71_ + 37 s using equation (2.6,1)
%
2
= Const, E A
7

o 5 W\oRszm )(P(’z‘)
T2 Ve Me 92

gimilarly the second ;Sart of egquatlion (B.6,1) can be ohtained
and nay be glven by

_5 "‘095(5‘)}? 0/7'2
2z WQ'P,Q iz
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Hence

| 2 0( o |
///’“o(‘mv)y[ O(wdm = ia givénby

2
Hy, e -2 Mrdﬁ gﬁ_ﬁTngﬁ(é)
) T2Zm 72,"&2 A2

(111) ¥y //mo (4 mi_u)jfz o(vxow o(vﬂz

_ L Des ’> e KSSW (L wv?) A Jeo Ay dw, ds,
T e P g a 4V,

—

waing eguatlons {(6,8) and (6,12)

2

+M
= const, g\s v z alw ) doydusing equation (6. 11)
-

.
| g, 5.0
=  COnST, 3 N0 . |
De—Di 4 d(d)
= E—“ORTQZ\{L _— “L
z Nz'i‘ 2*1, dz.

APPENDIX 6. 0

Numerical evaluatlon Qf the auantisty /\.

R
[
A = ,0_;_1_
F (R)




@%e;@’(r) - /[1—(*)](,(«*
_g 2(:11)[I~l— }%7

R'Z

2n +1

Therafore, F(r) = F(R)[/ - f’ )j ]

FR)

5

) | (T 17‘ ' ) Nt | |
Therefore, = /A - / / ﬁ _ {(I“ (%)} ]o( *r'
- ' o T -

F (R)

1
OR
- )
’!
-1
.-
=

2' Nl
‘ n J {/ - (Z }
where )[} = [—-_~. (R> | ]
. A . py\ .
- The integeal jlr ‘4" : can be evaluvated using




Scarbourghts method,
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_F‘ommla used 3 A " m \ 3\ ]

o

, . ~ .

The quantitles J(o N fR ’ j[ze/s_ ete, are cbialned mwmerieally
. . .

from the exprassion glven ahove for fr and hence N\ 8

are obtained at different discharge eurrents, These are glven

in ﬁabulaz‘ form in the tahl-cg GlAwl,




Discharge “ “ . " J " " Y

current #t } . J(

in amp, }‘03_ :(R/S- 2r/s 32/5- Z\R/g ')[R ’/\'
2.3 2.208 0.8385 | 1,456 1.7111 1,6080 | 1,333 8800
3.1 3.859 1.1995 | 1.9046 1,9681 1.6550 1.92333 1,086
4,0 2,934 1.2273 | 1.9382 '1.9810 1.6564 1.8533 1,0676

" Sr2
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Heat flow processes in the pos1t1ve column of a
low pressure mercury arc

S. K. GHOSAL, G. P. NANDI and S. N. SEN
Physics Department, North Bengal University, Darjeeling; India

The problem of heat flow processes within a low pressure mercury arc with water-
cooled walls has been investigated utilizing the first-order perturbation technique
to Boltzmann transport equation incorporating the term for the observed high
gradient of radial distribution of azimuthal electrical conductivity of the arc
(Ghosal et al. 1978). It is shown that the loss is due to heat conductivity of -
electrons, ions and neutral particles and also due to ambipolar diffusion by
electronis. The experimental results enable us to calculate separately the
contribution by the different processes and it is observed that the major part of
the heat loss is due to diffusion and the loss due to conduction by electrons, ions
and neutral particles is comparatively small. Further from the theory developed
and the experimental results obtained, it has been possible to calculate the
collision cross-section of electrons with the mercury atoms for electron energies
less than 1eV.

1. Introduction .

The heat transport properties of confined electric arc plasma (i.e. the electric arc
burning in a tube with cold walls) have been investigated by a number of
investigators during the past few decades (Maecker 1960, Ulenbusch 1964, Emmons
and Land 1962, etc.); Emmons and Land (1962) measured the thermal conductivity
of argon and helium between 5000 K to 10000 K. They assumed Elenbaas—Heller
heat balance equation (Elenbaas 1951) with the inclusion of a radiation term. The
model, as it has been treated, rests upon an equation expressing simply the balance of
three terms:

(1) heat generation by Joule effect;
(2) heat transfer by thermal conduction;
(3) heat transfer by radiation. '

However, they were able to show that the radiation loss was a few per cent of the
total loss and in their report the radiation effect has been lumped with some effective
thermal conductivity. In general, the electrical conductl\nty assumes a radial
distribution within the arc tube but for simplification they assumed the ‘channel
model’ (Hoyaux 1968) for the electrical conductivity distribution within the arc.

In a later paper Emmons (1967) studied the heat transport of high temperature
(7500 K to 13750 K), high pressure argon and helium gas using confined electric arc
and tackled the problem very rigorously treating the radiation loss adequately

‘Knopp and Cambel (1966) measured the radial temperature distribution within a

yhndrlcally symmetric argon plasma column by spectroscopic method. Using the

measured temperature profiles and theoretically calculated radlated power, the
thermal conductivity of argon was determined for the temperature range 8500 K to
12000 K.

Received 25 April 1979; accepted 21 June 1979.
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Most of the experiments aimed at determining the transport properties of noble
gases at very high temperatures. At those temperatures thermal ionization prevails
and radial distribution of electrical conductivity and thermal conductivity could be
calculated using Saha’s equation knowing the radial distribution of the gas
temperature 7. In those cases all the constituents of the gas were considered to be in
thermal equilibrium. Goldstein and Sekiguchi (1958) have done elegant experiments
employing microwave techniques to determine the thermal conductivity of a
decaying glow discharge plasma where the plasma constituents were also in thermal
equilibrium.

It is worthwhile to mention at this stage that no reference in the literature is
available where the process of heat flow in a confined low pressure arc (where the

_electrons are far from being in thermal equilibrium with the heavier constituents)
has been adequately studied. The present paper proposes to study semi-empirically
the heat flow processes occurring within a low pressure mercury arc plasma.

In the previous paper (Ghosal et al. 1978) it has been shown that when an arc is
formed within a tube, the current density is not uniform throughout the cross-
section but is maximum at the axis and minimum at the periphery. This
phenomenon gives rise to selective self-heating at the axis of the arc plasma. The arc
continuously absorbs power from the source and gives it away to the surroundings.
One might therefore be tempted to consider that the mechanism of selective self-
heating might be employed to determine the thermal conductivity of the plasmia.
There are justifications in neglecting the effect of radiation and convectionin the case
of low temperature arcs but nevertheless it is worthwhile to mention that in this case
the process of heat flow requires close observations. In a weakly ionized plasma both
the electronic and molecular contributions to thermal conductivity are to- be
considered. One might predominate substantially over the other depending on the
electron temperature, temperature gradients (electron temperature and gas tem-
perature), etc. There might be present another mechanism of heat flow other than
thermal conduction, radiation and convection, which arises owing to the fact that
electron density distribution within the arc may cause diffusion and energy might be
carried away by the electrons. In contrast to the case of high pressure arc this
mechanism of heat flow might play a significant role in case of low pressure arcs.

The purpose of the present paper is to present the study of these processes and to
compare them in the present experimental conditions. It will also be shown that this
study yields valuable information about electron-atom collision cross-section at
very low electron energies.

2. Theoretical consideration

In a previous communication (Ghosal et al. 1978) the present authors have
studied the radial structure of electrical conductivity of a mercury arc plasma in an
arc tube by a new radio frequency probe technique. There it has been shown that the
radial electrical conductivity distribution function can be well represented by the

formula,
r 2 ]n
o(r)= 60[1 — (E) :| 1)
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where r represents the radial position, R the radius of the tube and o, the
conductivity at the axis. The experimentally determined term = is found to be
dependent on discharge currents. As indicated in the previous section this radial
distribution of electrical conductivity gives rise to a distribution of the rate of
heating inside the plasma cylinder defined by the radii » and r+dr. The rate of
heating per unit length d@), within the annular space can be represented as

on“f (r)

where f(r) is the electrical conductance of the annular plasma cylinder considered and
is given by ' -

fir)=2nrdro(r)
Thus we can write,

dQo=cro(r) dr

where ¢ is a constant. The rate of heating inside the plasma cylinder of radius r is
given by

Jcra(*r) dr=cF(r) (say) (2)
0
Now first considering one dimensional (z) case and assuming that the charged
particles are undergoing ambipolar diffusion in the z-direction of the plasma, the
steady state perturbed distribution function f,; may be given by the relation

afeO(Z! vxvvyvv eE afeO
Uz dz m a?) vmefel . (3)
where f,, and v,, are the equilibrium distribution function and electron-atom
collision frequency respectively and E, is the field produced in the z- -direction due to
the diffusion of charged particles. For the present case the equilibrium dlstrlbutlon
function (maxwellian) may be given by,

3/2 2
Jeolz: 0,0y 02) = $(2) (27:’IZT ) exP( ;nk; ) 4)

where ¢(2) is related to the electron density by

r 27 |n
n(z)=mned(z) =nq [1—<E> ] : (5)

The field B, which arrests the tendency of having unequal diffusion speeds for the

heavier and lighter charged particle species, may be obtalned as

1 D,—D; d
Ez: _ e i. 4) Z (6)
d(z) petp; dz
(assuming n,~n;) where D,, u,, D; and y; are the diffusion coefficients and mobilities
of electrons and ions respectively.

" The total distribution function f,=f,q+f.; for electrons undergoing diffusion
thus may be obtained using eqgns. (3), (4) and (6). Thus one finds the electronic
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contribution of heat flux by using the relation

o= [[[ i s

which is obtalne(_i as: ~ A
) 2 k2 D,~D, d
g 3 meb@k  dTe 5o B 1ad0@) 5 De=Di Al
2 M Ve dz 2 mg, v, dz 2 Ut dz
or,
dT, 5 dd)(z D,—D; d¢(z)
H,=—-K, nokT kT u —_ 7
e gy o ‘*"ﬂo el Ctu dz (7)
where
2
5 nod @,
2 MPpe

is the electronic thermal conductivity of plasma, where we have used the relation

kT,

D,=
mevme

Under relevant approximations,
GEtS
>, U}
me My

ar, dd(z)
i 2 OkT D— 0

eqn. (7) can be rewritten as

H,=—K (8)

where D 4= u/u, D, is the approximate ambipolar diffusion coefficient. The second

term of the right-hand side of eqn. (8) can be interpreted in the following way:
The flux of electrons I', executing ambipolar dlﬁ"uswn is given by,

dn(z) d¢(z)

=—D
dz Ao

re= _DA

Therefore, energy flux carried away by these electrons will be the average kinetic
energy multiplied by T, '

Again, average kinetic energy ockT,.

Thus heat flux will be,
do(z)

H —constant kTenoD —
dz

amp —
Hence, the second term on the right-hand side of eqgn. (8) is the heat flux due to the
ambipolar diffusion of electrons.

The total heat flux, however, will contain other terms H; and H, for the ion
species and the neutral particle species respectively. H; can be neglected in
comparison to H, since ion temperature is very small in comparison to that of
electrons.
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Thus
H=H,+H,
or
5 ny I ar, 5 dpz)  dT,
= T nokd —D —K
" 2 M, Ve ()T dz "o ‘u, © dz " dz

where K, is the thermal conductivity for the mercury gas.
Assuming cylindrical symmetry z can be replaced by the radial variable .
Hence
5 n, k* - dT, 5 ;- dp(r)” . aT,

IR L et SR -
H 2 M, Ve o) “dr 2.0 u, ° dr " dr

The heat flow across the plasma cylinder of unit length of radius r is given by,

1> dT 5 d aT
F(r)= 27:7«[ Z"" ok, ai D o) _ g }

My Ve dr " dr

or, assuming 7,(r)=T, i.e. some suitable average value of electron temperature
within the plasma column,

R By 5 k2 _ 5 7 Hi |

CJ‘ (7 )d'r=27t|:— @ ¢(T) Te(TeO—Tew) +_nOkTe&De(¢0 _¢w)+kn(Tn0 “an):l
) r 2 M, Ve 2 He

. (9)

where the suffices 0 and w refer to the values of the relevant quantities at the axis and.
at the wall respectively. Again, let_tis'turn our attention to eqn. (2),

R
j cro(r)dr=cF(R)=Q, (say)
.

where @, is the total rate of heating inside the plasma column of unit length. Thus,

' :F?;z) (2a)
Now using eqn. (2 a-) we have from eqn. (9)
\ AQo =210 (1) T'o(Te0 — L) + B0 — 1) + T Lo — T'ay)] (10)
(henceforth omitting the bar sign over 7T',) '
where
A R F(r) a1)
0
with
5 ng k*
=5 v (2
and
5 2
,8=§nokT o =D,= #—T (13)

4H2
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“The electrical conductivity at the axis of the plasma column is given by the relation,

2
op=—L (14)
mevme
Thus,
5 gok?
- (15)
and
5 ook u
=— — 16
B 9 62 Ly e ( )

Assuming @(r)=~% to a first approximation, we can rewrite eqn. (10) in the form

. 5k w K,
AQ0=§7E6_2‘70T2(T20_ ew)+5n;_ T(¢0 ¢w)0-0+27rKn(Tn0_an) (17)

The quantity (T',0 —T',,) can be known experimentally by using thermometers (vide
experimental arrangement). If the longitudinal electric field of the plasma is
assumed to be uniform throughout the cross-section of the plasma the quantity
(T,—T,) becomes a constant parameter within it.

Thus one can assume

Too—Tew=Two—Tw
Hence eqn. (17) takes the form,

k2 k2 K,
5 S0 (T =Ty +5n s om2 on By 1)

Q=37 F A n 2 A A

where we have put ¢ =1 and ¢, =0 according to the proposed distribution function.

The quantity A=
f ro(r)dr
0

can be determined if o(r) is known beforehand.
Equation (18) can also be written as

Qo=Qx+0p+Q, (19)
where
. 5 ko
Qx=57—3 XTe(Too—T) (20)

is the rate of heat flow from the plasma per unit length to the wall due to electronic
thermal conductivity,

“1’0 Oo

Q@p=>57 p ;—ATZ (21)
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is the heat flow rate due to ambipolar diffusion of electrons; and
Q=2 (= T) (22)
is the heat flow rate due to thermal conduction of neutral particles.

3. Experimental arrangement and results

The schematic experimental arrangement is shown in the Figure. The apparatus
consists of a mercury arc tube (length: 30 cm, internal diameter: 1:5 cm; external
diameter: 1-8 cm) with the usual d.c. source, rheostat (R), ammeter (A) arrange-
ments. The arc tube has got some special constructional features. A condenser of
length 20 cm is fitted along the mid-portion of the tube to facilitate the flow of water
around the positive column of the mercury arc. The temperattire of the outflowing
water can be measured with an ordinary mercury thermometer fitted with the
condenser. A thin glass capsule containing a small platinum-wire coil is placed at the
axis of the tube. The coil, having its leads outside the tube, serves as a platinum
resistance thermometer. The other accessories which are required to record the
resistance of the thermometer at different temperatures are not shown in the Figure.

TUNGSTEN PROBES.

MERCURY
THERMOMETER. | — wArER
PLATINUM RES.
THERMOMETER. INLET.  TO VACUUM
PUMP.
ARC TUBE.
)

CONDENSER.

O

A D.C. SOURCE.

The schematic experimental arrangement.

There is also a double probe arrangement to measure the voltage across the positive
column and one of the probes may be utilized to measure the electron temperature.

The experimental procedure is quite straightforward. The platinum resistance
thermometer is first calibrated and water is made to flow through the condenser. The
arc is then drawn along the tube. Some time is allowed to pass to achieve the thermal
equilibrium of the platinum thermometer with the mercury vapour at the axis. The
temperature of the platinum thermometer reads 7,4, the temperature at the axis.
The mercury thermometer reads the temperature § of the outflowing water. Owing
to the finite conductivity of glass, this 0 is not the actual peripheral temperature of
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the plasma. Knowing the thickness and the conductivity (%,) of glass of the tube, the
actual peripheral temperature T,, is calculated. The experiment is repeated for
different discharge currents. In each case the rate of supply of heat @, is calculated
by knowing the discharge current and the voltage across the plasma column under
study. The experimental results are given below in tabular form (Table 1) which is
self-explanatory. The s have been calculated from the measured values of £ and /.

Table 1.
Longi- Tempera- Tempera-  Actual
tudinal ture at ture of  gas tem- Electron  Av. gas
Discharge  electric the the out perature at tempera- tempera-
current field Qo in axis flowing the ture (probe ture
(amperes) (volt/cm) (ergs/ (°C) water (8) vperiphery 7,0—T,,  meas.) T,~T*X
S (E) om’s) (To) °C) (T O  (C) (K) (K)
2:3 0685 1-57 102-8 375 413 61-5 176 x 10* 34510
31 0-472 _ 1-46 105-5 380 41-6 63-9 35x10° 34655
4-0 0425 1-70 1114 39-0 43-1 683 323x10°  350-30

4. Discussion

In a previous paper (Ghosal et al. 1978) the electrical conductivity distribution
function was determined for an arc plasma in an arc tube having the same dimension
as the present one and the discharge conditions also were the same. Hence here also -
we assume the same set of distribution functions at 2:3 A, 3-1 A and 40A. of .

discharge currents. The value of the quantity

Rl('ra(r dr
CA—
A L 4
- 'R
ror

[/

)
Ydr

where o(r) =0¢[1 — (r/R)?]", the parameter n being dependent on discharge currents;
may be solved numerically. Given below in Table 2 the values of ¢y, 7 and A at
different discharge currents. A

Table 2.
Discharge 0o
current (A) (I) ‘(mhos/cm) n A
2-3 6-26 2203 0-8800
31 1805 3:859 10561
1-0676

40 2655 3-984

In Table 3 the values of quantities Q,, Qx and @, (in joule/cms.) are inserted for
three different discharge currents (2:3 A, 3'1 A and 40 A). To obtain Q,, the value of
k, has been taken to be 1-5 x 10° cal/cm s obtained from the kinetic theory data for
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Table 3.
Qo @ @ @n . T, Electron
1 (erg/em (ergfem (erg/em  (erg/cms) /@0 ./ (K) energy
(A) s) " s) s) (€V)

2:3 1-58 0-45 112 276 x 1072 0-28 0371  176x10* 297
31 146 022 1-24 2:40x 1072 015 9723 350x10° 045
40 170 0-32 1-38 2:53x 1072 019 9149 323x10° 042

mercury gas. It may clearly be seen that there is little contribution of ,, i.e. the heat
flow due to neutral particles, to the total heat flow rate. It is also observed that heat
flow due to electronic thermal conductivity is below 309, of the total flow rate for -
2:-3 A discharge current and at lower electron temperatures the contribution of
electronic thermal conductivity term decreases and in the present situation heat is
mainly carried away to the wall by electrons due to ambipolar diffusion. The column
for Qp has been obtained from eqn. (19) and @), has been neglected. '

Now eqn. (21) may be utilized to obtain the mobility ratio u;/u, or expressing
this ratio in terms of the mean free path ratio A,/1, one obtains from eqn. (21)

m\k? 0o T3 2,
p=57 2 A T2 7, - @3

~where T is the average ion temperature.
Here we shall make another assumption:

Tl'ZTn

where 7', is the average gas temperature, and so we can rewrite eqn. (23) as

2 5/2
QD—5713\/< >k2 A g:l/z ((h)
4

Where ¢,/q; is the ratio of the electron—atom to ion—atom cross-section. In, the

seventh column of Table 3 the obtained values of ¢./g; are inserted. Since in’the

" present experiment the ion energy remains fairly constant, we can assume g¢; to be a

constant quantity. Thus it may be seen that there is a remarkable increase of
electron—atom collision cross-section as the electron temperature falls to a value of
the order of 3 x 10° K (at discharge currents 3-1 and 4-0 A) from its value 176 x 10*K

at 2-3 A discharge current.

In the ninth column the electron energies are inserted in electron volts The
electron-Hg atom collision cross-section can be estimated from Brode’s measure-
- ments (Brode 1933 and Massey 1969). But for energies <1eV the ¢, values are not
well known (Von Engel 1964). However, g, can be obtained from Brode’s curve for
electron energy 2-97 eV. This is found to be 6-226 x 10> em?. Utilizing this value of
g, the value of ¢; is obtained to be 1678 x 150~ 1° cm?. This value shows quite an
order of magmmde agreement wﬁ,h the mercury atom-atom collision cross-section,
which is 4n\/ 2r% =8-059 x 1015 em?, where 7 is the radius of the mercury atom. This
agreement not only justifies our previous arguments but also the obtained value of g;
can be utilized to determine the values of g, at two different electron energies below
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1 eV, thus enabling us to extend Brode’s curve in the lower electron energies (Table
4). Our results also corroborate with results obtained by Margenau and Adler (1950)
who predicted an occurrence of maxima in the region of lower electron energies from
where Brode’s measurements begin. The obtained high values of electron-atom
collision eross-sections at lower electron energies also explains the sudden fall of
electron temperature at higher discharge currents, since as the current is increased
the vapour pressure of Hg increases, and thereby lowers the electron energy to some
extent. These low energy electrons again suffer greater number of collisions due to
a sharp rise of g, at lower electron energies, thereby lowering the electron energy
again and the process continues until the equilibrium is reached.

Table 4.
" Discharge Electron A
current (A)  energy (eV) {em?)
23 2:97 623 x 10713
31 045 163 x 10713
40 042 153 x 10713
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