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ABSTRACT
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T g e

The basic characteristics of a transferred arc argon plasma -

Y E e

ware determined A cathode assembly suitable for transferring the S
electrit arc to a molten metal bath or to 4 cooled anode was v
designed and constructed to prod(tce the plasma in open air. ' It - i
included provision for the injection of secondary gas into the arc

column. {

i

~ . #
The measured electrical characteristics indicated that the

sustained vdltage depended strongly on the arc leng‘th and much less , v
. : on current. Ti'ne inlet gas velocity past ‘the catt’xode tip was
determined to be an important operating parameter, rather than the |
" volumetric gas flowrate. '

o 1
{

The Deasurement of the axial and radial p'rof,;{.les of ’ ’ A
. temperature was effected with + 87 accuracy by a novel diagnostic he

\technique based on the determination of the vari'ations. in the .,

R

RAG St

R ]

. i
outputs of a twa-wavelength‘pyrometer that vieyg a small section . é
of the plasma, as the latter 'Ls. swept rapidly by a blocking /} f‘i
alement. Temperatures Gp th 18,500 K were obser\ged on the axis of
the plasma columm. .

Sl

A sweeping microprobe was )Jsed to ~measm:e 'the axial and
radial profiles of valocit:y:~ Velocities up to 190 m/s were - .
racorded. The presence of a relatively colder £low surroundii:g the K
pldasma column was detécted. Mass and energy balances performed by‘ \

‘taking this flow into account agreed with the measured input rates.



g ST Y SR T e ey v g -

v
B { . —— . / )
o 1
\ i
9 {
I \ -
. |
2 g
? i
- y g
M
. 4
, {
: !
! Yoy ’ s ' ,E
RESUME . \ “ i
*" . ~ “r

)
[
.y i
¢ v ! ) 4
.

- Les caractéristiques d'une colonne de plasma d'argon créée \ K
par un arc transféré ont &té &tablies. Le montage d'urye cathode
.capable de transférer um arc é&lectrique 3 une anéde refroidie ou.3
un bain anodique de métal en fusion a &té construit pour permettre

1l'opération du systdme & 1'air ouvert. Il &dtailt aussi posﬁible

d'injec.ltei' un gaz secondaire dams la colonne de plasma.

'La mesure des caractdristiques électriques du plasma
indique que la tension entre les deux &lectrodes dépend fortemerdt
de la longueur de 1l'arc et beaucoup moins du courant:. Il a aussi -~ L
até et:abli que la vitesse d' coulement: du gaz -au niveau de la ) :
pointe de la cathode est un paramétre trds important, et non le
taux volumétrique de ‘1'écou1ement._ ’ ’

.
| t

La mesure des profiles de température axiaux et radiaux / .
a 8té effectude avec une précision de * 8% au moyen d'une nouvelle ~ "

technique diagnostiqué basée sur la détermination des variations

des si@aux émanant d'un pyrométre optique 3 deux lougueurs d'onde B é

focusé sur une petite section de la colonme de plasma, tandis que . :

celle-ci est rapidement traversée par une lame de bloquage. Des \ },i

;températures allant jusqu'i 18 500 ‘K.ont été observées sur 1l'axe 5
du plasma. ‘

Un microtube de pitot, traversant le plasma rapidgr‘neht:‘, a | 4'

été employé pour déterminer les profiles axiaux et radiaux de l\a ) ?ﬁ

vitesse. Des vitesses allant jusqu'd 190 m/s ont &té observées. géf

3

. \ e .
La présence d'un écoulement de gas relativement froid a

été détectée autour de la colonne de plasﬁ‘a. Quand cet Bcoulement

est inclus, les bilans de masse et d'é énergie s accordent avec leurs
valeurs respective.s d 1l'entrée du systime. - \ )
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- GENERAL INTRODUCTION

. ! e

Thta applications of plasma technology to high-temperature
heterogeneous systema‘ are attracting increasing attention, due to
the availability of efficient,} large~scale plasma generators, gnd
to the inherent simplicif:y of the proce;sing_technique. Early
attempts to use plasmas as' high—entﬁalpy sources for the processing

of finely-divided materials ente;:ed\ thg use of d.c. plasma jets

1

i -
or R.F. induction torch. More\\recentjfy, Increasing attention has

\ L

been devoted to the use of trans: erred arcs, in which the anode
4/

consists of a bath of the molten m“qL_t\ai:;Lic\‘product. This approach

T~

provides a number of significant advantages, c\ﬁief\a\n\mng which are

. L
the use of the anodic energy dissipation to maintain the bath.at

L TR

very }L‘gh temperatures and the provision of additional residence -

time to complete the conversion of the particles which \ha;ve not
undergoner_ sufficient treatment under the action of the gpla‘sma
column S.l;)ne. Thi‘s is particularl;' mPort;nt when a very high
degree of con]version is necessary. The design and optimization"
of plasma reactors for such proce;’.ses requires a sound knowledge -

of the basic plasma cHaracteristics, such as temperature and

veloci%:y under differer;t operating conditions of current, arc

9 mn eeR A A bers s e
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length and sheath gas flow rate.

P
v
- «

Precise diagnostic techniques to "

determine plasma characteristics are,’ therefore, a necessity lfor : ' " .
|

ow s i : »

fundamental, studies. ' : \

e

1
3 ¢ ™

.
E}

The gemeral aim of this thesis was to develop simple.but -

accurate diagnostic techniques and to use them for the deter-

[

mination of the basic characteristics of a tranmsferred arc plasma.

AN

-

i In accordance with current practice, this thesis has been

s

' . written as a number of individual secfiions, which are 'complete in
' ' i

by~
l ) themselves. The two main sections of the thesis are: ' - X
) , A
i) A review of the pertinent literature in the field
of plasmas and measurement techniques. . -
i T 1) A report of the experimental determinations of ) ,
P - ! .
£ ! ' .
r the bdsic characteristics of a transferred arc
. argon plasma. ;. e \
- N b
oo ' ' ‘ A\ "
5
. / -
! ! g )
. ]
. 3
' K
)
,; | »’x
] / - £
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! ’ \ ’g‘n':t
¢

- -




.

- - A e cymp i e USSP TS O i3

i

e

=1
1S]) . K

z -4}

(5T} ) . .

[=]]

=1

AW




I e

AR e T

»

- INTRODUCTTON

The review of the literature presented here is divided
into two parts:.. a description of plasma phenomena and of plasma

generating davices, and a survey of plasda diagnostic methods.

¥

The first part will be concerned with plasmas in general, the

me;ﬁods for plasma generation as well as their particular

charaqtefistics, and the applications of plasma. techmology in

chemical and metallurgical processes. A short review of the
1 vooa
studies on plasma transport properties will also be given

because of their relevance to the present work.

.

The second part will describe the various techniques used

' in plaswma diagnostics. This part of the re§iew will be limited to

[

the determination of the two major plasma flow parameters, namely
. i |
the temperature and the velocity fields.\ A stronger emphasis will

be placed on the measurement of temperature because of its |
importance in this work. A brief review of the methods used for

|
the inversion of lateral measurements to radial measurements will

"be presented also. Finally, a brief background on\jet entrainment
. - ¥

will be given.
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I. PLASMA PHENOMENA AND PLASMA DEVICES | .
GENERAL o !

A review of the plasma generating devices and of their

operation and chax:acteriStics ¢an be %ound ‘in s;varal book; and
review articles that have recently appea;'ed Amongst the boolis,
the ones by Baddour and Timmins (1967), by Gerdeman and Hecht
(1972), by Hollahan and Bell (1974) and more rtecently by Hovatsonv
(1976) are the most pertinent.\ of thP: review articles, thosé of
Landt (1970), Wurzel ahd Polak (1970), Sayce (1971, 1976y, Waldie
(1972 a',f:),v Bonet (1976), Wilks (1976), Rykalinl (1976, 11937),
HémPlyn (1977) and Aubreton and Fauchais (1978) are the most
relevant to this thesis. The interested reader is also referred
to the Ph.D. thesis of /hﬁnz (1974) in VhichJan extensive review of
pla%ma d:avices, both those which are useful in small laboratory

exp, riments‘, and those which are considered for commercial

operations, can be found.

The following section 1s intended to provide a gunmary /:t;’f

W f

he available information which is pertinent to the present work.

EFINITION OF PLASMA

The term "plasma" refers to a mass of gas in which emough ‘-

1

atoms are ionized for t:he free charges to have significant effacts.

It is on the average neutral because the number density of the

positive charges is equal to that of the negative omes. The plasma
. :

\

x1
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may also contain neutral particles (atomic or moleculaxr) or may be

fully ionized in which case /all the particleg are charged. The : '
ions may b&a singly or quqi.t:}.ply charged. Unlike'’gas in its normal .

" v |
state, the ionized form is an electrical conductor and is thus i
‘ ' 7 |

influenced by ﬁ\tagne\t\ic and electric fidlds. |
\ a\ * u ’ \ ’

An importanit parameter is the degree of ionization, which

\
is the percentage of those gaseous atoms or molecules initially

present that has been decomposed into charged carriers. When the g

-~ .

plasma contains neutral particles, the degree of ionization is less

than one.

|
From the poiﬂt: of view of the universe, the plasma state

is actually by far the most qomnon form of matter [up to 99, per
cent in the universei (A, Kett;ani and M.F. Hoyaux, 1973)] and thus
is often referreﬂd to as "the fourth st,ate\of matter." It is also !
the most energetic gtate and is the source of the highesi:
continuously controllable temperatures available today. It has éhe
conductive pro;:erties of metallic materials; however, it is a ﬂ?
. {18

compresaible fluid and obeys the laws of fluid mechanics as well

as thoge of electromagnetics. s

5

R ik 5 ST e MES T e et

Plasmas are present in such diverse devices as fluorescent
, 4

and, neon lamps as well as in the huge machines for the study of
|
controlled nuclear fusion. They are broadly classified as told

plasmas (operating under vacuum) and hot or thermal plasmas
\ .
(operating ht\: or above atmospheric pressures). The edgrgy

J

4 \ -




' greater than 0.l7 (Howatson, 1976) and are at atﬁo“spt_xeric pressute\. \
e . ‘ %
PLASMA DEVICES ) :

" Plasma Generators) as in i'pductance,or capacit ce-géneratefi

” . li / \\ . ) "\\
X. \\ )
distribution between the:electroms, atbils and ions \{s more uniform \ o "

.

in the latter which makes it possible to characterize\them in terms \\

T B S AR A g1 DAt 3 il At e

of transport and energy-temperature relationships. N |

1 T : \ .
Thermal plasmas formed by electricgl discharges fypically ' “‘\ ;

have temperatures between 2,500 and 30,000 K and ionization levels :

They are those mdst relevant to high-temperature chemical and \

metallurgical processing, and for the purpose of this thesis, ' Lo
o > \ ' \

further discussion of plasmas will be limited to-this type. \ !

~ Classically, plasmas are generated between electrodes that

carry the current to the.plasma region. These types of plasmas are S \
, s

4

N &

generally known as "Arc Plasmas.” On the other hand, it is also \
¥

possible to generate plasinas without electrodes (Electrodeless

»

plasmas from a high-frequency source. In the following section,,

thase t!<o categories will be~-discussed in the order of incréasing .

relevance\to this study. ) ‘ N \ s

\ o

Electrodeless Plasma Genefators

. . .
set of capacitor plates, resulting in an inductive or capacitive

@

.
In thege types of genérators, the energy is transferred

from the high frequency source to ‘tHe gas by either a coil or a

»

coupling between the e.l.ect::::Lc~ and magnetic fields. The ionization

q !

[N .

Y-
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¢ .
is maintained once started, provided sufficient power is supplied.

a «

The absence of electrodes avoids ¢ontamination of the plasma system

v

with the possible evaporation or erosion of the electrode material, ° )

and permits the use of even quite corrosive gases like chlorine as .

plasma-forming gases (Biceroglu, 1978). ) ) !
, :

o

¢Induction torches are more commonly employed in plasmé
studies than the capacitance types. Following their first
description in 1961 (Reed, 1961), the induction torches have been '

1

used in such broad applications as l:l.\ght éources, spheroidization, -

crystal growing and chemilcal synthesis. The reviaw paper by Eckert

{1974) contains a full description of such applications. In the |

- -

McGill Plasma Laboratory, radio—-frequency induction torches have ' i\
\ i . \
been used both for chemical reaction and for heat-mass transfer

a
i

studies (Munz, 1974), (Sayegh, 1977), (Biceroglu, 1978), (Vannier-

Moreau, 1980) as well as a source for laser-doppler anempmetry

PR

improvement studies (Ho, 1976). ' o

Ve

The plasma produced by induction torches gemerally shows -

AN

EAE AN Y %H,-@,\\.»-'Ww‘kﬁ\wvwcdﬁw Do AT Fhe vy et
L

two clearly distinguished regions: the firebzall in the region of

'the coil [with temperatures ranging from 7,000 to 11,000 K and iy

o R T,

velocities from 50 to 250 m/s for argon (Eckért, 1974), (Lesinski

et al, ~l979)]’ and the plasma tailflame re%ion below this fireball,

-

[températurés typiéally around 2,000 to 5,000 K, and velocities
around 6-12 n/s (Sa‘yegh, 1977)] . The temperatures may be raised

somewhat by dperation at pressures above ambient and the velocity
g - |

»
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of the tailflame may be increased by.the use of a constricting

»

‘nozzle. The power efficiency of indui:tion:torches is considerably

lower than that of electrode devices similar in size (Sayce, 1971), .
o ( .
(Harry and Hobson, 1975). This is due to the energy losses ,

agsociated with the various stepg involved in the generation of .

high frequencies. 'I':ne radiation losses are also greater due to the
larger volume of the plasma generated. In addition, the capital
Cost per operating kilowatt is qt;ite higher than for most of the

dc arc gystems.

S
-
- &

If it is desired to introduce solids or gases into an
induction torch, two approaches are possible. Ome method is to

. | i
,inject them directly into the fireball. Although the temperatures

°

are highest here, the presence of upward recirculation flow (caused

i

‘ by magnetic puinping which will be explained in detail later on)

Q

poses several difficult es. ‘A study on the mixing of an argon

plasma fireball gnd a‘surrounding sheath of hydrogen or air by ¢
Dundas (1970) showed that very little mixing occurred between the b
two flows. As pointed out by Boulos (1975), forced throughput of =
p‘owdg;'s"ox gas does not aid in entraining ‘the particles. In AN

addition, the added leat load causes instabilities in plasma
generation as found by Huska (1966), Warren and Shimizu (1965) and :

f , .
Charles et.al (1970).  H Solids or gases may be injected more

1

' fuccessfully into the tailflame of the plasma. However, the

temperatures in‘that region are lower and thus this scheme is only

e

*._,‘ a_dvaqt‘:)agéous\tfor the treatment of solids which might otherwise

- : ;

"
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a reactant, the electrodes are well cooled and the constriction

S o T e T

Al

evaporate at higher temperatures, or where it is desired to

maintain a composition in the tailflame which would gemerate too

et e e a P wHadeated

much heat if introduced into the fireball (Reed, 1967), ° .

In summary, it would appear that the electrodeless plasma

torches are only suitable for laboratory use for sbasic kinetic or
3

heat transfer studies in which eliminatioh of the contamination

from the electrodes is essential.and precise control of the plasma

1
1

is desirable.
el
Arc Plasmas

The common feature in all ar¢ plasmas is the presence of 7

<

electrodes. Unless one ‘of the electrode materials is to be used as

-0

necessary to sqabilize the arc and to attain high te.mperétures is

‘achieved either by surroundix;g the arc by cold walls (wall- ( K
stabilized plasmas), oxr by surroundit&ﬁg he arc with a cold liquid
or gas which is forced co,flow into the arc \(AOr is cgnvected into

it by natural processes) and provid the species which constitute

e et e

T'::.:-&'P |
the thermal plasma. Although it ig posa;ble to classify arc / ' E o ?
plasmas in several waysl\ according /to the met:hond of stabiliza;Iorr “E T i %
+ (Baddour and Timmins, 1967), to fhe configuration of the electr des ) Z
 (Freeman, 1969), to thd method bf ignition (Hellund, 1961), to the / :f%
’ nature of the ‘power supply ( lyn, 1977), or to the curremt / | : k" et E
which they catrér (Howatson, 197&%, in this review, for simpli ity, i %{

!

they wq.;l be discussed under two headings: stationmary arc pliasmas

- e

o -
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C %
N and transferred arc plasmas. While the former will be briefly 1
: . e reviewed for the sgke of completeness, the latter will be dealt ‘

S

with in greater detail since the transferred arc plasma is the '

focus of attention in this thesis. - ’ !

®

Stationaxrv-Arc Plasmas

The most widely accepted version of this type is.the de-

jet plasma torch in which the'plasma-forming gas flows between an

inner conical cathode and a surrounding nozzle-shaped anode. The

~

arc struck between the electrodes ionizes the gas and is blown

e

through the nozzle by tlhe plasma-forming gas as a high temperature
jet [ébout 13,000 K in the core, with argon (Freeman, 1968),
‘ (Léwis and Gauvin, 1973)]. Basic de torches have been modified-in
\ a number of ways to provide more st;able and efficient operation.

The recent review paper by HambIyn (1977) gives an excellent ’

account of these attempts. When applied to the processing of )

f
.
<
3
i
F
¥
i
¥
*
H

\ : solid particles, the dc torch (and the statiomary configuration in

ST

. general) suffers from great limitations. ’

Ao oy

These :}.imitations arise from the following reasons: \ * \

-

1. A great percentage of the power is lost into the.

s O AR 1)

s

anode nozzle cooling, thus reducing the efficiency,
defined as the ratio of the power transferred to

gas to the total power input to the generator

o e o i o P by

(Sayce, 1977).
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2. Injection of particles into the arc, if increased .
X ,

beyond a certain level, leads to instabilities and

/ . exceggive electrode erosion. Injection of particles

§:
s
1
N

outside the torch directly into the plasma jet
leaving the anode orifice is inefficient s*ince many
of the particles simply bounce off the boundary -

(Tylko, 1972).

[

I .
b3, , " The high velocities encountered in the dc jet give
the particles very short tines of residence (Boulos ‘
and Gauvin, 1974), (Bhattacharrya and Gauvin, 1975).
. The temperatuge of the jet decays very rapidly

~

w3
(Lewis /and Gauvin, 1973) and is not sufficiertly

high t{o compensate for these low residence times.

4. Product collection and recovery is a problem in’

these plasma systems. .

Transferred-Arc Plasma

. -

This type of plasma has only& Eecently begun to attract
attention and differs from the stationary version in a} number of
ways. In transferred-arc devices, tlie arc is formed between
rather widely-separated electrodes. The greatest d;Lssipation ,'gf
electrical energy here is at the anode face. If the anode is madeQ
the work piece (as-in the casa of metal cutting) or the ureéctang:,

the energy efficiency can be made qﬁite high since the anode isg

“ —

~
i

b
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| .
not water-cooled. In most cases, the arc has to pass through a

constricting nozzle. This nozzle may remain disconnected at a

floating potential or alternatively may have a small current

flowing through it (Tylko, 1972), (Mercure et al, 1977).

The presence of tﬂis nozzle and of comvective currents
(which arise due to magneto-hydrodynamic forces) tends to
constrict the transferred arc. As a consequence of this, the
arc is almost parallel over most of its length and is characterized

by’ a high temperature and h&gh velocity together with a high current

dengity (Stojanoff, 1968). In addition to the factors common in

all the aforementioned devices that influence the operating
characteristics (power input, therma% losses, chemical and physical

nature and flow rate of the gas), the transferred-arc plasma

characteristics (temperature and velocity, in particular) are also

~

influenced by\the arc length and the degree of the arc comstriction

(Sheer et al, 1969, 1974).

B
t

For the ignition of the arc, a low current pilot arc

1

between the cathode and the nozzle can be ﬁsed (Mercure et al, 1977),
or alternatively, the main anode can be brought‘very close to the

cathode and a high-frequency arc can be struck between them (Sayce, -

1976) . .

)

The basic design of the transferred arc discussed above

~

has been the object of attempts to refine it, from the point of view

of improved industrial applications. As mentioned earlier, the
Loy

(-
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i

diameter of a transferred arc tends to remain narrow and the

plasma column thus exhibits high thermai gradients. One

1

possibility of overcoming these disadvantages lies in the expansion
of the plasma column. Such an idea is by no means Lew and indeed
its principle was described by Weizel and Rompe in‘1949 and
Finkelnburg and Maécker in 1956, not Eo mengion others. Basically,
it gtates that an electrical discharge may be stabilized along a
linear péth and expanded centrifugally by a hollow cylinder which
surrounds the arc colummn and rotates around it. In this Qay, the
viscous drag forces iﬁteract with the boundary of lhe arc column
expanding it radially outward. Audsley ;t al (1967) and Whyman
(1967) used this principle in their cylindrically-expanded,
rotating-wall, direct current plasma furnaces. The cathode
geometry that can be used for such a system has been described by ‘
Bryant et alu(1969). When exp;nded, it was argued, the plasma
region would create low gradients of temperature, velocity and
viscosity. Though the solid particles were fed by grgéity through
a hollow cathode, their design utilized magneto~hydrodynamic

i

streaming to carry the powder imto the arc column. Tylko (1972)

ériticized the above configurations as being very difficult to
scale-up and described a transferred-arc furmace in which the
plasma column itself is mechanically rotated around a ring electrode
acting as the anode. The feedstocks were inje;ted througﬁ two
diametrically opposed ports pointing to the top of the supposedly

/7

conical plasma column generated by a circularly-oscillating

. [
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cathode (the so-called Precessive Expanded Plasms). The appli-
cability of this design to Héterogeneous reaction syrstems is being

gtudied by Tetronics in collaboration with the Foster—Wheele}'

3

Corp. in Farringtom, England, but it is now‘recognized that a
céhtinuous conical-shape sheet of plasma is not formed by this
;qtgchnique. Another method for expansion of the plasma columm is
to u's‘e an external rotating magnetic field (Maniero et al, 1966).

In spite of its appérent sttractiveness, this approach ha{s not

[

received much attention.

\ o

I
'

From the information given so far, it is obvious that the
design of the torch must be closely coupled with that of the
reactor it;elf . 'Sayce (1977), Hambiyn (1977) and more recéntly
Aubreton and Fauchais (1978) have described several different forms
of ﬁlasina. reactors that use the transferred-arc mode. They
unanimously agree that the systems in which an arc is struck

between the cathode and a wmolten feed, (serving as the'anode) are

often far more thermally efficient than non-transférred plasna

1t

. [ ‘
jets. They further recognize that the use of a transferred-arc
system can enable economies to be made in the quantities of gas

consumed, and can also permit the heating of reactive gases using

. |
alectrode systems which are essentiallly non—-consumable. They also

N |
suggest that high-value, high—temperature materials processing

operations in the future will utilize either of the two following

feed stock injection techniques: injection of the powdered feed

near the cathode constriction, or tangential injection directed

r

N o
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down as a moltén film along the walls. s !

\

The' cathode design in transferred arcs is undoh‘btedly very °

important, ‘whichever injection technique is preferred, due to the

, fact that maximum penetration o‘f%the particles and/or the plasma

vfon%ing gas into the primary energy dissipation zone within the
arc column 1is required for maximum conversion and minimum coolingl
of the molten anode. Recently, workers in-the field have displayed
a’ great deal of ingenuity and creativity to this end. As Gauvin

et al (1980) have pointed out, the bulk of the work in this field
is being done in or for industrial concerns and is thus not

necessarily reported in the literature. Nonetheléss, the design
f A

approach of Sheer et al (1969) has probably laid dowin the under-

‘ A
lying principles for all \subsequent designs. Thei\r design | . /
consisted of a central, water-cooled conical cathode tlip surrounded
by a closely-spaced conical nozzle so that the plasma-forming gas . 3
was injected as a thin, reilati\w\r\leif;t;ipg; speed £ilm into the arc E

column, very close to the cathode tip. (L)ittle material loss was
observed fro_m tﬁe cathode since, they cléimed, it was cooléd by
convection. They called this configuration the Fluid Convective
Cathode [(FCC). It was fourld that if the gas impinged on the arc
column in the contraction zone, the‘ gas would prefere;xtially :antrer
the columm. (The elactromagnetic pumping utilized in this |
technique will be discussed later in greater detnil) Measureménts

havg shown that up to 807 of the gas so injected will enter into
[

\

P

-

taes . S0
g T

-

: %&@M, Bort e D




o
e e o et

_l% i

1

the co—ll.qgn. In a later publication, Sheer et al (1974) described

. a double shroud FCC for inje!cting reactive gases into the arc

G . P

colum. While a non-reactive gas ‘(a/rgon)\l is fed through the inner

y
nozzle to protect and cool the cathode, the reactive gases are fed

. i

through the outer shroud. They used this design for arc vapor-

ization of refractory powders injected through the outer shroud.

N

An interesting observation théy reported was that thermophoretic

. forces p'ut a lowe'\r limit to the size’of particles to be entrained.
\

\ *
They have not, however, conducted a study as to determine the change

X .
in the plasma characteristics due to secondary gas ani}(or particle

injection, as well as the extent of the penetration o ltﬂ‘s

injection.
5 ! Y
\ 1

N !I J
In summary, it would appear that)the use of transferred

Jo . ‘

! :

‘arcs in metallurgical materials Processing is advantageous over ’

e the other possible techniques for the following reasons: > , é

T N N \ !
1. ~ The inj\g\cted gases and particles are heated directly

by the arc in a minimum volume of gas at very high :

I

s

,temperatures. Higher thermal efficiencies and much E 5

i higher pl'article loadings are the;efore.possible. V *2
2. The product may be collected as a molten bathl in E}%

. - which case the anodic energy \d:l.ssipat:ion (a / :%
significant loss in non-transferred arcs), is used %

to heat the molten product. | ) %

H
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Scale-up 1§ simple since cathode cooling will be
sufficient even at higher particle inputs, and anode\l
eroéion, which ig a problem for other torcheg, is
eliminated.
)
\ .
4, Although complete conversion of all particles in

N

their flight in the‘arc is desirable, it is not
assential since the unrgacted particles will be
further \treated in the molten bath where thely are
retained over mucim longer residence times than

are posgible for in-klight: contacting treatments.

t

\
ELECTRIC FEATURES OF ARC PLASMAS

The electric arc can be described as a discharge
sustaining quite large currents (in some app_licat:f:ops, thousands
of a.ml;eres) maintzained by a comﬁaratively low voitage. Further, .
the voltage-current characteristic curve is of the| falling type‘
and the current density of the arc can be very high (hungired.s of
A/cm’\\) resulting in x;mch greater power density than other typ.es of
elegtrical discharges, (e.g., Townsend da;rk diécharge, normal glow
di:;charge). However, the characteristic that is often cited as
the most distinguishing feature is the low voltage drop in the
region of the cathode. Figure 1 shows a schemdtic representation
of the conventional arc, displaying in addition fﬂg—;;tial

distribution of voltage and current density along-the length of

the arc. As can be seen, the voltage drop across the discharge

\
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‘consists c;f threé portio;xs :, the cathode fall, the column 6potential
drop and the anode “fall. The cathode drop potential (Vc) is
somewhat greater thanq the anode droép (Va), which‘may bé absent
altogether (S?merville, 1959). Usually, Vc is of the order of ten} .
voltsD, comparable to the ionizﬁtion potential of the plasma gas.
Between the two e}ectr\odés, in the region referred to as "The
Positive Column" for historical ;easons, the voltage decreases
al;110§t lixiear:'ly, implying reasonably uniform conditions. The value

of thisuvoltage gradient depends on current, arc length, material

and shape of cathode and on the velocity of the cold shielding gas.

_Stojanoff (1968) reports a maximum value of 10 V/em for a 3 cm-long

argon arc plasma.

14

The( physical picturé behind the existence of thesz three
N

N

regions can be better understood if one looks to the thl;ée transfers .

that must be effected when current is to be passed between two
electrodes in a gas: -

o

!

a. " The current must be transferred -across the gas—cathode
junction.
b.. The current must be conducted through the body of the
‘ 8

" gas. This requires that the normally neutral gas must
be made conducting by the introduction of charge
. 4

cai‘riers, or by their creation within it, or both.

c. Finally, the current must be transferred across the

anode-gas junction.
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po‘Luive column, the properties are not much influenced by the
processes taking place at the electrodes while in the electrode
fall regions, the properties of the system are either strongly

mc;d:i.fi.ec‘l,a or completely determined, by thé electrode processes.

and cathode fall region are ndt well understood, and even for
particular types of arcs, it is exceptional that a given theory be

grm‘t\;ed the agreement of the majority of researchers, to say

The detailed mechanisms operating at the anode fall region

v

nothihg of unanimity.

Howatson (1976) present descriFtions of fhese theories. The Ph.D.

Q

It is, avident from this p’hysical picture that in the

|

Somerville §1959), “Hoyaux (1968) and

a

-~

thesis of Choi (1980) is also récommended for the ¢ritical review

of the models used to explain the electrode fall phenomena.

On the other hand, the positive colum is much better

N
understood.

the present work and for this reason, the mechanisms active in

It is also much more important for the purpose of

the positive column and the governing equations will be discussed

ro

AN

Energy Tr%gsfer Mechanisﬁ

i

This section is based on the taxts of S_omerv:{lle (1959),

©

 briefly in the following sections.

Hellund (1961) and Hoyaux {1968), and summarizes the m;chanism by

which electrical energy is transferrad into thermal energy in the

gas.

1
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The arc column conducts because of the presence of —

| \ charge carriers of both signs. It is important to note that the

S
B ;
[
¥ooa
“
'
e s A o s AW S A3 1 et et <

’, " number densities of electrons and positive ions are always

approximately equal (quasi-neutrality) and in this aspact of o }

;" “charge distribution, the plasma is closely similar to a metal

o« r
EN i

‘ \\ condfictor. The main carrier, by which thé external electric supply

feeds péwer to thearc column, however, is the electron constituent A
« Ly _ ‘
of the plasma. This 'can be understood as, follows. ' ey ’
o ° ' 5
The arc-current density (3j) can be written as the sum of T

the electrQn and ;I.on currents in the form:

a

.~

) N . :‘/ - ) ! , ay - - L '
. T~ \ j-neeve‘fr}fevi(A/cm)*gxa (1) ;
. ’;{ . r s ) ’ \? 3
: ~. Typical values_of the elactron and ion number density
(@, and n,) are 10'? - 10*%/cc (Hellund, 1961), (Olsen, 1959). .
» & . ¢ L< A

‘ " | Values of the electron and ion drift velocities (ge and v i) ‘depend

N R

~ 5. f -
. on the gas pressugé, temperature, and on the nature of the gas. PR

A e e oy e

. P f ' Olsen (1959) reports values between 0.5 to 2.5 x.10° cm/sec for
Yo for atmospheric argon plasma. The ion drift velocity is sm:'-.\ller
by a factor of the order of several hundreds (Somerville, 1959), due

to their greater mass. Thus, it 'remains true that the current is

°

carried substantially by electrons. Y

! - After the gap between the alectrons is bridged by some ° . '
) \ \
means, say by a high-frequency, high-voltage gap, the chain of -

events which occur is as follows: ffhe high voltage between cathodé

) o
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: Edaanode causes local ionization of the gas. Electrons near the

cathode are accelera;ted toward the anode by the eiectric field,
acquiring a sufficient amount of energy to ‘cause .’Lom’.zationI of any
atom of gas with whic-h they‘ collide. (It must be notad that in
such collisions, only a very small fraction of the electron's
energy is lost - proportional to the ragio of eiectronu to particle

mass). , The ionization produces. a further electron and an ion. ‘
PR T
The new electron is accelerated toward the anode, repeating the
; ‘J i3 l
ionization process. The ion drifts toward the cathode and on
impact liberates anotherx electron to start a new chain reaction.
L \
On the other hand, ions also pick up energy from the
. -
field and pass this energy along to the neutr§l molecules. As
2
emphasized previously, the ions do not pick up energy from the

field as readily as electrons due to their greater mass. Hence,

he electrons will always be at the highest temperature in the arc
) . o R
lésma, the ions much cooler, and the neutral molecules at the

lowest temperature. As a direct consequence of such an energy

!
exchange mechanism, in any arc plasma there is not a strictly

thermal equilibripm\between the various ¢onstituents. The degree
of departure depends on the gas pressure and temperature. Many
plasmas, howevei{a, are in a st:late which does not differ very much

from ideal equilibrium. \(r)ne denotes this state with the term

#Local Thermodynamic Equilibrium" (LTE). The state of LTE will

be discussed in the second part of the literature survey because

of its importance in the definition of the plasma temperature.
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A certain fraction of the energy input is lost as I

. N
B e R

radiation to the surroundings. This is due to the fact that some

P

of the charges of opposite signs come together, giving up emergy

in the form of radiation by charge coalescence. This loss increases
rapidly with pressure and according to Hellund (1961), is the
principgl effect at pressures greater than 107 N/m*. This subject

will also be discussed further in the subsequent sections. °

Apart from the fraction of the input energy lost as , ‘ (
radiation and as electrode losses, part of the electrical energy 2
1s used to accelerate :/the gas in ordered mction,( ’away from the
elect':rodes. This is caused by t:he magneto~dynamic effect of the , :
electric field oq the ionized gas. This effect constitutes the ]
magneto-hydrodynamic streaming, which is.the subject of the next ‘ / i

* 3

sect:i.on. -

+ %

MHD Streaming in Arc Plagmas "

. Magneto-hydrodynamics, MHD, is the science dealigé with

SR Tt T bt Ly

moving condulcting fluids in electromagnetic fields. With reference '
to plasma physitc.s, the word has often a more restrictive meaning,
notably that the plasma is xy'egarded as a unique fluid in which
charge/separations are disregarded; MHD ‘theories are usefu];_/;in
explai?ipg the pressue_grldients jthét exist .near the electr::d\es :
(termed as "magnetic pressure" or "ﬁaecker Effect" (Somerville,

1959_)] . This effect, in turn, is the basis of several designs

aimed at drawing the gaseous and/or solid reactants into the

v

s
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primary energy dissipation zone of the arc plasma (Whyman, 1967), .

gBryant et al, 1969), (Bhattacharrya and Gauvin, 1976),~(Sheer et
al, 1969). The following review is intended to be a brief summary
of the information given by Hoyaux (1968), Howatson (1976), and

Bhattacharrya and Gauvin (1976).

¢ N

Historically, when streams of particles were first
observxéd“coming fro;n one or both of the elfcttoées, they were
thought tc;’ be caused by rapid vaporization of the electrodes
(Somerville; 1959, referemce 130). It is only after Maecker (1955)
tl';at they were attributed to the compressive forces exerted on the
arc by its Ac;wn ﬁagngtic field.

«

The imposed e]:ectric field in the arc column creates, a
continuous discharge resulting in a high current flow which gives
rise to its self-m;gnetic field. A force, ctalled the Lorenéz
force, will be created and in the steady state, this force is

balanced by a gradient in the pressure P of the current carrying

particles, so that in general,

a

Fxd=w o / (2)

In cylindrical coordinates, taking z axis as the axis of

symmetry, the radial pressure gradiemnt is: |

I

3P/3r = I, By

where J, 1s the axial compoment of ;f_ and B, the’ azimuthal E In -

{

N
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other v;rords, a cylindrdical plasma carrying an axial current ‘of
density J, which produces the azimuthal flux density By creates '

an inward direct pressure gradient. !
P

Since B can be related to J using Ampere's Law, one can
integrate the above equation to find the profile of pressure caused
by a given distribution of current. Based on the average curremt °
density‘ of I/mR?®, the pressure distrj}&ution can, be obtained as .

(Bhattacharrya and Gauvin, 1976): ) /f \¥

P = 107 I3/%R%[1-(x/R)%] C(3)

N

The average‘pressﬁra is defined as follows:
P, = (L/mRY) X p(amr) dr (4)

The radial streaming velocity may be calculated from the r-momentum
equation. Neglecting the viscous forces and assuming the radial

velocity has no gradiemt in the z-directiom, one can obtain:

et = I;/l |

RRC L (5)
The maximum velocity V on the axis will be:

- 2 a '
Voax =21 /wa/ (6)

If the arc diameter is constri ted énywhere more than the
average (as it always is at the point of attachment to electrodes,
for example) then the current demsity, and consequently the magnetic

yressure will be higher at that poin cauaing the plasma streaming

o B

SR F et
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(Mgaecker,~ 1955). @Even though the pressure differemtial is only of
the order of 10° N/m® or l;ass, a streaming velocity sets in along
the axis away from the points of greater constriction. Velocities
due to this MHD punping are‘ typically of the order of 100 m/sec,
for a stagnant surrounding [Reed (1960), Goldman (1963), Freeman
(1968), and Bhattacharrya and Gauvin (1976)]. It has been claimed
that vhether or not there is a superimposed gas flow, this MHD

gstreaming would appear to control the flow, near the electrodes

(Freeman, 1968).

In: nduction plasmas, the Lorentz force produces a similar
magnetic comx;ression around the sides of the fireball. The
streaming is from the céntre of the fireball towards both ends.
(Boulos, 1975) andlcon'sequently opposes t‘he entrainment of any

* s0lid feed from upstréam or back4 injection from downstream, to the
hottest zone of the flame. It is oibserved Xthat the magnetic force
) o
is much highercin arc plasmas than induction plasmas. The magnetic
pressure in an induction device (Chase, 1971) is\ typically of the
———order of 0.15 N/m® (streaming velocity = 38.73 m/s at 15,000%),
whezieas in a high-current dec arc it could easily be 2.5 N/m?

(streaming, velocity = 158 m/s at 15,000°K) (Bhattacharrya and

N i s e e A

Gauvin, 1976).

It is evident from this review that the magnetic pinch
force is an important parameter in the design of arc plasma devices

where injection of gaseous and/or solid reagents ig required‘.
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~/!

Though the magnitude of this exces‘s magnetic pressure has little
effect on the total volume of plasma, ‘itsqinfluencel on the
circulation due to MHD streaming is siénificant. I)t/can be
concluded that since this force is very predominant near the
cathode of an arc ﬁlasma.‘ the MHD streaming of the gas can be .

advantageously employed in drawing the gas and/or solid reactants

into the primary energy dissipation zone. /

" Theory of the Arc Plasma i

“ The physics of the electric arc. is an e:‘éltremely complicated
(mixture of different kinds of phen_o{’ména: electrical, mechanical, (
thermal, radiative, atc. It ;; probably becaua;,e of this complexity‘
that although the theory of the arc plasma has received con-
siderable attention, even the best icnown models‘are strictly
limited as far as their validity is concerned and x‘nay not be
applied in an indisputed manmer to industriai devices. Nevertheless,
in this section an attempt will be made to summarize the information
given in the texts of Hoyaux (1968), Kettani and Hoyaux (]:973), 3
and Howatson (1976), basically’ for two reagomns: (1) to help in »
the interpretation off the results of this thesis and (ii) to lay
down some guidelines for future theoretical anaiyses of the
transferred arc plasma, which has not yet been done, to the best
knowledge of the author.

Lo
N °

l Y S
Similarly to the molecular and continuum approaches that
[

can be used in deriving the governing equations of motiom in fluid
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mechan:i.c‘s. one |can divide the analysis of plasma behaviour into
two entirely different approaches. One is the individual particle
motion and the other consists in viewing the plasma as a
continuum. The second one is gemerally kmown as the magmeto-

hydrodynamic approach. There is, hawever, a basic need for

’

establishing criteria ag to permit the choice of circumstances in
which one or the other a}a;{roach can be safely used.

N .

\ <

The first criterion\;;s the fraction of particles which

_exist in the ionized state in thermal equilibrium and is given by

the Saha equation: : )

1

oo, /n = (ankr)a/’/h3~[2U'(T)/U(T)]-e;p(-evi/kT) .M
The Saha equation can f)e uged to estimate the deg;’ee of

lonization in any hot gas, whether or not carrying a discharge, for

which equilibrium can be safely assumed. The variations of the

degree of ionization, X[= ni/(ni + na)] » with T is shown in Figure

2 for atmospheric argon (Howatson, 1976).

Before one can state that a plasma regime exists at all,

it must ba possible- to show that‘: the Debye radius which describes.

the 'ordering‘ of electrons about an ion is much less than the

1
dimensions of the plasma. Therefore, the following condition

5

defines the limits of validity of application of the term plasma

state’:

(Ankm/nee=)‘/’<<L L (8)

3
4
3
i
i
i
K
3
4
X
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5
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FIGURE 2

ACCORDING TO THE SAHA EQUATION

EQUILIBRIUM IONI
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* those of fluid mechanics.

Hare L is the smallest plasma dimensjon, generally taken as the

radius of the columan. (It isﬁie'ie ting to note that there is a
weak parallelism V;Letween Equation (8)) and the Knudsen number used

in fluid mechanics).

For the high pressure arc plagmas under investigation in

tl'lis thesis, the above two criteria suggest that MHD simplifications

|
‘|
|

Hoyaux (1973), Howatson (1976)]. '

CT‘A ‘be used in defining the governing equations [Kettani and

In the magneto—hydrodynamics approach, the behavicur of

the plasma c¢an be described in terms of ell's equations and

¥

a. . Maxwell's Equation

These equations express the relat

electric and magnetic fields in a medium. Since

nship between

?

these fields are functions of spaé and time,

there will be a need fror four relatk onships.

These ‘r”elationships are concerned with the
conse.rvation of electric charge, magnetic chgarge
and Faraday's Law of induction of electromotive
forte, and Ampere's Law which dafine th'e‘;n_wic .
field originating in electric curren s/ These

equations can be written in vector notation as

follows:

Sed e TR S e wr e
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T (9

| G E=0 (10)
vxE = -38/3t \ (11)

vxH = J+ 3D/t S (12)

The Material Equations

These relate tHe flux densities to the field vectors and

14 }
the current to the electric field (generalized Ohm's

~

., Law):
Ve ’/ ‘
// ‘ B = ef . (13) .
| § = u*ﬁ (14)
> - + -+ -+
J = g(E+cxB) + q¢ (15)
\ Equation of Stéte - !
Y
/
g (16)
Congervation of Mass
-, '1
3p/3t + Ve(pc) =0 ) an
‘ . - t
or: 3p/at +-3 {:Ui)/axi 0 "

Y

:

i S S an s e A0 e

2

Ll

o A s Rt oAt

.

i o Nt S NS PR 5T i Ao 3 bt ot e e
N




30 {
{
o, o s
. ' e. tonservation of Electrical Charge: )

4

3q/3t + -3 = 0 . (18) ;
. .

\ 4 ;

or: . 3q/dt+ aji/axi = 0 (18") X

» ) |

£. Momentum Transport Equation
] \ a
pDe/Dt =T xB - vir+ qE+p v E (19)

- - or, neglecting the effects of elec.tric and gravi-
e . metric fields, for cylindrical symmetry (Bird cet al,

L=

1960), ) b 0
a/at(pui) + a/BXi(pUin) = 31>ij/a\xj .+ (3 x 13)JL (20) . "
: . ' where: t

P, = ~8,_.P+n (3
. i1 13 n (3uy

an/SXj) - 2/3+n Gij BUk/BXk - (21)

-+
/axi

g, Energy Conservation Equation -

For constant pressure, steady state conditions, . )
~

neglecting viscous dissipation:

0 SR e T I reghe I TSR 7 S e s s e
£ R

oB? + Ve (kVT) - oC, VT =0 o (22

' In this form, the equation represents the mcdif;l.e";l



form of the Elenbaas—Heller Equation for convective . -

and forced flow. In general, one must also \

_introduce the radiative/,power term. With this

addition, for cylindrical plasma, Equation (22) . . <)

takes the form: | .

e mn st w s

S(T) + P cp(uia'r/z:)xi + Uja'r/axj) -

3/3%, («3T/3X,) + oE? S

SOPSUUR VR VR

* | The above set of equations has been used by several workers ]
tﬁeoretically .analyze differen}: forms of electr;é,?arcq. In most |
cages, radlation, self-magnetic pinch force and con\;ective terms are
négiected, and axisymmetric, steady-state, laminar flow is assumed = |
(Tophan, 1971), (Colig.n and Whitm;m, 1976), (Gvozdeﬁslsii and
Zrazhevskii, 1975). In the cases!when the‘radiative'tems was not ‘ =
neglected, (Topham, 1978) eﬁ;:iri;al relations we;e used. Herman et \

3 ° -
al (1974) used experimental temperature distribution in aicascade .

arc to obtain the radial brofilg of the radiative power. All of ]

these analyses suffer from the difficulty of agsigning empirical

equations to variations of g, n and x with temperature. The

calculation of these parameters will be discussed in the next
section. To conclude this section, it must be \noted that, to the

author's best knawledge, there exists no theoretical analysis of

\

a transferred arc "burning" in a jet of gas which emerges from a

convergi?g annular nozzle and impinges on a f£lat surface (anadé), ‘

N

‘ag used in the present study.

i
o '
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- PLASMA TRANSPORT PARAMETERS . \

¢

4
©
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e
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-The transport parameters that will be discussed in this

/ |
;-L/t:‘ion are the viscosity, the thermal conductivity and the hL
electric conductivity. While the methods and results for j
L viscosity will be dealt with in detail because of its relevance to

the present work, only references for the other two will be given,

for “completeness. -
< '

The literature on the estimation of viscosity for 1 =

-

¢

, partially-ionized argon is rather extensive. However, it can

l 3
be divided into two, depending on whether theoretical or measured '

) —" intensive parameters are used. In the ti‘teoretical gstudies, the ' é;

f T | & rigorous kinetic theory of Chapmad and Enskog (Bird et al, 1960) %

f L | is generaily accepted as the basg. Amdur and Mason (1958) and E

| f A : Svehla (1962‘) used this technique by ignoring ionization. It is i
N E | also p:assible to. use the simple kinetic theor;, by co_nsideriné a N §
) ° i)art’ially ionized argon plasmé to be a mixture of atoms, ions and f;,%
electrons, as done by Kimura and Kanzawa (1965). I,)ev‘oto (1967, a, g

. b), Drellishak (1963), Ahtye (1965), Mathur and Thodos (1963), and i

] ¢ .
Kanfgwa and Kimura (1967) used the rigorous method for binary

-
T

‘ |
mixtures (atom and ion in this case), developed by Hirschfelder et

al (1954). '

<

!
" On the othei‘ hand, ome can calculate the Viscosity from

the measured quantities. The complexity of the analysis variés

'

considerably, but basically the simplified form of the momentum

n o " ,

-] !
*

’ 0
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j equation written as:

i o -dP/d z = 1/r>[d/dr(rn-dU_/dr)] (24) -

is used together with tha axial static preéssure gradient and

. v ) .
veloéity profile to deduce viscosity. Bahador and Soo (1966),
Kanzawa and Kimura (1967), Stojanoff (1968), Schreiber et al (1970),

and Asinovsky et al (1976) used this method of analysis.

o

|

The vilues of argon viscosities at ode atmosphere obtained
. D '
by different workers -are plotted in Figure 3 for comparisom. It
can be concluded that the results of Devoto (1967) can be used i )
¥

safely for 8,000 < T < 20,000 K. ' g

\

For the thermal and electrical conductivity, in addition . -~
‘ \
to the already referred studies, the works of Oster (1941), Knopp -

S

’ \
g . . and Cambel (1966) and Emmons (1967) are noteworthy. The
‘ theoretical results of Devoto (1967) are again recommended\‘-\because ;
. \ i
of their agreement with experimental measurements of Stojanoff
T e '

(1968) .

s

PLASHA APPLICATIONS

The last twenty yeai:s have seen a cbnsiderabl,e amoimt of

research ip the field of thermsal plasma processing. The recent

AR

review articles by Rykalin (1976), Sayce (1972, 1977), Hamblyn

(1977, " and by Aubreton and Fauchais (1978) cover much of the

progress to date.’ In spite of the large number of patents which
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resultad/ from these investigations, very few commercial applications

have been developad. Before rgviéwing the latter, it is appropriate

|

Tto list the chemical and metallurgical operations in which plasmas

may be eu?p].oyed, with the most important references:

‘a. Cutting and Welding

[Ton (1975), Howatson (1976), Glickstein (1976)]. -

Sphéroidization and Plasma Spraying \
. 1

[Go;.d et al (1979), B‘oxjer (1978), Welch (1972),
Fishexr (1972)]. ' . | .
c. Melting |
[Bhat (1972), Borodachyov et al (1977), Asada and
Adachi (1971), Magnolo (1964)]:
Evaporation
[Sheer et 'al (1974), Bonet et al (1974), Angier et
al (1973), Everest et al (1973)].
e, Pyrolysis ' - | A
[Sheer et al (1979), Garratt and Littewood (1?79)].

Gas=-Solid Reactions ;

w7

[Thurnsfield {and Davies (1974), Rains and K;dlec
1970), Landt (1970;, Sayce and Selton (1972),
Biceroglu (1978), Fey et al (1979), He‘berlein et
al (1979), Munz and Gauvin (1975)].

g. Gas~Solid-Solid Reactions

[Sheer and Korman (1956), Matsumato et al (1970,

A

1971, 1974), Mac Rae at al (1976), Foster-Wheeler/

|
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Tetronics (1979), Pickles et al (1976), Goldberger ;
(1963)].

A,

Up to.very recently, the}use of plagmas as chemical
reactors on a commercial scale was limited to three processes: .
the production of acetyle;e'CLandt, 1970), that of titanium oxide -
(Arkless and Cleaver, L9§6), and the dissociation of zircom and
sand i{nto zirconia and silica [Wilks et al (1974), fhorpe and
Wilks (1971)]. Very recently, however, a trend has been obs?rved
for the proguction of ferro~alloys via the plasma route. A very
impressive éxample of this trend is the 26—t9n/hour, 19.8 MW ' T ‘

plasma steel-melting furnace developed by East German workers

[Fledler, 1976), Borodachyov et al (1977), Esser et al (1974)]. ‘%

Their design utilizes three plasma arcs transferred to the metal l

bath, and claims very high thermal and elgctrical efficiencies h ’ ;

s
i

together with easy control. Bethlehem Steel Corp. of USA [Gold et |

al (1975), Mac Rae (1976)], Foster-Wheeler/Tetronics of England (F-

" W/T, 1979) and Daido Steel Co. of Japan (Asada and Adachi, 1971),

‘
!
5
&
{
g
g
K
f
&
&
;

all have large cépacity reactors in operation, or on the eve of

operation, for production of ferro-alloys and specialty steel.
/

From these attempts it can be predicted that onme of the
major thrusts for plasma technélogy iﬁ the future will be the

gradqal replacement of slectric arc furnaces by their plasma

|

counterparts. On the other hand, piaamas have a potential domain

of industrial application,for the production of high. unit’ value,
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high purity metals, metallic ccmpounds and refractory materials.

CONCLUSTON ‘ > \
T ——— s

The literature on plasma te(;hnology discussed in this
saction indicates that the experience with lag:ge-sc’alé plasmaﬁ\
operations seems to have improved the prospects for tixeir industrial
commercialization consider‘ably. Because of \their advantages over
the other plasma devices, the transferred arc plasmas will play a
very important‘role in these applications. However, before the
desigr; of a plasma system c;n be undertaken, it is ‘imperative that
d much better understanding of the fundamental princisles under-
lying the operatiJan ‘gf transferred arc plasmas first be obtained.
Only then can the vast amount of kinetic data already existing
about ﬁigh—temperature reacﬁtions yielding a product of h;i.gh unit
value be used for the effective design and control of plasma

reactors.

II. PLASMA DIAGNOSTIC METHQDS

——mpt et

In one sense, plasma diagnostics are coexistent with the

whole of plasma research. It ig c’iifficult to think of a plasma

experiment which does not incorporate different means of sampling

N

and/or monitoring plasma properties. Indeed, one can sa;y that
progress in plasma research can be assessed by the development of

f [ o
its measurement techniques and the adequacy of the accompanyin’g(
[id ' {

. (34
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{’» ' ) ’ i
theoratical analysis. Because of this importance, therefore, it
is not surprising that plasma diagnostics are not the domain of a

%

i:\/"ﬂ——‘ single science only, but rather have a somewhat interdisciplinary

character, borrowing their methods from many branches of physies,

mathematics and engineering. B

The domain of plasma diagnostics is, in turn, very broad;
it includes the measurement of the micrc]:scopic properties such as

alectron and ion &ensities, and macroscoplc properties like
’ "

electrical and magnetic fields. From a chemical engineering peint

" of view, however, the tempeéat:ure and velocity of the plasma

stream are the basic parameters required for the study, design and
\ l .
control of the plasma systems. Thus, for the purpose of this thesis,

‘ the meaning of plasma diagnostics is narrowed greatly to include

only these two parameters.
|

. In this section, various diagnostic techniques used to :
‘- determine the temperature and velocity of the plasma are discussed.’
The texts, by Lochte~Holtgreven (\l@ggj, Taurin (1966), Huddlestome
and Leonard (1965), Herzfeld (1962), Howatson (1976) and Kettani

and Hoyaux (1973) were used as primary sources of information. L
\
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TEMPERATURE ‘

Definitions and Tech&gﬁes

i. Meaning of Temperature
- . ‘&
f A knowledge of the temperature of the plasma is. essential
3
for the study of the physical and chemical processes occurring in a 7

plasma. To fully appreciate this property, one has to understand
the physical definition and interpretation of the tempex\'ature of a

gas in general. ’

&
It is convenient to distinguish between the definition of
temperature as a thermodynamic concept, and the interpretations of

t\:emperature in terms of atomistlc processes of energy transfer. A

widely accepted def»i\.nition of temperature is the ome given by —

Taurin (1966) based.on fhe concepts of a thermodynamic state and

thermal equilibrium, as summarized below.

| :
An isolated thermodynamic system left undisturbed for a

suffigient time will maintain constant values of its state
variables (such as pressure and volume).‘ Such an isolated system
is\ said to be in "thermal equilibrium.; When two 1solated systems,
both in thermal equilibrium, but with different values of state

variables are brought in contact, either no change in state

variablaes is observed (in which case the two systems are said to

/" be in aquilibrium with each other); or-the state variables of both

[

systems change, and follow a transfer of energy, both systems

1
\
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|

A
come to equilibrium again, each with its own new set, of values of .

the state variaﬁles. Thus, it is evident that thermodynamif:

\

systems can be grouped in classes, such that the members in a
certain classr are in equilib;ium with each other. Such a ‘grouping
of thermodynamic systems into classes defines a va;riable which has
a certai; commén value for all systems in alclass, but different

values for other classes of similar systems. This variable is

N

said to be "Temperature,"

\
i

A gas éonsists of molecules - monatomic, diatomic, i
|

polyatomic. A plasma contains ions and electrons in addition.' Each

of these gas particles has a certain degree of freedom attached to
it (for example, excitation and ionizatiom, for an ion). Each

degree of freedom of the gas particles; can be regarded as a thermo-
R | j

- dynamic system, and each such system has a temperature. Under

normal ambient conditions, these degrees of freedom are in \
equilibrium and therefore one would expect the same t:emperatuw.{e, to

be given whatever ex;:erimental techniqu% is used. This lis not
necessarily true when considering plasm:a ['temperatures, since the

various degrees of freedom have different relaxation times. As a

- consequenge of this, in cooling of a gas from say 10,000 K to

1,000 K, the different degrees of freedom can get "out of step"
W

and it is possil\nle to simultaneously assign to a gas "temperatures"

differing by several orders of magnitude. ) , '

\—

In order to explain this situation, the various

e
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, interpretation of temperature and the main experimental tech-
' AN \
niques appropriate to each ihte\rpretation is outlined in the

3

follpwing sections based on the e\xts of Taurin (1966) and Lochte-
Holtgreven (1968)‘:‘ This is fo‘llowe}‘ y a discussion of the

concept of équilibrium and diagnostic tey

iques. Finally, based

on this comparison, some fundamental definitions required for the ‘
: ) \
technique used in this thesis are given. \

A\

ii. The Translation (Rinetic) Temperature \

The kinetic (translation) temperature of a gas is a T

measure of the mean kinetic energy of the gas particles. In the h

\ (

An = n 47 (m/ZwkT)slz exp(-mv?/2kT) v Av (25)

where n is the total number of particles with mass m, and k is

|

Boltzmélnn’s constant; the mean particle kinetic energy i is

\
related to temperature as follows: ‘

|
|

| E= (1/2) mv? = (3/2) k T* 26y
.
where v® 13 the mean square velacity of the distribution defined -by |
'Equation (25). The kinetic teﬁperature T* may be \defined as that

temperature which satisfies Equation (26), and thus is an index of

’
N\

N
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are equal 1s not always true.
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the kinetic energy of the gas. Note that the kinetic temperature

T* is an interpretation of the quantity T which appears in Equation

(23).

A common technique of measuring kinetic temperature is to )
3133? a solid (or liquid) device to come to thermal equilibrium with
the gas and to compare a change in some proper;y oﬁ the de;ice with
the transldtion temperature of the gas. Tygiéél devices are thermo-
_couples, mercury-in-glass thefggcouples and %eslstance gauges (Herz~

feld, 1962Y. These devites are susceptible to large errors because

the'assumption that the device temperature and the gas temperature

In thermocouples, for example, a

\
correction has to be made to account for the heat losses from the

-

Junction by radiation and conduction through the support. Bradley

and Mathew (1968) presented a model for obtaining actual gas

.temperatures from thermocouple readings. The largest limitation of

these teehniques is the restriction on the gas temperature level

(less than 2,500 K). Chu and Gottschlich (1968), Polyakov et al
, | . ‘

(1978) and Chevela et al (1975) used thermocouples in the regions

of the plasma where the kinetic temperatures werelbe}ow 2,500 K.

l
\

b
iid. Rotation-Vibration Temperature '

A diatomic molecule consiats of two atomg, the nuclei of
Sl !
which are affected by intermolecular forces in such a way that the
nuclei vibrate about eeuilibrium positions along the internuclear .

axis. At the same time, the nuclei rotate about:their common centre
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of mass while the electrons describe orbits about the individual n

attms. The total energy of the molecule can be assumed to be ~

.composed of the contributions of the electronic energy, vibrational
. ,
o v ' energy and xotationmal emergy. The distribution of this energy is .

\' governed by the Maxwell-Boltzmann Law and it is thereforé possible ’
\

[

.

to define the rotation—vibration temperature as directly proportional

b
to the mean rotation-vibration emergy. The rotation—-vibration.

©

temperature 1s determined from the measurements of the intensity of .

23

., the molecular lbanda. This requires the knowledge of electronic
trangition probabilities of diatomic Jbands. The experimental
detérminatio;zs of the latter are scarce and contain uncertainties

. i (Lochte-Holtgreven, 1968). There‘fore, the method to evaluate

\

temperatures of plasmas from the intensities of the bands (rotation-

’

vibration temperature) is applicable in very few cases only. Smith

\\ and Churchill (1965) and Morgan and Nicholls (1970) used this method

2 AT Tmhy e .
.

for argon*nitrogen mixtures and both could only claim an accuracy
of +20% for their results. \ v .
oo i L .

tv. Electron Excitation.Temperature : : S

o

An atom can acquire energy in the form of electronic

| excitation. 'This gain in potential energy dccurs when epergy %

' gained by colligion causes an orbital electron of the atom to be %
relocated in ap orbit of higher energy wvalua. The electron in % ‘
this higher energy state may subsequently make a ap;':ntaneous ?‘f
transition to a lower level with the emission of a photon of rij;

)
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light having an energy equal to the difference in the energies of

53

tﬂe upper and lower level. The frequency of the photon is
proportional to this emergy. The intensity of the radiation is a

function of the concentration of the excited state which in turn is ‘ ;

| 7
a function of the temperature. This temperature is. referred-to as . - f r

"Electron Excitation Temperature.' The measurement of intensity of ;
emitted radiation from a gas forms the basis of spectroscopic .

temperature measurement (Taurin, 1966) and the several techniques
. ,

>~ employed in spectroscopi'cj diagnostics will be discussed later.
' %

) ' . - |

v. Electron Tamperature N

LS

In the same manner as in the case of translation (kinetic)
, .
temperature, one can assign a temperature -Ta which is’ proportional

-~

xSRI eyt e

' to the mean kinetic energy of tramslation of the electroms. It is
o { - ! '
° usually estimated from the variation in the current drawn from a

wire as the voltage bilas of the wire is changed. This is the basis \

of the Langmuir. Probe and various aspects of this technique have
been discussed at length'by Huddlestone and Leonard (1965), Lochte-"

Holtgreven (1968) and Howatson (1976). For high pressure plasmas,

use of Langmuir probes is not racommended (Schott, 1968). o
4
vi. Equilibrium
&
a The. system. of interest in this thesis is a transferred arc -

argon plasma which consists of argon atoms, argon ions and alectrons.

Following the previous interpretationa of temperature, one can

¢ ®
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o s consider two translation temperatures (for atoms and iogs), two
electronic excitation temperatures (for atoms and ioms) and one
- i i a

] ' \
_ ﬁlectron temperature for electrons. These temperatures will be

[

. equal if a state of complete thermodynaxnic equilibrium is, .attained /

in the plasma. Actually, on ‘a formal basis, it is improper to

— o e

» \{:alk about "'remperat{‘xre" unless all the degrees of freedom of a
gas are in mutuai/aquilibrimn On the other hand, a true thermo—

dynamié equilibrium can exist in a system only when it is .

. > . o °
*-f' ' ) ’ N <

- completely isolated and does mot exchange mass, momentum, oI

energy with the surroundings. In such a system, the total eriergy

-

; " content.is constant and the energy distributions for the' various
. . ‘ .

states are 'determined by a unique temperature.’ Each mechanism of. ' .

e K B Smdie o

henergy’ exchange in the system is exactly balanced by its feverse

(Aller, 1963). A 1abor§tory plasma system like the one uged in

<

N this thesis exchanges energy with the surrounding by em tting

% - radiation, and hence cannot be in complete thermodymamic ‘equilibrium.

Y oy ko g i s o
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; N .
; Relaxation of the strict definition of. equilibrium is therefore

-

AR ON

& necessary, if the concept of temperature is ever to be i!nvoked. -1 X
N 5 o - B
B . . - * f N &

“ It has been shown that temperature is a constant of ~ &

. Co equilibrium and in this view a temperature gradient, (an inevitable ' 8

» B - N

consequence of energy loss to surrounding) 1s a contradiction in

. terms. However, if temperature is regarded merely as a. property e
. ) ! )

- 5t ‘ of an energy‘distri,bution, which can vary in space, then_ the idea -
o Ve ' .
o of varying temperature can be accepted; moreover, if the . °
C - : ’ ' AN L . .
. G . distribution is not changing too quickly in space or time it will

o
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1
4 .

[ 2 ' . ' . * .Q
remain close to the-equilibrium form at every point (Howatson, v
! |

1976). So one {s led to the idea of '"Local Thermal Equilibrium" or

LTE. 'i‘hus, for al-plasma “axhibiting LTE, the velocity distribution
of the atoms, ions and electrons is Maxwellian, the distribution

of poapulation densities of excited atoﬁic states is Boltzmannian,

“

o

;md the distribution of atoms and ions obeys the Saha equation at
each point in the system (Lochte-Holtgreven, 1968). The radlation
fielci, however; is not black body (given by the Plan::k function),

but 4s a line spectrum characteristic of the element and is ’

x
P -

determined by the Einstein relation. A gradient in the local
1]

temperature may exist, but the relative change must be sufficiently
small so that a particle subjected to such a change has time to.

&4 - n
equilibrate. Then, steady-state distributions are established at

each location in the plasma, and the local temperature specifying

", these distributions has meaning. The change in temperature, in

effect, is continuous. Thus, the system can be subjected to a

i

directional flow of heat, mass and change, although at each point

. there is a restriction on the amount transferred such that it must

iz |
be small in comparison to the total content of the system.

) |
Similarly, there could be a time restriction on the interval of

!

neasurements in terms of the relaxatiédn time of the species. In

plasmas, LTE will prevail as long as collisional rate. i)rocesaes ;

among particles not directly connected with radiation energy

' N

transfer are predominant, the radiation rate processes being small

in comparison. Then, the distribution functions will be determined

-
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/

/

v

by particle collision//which tend to equilibrate the various forms‘

/

of energy distribution (Sampson, 1965).

\

LTE in argon plasmas has been the subject of many studies.

Representative of the theoretical studies is the work of Greim (1963).

Olsen (1963), Bober and Tankin (1970), and Niimura et al (1974) are

amongst -the workers who investigated LTE experimentally. Olsen
(1963) independently measured the excitation temperatures of argon

atoms and argon ionsand found them to agree in his atmospheric

pressure plasma. The conclusion, which always seems to be reached

]

© for plasmas at atmospheric pressure and above (Preston, 1976), is

that the system is very close to equilibrium and that approximately

thé same temperature can be assigned to translation, electronic

excltation, and iomization. In the cases where departures from LTE

are observed /CNiimura et al, 1974), it is generally restricted to

|
the e}e@e regions and to the arc peripliery. A\fg stated by
— h '

//’faﬁrin (1966), the importance of non-equilibrium in spef:troscopic,
temperature measurements hasI sometimes been exaggerated. A
spectroscopic anomaly which might be caused by non—equiliﬂrium will

" often turn out to be caused byﬂ‘self-absorption, severe temperature

gradients, or the use of incorrect spectroscopic constants in

calculating the temperature. °

Before concluding this section, the wofk of Dundag and

Thorpe (1969) on the effact of electron’ conecentration, gas pressure

and ratio of electric field strength has to be mentioned. They

‘
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v Ao

; ( found that at hilgh electron density (>10f°/um?) .electron and

\,

: N~
; . . translation temperatures agree, but at lbwer concentrations, the

o
R IR SRS NIRRT AR S e

o

- electron temperature can be an order off' gnitude higher. The same

effect appears with decrease of presspr ., At high ratioes of

— ,m..‘mm

electric field stredgth to gas pressure I>l(v/nnn)/(mm Hg)] the

electron temperature can be two orders of magnitude higher than the

5,

translation temperatufe .

2

DIAGNOSTIC TECHNIQUES FOR PLASMA TEMPERATURE °

0 Temperature measurements in plasmas can be made eithelf' s
with the aid of insertion probes, or by optical methods, or by a -
}, combination of both. | ’
, 1 . ¥
; i. - Probe Techniques ! ‘ '
é ‘ J, )
: In all diagnostic techniques which depend on the insert::‘kon
of a mate;ial prel:e into the plasma, there is always an irreducible, :
though in many cases small, udisturbance of the local plasma :i N
conditions. These methods, however, more than make up for this ;
disadventage' by (directl}) yielding loca]i information, usually Iw:l.t:h f:’%
good spatial reeolution. In many cases, also, an upper bound can ;%
be placed on the disturbance caused by the probe. ' ‘ 5

! ‘ ‘ .
The various probes used in the measurement of high

temperatures can be classified into three categories, according !
to Grey (1965): pneumatic devices, heat—flux gauges and calorimetric

(m* sampling probes. 'rlﬁ}e pneumatic probe relies on the app]\.icationl of

/
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) : the continuity equation to a sample of the unknown gas continuously

/

flowing through two sonic orifices. The temperature of the gas at’

: . . the stagnation 'pon‘.nt can be determined from (Simmonds and Glawe,

a

1959):

. - Ty.= (C1A1/Cada)* + T2(P1/Pa)? + Ca (27)

-

This requires that the pressures of each constriction
(Py and Pa), the temperature at the dowmstream comstriction (Ta),
the area and discharge coefficients of the constrictions (éi and gi)

and the valu,e of Ca (which is a known function of the ratio of the .

specific heats) are known.

sy w1 e

 This method has several drawbacks in that it needs pre-
calibration of chg nozzles, ideal isentropic flow must take place at
each nozzle, a certain degrae of suction is required when the total

L3

¥ pregsure is low, and the nozzle ratio must not change between

L ot T ST o am

calibration and actual operation. Since the nozzle ratio is a
function of the fourth power of the nozzle diameters, slight

, . , . L
4 ) expansion effects in the first nozzle (expected when measuring high LI
i 3 .

~

_ temperatures) can cause errors of the order of 1072 in the stagnation

1 temperature (Grey, 1965).

o s

- Heat-flux gauges measure the heat transfer rates across a
calorimeter surface (usually normal to the flow valocity) at a
. known or measured stagnatfon pressure. The plasma enthalpy or

. temperature is deduced from the heat flux with the application of a
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theoretical analysis. Thus, a prerequigite for this method 1is

calibration dr knowledge of the relation between the heat transfer

H

rate and the gas temperature. The main sources of error in this '
technique are inaccuracies in estimating heat transfer to or from
th? insulating jacket and the finite area of the gauge face

required for adequate resolution, which reduces the validity of -

L

o

AN

\' stagnation-point heat tramsfer assumption (Grey, 1965).

Calorimetric methods determine the local énthalpy of the
éas by cooling a small amount of samplg of the hot gas and measuring
the amount of heat transferred and the final temﬁe;ature of the gas.
Grey et al (1962, 1964) developed a probe called "tarefmeasurement

calorimetric probe" capable of measuring ga§ temperatures up to

| 15,000 K. The change in coolant temperature was observed for the

e e At e Tt e S bt o

case when the valve in the gas sample line was closed and when it
was open. The difference was a measure of the heat lost by the gas

' sample which in turn gave the gas temperature. The accuracy of this

-

method depends heavily on duplicating the flow conditions near the
b ’ .

probe tip in the flow and no-flow cases.

| -

In a later pé%er, Grey (1968) describes two other geometries

-

of calorimetric probes. He first points out that the above method

5,

S R B O i A i S ot

PR

can be used only in large heat flux environmments. . Its principle =

disadvantage, he maintaina, is lack of sensitivity at lower heat flux

conditions caused by small diffg;;;z;@ between two larg; numbers

(tare and actual measurements). For lower heat-flux conditions,

'
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-~

(~ ' the fully-isolated non-tare measurement probe was recommended. This

1

’ has an insulation section between the cooling jacket and the
- calorimetric part. The enthalpy measurement is then obtained
directly without the need'of a tare measurement. However, in very

low ambient pressure conditions, such as those encountered in most

hypersonic flows, the gas saxpple enérgy is so small that the coolant
flow rate cannot be reduced sufficilently to proéuce a measurable
temperature c}ifference. Moreover, the stagnation pressure is too
low to drive anl adequatelamount of ksample gas through the probe.

.. Under these conditioms, the sharp-inlet shock-swallowing probe was

*re:commended .

. \
’ AN

7‘3 Katta et al (1973) used an improved, double-jacketed no;x-

)
EY

tare proba, designed by Grey, for axial temperature measurements in

i

\

argon and helium plasm.;. jets, in the ramnge of 2,000 to 13,000 K. At

the high temperature level (12,000 K), the probe measurements agreed

with the gpectroscopic d‘ata'reported iq the literature, while the
¥ values in the lower range were confirmed by th;,rmocouple readings.
They concll;ded that the probe.was capable of good accuracy (5% error
estimated), but- great care had to be exercised in the setting up of

the coolant flow rates, making its use rather time-consuming. Its

' @
vulnerability to an aggressive gaseous environment was also noted.

Smith and Churchill (1965) measured plasma jet temperature
both spectroscopically and by a calorimetric probe. Their results

showed that reliable enthalpy data could 'not be obtained by using a

~
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sampling probe due to its dependency on the sampling rate. At too
{

low sampling rates, the sample is drawn only from the cold region . '

i

near the probe and at too high sampling rates a greater portion of l

- . . H
the gas which normally flows past the outside of the probe is drawn’ :

through the sampling probe. Both of these effects result in a lower

than actual enthalpy value. Differences up to 4,000 K were found

between the temperatures obtained by the two techniques. This
‘ diicrepar;cy was also observed by Chlu(iqzinski (1964). Similar
resqu.ts to those of Smith and Churchill were obtained by Hare (1972).
His results also showed that in- regions where both thermocouples and
ent_fxaipy probes could be used to measure the temperature, the
thermocouple always indicated signif.icantly—higher temperatures. i
This view, however, was contradicted by the results of Incropera and ‘
Leppert (19'6?) who measureq ‘radial temperature-and velocity profiles
in a dc argon plasma jet, using both calorimeter and spectrophoto- _ :
meter. ' They claimed that, as lomng as the flow conditions are - j
“duplicated for actual and tare measurements (they did not se;y how),i :

both results agreed within a/few per cents. ‘Spectroscopic methods

were found to be more accurate over 12,000 K. Below 10,000 K, they

agreed with Hare's fin&ings that uncertainties with probe measure-~

St b S TR

ment rise to excessively high values. They suggest, however, that

G e o e

pore reliable results can be obtained by choosing a su.“t.tableh

L3

20

cooling flow rate.
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it. Optical Techniques

t

\The spectroscopic techniques, which group together a
relativelzdlarge numbeé of.different methods, aée the most important
ones of the optical techniques used for plasma temperature me?sure*
ments. Spectroscopic temperature measurements based on Line

3 » .

Emission and Continuum'EmiSSEQQ will be mentioned oﬁly in this

.

section.

a. Line Emission

\
¢

As mentioned earlier, an electron 1s an excited state can
make a spontanecus Efansition to an orbit of lower energy value by
" emitting radiation. Such a process between quantized states
regsults in a characteristic spectral line. The volﬁme emission
coefficlent for this line depends upon the number of downward
transitlons per second, whiclk i3 expressed in terms of the
concentration of atoms in the higher excited energy level ﬁn and

Y

the, probability per second for the transition of interest A

3

(known as the Einstein"s spontaneous transition probability), and

upon the energy associlated with the particular transition, which is

related to the wavelength A by!

-~ -~ I3

En - Em = he/A - (28)

vhere, E , E = Energy of upper level n and lower level m
. o \
respactively, with respect to the ground level, h- = Planck's

constant and ¢ = speed of light.

e v s
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D et

‘The Einstein relation then for the line emission co-. :

efficient is (Lochte-Holtgreven, 1968):

N ' .
n €14ne = (1/4mA) he Nn Ahm (29) |

\

ke ek o n s ot obaig

o

Eéuation (29) does not depend on the.existence of anyl o L
equilibrium condition and only involves constants of the particular A .
species. If LTE conditions prevail, a Boltzmann distribution can .
be assigned to the populations of the excited states, and the number , A
densit§ of atoms in the‘upper statexgn is related to that of atoms

in the lower state N by:
-0 I

i}

N_ =N (g /g)) + exp(~(E_-E )/kT) (30)
\ \ X (i\\ ~
where, 8, go = gtatistical weight of the upper apd lower energy \3

levels, k = Boltzmann's constant and T = temperature.

Summing up the discréte emergy levels of the excited atomic
states up to the ionization energy, with the energy of the lowest

i

level taken as zero, the Boltzmann distribution becomes: B

T : : J

- . - S N
N, =N (q /U) exp(-E_/KT) l (31) | T
where Ea is the total number denmsity of atoms and Ea’ the internal

partition funttion of the atom defined as: . . ¢

Ry

U, * § 8y exp(~E,/kT) (32) ¢ R ¢

The atomic number density is obtained from the Saha
equation and the ideal gas 1dw. The partition functions for atoms

1
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{

and ions have been calculated by various workers (Olsen, 1961, 1963),

' (Drellishak et ai, 1963). The equation for the line emission co-

efficient becottes:

Elwine'. (17472 hc-gnAnm(l\‘I\a/Ua) ?XP (-En/kT) (33)
3 - \ N

Thé values of the transition probabilities, énm , are different for
each spectral line. In practice, for atoms like argon, they must
be determine& experimentally. Two experimental approaches are
possible. One is seeding hydrogen into the argon plasma; Since
the transition probabilitias for hydrogen lines are known from
qlsxantum mechanics, one can determine t;le plasma temperature. The
argon transition probabilities -are then calculat,ed from the observed
argon line intensities. The other te;:hnique, known/ as®the Fowler-—
Milne method, uses only the observed argon spectra. This method
will be described in the following section. Adcock and Plumtree\
‘(1964)‘ summarized varic/:us deternvinationls of argon transition

probabilities. For some lines, the values found by different

workers differ by as much as a factor of 2.

/

"Single~Line" Temperature Determination
~oingie—d: op

1

Equation (33) can be used to determine plasma témperatures

from the measurements of € ine’

if the transition probability of

the line is known. The calculation %by trial end error, however,

since _I_J_a and gl_a are functions of the t¥mperature. In practice, it

is somewhat easier to use tabulated values of g_a and y_a at the
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®

desired pressure and temperature, and prepare a plot Ofveline as a
. f

\
function of temperature. Under certain circumstances, a single line

can be used for temperature determinztion even if the transition

1

“ probability is not known. This method, known as the Larenz or the

-

Fowler-Milne method, makes use of the fact that the intensity of a

® line goes through a maximum as the temperature is increaséd.

w \

the exponentral term in Equation (33) increases with temperature,

While

ya decreases. The net result is that an ilnt:ensity max:otmum exis}:é,
say at about 15,000 K Now if ti}e plasma source contdins tempera;ture
gradients, and if the temperature is known to be above 15,000 K at
some point, the position of the maximum intensity in ‘the spectro~
's\;copic meast_xremexit corresponds to 15,000 K. The relative values of
emisgion coefficients then give the temperature distribution and
transition probabilitiés- This method of plasmé tgmperaturé

. méasurement has been used by Olsex; (1963), Knopp et al (1962),

L "Gottschlich (1966), Meubus (1969)\, and Incropera and Leppert (1967),
to 1list a few. The t:einperature determination from this method
suffers from the fact'tha;: the maximum of e¢(T) is not sha*.
Therefore, unless the temper;;ture g:{adient in the plasma either in
space or in time 18 very large, temperatures can be determined with

poor accuracy only (Lochte~Holtgreven, 19§8).' ‘

Multi-Line" Temgeratui:e Determination , A

\ .
\, .

\ By comparing the intensities of two (or ﬁore) spectrai

ylines. temperatures can be determined from relative, rather than

.
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absolute, values of emission coefficients and transition
probability. If two lines, belonging to the same atomic species,

aré considered, their emission coefficient ratio is given as:

¥

eline;/Elinéa = A;ﬂgx)\:/(AaSan) *exp (- (Ex‘En)/kT\]‘ (34) .

Thus, the partition functions and the number densities of

._LZ I_LC‘.

particles in the ground state a\ppearing in Equation (35) cancel

out.

As pointed dut by Welch (1972), the accuracy of the

temperatyre determination depends on the energy difference (E, - Ej)

" a8 can be se\én in the following equation obtained by differentiating

Equation (34):

o

AT/T = kT/(E,~Es) - A(ei/ea)/(e./ea) . (35)

Unfortunately, in many cases the energy difference (E, - Ej)
is belo\w Zev and in addition, the uncertainties in the values \of the
transition probabilities magnify in the ratio (Chuang, 1965).
Accuracy may be improved by averaging measurements of 2-line pairs.
This averaging can be done also by plotting the log (e,/e;) againmst
(E, - Ei) for several pairs, in wixich‘ case a straight line wiill be
obtained whose slope yilelds the temperature. But for increased

~

accuracy, the range of (E. - E;) should be as large as possiblé. ‘

A\cémplata \Iist of all the workers that used the "multi-

line" technique will not be given here since they are numerous.
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(” — The work of Adcock and Plumtree (1964) is quite represeantative. It S
o ¥ '
is gemerally preferred over the single line technique since the

! validity of LTE can also be checked from log-log plot (Richter, ' \
1965). However, a high degree of reproducibility of the plasma
source is required in order to collect the large amount of

e

Y

spectroscopic data necessary to reduce the random uncertainties in o

‘ the log-log fitting progedure and hence yield an accurate resultant

temper"aturé (Pregton, 1977). This may.explain the scatter observed

St aees o ower

in the results Mo% vatrious investigators including Carletomn (1970),
G}ickstein (1976) and Tidwell (1972).

“ 1] N
The requirement of large epergy differences of the upper

o

level (E, - E;) lead§S to the use ‘of lines from different ionization . -
~ 3

stages. Here again the mmber of atomic specie§ cancels, but.the

»

4 sum of é{:ates' U cancels no longex. ( In additionm, éhe transition
probabilities of the lines are requ:!:red and the ( rgument of Chuang .
b holds here again. It is interes{\i;ﬁg to note that ch (1975) in '

his Ph.D. thesis, used lines from different ifonization ot es but
) .

gnistakingly cancelled the partition functions, gi

s -

b. Continuum Emisgion ‘ ) \ , . 4

In the radiation emitted by a plasma, the discrete spectral .
) i \

lines are supérimp\cased ox\ a continuous spectrum. ‘ Continuum emission

gesults from transitions involving free electrons whose energy is_

-~

unquantized. There are two types of electron transitions: free-

. | < .
(} ) ‘free (or bremsstrahlung) which results vhen the electron undergo?s

’

#

b
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- captured, into the orbit. ¥

- from l}yd;ogan-like Behaviour, into consideration, and i{s generally b

g
£}

e

[

an acceleration in the field of another cha;ged/rmftigle,l and

free~-bound (or recombination) which results when the ‘electron is

i

@
b
a

For the free-free transition, assuming a Maxwellian velocity

“o

distribution of elg€irons with a temperature _’I_'e, the: emission co-

efficiené follows from Kramers' calculation as (Richter, 1968): ‘ ¢

5 eep(WT) = c,Ne/Tea(z.g 22N exp (-hv/kT,) (36)
1. . y i

vhere, C, = 16 ne‘/,(3c’(6'mn3k)‘/’) = 5.44 x}lo-“ cgs units. N, =

electrqn density, Nz = density of Mons at level z, z = nuclear

charge (z = 1 for singly lonized, etc.). . L ’
R y o R -

- Equation (36) is, strictly speaking, only v:alid for
hydrogen-like atoms. To apply to argon radiation, a factor @ !
G;(v,Te), called Gaunt factor, is intro_ducec}. Karzas and Latter

(1961) have 'calculatéd G, (v,l‘e) quantum-mecl;anically .

”

On the other hand, the emission coef{icient for the ' “

recombination or free-bound radiation is given by: \ C

efb(v,Te) =C, ne/'re*/“ z z’Nz gz/uz-;z(v,re) ‘
(1~ exp(-nv/k T )] , (31

v

]Here, again, zz(v,:re) is @ factor which takes deviatiors _

as Biberman factor (Biberman and Norman, 1960). Tha value of )

Ve

/
this factor, which depends much on the frequency v, and rather little
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L
on temperature T, vas later re—c¢alculated by Schllltrer (1964) and

. , |
experimentally determined by Schulz~Gulde (1970).

Taking free-bound and free-free transitions together, the

[ PR,

continuous Yadiation of plasma 1g described by:

-»

w«

h ::(v,Te) = c;l?le/(T;/’)-g z“‘Nz [G:z(v,'l‘e)exp(—h\:/k're)
+ 1, (0T) g /U, + (Lmexp(=hv/kI))] (38)

At high frequences {(ﬁv/kTe) >> 1, the continuum is reduced ,

to the recombipation coL-Ltinuum (Venugopalan, 1972):
‘l = 2 l 1/3. . ’
e(v\,Te) c1lz NeNz/Te z;z(v,Te) (39)

(where, for simplicity, gz/Uz is taken as 1).

At low frequencies (hv/kI) << 1, the continuum radiation

is emitted by the free—free transition:

g S AN Bl TS L
@

(I = culz? Nenz/me*/ 6 (v,1) (40)

Equation (38) or its simplified forms Equations (39) and
(40) (as in most cases) can be\used for temperature determinationm.
It has two important advantages over the diaghostics based on line
emissions: it is easler to correct for the optically thick plasmas
| (where plasma alraorbs some of its own r\adiatioﬁ), and it can be used
‘ even when t:he‘ plasma is out of equilibrium, provided that “the electron
velocity distributfon is Maxwellian (Venugoi:alan, 1972). However,u
on the average, the cont:‘inuum emissil}lon coefficient is gbout an order
' , “

N N
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of magn:!.tude lower than the strong lineg enission coefficients
(measured at the same Wavelengch) and thus integration over a wide
wavelength range is required introduén.ng the Eossibil:.ty of
interference from other sources of radiation (Huddlestone and
Leonard, 1965). Most'v;orkersﬂused continuum emission measurements
as’a check for LTE (by comparing with line emission), rather than

as a diagnostics tool by itself.
o i .

o
To-be able to.use continuum emission for the above
purposes, the values of G\ (‘,v,T ) and z, (v,T") must be known. As
stated by Schulz—-Gulde (1970), an accuracy of 20 to 25/ can be
expected for their values, which change between 1 and 2 for most of
the visible range. It i; thus ﬁot very surprising to see thba,t A
Olsen (1961) obta;l.ned very good agieement between temperatures
obéained from line emission and continuum emission measurements,
although he assumed unity for the correction factors. In his later
works (1962 and 1963a) Olsen used Fowler-Milne (or Larenz) method
(i.e., ori a normaiized basig) for the contimyum el;tission temperature
determination and thus ignored the temperature dependence of the
correction factors. A value of 2.3 was obtained for the whole teérm
in square {brackets in Equation (38) for 3535 A° (Olsen, 1963b).
This value was confirmed by the measuréements of Bott (1966).
Schulz-(l;ulde (1970) experimentally determined the value of t;_(v,Te)
and found very close agreement with the results of Schlllt:er' (1965),
in the spectral range from 2600 to 7000 A°,, He laasumed a value of

1.7 for Gz(v-,Te) in the range of his calculations. This assumption

ke
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is in agreement with Schnapauff (1968) who reported very small

variation of Gz(v,Te) with wavelength and temperature. Lapworth

L S O A S SR S

(1977) and Preston (1977) also used the values of Schlﬂﬁter and
Schnapauff for ;z(v,Te) and_Gz(v,Te), respectively. All of the
above workers only considered single ionization of argonu?i.e.,
z = 1 and Nz = Né?’ although the doubly-ionized levels do Become
important above 12,000 K (Olseﬁ, 1962). Thisl;ssumption further

[

simplifies Equation (38) since q, = Uz for sin g'ionization.

] 4

Miscellaneous Techniques ’

A third possible way of measuring plasma temperatures is [

v mani bl e

.the combination of the proﬁe and optical techniqués.’ A good

“

example of this technique, which has been demonstrated by Stojanoff

-
JU R RSt

v
bl

o * 2 SRR A e et el E TN IR W i

(1966, 1968) and Sheer et gl (1969), is the transient Fiber Optics

Probe. The basic motivation was to eliminate the limitations of the

techniques. (These limitations agﬁ the

subject of the next section). The probe essentially comsisted of a
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small ‘volume between the cap and the end of the tube. Into the ‘

. L
SR AT B8 - 8

far end of the probe tube, a fiber optics bundle was inserted to

+

transmit the radiation iuciﬁant on the esntrance surface of the bundle

P,

inside the probe to a monochr
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1 £

speed traverse mechanism (750 cm/sec). A linear potentiometer °
coupled witﬁ cixe drive ‘shaft indexed the posit;ion. The output of
the monochromater was fed to aﬁ; oscllloscope horizountally driven
by the potentiometer. The raﬁial intensities were first comverted
into the emissit;n coefficient and then by comparing with the
theoretical values, actual tempel:atures were determined. The most
imp;rtatrxt questions arising from the application of such an
immersion type optical probe for plasma diagnostics are the plasma
perturbations, the possible 'influence of the plasma velocity on
the flow pattern in the sampling gas (as Pbserved by Stojanoff,
1966), and the limited resolution due to the finite volume of the

sampling volume. The possible lossgof the plasma radiation in the

fiber optics by absorption is also another restriction of ‘the

above technique. ’

In addition to the above techniques, various methods exist
forlmeasuring mean temperatures, such as ;ttenuation of microwaves
(Herzfeld, 1962), velocity of sound (Hersfeld, 1962), (Carnevale
et al, 1961), electron beam excitation (Muntz, 1961), and density
of radioactive vapor (Ecker, 1951).J Recently, Cabannes et al
(1970) used separate determinations of gas velocity and impact
pressure to infer plasma temperatures from the Bernoulli equatio/n.

. Anestos and ﬁer;dricks (1974) injected small macroscopic particles
into the plasma and measurec_i the charge acquired by them tovdeter—

mine the plasma temperacﬁre. -Laser methods had also been used for

w}plamna temperature determination (Jelyashevich et al, 1977).
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COMPARISON OF THE PLASMA TEMPERATURE DIAGNOSTIC TECHNIQUES

l .
temperatures below 10,000 K. They have a limited resoclution

because of their finite size, and the great care required in

setting. the coolant rate makes their use time-consuming. The steep

temperature gradients and the small size of the transferred—arc

plasma considered in this thesis necessitates better techniques than
1

the probe techniques. Thermocouples, on the other hand, are
limited to a useful maximum of about 2,500 K (Kubanek and Gauvin,
1967), and aredsubjectltO'frequent burn-out due to oxygen

contamination.

. l .
The spectroscopic temperature measurements (e.g.,
excitation temperature measurement) require a spectrophotometer.
i

This equipment is large, non-portable and expensivg. The

!
measurements are time-consuming and the data resolution, as will be

!

§iscussed in the next section, are lengthy and rely on several
assumptions. These limitations can be eliminated if spectroscopic

principles are combined with probing technﬁques, as done by

Stojanaff (1968). = - D |
\ |

The other miscellaneous techniques mentioned give a mean

value across the sampling path. The inability to resolve the steep

gradients which can exist in a plasma, like transferred-arc, restricts

the applicability of these techniques.

A

L ¥

The probe techniques mentioned earlier are applicable for
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INVERSION OF LATERAL. INTENSITY MEASUREMENTS TO RADIAL DISTRIBUTION

p f y H
/ :

¢
a3 e 5 e MG s S b

. Theloptical systems used in plasma diagnostics detect the
radiant energy coming from a range of depths. The spectral

N
/ intensity of this radiation, I,, is related to emission coefficient,

Eyo (line or continuum) by: )

IA = f g, d1 (41)

1

where d1 is the incremental length in the direction of observation

through the source. Equation (41) is written on the assumption that

1]
¥

the radiation source (plasma) is "optically thin," that is, the 'self-

absorption of the radiatio\r\ emitted by the source is negligible.

P VS

(The validity of this assumption for atmospheric plasmas will be'

N,
discussed at the end of this section). In the case of a cylindrical,
\

Py A e e o

symmetric plasma, the intensities\measured along the chords (lateral

intensities) passed through the plasma can be converted into true

ez

~

{ i l radial emission coefficients by the mathematical technique known

o

as the Abel Inversion Technique. The geometfy aséociatediwith this

plasma is shown in Figure 4.°
. . |

T S S S BRI . I T T L

T

With the new notation, the specific intensity observed at

any chord position X in a plane of constant z (direction of plasma

k3

T

flow) is: i t '

N e S

o .
I}\(x.z) - £§° e}‘(r,i) 'dy (42)

v
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FIGURE 4
OF THE SPECTROGRAPHIC OBSERVATIONS
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The observed gpecific intensity _I_)‘ (x,z) represents an
integral of the emission through the plasma because of the gradieat

of g, (i.e., temperature). At constant X:

dy = rdr /y (43)
and since .
i
yz S (44)'
one can write Equation (42) as: .
) R 2 ayala
IA(x,z) =2 [ e.(r,z)rde/(x? - x7) " (45)
x A

1

in which R is the radius beyond which gk(r,z) vanishes. This

Equation (45) is a form of ‘the Abel integral equation which .can be

o>

analytically: inverted as (Perry, 1973):

g, (r,2) = -1/w—f§ (41, /dx)dx/ (x* - r=)‘/’; (46)
Since it is not convenient to express the measured _;_Agx,zz as an
analytical function, 'Equation (46) must be solved by numerical
methods. ' | ‘

Several numerical methods have been developed for this
{nversion (Nestor and Olsen, 1960), (Bockasten, 1961), (Barr, 1962),
(Pearce, 1960), (Maldonado et al, 1965), (Bohn et al, 1967).

° 1

Following Lochte-Holtgreven (1968), the different methods used can
. \

be c]\.assified into four groups as follows:

v e p—. ——
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Ll. _ Graphical integration

N N

2. a) Expansion of the Integral Equation (41) as a

set of linear equations given by:

N Ra 1
Ik(xk,z) = ifk a, € (ri,z) (47}

\ b) Or, using an inverse matrix:

N - L
ek(ri,z) = I by I (xk,z) (ZTS)
1ak | |
\ .
3. Expansion of the Integral Equation (46) into a set of
linear equations:
i . Nl‘ ' . N
e, (ry:2) = I B Ia (%, 02) (49)
i=k
4.

- Approximation of I(x,z) by polynominals

Berge and Richter (1966) showed that method (1) is too tedious and

. . \
not very accurate; method (2a) needs subsequent inversion, so

that method (2b) is to be preferred. With method (3), which has

been used by Nestor and Olsen (1960), and Bockasten (1961),

)
difficulties arise near the axis and edges where ;“Sx,zz is\ rather,
small.

AN
N
N

In addition, as discussed by Barr (1962), when the deriva-
tive is obtained, the noise in the data is amplifigd. The curve
fitting technique (4) can be done in ;pproximation with different
analytical expressions. Macdonado et al (1965) used this tecﬁniqne
for circula;ly;sjmmetric sourées, and later extended it for K
asymetric sourceQ (1966) . However, as readily admitted by the

authors, because of the various. parameters involved, the method is

. ]
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/
|

computationally very complex and time-consuming.

Barr (1962) sﬂowed that when using method (3), if the
order of differentiation and. integration is reversed, important !
improvements can be achieved in the accuracy of the inversion. The

5\
expression resulting is the Equation (48). He has tabulated the
values of the coefficients Qikfor N<20., His method is used in this

! N ¢ .
investigation for comparison of the techniques and is descgibed in

Appendix (4).

It must be noted that the methods (2) are recuréive in
character; thus, the numerical errors aré summing up. The resulting
error 1is not only of an experimental nature buF depends furthermore
strongly on the plasma profiie and on the number of divisions - -
dgbservations) used. In addition, in each interval, I(x) has to b;
approximated by a polynomial '{a necessity in method (3) glso) which

further causes some errors.

Whichever method is used for inversion;ugﬁe evaluated
radial distribution may deviate from the true diétribution for a
number of additional reasons. First, one has to choose a certain
number of intervals and the assumption that e(r) is constant
throughout the subintervals of integﬁation and independent of @
(i.e., circular symmetry) dées not satisfy the real cond;tioﬁs in
many plasmhs. In addition, in most case?,‘due to the’ﬁluctuationé
encountered in Epe plasma rédiation, only a time average of the J

N ]
function ;Agx,zz can be measured. Thus Ix(x,z) ig the derivative
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v

of an average quantity. [At this point, if one refers back to the
equations given for the relations between intensityoé radiation

and temperature, it ‘will be seen that temparatures obtained from

these averaged intensitles will be weighted averages that can often

deviate from simple averages (Burns, 1964)].

\

-

emigsion coefficient, it is appropriate to discuss briefly the
important as‘iﬂsumption that the plasma is optically thin. A body of
gas in which the fota‘l abgorption approaches unity in a certain
direction is said to be "\Optically Thick." Most gas discharges‘:at
o"r.:dinary pressoure‘, héx;ever. are optically thi;i, except for
‘abso:;ption" 1ine; and 1imi\t.ed regl?gns outside the visible spectrum.
Self—absorption at a certain wavelength can be checked in two ways:
(a) by using the temperature distribution obtained from spectral

lgl.xies known to be least absorbed, the distribution of emission

coefficlents and then that of intensity can be calculated,

“

neglecting absorption. These are then compared with the measured i

values (Olsen, 1963). Or, (b) by reflecting the radiation back
upon itself through the hot gas or pldsma by means of a concave
mirror. The intensity of the direct radiation plus the fefleg;ed
radiation will then be very neariy twice as great as thé dii'ecrt
radiation alone (after allowing for reflection losses at the

’ mirror) for all ‘opt:!.cally thin lines [Lapworth, (1974), Knopp et
.al (1962)]. When selecting the wavelengths to be uged for

' diagno:s\ti\.cs, it 1s important that the absorption characteristics of

v |

- '
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o o .
the plasma is taken into consideration.\ Knopp' et al (1962}, Ols'en
(1963), Morris et al (1964), Evans and’ Tankin (41967) and Lépworth
(1974) provide useful ‘guidelines for this purpose. Lochte~
Holtgreven (1968) gave detailed analyses of the cases. when the

& :

plasma 1is not optically thin. ’ » ‘ N

o

CONCLUSION
\

A single method of gas temperature measurement is by’ no
means available which can be used for the wide range of temperatures

existing in a plasma, without corrections or without quest:ionsﬂas

to the validity of the results. 4 o

> ’

Calorimetric probes“and thermocouples can measure
t:eaneratures up to 10,006 K only and their applicability in plasmas
is'further -1imitad bacause of poor resolution and associated
uncertainties. Above 10,000 K, 'specu:oscopic “mectxods are probably"
the most useful although the.y\" suffer fr\oum theJ assumptions N - .
associated with the data anal\ysis. In addition, bacause of ‘
turbulence and intrinsic plasma fluctuations, the spectroscopically
measured, temperatures are inescapably weighted ayeragas (Bunis,
1964 that‘:i can often deviate consi:lerabiy from simple ‘averages“andr

therefore yield spurious values. These considerations, fogefher

with the ge'ne.ral. c%iff.iculty of handling spectromaters, ﬂti‘ctat:e that a -

' A ' N\ y
liable diagnostic technique combining the merits of the proB’e and
" gpectroscopic metﬁods is requireq,\ with the chiaf advaﬁtages of \
relative simplicity and lack of dependencg on source symmetry. The’

4 \
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development and test of such a method is pne of the major objectives

° P k

. N

of this thesis. .
- 7’ 1 \ [ %
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Following Trokham (1968), the existing methods. for i

CAS VELOCITY ‘ :

RO

measuring the velocity lOE plasma flows can be classified into 't’11rée

: J
groups: kinellatic methods based on the time of flight of tracers;

dynaini? methods base:i’ on’ the interactions between the flow and an
insertesl pr/obe‘ ;r‘ an electric or magnetic field, and physicall -
methods baged on the quantitati%r'e assessgment of bhenomeﬁa occurring
in the tested zofle o; ﬂthe flow and which are a function of its

s

e 2 -

,Ve‘yl_f'u% - & '
Tracer methods pose some difficulties in obtaining local

measurements and in interpreting the results. The presence and : '

method of introduction of the tracer may also disturb the plasma.

e s § ST S SO B A e s

The probe techniques, on ‘the other hand; are simple and give good
resolution despite the fact that they disturb the plasma. In most:
cases, however, these disturbances are small. Physical methods’ are

the least accurate of the three, since they are indirect methods.

J \\

Wilen determining the plasma velocity by the tracer method, x i
one can either create tracers in the flow or imnject tracer particles
into t\:he'flow. .Chen (1968) followed the downstream motion of an

) \ >
intense plasma "drop" p:roduceé by a giant-pulse laser beam by deans

- \
of a streak-drum camera. Buoyancy effects and’'shock wave formation

o

PN o by




.~

. e

Lapnr T

e B aor TSRO £ S N OB SR o v g ey e et e

——

o

effects vere calculated to be negligible. Freeman etval‘ (1962)
determined’ the velocity /°f propogation o:f the luminous details in
the piasma jet by the time required to transit between photo-
multiplier statioqs located along the jet axis. They found that the
plasma fluctuations could be ascribed to temperature £luctuations
and to pregsure vaves. They were not able to 1_nterpret their

results in terms of plasma velocity.

Desai et al (1968) measured the \{e'locyity‘ distribution in

¥

an argon plasma by injecting borom nitride particles. The radial

@

position of the pariicles was determined by usi;xg a three °
: , ,

dimensional photographic technique. éﬁasé '(1§7i), Lewis and ;

Gauvin (1973) and Waldie (1975) also used similar techniques to

—~

N
obtain flow visualization and gas velocities. While Desai assumed

Y2

the particles moved at the gas velocity, the latter assumed
Stokesian flow around the particles at&d thus deduced the plasma gas

velocity from the particle velocities.

Gold (1975) described an opto-electronic method in which _
the optically and temporally-resolved measurements of the plasma .

luminosity was used to determine the velocity of the injected

particles as well ags the plasma. Sodium chloride particles were

" injected inte the flame and the velocity was theh deduced from

following the propagatfion of increased intensir/.’y. The "results

'
)

obtained are not very accurate gsince it was not possible to

determine the exact radial position‘of the particles.

. -
-
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Meubus (1974) used hydrogen as a tracer and was \ablg to

>determin°e the concentration profiles spectroscopically. These .

profiles together with temperature field were used in a simplified
material balance to determine argon velocity profiles. The argon

flow rate determined by integrating this profile showed 20%

’

. deviation from the actual value. . “

] ”
Bowman (1972) dropped a line of ball bearings through a

horizontal arc and recorded the horizontal deflection of the spheres

(about 3 m in diameter). Multiple drops through repeated arcs

enabled a deflection curve to be compiled. The radial variation .

s

of the aerodynamic ,drag on the balls could be determined by using
j<)
Abel inversion. By itarative techniques, the plasma velocity

cfistribution was the; determined. The results are questionable due
<
to the disturt/»/ g influence of the balls within the plasma as well

as the difficulty of assigning a temperature for drag coefficient

4

determination.

. /
Pressure probes are probably the most universally—-applied
N

devices for the méasurement of gas velocity. The subject of -

b3
pressure probes is extensively covered in the literature (Folsom,

1956), (Chue, '1975), (Beckér, 1974, 1975). However, the bulk of !
the work has heen carried out for isotherm;al flows and none of the %
above reviews deal with measur;ements in high—temper‘ature flows,
where the presence of a cooler prope disturbs not only the veloeity

field, but also the temperature field.

o

|
!
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Grey et al (196?) used a water-cooled probe to measure the’
impact pressuras in %n argon jet. Bernoulli's equation for ifcom-
pressible and inviscid fluids wa; then used to determine the
velocity distribution. This probe could also be used as a
calorimetric probe. »\Other users of this method included Katta et
al (1973) and Gol'dfarb et al (1967)/. In a study on heat and mass
transfer bétween a plasma jet and a gaseous coolant, Smith'and

. \
Churchill (1965) also used a water-cooled probe to measure the gas

velocity; however, they modified the Bernoulli's equation to take

. tge density variation into account. In the same laboratory,

“

-

. free-stream temperature and the third term at the temperature

|
5

Carleton (1970) carried out a semi-theoretical analysis for. the
stagnation pressure at the tip of a cold hemisphericai ptzobe. In
his analysis, the stagnation streamline is divided into two regions.
The flow region near the free stream is considered to be isentropic,

inviscid and compressible, and the region next to the probe surface

to be laminar, viscous and incompressible. The expression arrived

at can be written as: ' . \

ap U/2 + p U (8YP) + 2% +0.55/ /R
AP Pg g/2 Pg g/( Y g) Zng/R(l 0.55//Re) (50)
{

where Re,* UR p/ 1.

N

The first term represents the conventional Bernoulli

o
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dependency on velocity, the second accounts for compressibility and

the last one represents a correction for the effect of viscous
1
forces near the probe. The first two tj-ms wera evalua}:ed at the

/
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corresponding to the mean enthalpy of the gas. Thus, the

Vd

temperature correction was due to viscous effects and not densfty
changes. Maximum correction of 3% for compressibility and 147 for

the viscosity term was obtained by Carleton. 3%} -

\

Hare (1972) studied the effect of the pitot tube tip

o
e

excess of 1500°C. I;ﬁwaaﬂféund thﬁt the heat flux between the gas

B
« =
LN \

and the tube affected the pitot tube measurements for temperatures
above 1000°C. No quantitative description was, however, given for
this phenomenon. He recommended that for temperatures above 5000°C,

the equation suggested by Carleton could be used safely.

t

All of the above workers used water—cooled brobes and thus

the sizes of their probes were comparable with the sizes of the

S

plasmas used. To reduce the disturbances 6n the plasma, it is

$

desirable to use miniaturized probes. However, below a certain

diameter, it is not possible to cool the probes. A solution has 4

been suggested by Barkan apd‘Whitman (1966) who used 3 transient

uncooled pitot tube. A high teEponse time pressure transducer

(<0.001 sec) was commected to a small (<0.15 mm o.d.) uncooled,*

pitot tube which was swept through the plasma (=01015 sec). This

principle was }ater uged by Sheer et al (1969) who connacted the ) ”)
outlet of the pressuré transducer and of the linear displacement

transducer (which, in éurn, Qas connected to the drive mechanism)

to an oscilloscope which gave the stagnation pressure distribution b

4 [
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investigated the possible sources of errors.

directly. A Pace-Wianco model P105 D vatridble reluttance transducer

with a sensitivity of 0.001 _psi was used. The traverse speed used
was determined from the cold flow measuremeiits. These workers also
They concluded that
o i:he assumption of incompressibiiity, probe ablation effects,

variation with temperature of the gas specific heat rati&, exigtence

of radial and axihl pressure gradients, and deparfure froxﬁ adiabatic |

deceleration in tHe tubé have negligible effect on the results. For
.viscosity effects, howev:er, a correction had to be made following‘
Barker (1922). With this correction, the Bermoulli's equation takes

the form of: :

AP = 1/2+ p U? + 3/2 uU/a

(51)

This correction for low Reynolds number flows ‘has also been sug~ '
gested by Hurd et al (1953), MacMifllan (1954), Schowalter and Blaker

(1961), Sherman-(1953) and Folsom (1956). Chue. (1975) and Sayegh

-

—

and Gauvin (1979) used a pressure coefficient, whose value depended — —

on Reynolds number, to inc.lxide the effect of viscosity: .
» 0 /_;\ "

K

The work of Kimura and Kanzawa (1963) 1is also interesting.

' The stre@ming velocity in an arc was evaluated by measurecment of the -

‘drag on a small plai:e swept across.the arc. The plate was attached

to the diaphragm of a capacitance-type pressure sensor. The error

in the meagured stream velocity was calculated to be 17%.
V'

Amongst the physical methods used for velocity determinations

y
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in plasmas, the ones that are based on utilizing the Doppler effect -

5
’
N [
\

L R

are the most common. Bohn et al (1967) measured the Dopplar shifts

!

of spectral lines in an argon plasma jet with an interferometer.

1 . . /

These were then converted into velocity profiles. Lasex;L-Doppler P

FEE N
s

St ) e o, st ) B kasihii

anemometry is another technique that can be included in "‘\this group

of methods. This technique is based on the accurate determination
N < \
i i

of particle velocities by measuring the Doppler shift of optical . ;
radiation scattered by moving particles. The use of this technique

‘ ' in plasma is somewhat restricted by several factors such as the

method of seeding, material of the particles, cooling effe/ct:/gﬁ):&r( i

~particle and most importantly, how accu;.'ately the particles can

. fllow the plagh flow (Gouesbet and Greixan', 1979), (Todorovic et

[

al, 1976). A preliminary study has been carried out in these

?

' v

t

:

; ' ~ lahoratories and was discussed in more detail by Ho (1976).

H Some workers tried to model the flow cha:ﬁ/cteristics of
{

plasmas. Gottschlich et al (1966) proposed a model where the axial

e e B Aol e i TN s A1 L B B DA TR B P = 2 emam e s e

velocity of a plasma jet was calculated from the temperature profile

-
e

- Vo et

by a simple energy balamce. The flow was assumed to be axisymmetric
)

«
<]

Pt wderemtom

and unidirectional. Viscous energy dissipation and effects of
<

radiatton was neglected. The uncertainty in the thermal con-
. .
ductivity was reported to be the pri?cipal limitation. Meubus and P
\ -

. ' \ ’ 9
Parent (1969) described a flow model where the luminous profile "
equation, temperature distribution and gas flow rate were uged in

v ‘ the energy equation to de;eMne‘ the velocity distribution. The

a

(’*ﬁ estimated error was of the order of 252. Strachan and Barrault

iy
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Zaraxlxtonello (1957) are two standard texts on this subject.

_(1976) and Topham (1971) also solved the energy equation using .
the experimental values of arc current, electr:{c field, radius and

radiation losses. No experimental verification was given in both
: \ ) | “

cases. . X o o

B
=

CONCLUSION | -

}i‘ el :
As in the case of 'gas temperature measurements, the
g .

selection of the technique for plasma velocity dependsion, the range
involved and the acecuracy required. The transient uncooled pitot

tube seems to be the most appropriate for measurements in a

transferred arc plasma, basically due to its gdod spatial resclution

-

and simplicity. On the other I{and, laser-doppier anemometry appears

to be the candidate for future applications. \ i

117 v Al

IIT.  JETS

In t/his section, a summary of the work on jets which isi

of innnedi?te interest to this thesis will be given. Forstall and
Shapiro (1950) and more recently Ferri (1964) provided extensive

reviews on jets. The books by Abramovich (1963) and Birkhoff and

v .
)
Characteristics of Free Jets ‘

—
4

According to Abramovich, when a tangential separation
surface arises during the motion of a fluid, the flow of fluid omn

either gide of thls surface is called a jet. Any jet is divided’
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/ . .
into three regions, namely the potential core, the transition
/

region or the developing region, and the fully—developed region

where the jet characteristics are independent of its source.

4

In'most jets, the potential core region shows constant
values of concentration, temperature and velocity, along the centre
line. In the developing ;egion.‘ these thyee variables show a rapid
decay with axial distance. In near isothermal circular jets, the
decay has an inerse relationéhip with distance from the virtual

origin of the jet (X):

. U =c,/X ' (52)

m
. Tm - TO = co/X ‘ ) (53)
Cm - CO = Ca/X (54)

where c,;, c; and ca are constants.-
:

The vaiidity of these expressions for plasma jets, where
large changes in density (or velocity) result due to gas cooling,

ig doubtful. 1Indeed, Grey and Jacobs (1964) observed that a heated

" jet decays much more rapidly than an isothermal jet. Lemoine (1969)

obtained an inverse square decay for the centreline gas velocity in
an argon plasma jet. O'Copnor et al (1966) found that centreline \
values of concentration decayed more rapidly tham enthalpy, which
de\cgyed more rapidly th,an velocity.‘ Lewis and Gauvin (1973),

however, noted that the normalized profiles of velocity and

v e
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" was found to be slower than the velocity and temperature decays.

81

]

temperature are remarkably similar, with 90% of the decay occurring

with{in a distance of ten nozzle diameters. Thé concentration decay

&

‘

The radial profiles in the core région of igsothermal jets

can be expressed as (Warrem, 1957):

i\
\

, U =U r<Ty (55)
- — é_l 2 Y ; B
U, =0 exp [-0.693(r ri)/(rl/2 ] > r, (56)
L%
In the developing region, the radial profiles may be
répresented by a Gaussian distribution (Abramovich, 1963):
& - .
E - 2 )
U, = U, expl 0.693(r/r1/2{ 1 (57)
| ,f‘\\\ !
[where, for temperature or concentration profiles, Qr replaced

with AT or AC (difference between the values at a given distance in
the jet and the outer boundary) a with AT or AC (the cor-
T =0 0 ‘

regsponding difference at the centreline} of the jet)].

0'Connor et al (i;66) found that the radial piofileé of
veloci%y, enthalpy and conéentration are similar.at variopg axial
stations of a plasma jet in the developing region and can be well
represented by a éauasian‘curve. They also observed a departure
of the jet boundaries from the conical shape of isothermal jets.
The.curvature of their regults, however, was in the opposite
directién to that of Gray and Jacobs (19643. Another disagreement

betwéep their results is that the latter noted that concentration
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spreads more rapidly than enthalpy which, in turn, Epreads more
rapidl} tgan momen tum. The\fact that enthalpy spreads more rapidly
than momentum has been also reported by Corrsin and Uberoi (1949)
who studied circular jets of\Heated ai;, and more recently by

Kubanek and Gauvin (1968), and Katta and Gauvin (1973). ]

* [

Jet Entrainment

In addition to work concerned with free jets,; some studies

v

of entrainment in free jets are also pertinent to this thesis.

7
o

The gajority of the'work in this field is done with .
stagnant™anvironment. Donald and Singer (1959) observed that the
entrained fluid enters the jet at right angles. They found an
empirical expression relating the entraimment capacity to kinematic
viscosity and axlal distance from the nozzle. Their results,’
however, are strictly for isothermal jets’ and eve£ for this case
the results are doubtful since .they p;edict the same eptrainment
rates for the potential core and developed regions (X/d, > 15).

Ricou and Spalding (1961) develbped a new cechnique for measuring
total entrainment in axially—symmetric gas jets of various densities.

They correlated their results as:

my = me [0.32 X/do(px/oa)llzhl] . (58)

- ' ~ @
~

vhere m; is the entrained mass flux and ﬁm_fhe initial mass flow, .

3
rate of the jet. These workers also noted that buoyancy effects

5
Y

increased the entrainment rate but were unable to reach a firm

N . . .
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- conclusion. Hill (1972) confirmed that the rate of entrhimment is
L4 [
. constant in the fully developed region but found that the local -

entrainment rate, which is independent of the nozzle Re¥molds

number, is a strong fuction of axial distance in the core region.

He did not correlate hig results howaver.
CONCLUSION - |

There is a lack of agreement between several workers on

/ I 2
the variation of jet parameters. This disagreement could possibly

be explained by the complexity of the plasma jet systems and

: . difficulties encountered in the experimental te’chh*iques. -

1 .

v s
ol

The radial distributions of properties follow a Gaussian

curve in plasma jets. The axial variation, on the other hand, shows

-an inverse square decay, with concentration decaying faster than

teniperatuf’e and temperature decaying faster than velocity.

V.

The applicability of the limited data on the entrainment
in isothermal free jets to plasma conditions is doubtful because
of the presance of the bouyancy effects and magneto-hydrodynamic

forces. "+ -
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o _Einstein's spontaneous transition probability
f "
Av,Aa 7 - Nolzzle }ross—sectional area, Equat@n 27 i
o : i
" a. -~ ‘Coefficient, Equation (47) - @ ;
' a - Inside radius of pitot-tube, Ec\luation (51) ]
. . ) ’ ) =y
3 - Magnetic flux density (vector)

Q‘ P
b - ‘ Cpefficient, Equation (48) . 4
c ) - Concentration o 2
[ ' e . R }rw N }
c -  Speed of light ‘ ’ :

0 Jp 5 K

< -  Total macroscopic drift velocity of the plasma/' :i
‘ Cp - Heat capacity at constant pressure E
B j Electric flux density (vector) et o
do - Jet nozzle dlameter ) §
«-E’J' - Electric field strength (vector) \ ]
) - Electronic charge » f

E - Energy of level n with respect to the ground level !

. ! /

‘ % . = Gravitational field (vector)

8
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- Concentration of atoms in the excited state n -

- Radius

- Radial distance

- .
Lo

- Gaunt factor

Statistical wedight of the level n . .

~
- Magnetic field strength (vector)

- Plank's constant ,

N

Intensity of 'radiation, Equation (41 afterwards

-~

-~ Current &

- rrent density (vector)

Boltzmann constant

y
- Mass of electron

- Nimber of observations in Abel Inversion Technique

- " Number of atoms

- Electron, ion and atom densities, respectively°

@

- Pressure

- Total change

T K

- Radius at vhich property has half

.the centreline value

- Reynolds aumber, uD/v.

s e

- Radius of éhe edge of jet core

-
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L

Radiative power

Temperature

i

Time N

.

Pressure tensor of the entire plasma

Free~-Stream velocity

“

a

Partition function

Ionization potential

>

\

%tregmj.ﬂg velocity-

x

Electros and ion drift velocities,

/

I

-

*

‘e‘.spectively

‘Distance from the virtual origin of the jet

Equation (52)

u

Coordinate

Letters

N

L

Wavelength

Dﬁnsity

'

Nuclear charge

Biberman factor

v

«

Emission coefficient

-

Frequency (or Kinematic viscosity)

Coefficient, Equation (4§)
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Permitivity of the medium, Equation (13) -
!

/ . L4

Permeability of the medium, Equation (14)

Electrical conductivit{y, Eduation (15)

AN

Kronecker delta

Dynamic viscosity ' ,,,/‘/—_\\

Average viscosity Too.
Thermal conductivity -

Euler's comstant . . g

Property at—the jet axis )
- : : {
Property outslde the jet boundary
I
In r-direction ‘

In e-dire‘c\:jpion o

In z-directioﬁ s
‘.
In i-direction .
N\
In j-direct'ion k
i :
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INTRODUCTION .

The application of plasma technology to chemical and h
metallurgical processes has beeq receiving increasing attention in
thv\e. last two decades. Ome promising appl;c;tion is in the field of
benl\:ficacion of mineral ores.of hi(gh unit value. To date, h;)wever,
nost of the research in this field has been d;avoted to exploring
the technical feasibility of effecting the desired ,reactions unde;:'
plasma conditions, rathercthan op:t:imizing and cont\rolling the
plasma system so as to make it economically Lviable\ (Sayce, 1977),
(Gauvin et al, 1980). As a consequence of this and although plasma
generators capable of continuous operation at a power of several

g pegawatts are conﬂnercially availabfe, the use of p'lﬁasma rea;ctors
on a commercial scale is limited Eb a few processes: the Lo
producti"on of aﬁi\at'ylene, that of tita\nium oxide, the dissociation
of zircon sand ‘ancli the smelting operations in steel maiciné.
Rykalin (1976), Sayce (1972, 1977), Hamblyn (1977) and Aubreton
h and Fauchais (1978) have reviev;red the use of plasmas for high-
temperature heterogeneous syétems and they have unanimously agv.fe’ed~
that thé transferred arc\plasma in which an arc is struck between

‘the cathode and a molten feed (acting as the anode) is oftem far

!
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more thermally efficient than the non-transferred arc plasma (for
examplé, r.f. plasmas and d.c. jet plasmas). The injection
' ",
AN B
techniques used to introduce feed stocks into the primary heat

dissipation zome of the plasmas, as reviewed in these articles,

indicate that the cathode design in transferred arc plasmas is an

" integral part of the reactor design. In the past, workers in' this

|
¢

field have obtained various patents o'r% the cathode design.
-~
Nevertheless, the Fluid Convective Cathode (FCC) design of Sheer et

al (1968) probably provided the basic design' principles for most

~——

of them and stands as the only design suit\abie\for scaligg-up.

w’tll
T N4

LIS
wd

o From a chemical engineering point of view, the temperature

.

and velocity fields in the plasma column of a transferred arc are

the m\ost important parameters for the study, design and control of
the plasmé system. The Lit;’ature Review section showed that the
“transferred ar.c plasma has received little attention in this respec\t.
The work of Stojanoff (1966, 1965), in which a 3~cm long trar‘xsferred‘ °
arc was dlagnosed for the purpose aof obthining the transport -
properties of argon plasmas is a notable exceptionm. Although this
work demonstrated the effect of gas flow rate on temperature and
velocity fields‘, it falls short of being a complete diaggostic study
in that the effect of varying the arc length, which is probably the
most important parameter as far as residence times of particles
injected into the plasma column are concerned, was't;ot ‘studied. The
scai‘:ter of the transport parameters obtained by the author (Figure
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3, in the Literature Review section) and the large deviatiois from

S T S e

the theoretical values at high temperatures, raise serious doubts

about the'accuracy of his temperature and velocity profiles, °

W ctandm e

probably linked to the inaccuracy of his diagnostic techniques. - | )
) \ - -]

The diagnostic techniques used for plasmas show a

)

considerable diversity. For temperature méasurements, either

S d
1 ' 23

insertion probes, or qpticil methods, or a combination of both have

been used. The calorimetric probe is the most commonly us;d type p
. of the firft group and was mainly devqlopgd by Grey and co-workers

((1§65, 1965, 1968).‘ Other users of such devices have included

Smith and Churchill (1965), Chludzinksi (1964), Incropera and t

Leppert (1967) and Katta et al (1973)./ The applicability of such
utechniéhes for transferred arc temperature meagsurements is o ¢

res;ricted due to their measﬁrement range (below l0,00dlK),_their o ‘ . ;
- limited resolution apd their sensitivity to the setFling of the o j

coolant rate. The optical techniques, of which the spectroscopic

techniques are the most important, suffer fr?m th; fact that thé
measurements are time consuming and that the data analysis (asfin‘ o \\\i! i

the Abel Inversion) reqﬁire the assumption og‘circu;ar §xgmetry of |
7 . . . .

g
the plasma column (Lochte-Holtgreven, 1968). 1In addition, the - E

o

spectroscopically-measured temperatures are inescapably weighted

averages #Burns, 1964) that can often deviate considerably from E

J g
simple averages and therefore yield spurious values. These i
limitations can be eliminated if spectroscopic principles are ~

combined with probing techniques,/ as done by Stojanoff (1968). .

- & -
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N i For velocity measurements, again a variety of techniques s

N

s, 7

@ am vmaer

can be used;“héwever, the transient uncooled!pitot tube seems to be e
the most appropriate for measurements -in é téansférred arc plasma,

basica}ly due to its good spatial resoclution and simplicity. . , ;
Following.the recommeédatioéé of Sheer etﬁgl (1?69), a correction,

called Barker correction (Barker, 1922), has to be made for

» viscosity effects at low Reynolds numbers. .

.+ From the foregoing discussion, three main conclusions can v

be drawn. Of all the plasma generators, the transferred arc is the \\

°

most suitable one for chqgical and metallurgical applications:and . §

[ ° L

. . ' yp to the present time there exists no complete study of the
¢ R L

=

: ,,fwvi’" variations of the transferred arc ﬁlasma characteristics with the

ey an

v basic variables. In addition, the diagnostic techniques used in

plasmas for velocity and temperature measurémeng;are lacking in _

NI NP OPRSSE SO A

o simplicity and reliability.L Therefore, the work reported in this o

section represents an attempt to develop simple techniq%es for ’

-

LT N

plasma diagﬁostics and to determine the basic plasma chaEa;ter;stics ~ 7

[

and their variations with operating variables in a transferred arc Cd

7

T ' plasma. D\
. -
k ‘

§ . ) ¢ To achieve these objectives, a cathode asgembly suitable
g I Y : 3 ]

for tﬁansferring an arc to a molten metal bath or to a cooled anode
-

and for the injdction of a secondary gas imto the plasma column had

i
to be des%gned for operation in open air for ease' of accessibility.

The plasma thus produced was studied photographically and &ith .
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respect t? ’?i.ts electrical characteristics and to heat losses in the
initial part of the work. The; techniques for these measurements
were adbpted from the liteqracure and are well known. For
temperature measureq;nts, however, a novel technique was designed,
tested and finally employed to obtain temperature mappings of the
column under different operating conditions. Finally, the velocity
measurements were carr:ied out with the aid of an uncooled, transient
pitot-tube, as already employed by some previous workers under simi-
lar conditions.

EXPERIMENTAL

a

APPARATUS !
— ,

i
'I’he\appara}tus used in the experimental work consisted of a

. ' . !
power .supply, a control tonsole, and a transferred arc system
including a cathode assembly, an anode assembly and a driving
mechanism. A schematic drawing of the overall set-up 'is given in

Figure 1.°.

The power supply was of the direct current, welding type,

capable of providing a maximum power of 40 kW. It had a drooping

v’olt-v-ampe're curve and could be operated in the open circult voltage

<

range of 80-320 volts. In “this work, following the manufacturer's
fecommendaﬁion, a 160-volt mode was employed. A high frequency arc .
starter facilitated the initial break&own of the arc éap. The arc
was ignited at about 90 amperes. All necessary power supgly

‘ e

W ¢
< »

5
s

Y

e et BN ity bt sdai ] i AT LA b b N,

et




B
g
H
B
=
8
-
=
a
&
£
m

P

»

S




>
O o P

e s "o

¢

p——"

L™

)
~ tEXHAUST -
- ! RADIATION —
SHIELD )
THREADED ROD
‘ e MAIN PLASMA GAS
. . MICRO-SWITCH
c ARGON FOR
S 0 J—E INJEGTION ELECTRICAL CATHODE WATER IN
\ ® ® CHANNELS CONNECTION CATHODE WATER OUT
ARGON INJECTION - SHELL SIDE .
=y ®LU . - GAS INLETS(3) WATER IN (2)
. CONTROL CONSOLE ] MAIN GAS INLET
B . SHELL SIDE
B T\ 7~ WATER OUT
) T 5 o ' N CATHODE
,I 6|. o R
- ) "o O e N N ARG COLUMN
- ON/OFF . )
CONTROL _ : o Sl anope . -
FOR MOTOR @ ‘ . ;
-—-—-—’
: WATER AND ;ﬁ/ 2, - ELECTRICAL WATER OUT
— WATER IN :’ELECTRICAL ; CONNECTION, WATER
5 CONNECTION ' IN
TO CATHODE o~
—_— L g——— WATER OUT FROM MOTOR
CABLES FRO, - CATHODE AND ELECTRICAL | ’
POWER SUPPLY - CONNECTION TO {\NODE
== — S &
J o ‘ L z e
WATER
T0 -
DRAIN
{
. )




e samg

g o e * TR TR

SR P

110

N ' )
adjustments and gas flow regulations were made through a Thermal
Dynamics Model 360 contro} console. In particular, for the arc )
gap and gas conditions emploved here, a continuous’ range of arc .
currents above 100 amperes was available by adjustment of a 6
rhegstat on this console. ']:""le console also containedfsafety |
interfpcks to the power supply for t31e water and gas lines, to
prevent @peration under low water or gas[pressqi;es. A copper
adapter was used to separate elect®ical and cdoiing water ":I.ines
both at the exit and at the inlet of the consacle. A three-way
split;:er was employed at the carrier gas exitl\ of the ‘console. 'i‘he
main piasina forming ga's and the injection wgias‘ flow rates were

monitored by calibrated precision (2%) rotZame;ers.

Lirgdn gas, with a purity o£-99.9977, was supplied from. !

three cylinders joined to a commoft manifold and regulated by a two-

o

stage pressure regulator.

A cathode dssembly suitable for operation in the transferred
arc mode and for injection of fine particles or of a secondary gas

other than the main plasma-forming gas was designed. The cathode

assembly is shown in Figure 2. A more detailed drawing and speci™ -

1
-

fication of its various components is given in Appendix B. A az

photograph of the unit'is also shown in Figure 3. The cathode _ :_f” “t
/

assembly consisted essentially of a water-cooled conical thoriated L

tungsten cathode’ tip surrounded by a water cooled brass nozzle. The "

injection gas wag fed through three equally-gspaced feed tubes, each

o
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/ FIGURE 3

PHOTOGRAPH OF THE CATHODE ASSEMBLY
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0.4 cm in diameter.‘ Two different nozzles, onme with an injection
angle of 30° with the axis, and the other of 45°, were used. The
angle of the injection channels and of the cathode fﬁp was the
same ?s the nozzle used. Nozzle diameters of '0.381 and 0.476 cm
were used. The plasma gas was forced to pass through a narrow
shroud, the width of whihh could be adjusted by moving the cathode
tip up or down. The nozzle directed this thin, high velocity layer
of gas so that it impinged on the arc column in the region of the
contraction zone. It was expected that with this configuration,
the éwmponent of input gas momentum parallel to tﬁe arc axis
exerted a stabiliéing influence on the entire arc column. The thin
<

layer of plasma gas was intended to convectively cool the cathode

tip and thus reduce the cooling requirements.

The cathode assembly was designed to be versatile in its

operation: it could be used for injection of a gas Qnd/or particles,

\ .
and could be used in a closed $ystem or in open air. The various

parts and their connections were designed for easy dismantling,

essentially for changing the brass nozzle and the thoriated tungsten

cathode tip. Tight seals between the components were effected with
O-rings and silicone éealant. The current-carrying cathode\was
insulated'from the nozzle and the ghell by employing electrically
non~conducting materials (phenolic board and teflon) as the head
cap and spacers. The purpose of the spacers was to act as gas
distfibutors, to prevent the contact of the tubes with the cathode

holder and also to help in the alignment of tﬂé cathode tip in the

v .
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nozzle. This alignment was further effected by the adjustment of

the six (6) screwssjoining the end cap and the outer shell.

e e e e e

" \ 2
. The thoriated tungsten tips used in the cathodes were ‘
prepared by modifying the standard electrodes commercially available
from Thermal Dynamics. The tungsten pieces were rémoved from their I
original brass holders, ground to the desired angle andushape and
then soldered to the new brass ?ieces. A pﬁotog%aph of the cathode

L

tip and of the brass nozzle is given in Figure 4. .

A remotely controlled driving mechanism was constructed to
allow for the movemeﬂt of the cathode assembly in a vertical
direction within a distance of 20 cm. A motor-driven shaft was
connected to a threaded rod which in turn drove the cathode unit. °
The connections between the rod and the unit were made of insulating
materials so jpat the nozzle around the cathode tip, which was also
insulated frém the current-carrying cathode, was maintained at a

floating potential. Two limiting microswitches, one movable and

the other fixed, were employed to pre~adjust the arc length before

start-up and to preventithe contact of the cathode and the anode

units, respectively.'

@

- .

Several designs were attempted for the anode unit. The

[P RO T

g
early models failed due to insufficient cooling. The ﬁinal anode %
design, shown on Figure 5, consisted of three coppér pietes: the . |
anode holder (fncluding the coolant lines and the electrical con- }

nections), the cap which was bolted to this holder, and the anode
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SCHEMATIC DIAGRAM OF THE
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face or. arc attachment piece which was a 0.15878~-cm (1/16-inch)
thick, 5.715 cm in diameter flat di;c, resting over the cap and
soldered to it from inside. The O-ring between the cap and the
holder was sealed against water leaks. With this design, the
maximum cooling power was concentrated opposite the plasma °

N

stagnatlon poﬁlt ar\he centre of the anode fice. The width of the
' passage between the anode face, and the coola\nt flange of the anode
holder was 0.25 cm. This configuration directed the cooling water
flow c;utwarci from the centre of thé anode to the peripheral regions
and thus assured arc symmetry. It was possible to replace the

copper anode face whenever it was necessary by first removing t;he

cap and then melting the solder inbetween.

|

- In some parts of the experimer{xtal work, this anode was
replaced with a. pressure-tapped anode which cb;xsisted of a 0.3175-cm.
diameter stainless steel tube connect:ec}) to a 0.079~-cm (1/32-inch)
hole on the anode face and leading to a manometer. This deviﬁc% was

<

It
used to measure the stagnation pressure at the anode. A photq/graph_:

N

of this anode is given in Figure 4. )

©
!

. The anode unit Tested on a steel table which also held the
cathode assembly and the cathode driving mec}lahism. A cooled copper
plate was placed between the anode and the table to protect the
latter from the hot effluent gases and from the radiatiom. A
plexiglass sheet between th; copper plate and the table, and a
teflon sleeve between the anode and the copper plate were employed
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for electrical insulation. Insulated screws were used to fix the .
. ‘ 1

position of the anode over the table. g i

°

MEASUREMENT TECHNIQUES AND INSTRUMENTATION

-

1. Electrical, Calorimetric and Phdtographic Characterizations :

I;'x ‘the first part of the experimental work, the electrical
charactekrizat:ion of the transferred arc¢ plasma was carried cut. For é
this purpose, the ar.;c voltage was monit;:red as a 'function d¢f wvarious
operating parameters. The voltmeter available on the control console
was used for rough estimations. More precise and continuous measure- ’

A
ments were possible by attaching leads to the anode an;i the cathode

'\£ 3
to a chart recorder. The arc currepnt was measured with an ammeter
) >

via a precision shunt connected in series with the arc.

i i o Sl e

In addition to the wvoltage drop between the e)lectr{:ades,, the

‘distribution of the aroltage along the arc length with respect to an

Pl @

electrode was also measured., This was achieved by connecting a

. #

0.1l~mm tungsten wire to the positive‘end of an oscilloscope via a S
100-kohm resistor. The negative terminal of the oscilloscope was
connected to the cathode. The wire was then swept through the

plasma, at various vertical positions, with a speed high enough to v

prevent thermal ablation of the wire.

To obtain the fractions of the input power lost to the !
different, parts of the equipment, the cathode, the nozzle and the

anode were used as calorimeters. The inlet and outlet water

f
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precalibrated Brooks rotameters.

" conditiomns, the water flow rates used were as follows:
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3 ‘ ) F
temperatures were measured with bimetallic dial thermometers

accurate to 0.25 K in the range 273-323 K. Provisions were made in

Y

the dQes:lgn of the equipmént for immersion of the thermometer stems

of about 10 cm in the fluid, /in order to meet their calibration.
-~

Water flow rate to the above parts was metered separately, using

.

tried to check the results and increase the accuracy, under normal

/,x

1.09 m®*/h for

the anode, 0.041 m®/h for the cathode and 0.095 m®/h for nozzle, at

689 kPa. R

1
!

To determine the effect of the operating conditions on the

luminous plasma profile, still photographs of the plasma were taken

' using a 35 mm Minolta SRI-202 camera with a 100-mm lens. Due to Lhe

excessive brightness of the plasma, Kodak Tri~X Pan film with an ASA

»

setting of 400 was used. Exposure time of 1/1000 second at £-22
wr;s found satisfactory. | The p‘ia\;ma" column diamgter at various
distances from the cathode tip was determined from the negatives by
u;mg a Nikon shadowgraph at x50 magnification. The nézzlé \?iame;er

was used as| the reference.

2. Temperature Measuremernt Technique' . "

o

-

A new electro-optical t:Lchnique was developed for the

measurement of plasma temperatures above 8000 K. The basic principle
of this technique was to determine the total 'émission coefficients

of the plasma at two wavelengths, as a function of radtal position,
- N !‘l ’

Although different flow rates were
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The radial temperature distribution was then obtaineld‘ by comparing,

e Rl

the ratio of the measured emission coefficients with the theoreti-

w 1

cally-calculated values.

»
The total emission coefficients of an argon plasma at the

o
RSO EPN

- wavelengths of 4806 & and 6965 & as a function of temperature has

been calculated. The detailed calculations and resulting graphs are

presented in Appendix C. A regression analysis was carried out on

the theoretical/results (temperature-versus-ratio of the total

- ! -

eMams am

-
Y,

emission coefficients at 4806 & and 6965 &), using a package

A}

statistical computer program, STATPK, of the McGill University

Computing Centre, and the following expressions were found to fit

-t

5 art AR e SR A e

the data bés_t:

1) For 7,000 K < T < 15,000 K

=

T =‘10(“‘3°°‘ + 0249 103 R) - (1)

'11) | For 15,000 K < T < 25,000 K

S

T = lo(h-zza .+ 0.085 log R) )
- ' /
Where R = ratio of the total emission coefficients ° ™,
) ‘of 4806 & and 6965 &, respectively b

The new experimental technique yfhich utilized the above

principle to yield the temperature profile of the transferred arc

AT e S o X IS FE e

‘plasma consisted of a two—wavelength pyrometer, a metal plate \
(coupled to a linear motor) which Varied the- amount of plasma radiation
seen 'by the pyrometer, a digital oscilloscope which stored radiation

intensity sigg}als, and an interfacg—minicomputer assembly which

-

i ! \

.
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/\n
processed the pyrometer signals (as stored on the oscilloscope) to

yieid plasma temperature profile curves. A block diagram of the
’

w

complete system is given in Figure 6, and a photograph of the unit
‘ \

is shown in Figure 7. ¥ ‘

/ | \

’ The procedure by wt;ich the temperature profiles\\were
obtained was as‘follows: before the ,exp\eriment was initiated, the
hetal strip (opaque .screen) was positioned between the 100 um
diameter aperfure (t:hlrougﬁ which the two-wavelength pyrometer views
the plasma) and the plz;sma cc:lumn.' Thus, the p}yrometer received no
radiation from the plasma. Then, t:heﬂ expériment was started by
pressing the command button of the linear motor's sweep generator.
The linear motor carri/ed the metal strip (2 mm by 0.6 ;zm; blackened
to prevent re{lectién of radiétion) through the plasma column at a

constant velocity, away from the optical system. Thus, the

radiating volume of!the plasma that the pyrometer viewed increased
) | .

“from zero (at the beginning of the traversé), to a maximum when the

strip complete‘d its traverse;. The intensity of the impinginé
radiation on the photocells placed behind two interference filters
(tuned to 4806 & and 6§65 R) was recorded by a&digitfal st:oéag"e
oscilloscope triggered by the motion of the linear motor driving the
metal strip. Figure 8(a) \shows a schematic representation of such a
recording. This record’ing is actualiy an integral of local emission
coefficients,Jand the derivatives of these curves yielded" the radial

emissipn coefficient distribution, as sho’ém ln Figure 8(b). These

values were then employed in Equation 1 (or 2, depending on the

t
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temperature) to obtain the locél temperatures. An interface-mini=- T

ERe—

computer assembly was used to process the signals recorded on the
oscilloscope to yield the plasma temperature profiles. The fol- - X
lowing is a detailed description of the individual sections making .

up the instrument.

i. Optical Sensing Head

The internal component arrangement of the op;ical head is S
shown in Figure‘ﬁ. A high~quality four-element mirror optic
. ﬂassembly with an effective focal length of 700 mm (Questar 700) vas
used to focus onto a small spot of tt\xe plasma columm (via a 100 pm-

diameter aperture which was positionmed 7 cm away from the .axis of the

plasma and V3 m away from the lens) and tramnsferred the captured
radiation onto’photocells through the semi~-transparent Neodymium
mirror and interference filters ingide the sensiné head. The

. selection of a mirror optic was based on the recommendations of

SRS T by B e 4

. l
Ruffino (1976) who reported that glass components should be eliminated
( in the optical systems used in plasma spectroscopy due to aberrations
Il “
and refraction problems.

}
i
{‘;,.l;::,..ry..x« et WY st K6 PSIE A a0 e e

X N
are shown in Figure 6 as a solid and a dashed line. The dashed

# _ ,
N The Neodymim!: mirror was mounted on a mechanical assembly }
3: ,}3:‘ which allowed rotation between two positions spaced at 90° apart, A | fﬁ;
§ positive detent mechanism was used to rotate the mirror, ensuring i%
exact alignment in each mode of operation. The two mirror positioms “3'1
)

oz

¢
i
e

\ : ( ) position enabled visual orientation. In this modé, the incoming
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|

radiation from the mirror optics was partially reflected toward the
eyepiece, allowing the operator to focus on thé portion of the
Plasma columm to be measured. A welding filter No. 10 was attached
.to the eyepiece, to protect the eye from the intense radiation.» The
80lid line represents the position of the mirror when a measurement

was being performed. %

As can be seen in the diagram, the incoming radiation wés
partially transmitted straight through to photocell No. 1 and
partially reflected at an angle of 90° to photocell No. 2. 'Each
photoceil was illuminated through a érecision ingerference filter
which provided a sharpAyaximum transmission response at the selected
wavelengths, 4806 & and 6965 &. The filters were specially made by
Baird Co. System Components ﬁivision, and both had a bandwidth of
10 & at half-peak transmittance. These particular wavelengths weri
.selected for their isolation fréﬁ other lines in the spectrum, their
strong emission, and high upper enérgy levels. The negligible self-
abso;pcion of the argon plasma for these lines was also %f primary
impoféance. The photocells being employed (Centronic Silicon Photo-
detecﬁdr, Iype 05D5-1) were chosen for their spectral response at

)

the above wavelengths, as well as their’high rise time. They were

not affected by fatigue also. The intensity of the impinging .
/
. radiation on each photocell was converted to a va%tage output which

was amplified by an internal high-gain amplifierbcircuit.

' ?‘5*
The schematic diagram of the amplifier is shown in Figure

1
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- sacond sensor was racorded on the same spot of the graph paper.

.Alignment was checkeg by matching the two peaks obtained. Tﬁis method

127

. A

9. Two identical amplifier stages were used, the gain of which could
be ‘changed by a switch controlling both channelsxsiﬁultaneously. In ;

addition, two zero control potentiometers were supplied to enable

setting of the amplifier outputs to zero voltage when no radiation

was present. The outputs of the two amplifiers were brought out of

PSSR L ¥ |

the sensing head by means of shiélded cqaxial cables and fed/directly
into the Y-axis input of the dual-channe{ digital storage oscil- ;
loscope. L ’ ' ' ‘
The alignment of the optic;l system was made by connecting
the output of the sensors alternmatively, to the Y-coordinate input
of an X-Y recorder which had a small light bulb attached to its pen.

The X-axis of the recorder was driven by the time axis. When the

image of the light bulb fell on the sensor, the output from the

"

y

sensor increased causing the pen and the bulb to move up and to

draw a peak. Then the sensors were switched and the output of the

et

G ha N2

)v
K
¢

%
)
o

was employed both for vertical and horizontal aligﬁment. (The system
was rotated 90° for vertical alignmfnt).

&

Thé optiecal head was calibrated by focusing the system to a

Tungsten Strip Lamp calibrated by the National Research Council of

)

Canada at the wavelengths used in this work, for various currents.
|
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ii) E Linear Motor Drive Assembly

¥
g : \
3 1
by L
.
¥
1
!

< . When performing the actual temperature profile measurement,

<
o O e o e, M kAN R Gl | amindm AR, R R

it was necessary to move an opaque metallic plate, along the optical

- . axlis of the detector, through the plasma column in such a way as to )

vary the amount of incoming radiation from zero to maximum. To \
o
accéomplish (.h:l.S\, a voltage ramp generator and a servo-driven linear

T oA

b
motor were used./ . A

¢

o

Figure 10 shows a block diagram of the complete drive
" 'assembly. A ramp generator was used to providé a linearly increasing
voltage that rised from zero to ome volt in a time span that was

. controlled by an external poténtiometer. The risé time of the ramp

:
g
!
¥
é .
:

g
;
i
3
¥

i
%
.
%

could be varied from 0.3 to 5 seconds. The ramp waveform was fed

T e CERT .

to a gervo’ amplifier which provided a control signal to drive the

linear motor. The motor was a modified version of the kind ugsed in

\ fast chart recorders and provided a étaple linear motion for 'the !

fe et £ e

-
P ]

travelling metal plate. A tin plate, with the dimensions of 2mm by

ol

0.6 by 3 cm was blackened with a spray-dye (Nextel Velvet Coating,

'

3 M Co.)', specified to resist high temperatures (~200°C). A probe,
. \ °, -

‘ I
one end connected to the drive machanism of the linear motor and the

. : [ L
other end having a latch mechanism, was built out of tefion and
 plexiglass to carry the tin plate. An optical trigger, consisting

of a small infrared emitting diode and a photocell,. was used to

" trigger the X-axis sweep of the oscilloscope just before the metal

: ‘strtgp reached the plasma. This was later replaced by a: uuar:hanicall :

i
o
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: 'Hrigger system consisting of a micro-switch.

;o

iii) Oscillogcope-Computer Interface

-

1 4

The digital storage oscilloscope used (Gould~-Brush,
I}dvance ﬁodel 054000/4001, with Output Unit) stored the waveform
information presented on -the CRT display, by means of a 1024 byte
x 8 bit memory. Each 8 bit word contained thé voltage or Y-axis
information for each individual sampled point oftthe waveform.
Bvery complete.sweep of the X-axis produc‘ed' 1024 sampled poj:nts.
The result was a digital picture of the CRT display stored in o
memory. The digital information contained therein was available at
a;ser-accessib;e terminal in the oscilloscope. In order to
accoﬁnnédate two separate chammels, the memory must be alternatively

divided between the two incoming signals. Channel 1 was put into

even—numbered memory ‘locations and Channel 2 in odd-numbered gpaces.

The result was that each signal was sampied 512 times instead of

F

the maximum 1024.

In order to retrieve the stored information, the osgil-~
loscope user port provided two eight-bit output buses and two one-bit
synchronization lines. One bus accessed even address (Chammel 1)

” '

information, and the other bus presented odd address (Channel 2)
data. Valid data onm each bus was indicated when a momentary

AN
trangition from a logical 1 to 0 occurs on its associated synchro-

nization line. The entire menory was transferred in a succession of

.even and odd addresses, and output was initialized by means of a

\
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¥ pushbutton on the oscilloscope panel. :
‘:,f’ : /
¥ : The PET 2001 (Commodore) minicomputer which was used to

analyze the stored osciiloscope data had an 8-bit user-aqc\:essxél.ble
input port. In order to accommodate the two 0\'1tput terminals of the
oscilloscope, an interface circuj.t was necessary to alterna_tivel)‘f
’ switch the two 8-bit signals into the computer's :}t.nputf A block
“ diagram of how the interfaqe performed this function is shown in
Figure 11. The function of multiplexing the two signals into omne
: +  line was f:erformed by the sos.id-state switcheg shown in the diagram.
The switches allowed signais to pass wh:en their associated cont;‘ol

lines went to a logic 1. For example, say the oscilloscope has just

presented an 8-bit word at the "Channel 1 Data In" line (only one .

bit is shown for clarity), at the same .time the Channel 1 Synchro-

~

nization Signal will go from 1.to 0, flow through its associated

: ‘ pulse shaper, and latch t;-xe flip—flo:ﬁso that the Chanmel 1 Control
Line goes high. This puts the Channel 1 input data onto the output
E ) bus. Note that the Channel 2 Control Line is low and any data

&
present at the Channel 2 input port will not affect the output.

*

;o When the oscilloscope indicates that the Channel 2 data is ready,

R

the Channel 2 Synchronization signal will momentarily go low,

Sk 4

reversing the state of the flip-'flop, causing the Channel 1 Control

Line to go low, the Chamnel 2 Comtrol Line to go high, and presenting g%
t;pe new data at the output port. The outputs of the two pulse g%

shapers were also comnected to an "OR" gate which provided a train

( t ' of pulses to the computer indicating when successive channel data
‘ | b /
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were being presented at.the output. The computer had no way of

knowing directly whether a data byte corresponded to Chamnel 1 or 5

Channel 2.

corresponded, to Channel 1, the second to Chanmel 2, and so forth

134 !
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It simply assumed that the first '"DATA READY" pulse

5

until the whole memory was transferred by\\he oscilloscope. The

\
pulse shapers which were used to interface the synchromization

signals from the oscillogcope converted the latter's short durationm
(200 us) pulées into a longer duration signal (l\{ ms) suitable for ‘
sensing by the computer. A detailed circuit diagram of the inter~-

face is shown in Figure 12.

A computer program, written in both BASIC and ASSEMBLER
languages to operate on a Commodore PET mipicomputer, was utilized
to process the raw data. The objectives of the program, which are

reproduced and explained in detail in Appendix D, were:
' i

a.

b e aeae

RPN W

! Is
| \
to transfer data as stored in the memory of the
N

GOULD storage oscilloscope to the memory of the

Pt

¥

'PET minicomputer;

to i'eproduce graphically the transferred data;

;
to smooth and differentiate the data by using é
th‘e Cc;nvolution Integers Méthod, described by é
Savitzky and Golay (1964); %
to plot the derivatives thus obtained; ' I &

 to calculate the temperature at each data point “%

using the ratio of the derivatives in Equations |

»
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1l or 2 ,

£. to plot and tabulate the teﬁperatures, as a
function of radius (calculated from the speed of
the linear motor and time-scale of the

oscilloscope, both 'manually input to the min?

compu?er);
1

3. Impact Pressure Measurement Technique
!

s

A dynamic pressure probe was developed to obtain direct
flow field distributions in the transferred ‘arc columm. The probe
involved in this work follows the design of Barkan and Whitman
(1966). It consisted of a miniature pitot tube swept through the
column. The pitot tube was connected to a pressure transducer which
produced a signal proportional to the local dynamyc pressure. The
velocity and mass flow density were then derived from the dynamic
pressure with the aid of the Bernmoulli- equation corrected for viscous

effects.

The selection of the pressure transducer to be used in
this work was based on the criteria of 1ight weight, high sensitivity,
high response time and resistance to shock, vibration‘and relatively

high temperatures. The unit described by Barkan and Whitman id%olVed

a plezoelectrical pressure transducer with a sensitivity of 0.5 psi.

»

Sheer et al (1969), who tasted this tfb‘;ducer in a free-burning arc,
found it to be wholly inadequate. Tﬁey suggested that the sensicivit§'

requirement should be two orders of magnitude higher. They finally
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adopted the Pace-Wianco Model Pl05D variable reluctance transducer,
having a sensitivity <0.001 psi. In the light of this informationm,

the various available pressure transducers on the market were /

3

checked, and eventually the Celesco Model P109D miniature variable

I

reluctance differential pressure transducer was selected. This
unit showed a sensitivity of <0.005 psi, and was much more in-

sensitive to mechanical shock and vibration than any of the piezo-

electric types available. The possibility of changing its

stainless diaphragm was a definite improvement over the Pace-Wianco

P105D user by Sheer et al.

!

A small stainless’ steel pitot tube, 1.5875-mm (1/16-inch)

0.D., 0.508-mm L.D. by 3.75-cm ‘long was connected to the transduc;er

via teflon fittings to prevent arcing. The hoock length was 0.6 cm,

short enough to prevent the establishment of a cathode-anode discharge

on the probe, but sufficient to avold spurious pressu_re'effects. ,

The face ﬁ’f the transducer subjected to plasma radiation was shielded

by an aluminum plate, acting as a heat sink.‘ A thin tef@n gasket

pifacea in between provided the required thermal insulat:io;n. The .
transducer was firmly attached ¢én a mounting assembly which was

driven by the linear motor described in the previcus section.
‘ a
Figure 13 shows a schematic representation of the pressure probe '

Y

unit. . ;

, The electrical a»g’tlets of the transducer were connected to a

demodulator (Model Cle minlature carrier-demodulator, by Celesco)
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.t o |
. ' vfhose output was displayed on a Gould-Brush digi}al"ptorage ’ C

«

i
’ - 4 oscllloscope. The same triggering system as im the /Jtemperature . \ b
. . . . P ) & ,
- diagnogtic system was also employedgergw—”r‘her”t?:‘a‘n/éducer“and the : X

—

¢ /’7/' - / 0 -
pitot tube «werwlibtated against an accurate aleohol ‘manometer. -
P , )

—

" .

<

. The selection of the diaphragm used in tixe pressure

' T

-

‘transducer was based on the preliminary measurements of impact ot i e

RN -

- - <, pressure carried out with the anode having a g'.{:agnaciqmpreﬁre o
. - ‘//1-‘ V

—

o té.p. .Consequently, a diaphragm with a my:imﬁm/ ‘measurement capacity
. !

b /// 1 ]
of 0.1 psig was selected. / L

. Bt

R

- Y(1 " " - k.Y

i
[

respons/e time. A time-resolved calibrat"i,on was made by directing a

P R e v e ey T

cold Fat of air at the probe assembly, interpo:sing a small metal

§ . . strip (carried by the linear motor) im which a slot had been cut

it i 2w R

e

1 : between the probe and the cold air jet. As the strip was moved back

Adsoli,

.~ and forth by the linear motor (at a constant speed), 3quare wave

pulses of air were directed at the probe. TFor the probe gg;piloyed inl

AT S 5 E300T

¥

o o e

this investigation, 'a time comstant of about 0. iOOZ“second was oo

observed in this way.
| "y

£

. . g . '
To test the transient response of the system, the tral'lsducer
and the pitot tube were mounted on the linear motor and transient

. vl &
, : measurements of the flow field of an argon Jet issuing from a 2-em ‘

b

.
.
o TG 8 PR
e R R R e S 20em

S

] | ', 1.D. pipe were made at different traverse speéds. The measurements

: /

were Zompared with the steady st:f\{Ce (stationary) measurements. The

' . - .
B _O * ! - A 9
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‘ {i} results are shown in Figure 14, from which it is seen that at :
? t#averse speeds arounc% 20 cm/s, thg transient response of the system :
; ° "\ ' was satischto;y. At this speed, the exposure time of the stain- . | :
' ‘; less steel tube to the hot plasma was stuxort enough to avoid t:inermal (
1
“j > damage of the portion immersed in thé column.
o .
I # ‘Tpe dynamic pressure data obtained were redtlxced to gas'

1 velocity by means of a simple relation derived as follows. .

.

For an Incompressible fl:uid and isentropic recovery of )

pressure in ‘the tube, one can write:

3 e s
SR e dmad E

\ : ' ;

AP = 1/2 p U? . : i
N p | (3) ] 8

vhere AP - difference between the measured %

; P , impact presgsure and the free “

stream pressure
p = .gas densli'ty °

U = gas velocity *

Becaﬁ,’se of the assumption of incompressibility, p may be taken as

the free stream density. From the ideal gas law: ' ‘ ¢ o |

i

AR S AR AR et it foss € oo

p=p, =P /RT, H (4)
¥ . ,

5 v

-
ke

i

T

\where the subscript = demotes the free stream value. -

Equation (3) (Bernoulli's Equation) assumes incompres—

» sibility as well as negligible vigcous effects. For the flow regimes '
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involved, the maximum value of the Mach number was <0.13; thus the

error involved in the assumption of imcompressibility was <1Z% 'I

D TP I USSR Y SV

(Shapiro, 1953). The viscous effects, however, could not be
neglected for many of the flow conditiox;s uséd in this work. It has
been observed by sevéral workers that at very low Reynolds number
(v20), the effect of gas viscosity is to increase tﬁe dynamic R :
pressure developed in the pitot tube‘over that given by the
Bernoul%l.i Equation. Thus: ’

7

| - i
AP = 1/2 p U* + P! (5)

1
¥
i

where" P' = increase in dynamic presSure due

)

to viscos ity

| , .
Barker~ (1922) used Stokes' Law to derive an expression for P', as
J

[

i

follows:

P' = 3/2 uUla , \ (6)

| 8.
where a = inside radius of pitot tube

Z s e A Bt e 4 B s 10T sk steree ® b S 6T A bt T o o

U = vigcosity of the gas

Substituting Equation (6) in (5):

| 3
i

. | 0P = 1/2 p U + 3/2 y U/a )

The experiments of Barker showed that there is a linear

discrepancy between the measured values of the presgure and those

obtalned from Equation (7). The discrepancy can be taken into account

i

. . o M 200 e AN 1l B snd i AR il it B L s
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; 4 ; .
‘by a constant, whose value was calculaped as 1.10022, by a linear

fit in this work. Thus, the relationship between measured and

thedretical values can be very closely expressed Py:

AP = 1.1 APexp_ = (8)

where APexp = the experimentally determined pressure. Substituting

Equation (8) in Equation (7) yields:

1.1AP = 1/2 0 U+ 3/2 uU/a (9)
exp e ,
? P
¢ »  Solving this equation for U, one obtains:
' b

U=1/2 {-3v/a + [(3v/a)? + 8.8APexp/p]’/°} (10)

i

|
where v = kinematic viscosity (u/p).

AN onpamm e

N Both E:and_é used in Equation (10) are functiops.of
temperature. Following the results of Carleton (1970)»$the temper-
ature used in the determin;tion of viscosity and density was

] chosen to be that corresponding to the mean enthalpy of the pitot

tube wall and ere stream. Both y and p were corrected for

departures from the ideal gas law, us*ng theoretically~derived

relations between viscosity and compressibfli;y versus temperature

\ .

(Ahtye, 1965). |

i x.‘“\_.‘_.; o Sl S 5 et

o e B b e e IR B S S SR v B

S e

-

[

e
3

K
L
I
HY
Fals




DT G LTI o Sapi =

——crie

"

PROCEDURES

in

In this section, th‘e procedures involved in operating' the
experimental system described in the previous section are explafne"d.
Included in this discussion are start-up énd"operation of ti;e
transferred-arc, precautionary gafety Eeasures, measurement of

temperature and the procedure for impact pressure measurements.
-
1. Plasma Start-up and Operation !

\
Prior to each rum, the surface of the anode was cleaned °

with fine emery cloth., A plexiglass centering piece was then used

to centre the anode (see Figure 15). After the position of the anode

was fixed, the cathode assembly was lowered to about 2 mm away from
j:he anode. The upper limiting microswitch was adjusted to pre-
determine the arc length. The coolilng water to the various channels
was t:t;mned‘on‘; and the daesired flow rates were set and recorded. The
argon cylinder outlet pressure was adjusted and the main_ power switch
was turned on. First, the high-frequency start-up test knob was
used to ensure that the electfo&es were close enough to.start the
arc. The power to the electrodes was then engaged and argon flow |
rate was set to an arbitrary medium value. The arc ;was then ignited
pressing the high—frequehcy ignition button. After the ignition,

the motor that lifted the cathode was switched on imediately and

the applied current was simultaneously \increased. ‘When the fw.;ll arc

length was reached, the argon flow rate was adjusted to the desired

value and the current was again set. This sequence of steps

Y
[

{
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provided sufficient reproducibility of* the torch operation and

insured stability in the operation as indicated by the current and
N | o

AN
vcltage. The excessive heating of the electrodes was also preventead.

,

When the injection gas was to be fed, it was only introduced after

i

the full arc length had been achieved, to ensure easy control of
the current. Whenever a new operation condition was introduced, the

voltmeter leads were connected to the oscilloscope and the voltage
{

+

fluctuations were observed. The magnitude of these fluctuations was
: r

taken as the criterion for filtering the unstable conciit:ions.

In most cases, the arc characteristics did not drift
appreciably for the duration of a run, which sometimes wag as long
as half an hour. The voltage and current, and the various cooling

L]

vater flow rates and temperatures were recorded at intermediate

timesg ‘during the course of a rum.

It should be mentioned that the only controllable electrical
parameter was the current applied. The arc voltage could n‘ot be
specified, but delzpended on the argon flow rate and the arc current 7
for a given electrode separation. Thus, a power level was specified
when a current was selected for a given operating cgndit\ion, and if
the current control was not changed, the power level remained

essentiilly constant. |
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o

2. Precautionary Safaty Measures
¥

D

Becauge of the high intensity radiation dmitted by the arc

column, several precautionary measures were necessary. The arc .
e,

column was sufficiently bright ro cause serious eye damage i{f
viewed without eye protection. The arc cola;mn was observed direqtly
only ’t;hrough an electrical welding helmet. A radiation shield with
a welding filter window was placed between the assembly and the
control console. A warning light was installed at the laboratory
eptrance to pravent persons from enteriné without proper eye
protection. The table holding the assembly was carefully insulated
from the current carrying parts and was never approached without
welding glo\t;es. The UV radiation from the p"lasx;la could also cause
biirns on the skin, and thus care was taken not to expose bare skin
o the plasma radiation. During operation of the plasma, a build-
p of ozone in the laboratory due to UV radiation emitted by the

plasma could be detected. An exhaust fan was employed to eliminate -

this problem.

/3. Temperature Meagurements

" - |

i

For temperature measurements, it was very important to | ‘
align the blocking metal strip, the aperture and the receiving
optics. For this purpose, a Helium-Neon Laser was used. Prior‘to
an experiment, the 1aser system was positioned such that the laser
beam would pass through the axis of the plasma, at the vertical

position where the temperature profile would be obtainad. The
|
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a

plexiglass centering device already mentioned was used for deter-
mining the axis and a cathetometer was emplog;ed for vertical
leveling. The aperture, which consisted of a 100 um-hole mounted
on an aluminum bellows systém. was then aligned according to the
lagser beam. The position of the optical system, which was placed’
on a precision laboratory jack, was also roughly adjusted. A
dunmy block.ing, metal strip was attached to the probe extending from
the linear.motor. Then the linear motor assez;nbly and the aluminum
rod support used to eliminate vibrations 'of‘,the probe were aligned
carefully 80 that the metal strip would be on line with the tiny
laser beam during its complete traverse. This ensured that the
blocking strip would sweep the plasma horizontally, at the vertical
position where the tampe;:ature profile was desii:ed’.ﬁ The spe“éd of
the linmear motor was checked from the chart recorder which was
connected to the servo-amplifier. Then the dummy blocking metal
was raplaced with a newly painted tin strip. Its positiom with
respect to the electrodes was again checked using the cathetometer.

The laser system and centering device were then re{noved. Figure

15 shows a sketch gf the alignment system.

Prior 'to all these adjustments, the power supply of the

sengor head had to be turned on to provide sufficient time for the

© warm~up of the amplifiers. An experiment was attempted only when

the zero positions of the outputs of the two sensors were stabilized,

as obgervad on the digital a‘r:orage oscilloscope.
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The transferred-arc plasma was then generated as
previously explained. After the necessary adjustments had been made
for a stable operation, the Neodymium mirror in the semsor head .
assembly was oriented such that the plasma could be viewefl through
i

the eyepiece. The bright spot of the aperture was focused and
‘ l

centered with respect to the cross~hair lines im the eyepiece, by  —

adjusting the three~diffensional traversing mechanism on which the

J

optical assembly was mounted. 1

The next step in the sequence was to adjust the sensitivity
and the sweep rate of the oscilloscope such that the whole of the
rising curve (or falling curwla, depending on the direction of the

traverse) resulting frglm the traverse would be captured on the
‘ )
screen. The oscilloscope was set to the external triggering-

storage mode. Then the linear motor was turned on and, with the
\
command of a pushbuttom, thg metal strip was traversed through the

piasma. Meaxwhi.].eF the spead of the linear motor and the voltage

fluctuations of the plasma were recorded on chart recorders. The

experiment was considered as valid if the butputs of the sensors

[l

gshowed little or no noise and if the voltage fluctuations were below

acceptable levels. . \

L
Following shutdown of the plasma, the recorded data were ,

transfefred to the minicomputer. For this purposa, the minicomputer
wag first turned on (during an experiment:. the minicomputer had to

b? turned off to protect it from the high—frequency no#.se of t:he

kY
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i

plasma starter). The BASIC program stored on a cassette was

U . o
loaded and then run. The transfer button of the oscilloscope was

presged when the computer program requested so. The settings of

the -oscilloscope and the calculated linear motor speed vy:ete T

1

manually input, again when the p;:ogram demanded. The authenticity
of the transfer was checked visually from the reproduction om the

CRT. Finally, the temperature-versus-radius—-graph was transcribed

bl

on transparent sheets prepared to fit om the CRT screen.

4, Ve:‘Locitz

o

|

! a

The impact pressure and temperature measurements had to be

performed separately since they employed the same driving nechanism

o

and storage oscilloscope. Generally, the impact pregsure measure-

.

ments followed temperature measurements and, to ensure reproduci-

-

> i ) o a R '
bility, the arc length, gLas flow rate and arc curreht were carefully .

set and the arc voltage was closely monitored. The condition for

"

raproducibility was set at <1 change in arc voltages.

3
8

Prior to an .experiment, the pitot tube and transducer were

¢

placed on the drive, mechanisth and’the linear motor's vartical,

-

position was adjusted such that the tip of the pitot tube wguld be

!

at the vertical position in the arce where therrofile was to be

1 o

obtained. A cathetometer was used to effect this positioning. . The

speed of the linear motor was then chacked and adjusted around

20 em/s. After the pitot tube and transducer mounting assembly vere

brought to the rest position (about 10 cm away from the plasma'

i

{ ’ o -
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;%, ‘ 13, to minimizé heating‘due to radiation) the transferred arc
5 - plasma was generated and the transducer modulator was turned on. .

iy <

The /dscilloscbpe was set to the storage mode and the linear motor
/ .

wag' activated. When the response of the transducer was captured .

R

»

f

/ on the oscilloscope, it was transferred to the chart recorder

s

; (which already registered the speed of the linear motor), ,and’ the .

ﬁeasur@ment vas repeated with the direction of the traverse of the -
f . .
pitot tube reversed. After the second ‘recording was captured, the

plasma was shut off and the responses obtained in the forward and ' o o

-

réverse traverses compared. The experiment was repeated 1f they ‘

{

Rewmtdf o wgr ma e

O l showed any devic-}ation. The condition of the pitot tube was checked

)

| to determine ifu the thermal ablatlon was ;;ppreciable.

ATl e red

The data read from the recorder were used, together with -

' N %

plasma temperatfxres, to 'obtai:‘r_x the gas velocity profile. These

o AR e

values were also converted into mass flow density using gas

E ) densities.” The PET Minicomputer was emplo'yed for these calculations.
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RESULTS AND DISCUSSION
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L
B T N T e ]

The results of the experimental w_oi:k. are presented and

A

i
-
-

it
-

discusged in this seci:ion. General observations on the behaviour ¢

'

3
>

ey
-

of the transferred-arc plasma and on the electrodes are reported .
first. The electrical characteristics of‘the arc, namely the arc

voltage and the voltage gradient as a function of a number of

parameters, are ;hen considered as a gossible aid for prediction Iof 5
o . ) the transferred arc behaviour. Calorimetric measureménts made to
describe the heat losses of the plasma are discussed. Measurements ‘ :
of the thermal condition of the plasma are presented. Velocity
‘profiles obtained from impact pressure medsurements are analyzed.

Finally, the mass and energy balances are performed.

T

\

[

N Ve ,
1 - General Observations . »

Before the specific details of the outcome of the various o
phases of this study are presented, it is important that some ;
general observations on the behaviour of the trangferred arc plasma

be reported. Such observations could be most valuable to future A

researchers in this field. ) /e

1

Anode Condition

In the initial phases of the experimental work, several

difficulties were experienced due to water leakages‘ resulf:ing from

N\

local melting at the anode surface. After the des/ign‘of the anode

1

had been improved and much higher water flow rates were used,

v




. e e e

N Yt e s e g e &

e

P

N N L :

et

153

-

1

melting of anode surface was minimized but not completely elim-

inatad. Hence, it was nedessary to change the anode face disc

after about ten (10) long x;uns. It was observed that the plasma
creatt‘;d a crater at its axis on‘the anode face, and that the
material removed from this part was carried towards the outer
pe::i.phery~ of the plasma. Figure ‘16 shows a photﬁograph of an anode

surface, after about one-half houx.of operatidn. The sl.:Lght

oxidation observed was suspec/ted to occur primarily in the short

time interval between the termination of %he plasma and the cooling

’

of the anod¢ attachment spot, although the possibility of air ‘

entrainment into the arc could not be ‘completely ruled out at that
-~ Ve N

—

time.

)

Another important observatiom about the anode was that the
high-frequency arc used to ignite the plasma, with the cathode in

close proximity, caused serious damage on the apode surface in the

t

form of streaks. Thus, it can be stated that the number of startups
to which a particﬁlar anode has been sub;{ected is as important in

determining its life as the total time of operation. oo
9

o

-+ Cathode Condition '

N

The tungsten cathodes used in this work were ground-to a )

€

sharp, cpnical tip. Aftar a few minutes of operation, there was

gsome material loss at the tip, causing it to assume a hemispherical

4

shapa. The cathode, ho;wever. maintaiﬁed this "equilibrium"
’(/(/\ , '
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condition for many hours of operation. The photographs of a new

b

tip and one after several hours of operation are shown on Figure.

17. 1t was thus agssumed that contamination of the plasma by
v LN § N

tungsten vapors was negligible.

»

Electrode;Concentricity

The concéntricity of the cathode tip with ‘the nozzle w,as.'
found to be very critical in the operation of the transferred arc;
If the conical fungsten cathode‘ tip was‘rnot perfectly centered in .
the c:)nical brass nozzle, ,veri poor gas distributioﬁ was obtained
at the exit plane of the nozzle. As a.xl::esult, preferéntial
attachment of the arc to a spot other than the centre of the anode
(where maximum cooling rat? was achieved) was observed and the\
ancde lifetime was sharply reduced. At times, the a‘rc made -

sporadic jumps from one position to the other. Thus, concentricity

of the cathode was of paramount importance for stability amd

{(3 v

‘extended anode life. This was checked by using a mirror arr\angement

after each cathode tip replacement. Further, the plasma was clogely

s

3 v
observed from different angles and necessary adjustments were made Y

via the retaining screws at the head of the cathode assembly. As
a result, the photographs of the plasma revealed that, on average,

the axis of the ‘arc column “coincided with the shortest path between

- 1

the cathode tip and anode to within circa 0.5 mm, except for arc

lengths > 10 cm, in which case the arc was not stable, regardless

~ \

of concentricity of electrades.

o
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2 - Design of Experiments

v

'

JThe experimental work was carried out in two stages. The
first was mainly devoted to the determination of the stable operating

L4

conditions and was used as a guide to determine the experimental
|

conditions of the second stage. In the first stage, electrical,
calorimetric and pnotographic measuremc;.nts were carried out and
because of the short time required to collect the data, the
experimental ldeigl.gn of this phase included all the possible com-
binations of the seleéted values of the operating conﬁtions. The
second stage involved temperétux:e and impact pressure measurements.
The more complex nature of these measurements necessitated a

selective exberimenf:al design. Details of these experimental

designs will be discussed in the appropriate sections.
7

3 7 Total Arc Voltage Analysis

VR

This phase of the experimental work was basically ex-
ploratory in nature. At the beginning of this stage, the effect of
the applied )current (I), the electrode separation (), the argom
vo.lmnetric flow rate (Q) ,and the annular nozzle area (A) on the
total arc voltage (V) was investigated. A 605 nozzle (with the
horizontal) was used. No injection gas was fed. Following analysis
of the results, it was hypothesized that the argon volumetric flow

rate and the annular nozzle area could be combined into a single

pnr;méter, termed the "Inlet Gas Velocity" (v*). A new set of

N
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eiﬁériments were performed to substantiate this claim. Again, a

60° nozzle,\but with two different nozzle diameters (D ) without.

e TSR
iR
/

: © any indec'ion gas, was used. Finally, the effect of the nozzle\

T > angle (0) and the jec&iou gas volumetric flow rate (q) on the
total arc voltagg vas studied with a new experimental design. A
three-variable Box~Behnken Design (Box ag& Behnken, %960) was used

4{\ ' for the last two se;s, while all the possigle combinations of the

parameters were investigated for the first set. v
@ - .
The experimental conditilons for Set I are shown in Table
{
I.” The particular ranges of parameters were chosen with -the
congiderations of possible industrial applications (for L), of
/‘electrode lifetime (for midimum Q and maximum I), of arc stability
| (for minimum I and maximum Q) and of cathode design {for A).

voltages recorded will be presented in two ways: (a) the sustajfied

arc voltage versus electrode separation with gas flow rate as the

A MU T SR AL SR I PR I e TR Y

third parameter and the applied current and/or the nozzle annular

area vaiying between the graphs, (Figures 18 to 20 show three
Q ~

typical represenéations of the nine such graphs obtained; detailed

T

PR

data are given in Appendix E); (b) the sustained voltage versus

IR RRET

{
3 the inlet gas velocity (ratio of the flow rate and the nozzle.
b annular area) with the current as the third parameter. Here, four

graphs, one for each electrode separation, would be obtained.

Figures 21 to 24 show the results obtained in these cages.

»
’

1 " Ag can be seen from 'Figures. 18 to 20, it was not always
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TABLE I

EXPERIMENTAL CONDITIONS FOR SET I

T e

, : |
Annular Area > (A) : 0.085, 0.07 and 0.055 cm’ :
Current (1) : 150, 250 and 350 A :

1 - - T " - ) . ) %
Electrode Separation (&) : 4, 6,8, 10 cm \ }

Ar Volume Flow Rate (Q) : 14, 17, 20 L/min. %

. <o i
‘ 1

Nozzle Angle (0) : 60° fi

| |

.Nozzle Diameter (Dn) :  0.15" ) (=0.381 cm) f

No Injection Gas Used . '%
TotalﬁNumber of Experiments : 108 i

|

' ;
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possible to operate at large electrséde separations {due to an in-

2

sufficient power supply) and for these conditions, additional

experiments were done at 7 ai‘;d'Q cm arc lengths to obtain enough

'

data points sa that extrapolation to 10 cm could be done. As a
consequence, part of Figure 24 was drawn on the basis of the

*ext‘rapolated data.
kt
¢ From the first get of figures, it can be seen that the

P v
sustained vol%age increased significantly with increasing electrode

‘

separation. This is expected singe the igas resistance is directly

P

proportional to the arc lemgth. This increase was more important
for higher gas flow rates, probably due to temperature effects. The

. b
nozzle ammular area did not affect the gradient of this increase;

however, everythiné else being fixed, this gradient was higher for

‘smaller currents, again most likely due to temperature effects.

The sustained arc voltage was relatively independent, of the

" applied current. This gtatement was more correct for shorter arcs,

-

for smaller gas flow rates, and for smaller nozzle amnular areas.
This is surprising at first glance; however, if the electrical |
conductivity versus temperature curve for Iarggn “is taken idto

&8

consideration (shown in Appendix F), it can be seen that the

~electrical conductivity ‘(and thus the resistance) of an argon plasma

doas not change too rapidly with temparature in the high temperature

!

range, Thus, probably the plasmas generated for 150 to 350 A had

>

average temperatures .in this-range. {
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‘arpa was observed to be an important parameter in the effect of the

the annular nozzle area could be combined as offe parameter, "inlet~

168 : C

3

~ 0

Thexwifect of the gas flow rate was almost negligible forxr

shért arcs, but was significant for long arcs. The nozzle annular

'l N . “

s S e

i 2 .

gas flow rate on the voltage. These effects can possibly be

explained by the increase in convective losses from thg plasma due

\
J S

to increase in gas velocity and surface area. S 4

i
s / E
, -
3
o . - !

These conclusions-could not be directly ‘compared with the

°

.-

Literature due to lack of data in the range, involved. HoWe Ve Hy

3

relatively speaking, the trends observed agreed with the few data

reported by Stoj anoff (1968) for 3-cm arc length at 150 and 200 o

]
i

- amperes. . -

-y
- -

- The results obtained indicated that t\l;/e gas flow rate and ,
e : 7

gas valocity," with the unit of m/sec. Figures 21 to 24 show the

>~

~

voltages recorded as a function of the inlet gas velocity, at

.

different electrode separationg. Different curves were drawn for
i { ' . .

each current. It must be noted that the com_binatio; of the fore-
mentioned parameters at two of the operating conditio;xs yielded the
same inlet gas velocity (33.33 ‘m‘/s) and the voltages recorded at
. As can be seen from the

.

comparison of these figures with Figures 18 to R0, this new

thesge cOnditioﬁs were almost identical.

]
)]
i
4
i
{
i
;i
+
i
%
Ty
;
}
‘2
4
bt
#

parameter (v*) was much more important, as far as affecting the

o

sustained voltage was concerned, than the gas flow rate or/the |, ’

nozzle annular area taken alone.
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In the ligixt of these observations, it was decided to
investigate the effect of ‘the inlet gas .velocity more s}stematically,.
It is evident that v* ig directly related to the mpmentum of the

_convected gas at the moment of impingement on the column. Since the
Q . AY

nozzle is a convergent one, the inwardly directed component of the

gas momentum will exert a constricting effect on the colupn in the

region just below! the cathode tip . This constriction is expected to

have a considerable influence on the arc behav:'Lour. It must be

noted here that the influente on an arc column of the gas fl&\
\ X
'controlled by an annular nozzle Surrou:\}ding the cathode was also

v studied by Busz-Peukert and Finkelnburg (1956), Sheer et al (1969)

and Stojanoff (1968). The main difference between their work and.-

Il

that of the prasent study lies in the use of different nozzle :
" diameters in this case to change the nozzle'annular area in addition
to just changing the relative position of the tip with respect to

the nozzle opening, as done in their systems. A new.set of

N

experiments was designed ;.rith a larger nozzle. ’ (Diameter = 0.1875
~in = 0.476 cm). It was expecte& that comparison of the results of

this set and the previous set would show whether the inlet gas

vel\ocity could bJe considered as the single parameter describing\ the

éa; flow conditions (with respect to the sustained voltage)

vegardless o’f the \noz,z’ie diameter and nozzle annular-area. The '

experimental conditions and. tt;e \vroltages reco{gregl‘ are shown as .
~ factéi:ial plot in Figure 25. The nozzlé annular area was fized at

.

0.17 ecm®. The results of Set I (in which 0.15 in = 0.381 cm

v
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L
diameter nozzle was used) are also shown. The data for 25-m/s inlet

gas velocity for Set I was obtained by extrapolation.

'The reasonable agreement between the results of the two sets

»conf:f.rmed the assumption that the inlet gas velocity can be con-

sidered as the onby\paramet;lr required to describe the influence of

the flow conditions on the sustained voltage (and consequently, on the

arc power). This conclusion was found important with respect to the

selection of the experimental conditions for temperature and velocity

»

measurements. Further evidence related to this conclusion will be

given in the subsequent sections. It should be\ added that this

conclusion has very important implications for the design of com-

mercial/plasma reactors,

/

since it should permit considerable’ savings

/
by cutting the volumetric flow rate of expensive plasma gas, as long

as its velocity past ‘the cathode is maintained.

To: complete the

|

Al

study of the effect of the operating

parameters on the arc voltage, it was decided to investigate the

voltage,variation with arﬁon injection into the plasma colmnff via

the three injection channels, The effect of the nozzle angle was

\

incorporated in this study by performing the injection experiments

B

ca) .

with \60° and 45° gozzle angles, with the same nozzle diameter (0.38%

t

A8 can be seen from the results presented as a factorial plot

\ .

on Figure 26, gag injection near the cathode in addition to the

plasma forming gas (termed "Sheath Gas" from here onwards to avoid

confusion) lowered the sustained arc voltage. This effect was more
. *
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pronounced for lower sheath gas inlet velocities 'and for higher
currents. A few experliments made with 6 and 8 c¢cm arcs (not shown)

gave identical results.

This phenomenon can be explained by the "Maecker Effect"
(Somerville, 1969). As eXplai;xed in the "MHD Streaming in Arc
Plasmas" section of the Liter’ature Survey, this effect r‘esults from
the -inwardly-directed pressure gradients that exist near the
electrodes and it is directly proportional to the square of tl}e

applied current. Thus, ‘it was argue::l that at low sheath gas inlet

~ velocities, the entrainment requirement of the plasma (due to the

Maecker Effect near the c?thode root) was not completely satisfied
with the amount of argon fed and consequently some ambient air was
drawn Into the plasma ’column. When i‘njectic_)n gas was prov::.ded, it
was drawn in instead of the ambient air and since the electrical
conductivity of argon is higher than that of air above 10,000 X .
(Ahtye, 1965 and Devoto, ‘197.8) this replacement caused a lowering of
the sustained voltage for the same current. Obvi;:usly, less air.was
entrained when the sheath ga;s inlet v locity/was high and the
X ‘

injection of additional/ gas caused létle or no change in the
sustained voltage: Similarly, \for high cudrrents, .the amount of

entrained air was higher and thus a greater difference was

observed.

It must be noted that the above argument was further

supported with the observations df lesser oxidation of the copper -
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anode surface. (This also meant that the earlier assumption that
the slight oxidation at the anpde attachment occurred primarily in
the short time interval between the term:}.qation of the plasma%aud
the cooling of the anode was not completely correct). One important

consequence of the observation that the entrainment capacity changed

~

with operatix;g parameters was that one optimum condition existed ‘
where theiplasma,was 1007 argon plasma. This optimum condition - .
will exist where increasing the injection'gas flow rate will got
lower the sustained voltage any more but on the contrary, will .

increase it. (The same effect of increasing sheath gas inlet

velocity). For the purpose of determining the experimental

~ conditions of the temperature and velocity measurements, experiments

to this effect were performed and these optimum values of the
injection gas flow rates were determined. They will be shown at
the beginming of the tampefature measurements section. No study of

" this aspect appears in the literature.

T T £~

Finally, the effe;:t of the'nozzle angle can be observed

b

" from Figure 26. For all the conditions studied, higher voltages
i\we.re recorded for 45° (nozzle. Th:l:s difference could not be
explained on the basis of voltage recordings only and the discus~
sion of ti}is subject will be postponed to the subqquent sections,
Neverthel:ass, it will be noted that Sheer et a{l (1973) compared
30° and 45° nozzles and found that the plasmas generated by 30°
nozzle were unacceptably upstablé. They did not gi\;e any

quantitative evidence to support their observations, however. 'If a

€
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Vi

lower power requirement 1s to be taken as an indication of better

stability, then the results of the present study are in accord with

N i

Sheer and his co-workers.

' N =

The accuracy of the voltage recordings was 0.5 V, as read

from the chart recorder. Considering that the accuracy of the gas
. /

rotameters was 2% and that of the current control about 5%, it was ‘

estimated that\ the accuracy of voltage results would be *2 V.

@ ‘\ 5
4 - Voltage Gradient Study

The determination of the voltage gradient is important
since it reflects the energy content ;f the column much' more
.realistically than the total arc voltage (which includes the
electrode potential drops). The standard method for obtaining a‘
voltage gradient is to measure -the potential distribution along the
arc length by means of a sweeping wire. Since therdi‘fference between
the floating probe potential and the plasma potential, although not
directly determinable in dense plasﬁas,’ does not vary siénificantly

along the column, the potential differences between relatively

closely spaced points along the colum axis will accurately reflect

the voltage gradient. 'In this work, however, as a first approximation,

the gradient of the linear portiom in the graphs of the total arc

. |
voltage-vefsus-elect;ode separation (Figure 18, for example) was
calculated at various cur‘rents and sheath gas inlet velocities. The

I3

inherent agsumption ;n this calculation was that the electrode

¢ spacing did not significantly influence the magnitude of the .

&
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electrode falls. The results shown in Figure 27 indicate that the

t

efror due to this assumption is not very critical. It was observed
that the.best fit curves joining the experimental points at dif-

ferent applied currents indi;‘ated an assymptotic behaviour for high

—

inlet gas velo/ﬁr_ies% confirm this tendenmcy, additional
/— '

o

experiments were performed at 65 and 80 m/s inlet gas velocities.

!
The voltage gradients calculated for the latter value of v* for the

_three currents were close enough to prove this particular point.

! i -

To further check the accuracy of this technique, actual
measurements of the potential distribution along the columm axis
were performed ft a few conditions (theée condition:s were the same
as those used for the temperature and velocity measurements, as
will be discussed later). A typical axial pote‘ntial distribut‘ion‘ ig
shown in Figure 28 (the full data are given iln Appendix E). The
gradients of the linear part \of these grapixs were calculated and

! g .
are also shown on Figure 27. As can be seen from the latter, there‘

. 18 good agreement between the measured values of the voltage gradient

and the curves drawn on the basis of the first approximation.

s An examination of these rgsﬁlts show that the, column
gradient increaseg with increasing inlet gas velocity which may be

\ ' - .y
explained by a greater loss of energy. The indirect proportionality

between the voltage gradient and the applied current is obviously
due to the increase in the electrical conductivity with increasing

current. On the other hand, it was not possible to explain the
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convergence of all data points to 10 V/cm for high v*. At this

point, it suffices to say that in case of turbulence, the column

voltage gradient is determined by the he'ft dissipation.
The graphs of the potential distribution alotig“ the column
\axis (typical of which is Figure 28) revealed an interesting

deviation of tHe transferred arc plasma from the other types of arc.

The potential drop near the cathode was considerably higher and the

Y

transition between the cathode and the column was larger (al?out 10
to 20 V compared with about 5 V for a 5.6~cm arc at 200 4, given by
’ Emn;ons, 1963). This was thought to be l;rimgrily due to the lower °
temperatures achieved in this region as a result of the convective
cooling of the cathode. The magnitude of ke anode fall seeémed to be
;m‘accord with the other types of arc. Altho;gh different values for
Xc and !a for different comjlition‘s were obtain‘ed, an anglysis for
their variation with operating parameters was not attempted due to

the inaﬁccuracies involved in their determination.
. / .

Finali\y, 4t must be noted that the measurements of the
potantial élistribution for 45° no§zle and for 6 and 8-cm eléctrode
separatio.ns (with 60° nozzle) ylelded almost identical voltage '
the high total arc voltages recorded for 45° nozzle (Figure 26) can

v

| be attributed to the larger electrode potential drops.

gradientﬁ with the ones already shown (<% 0.3 V/cm deviation). Thus,

/s
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. solution was found by by-pa%sing these safety interlocks for a new

180 ’ 0

5 -\:a;anmecric Study

[

i

General * ’ .

~

The purpose of this phase of the work was twofold: firstly,
/ \ -
/to invegtigate the efficiency of the transferred-arc plasma in terms

‘rof the-usable energy, and secondly, to check the agsumption that the

a

cathode wassembly design used in this work resulted in an inhibition
jof cathode ablation, pr‘imard,*;l.y due to the convective heat transfer to

the high speed film of gas moving past the conical tip just prior to

the entry tol the plasma. !

~

A large number of different heat transfer processes occur
- ’ ) s

in a transferred arc system. A detailéd analysis of these processes
was the subject of another study carried in this laborato:y,(Choi,
1980). 1In the 'present work, however,” only the net amount of the

he/at released at the anode, at the cathode tip and at the nozzle were

[} | -

measured. {sssuming that the conyective losses from the plasma column
. \&

to the ambient as well as the sensible energy loss to the exit gas - -

-

T

«
RN

; wereasmall, the heat radiated could be determined by difference, from

the total arc power.

t
L

Although calorimetric data were taken for all conditions of
Set I, an error amnalysis :Lndicatéd insufficient acct.}r’acies. - On the
other hand, the safety interlock of the control console imposed

limitations on the cooling water flow rates and pressures. The
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set of experiments. The raw data and error analysis 4re presented

in Appendix G, and derived résults are shown in Table II.

> o

Heat Pransfer to Anode

~Et was observed that the anode heat fluxes increased with
increasing current, increasing inlet gasl velocity and also increasing
\electrode_separat:ion. The extensive anode heat transfer studies ".
performed by Pfender and co-workers [Eckert ;nd Pfender (19§3), L
Smith and Pfender (1976), Pfender (1978), Liu and Pfender (1979),
Johnson-and l;fender (1979)], clearly indicate the pogitive effect of

the current on the heat flux'at the anode surface. The influence

. e
of the gas velocity (as the convective contribution to anode Heat

N

transfer) was also demonstrated by Eckert and Pfender (1967) and -
Wilkinson ap§ Milner (1960). The effect of the electrodé spacing

on the anode heat flux is also very interesting. Although there was‘
an incresse in the absolute value of the heat transferred tr; the
anode with increasing length, when the pereentage ;Jf the arc energy
transferred was considered, a steady decrease (from 44% at 4 cm to
38Z at 8 cm) was observed. It is evident that the incredse in the
radiation loss was responsible for this decrease in the fraction

of arc energy transferred to the anode. \

¥
IS

Arc Radiation

As expected, ate radiation increased with the applied

N | .
current. This 13 in complete agreement with several previous
. i =N
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TABLE II
- -  CALORIMETRIC RESULTS . - _ -
2 =4 cm I #2250 A
Cathode Tip Nozzle Anode Arc Pow'e’f—m‘i;aﬁo—;
v P 4 P b4 . P p4 P - P-(P 4P 4P ) %
[ > T a c n a
m/s kW kW kW kW kW o
16.65 0.45 3.5 1.16 9.1 5.67 -~ 44.5 12.75 5.47 g 42.9 -
33.30 0.43 3.2 1.19 9.1 5.88 44.8 13.13 5.63 42.9
49.95  0.41 3.0 1.28 9.4 6.37 46.8 . 13.62 5.56 40.8
=4 cm ° I=_350 A
16.65 0.67 3.6 1.62 8.7 8.03 43.3 18.55 . 8.23 &b .4
33.30 . .65 3.4 1.75 9.3 8.20 43.8 18.73 s 8.13 43.1
49.95 0.55 2.8 1.79 9.2 8.20 42.6 19.25 8.71 45.4
- v* = 33,30 m/s I,=_350 A
: L Pc 4 Pn 4 . Pa % P P- (Pc+Pn+Pa) %
em N\ kW kW kW kW kW
6 0.66 2.6 1.90 7.8 10.22 41.7 " 24.50 11.72 -~ 47.9
8 0.66 2.3 1.95 6.7 10.98 37.8 29.05 15.46 53.2 -
—\ i
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workers. For example, Schoeck (1965) reported around 597 increase
in Fhe atc radiation (for a 10-mm arc) for 507 increase in current,
while around 507 increase was observed in-this work (for 4 cm) for
" a 487 increase in current. The inlet gas vékogiqy{ on the other
hand, was observed to be less effective on éhe amount of ﬁeat lost
by radiation. .;t should be emphasized that the radiation terms
gshown in Table I1I also contain convective contributions. Theore-
tically, increasing the gas inlep veldcity should have two con-
tradictory effects: lower temperatures and thus less radiation, and
higher.convect;ve losges due to %ncreased velocit?. This complica-
tion prevents general conclusﬁons from being drawm regardipg the

Y . .
. radiation balance of transferred~arcs. The increase in length

caused higher arc radiatiom since the radiating volume incredsed.

Heat Transfer to Cathode Tip and Nozzle

-

! As in the case of the anode, heat transfer to the cathode

tip increased with current. This is obvio;sly due to the increased
current density which is thedmajor\Fontributor to the heat transfer
to the cathode tip, (Guile, 1971). \The increase in the heat
transferred to the nozzle with increasing current was lower than in
the case of the cathode tip. In this case, the heat transfer was
~‘basically due to radiation and hence the percentage change in the
heat transfer followed tﬂat of radiation with éurrent. This also
explaing why the heat tramnsfer to the nozzle incregged with in~

' creasing electrode separation while that to the cathode tip remained
Vo




"
. - Fs
-
. 7o)
™~ N

almost constant. It is evident that the change in the electrode
\ 1

fall potential with the electrode separation was not sufficiently

significant to show marked changes in the heat transfer to the
/ .
- \
-cathode tip. '
!
There was a small but persistent decrease in the cathode tip

heat flux with increasing inlet gas velocity. This change, however,
was not close to the experimental-e€rror predicted, especially for low ’

current caseéi It was thus decided to examine this behaviour with, a

more accurate and direct measurement, namely by measuring the cathode

tip téiperature with an optical pyrometer. A high-resolution pyro-

meter (Pyro Micro-Optical Pyrometer, The Pyrometer Instrument Co. Inc.,

Northvale, N.J.) was used. The interchangeable lenses permitted

measurements to be made with object sizes as small as 0.0l cm in

diameter.

The optical pyrometer reading may be influenced not only by
the emissivity and reflecéivity of the tungsten cathode tip, but also
by the emissivity and transmissivity of the surround;ng plasma. It
was not possible to make a blackbody hole on tﬂe tungsten tip to
check the gmissivity and consequently a single value of 0.43 was used
for the emissivity of tungsten. An~effective wavelength of 6500 A
was used f;r brightness temperature correction. Since only the
relative variations of the cathode tip temperature with the inlet gas

velocity were of interest, no correction was made for the emigsivity

and the transmissivity of the surrounding plasma. ' It was expected
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that due to the relatively 104 temperatures exigting in the fall‘
region, the effect of the surrounding plasma on the radiation of the . '
tungsten tip would be reasonably constant in the temperature range
of interest. Figure 29 shows the cathode tip temperatures versus {he ) ;
applied current for two different inlet gas veloci‘ties. The cooling
effect of the gas flow is clearly demonstrated in this plot. It is
interesting to note that this cooling effect stays constant with
-~ varying curre.nt:. It i\s evident that, depending on the sheath gas \
velocity, there is an uppez‘r limit of the appv;‘%ed current, for ablation—
free operation. Although the absolute values of this limit as
determined from Figu:'r:e 29 afe subject to reservation, it remains true

that the current-handling capability of the cathode can be il.ncreased

by increasing the gas flow rate alone. '\\ - .

6 - Photographic Study

This study wa\s carried out to determine the effect ;»f the :
operating conditions on the luminous plasma profile and to check the
stability and t:-he horizontal alignment of the plasma column. The ‘ .
former information was used in conjunction with the temperature and ¥
veloc:{ty data. To fulfil the second objective, the photographs of

the plasma columm taken at different times during an experimental run
!

weoo

were compared. The runs that s{mwed any variation were discarded.

’

Some of the photographs taken at different operating s

conditions are shown in Figure ‘30. An example of the luminous plasma

' ! -
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FIGURE 29

CATHODE TIP TEMPERATURES

VERSUS APPLIED CURRENT
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‘ FIGURE 30
PHOTOGRAPHS OF THE TRANSFERRED-ARC PLASMA :
i
Legend '
$
% ' !
; No. 1 : 4 cm, 250 A, 33.3 m/s ! H :
; No. 2 :.4 cm, 350 A, 33.3 m/s
. i
No. 3 : 6 cm, 350 A, 33.3 /s, |
: ‘ "
3 No. 4 : 8 cm, 350 A, 33.3 m/s ;
- 1 No.'S : 4 em, 350 A, 33.3 m/s, Gas Injection{(ZB L/min) 3
No. 6 : 4 cm, 350 A, 33.3 m/s, 45° Nozzle ]
| \ :
s No. 7 : 4 cm, 350 A, 20.5 m/s g
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. profiles drawn on the basis of such photographs is given in Figure

31.
. The increase in the applied current had a positive effect

. ! -
on the plaéxolumn diameter. This can be explained in terms of

the incréase \the current density and consequently in the Joule

! \ ‘’ 2
heating. Thus, it appears that for low currents, a certain fractiom
it

of the inlet gas does not receive enc'mgh energy and flows as a

relatively cool envelope, outside of the visible arc columm. As the
current is increased, this surrounding gas becomes increasingly
iapized due to the additional Joule heéting, and contributes to the

arc luminosity. Schoeck (1963) and Stojanoff (1968) are among t\:he

several workers who observed similar bel:xavioug:s.

The above observation also helps to explain: the fact that

when the arc length was increased, the column diameter did not

‘change. Hence, a fixed current implies a fixed diameter and as the

length of the column is increased, the colum surface area increases

L]

. proportionally.

!

The most important information with respect to the column )
properties was obtained from the variation of the column diameter

with the inlet gas velocity. The column luminous profile showed

. almost negligible variation with increasing inlet gas velocity from

16.5 m/s (photograph not shown) to 33.3 m/s. A decrease in the

diameter was observed for 49.5 m/s. Such a' behaviour wQs also
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Their

reported 'by Sheer et al (1973) for a similar cathode design.

explanation, whﬁ.ch applies for ttgis work alsp, was based on the

. ) S ’
favourable influence of the gas momentum on the columm properties.
’ W,

The centrally-directed r‘:sdial lcomponent of momentum exerts a £luid

mechanical comstriction on the column for a considerable axial
- g

~a-y

distance from the cathode tip outward which, in turn, causes an
increase in column temperature and vpltage gra\dient (as shown in
"Figurze. 27). The latter f‘:aiseé'vthe volume rate ofﬂ Joule dissipationm
to a degree that more than compenéates for .the iﬁcreased flow Qrate;
This effect increases with flow until a counter \effect setsg in
(probably caused by increasing convective 16sses as a result of

increasing turbulence), such-that a further increase in the inlet gas

velocity cools the plasma and causes a decrease in the diameter. In
this work, this transition was obsc\arved to be at 33.3 m/s for 3SQ A
and & = 4 cm, wfifle the limit reported by Sheer et al (1973)

. < N
corresponds to about 30.8 m/s for 209 A, and 3 3=cm arc.

v

; " The gas injection via thé tk,xree inject::)Lon channels increased
the column diameter, for all conditions _§_§ﬁdied.' While this can be
partly explained by the abové argument, the fact that the arc
voltage decreased anfl. the voltage gradient remained congtant with

the injection requires additional explanations. Pfender (1979)
- ro- )

3

observed that when a to-axial shroud flow was used around 4 d.c.

2

plasma jet, a longer and wider jet was obtained. His explanation

that the jet temperature increased due to tHe decrease in the

° relativenvelocity at the colfmm boundary and consequently in the

14
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net heat trin;afegﬁul/d- apply to the presenf work also:
AN I3 -

s o o o bt s oo Fam o Vo et Al e

-

S AR O3
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.

) Finally, the luminous profiles obtained for 45° nozzle Fao-

/.

,1éowed no difference except for the region near the cathode tip, where

- .»,Qaf;-:‘ R

S

» -

a slightly narrower plasma was obsdrved. - S .

’ b
The acc‘ug:acy of the above measurements was estimated ‘to be '

gromd +0.15 mm, with reproducibility, as checked by repeated runs

of the same order of magnitude: |

o
, R Pﬁl_e_lrsmaA Temp“e_gg.t:ure‘%alysis )

Preliminary Tests '

. Before the temperature profiles obtained with the new

. - S
electro-optical technique are presented, it is appropriate for ) :
better underéthding to explain the varlous tests performed to gheck Y
\ . £
the validity of this technique for measuring plasma temperatures. \4
, Several questions arise due to the immersion of a blocking }
N element in ;j,’tzhe plasma, and due to the assumptions used in the . ? .
underlying principles. These questions can be categorized as . §
3 e . ;
follows: ‘ 1
~ . @
; : X
1. Effect of the size and of the material of %
1Y ¢ . %
f the blocking element? .
‘@ .
2. Effect of the direction of the traverse!?
M i N N
] 3. Accuracy of the meagurements with respect to
C A A the usual side-on spectroscopic technique?
H
/".Vt.\ ' i
\ S
e A < g N

WK, Ay s 2

o
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. 4, Validity of the assumption of having a plasma
- 7~ -

T
.

E=Y

4

tha}:\ is optically thin at t’ﬁe wavelengths used?

N
’

e o
TR, X

-

\ . -
The firgst question was investigated by using different

P

\

sizes a.nd different /materials for:' the b]:ocking element. The 'exter;t ‘ o
of the perturbations caused was determined by comparing the

; intensity profiles obtained ‘and by observing the fluctuations in the

/ . sustained voltage during the traverse of the element, on the

oscillos-@ée\\ In addition, the ‘l;g_mperature that t;he blocking element

reached in the’plasma wé4s also measured by comnecting a tungsten/

| rhenium thermocouplé to the element and recording the temperature

decay curvé after the plasma was turmed off, so that the actual

RN

temperature could be obtained lly extrapollation back to the time of

the traverse. L |

¥ R TGO PTER a50

For the blocking elements with the dimension (in the

B

direction of the plasma) of 2 mm or less, no fluctuation in the

FLil
-

e wey

R

sustained volté.ge was observed. The intensity profiles obtained for .

Pe

_ copper, tin and steel elements of 1 and 2-um sizes, showed less than

1Z variation. The maximum temperature the metal strip reached .

g

during its traverse ttirdugh the plasma was determined to be around

\ 90°C, including the heat effects before and after the traverse.

i

Since the amount of plasma perturba\:ion by the metal strip depends, ..

-
SY IR

o} . in one sense, on the relative amount of energy A\absotbed by the
strip, it can be Safély assumed that the plasma will experience

negligible perturbation due to heat effects.
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, ) i .
The second question involves comnsideration of the fluid

mechanics of the system. It was thought that the nature of the

e R et S e s e b R R

perturbations with respect to the st"‘j;geam lines would be different

when the direction of tMaverse of the blocking element was :

reversed. Various tests with varying current and inlet gas velocity
were performed to’checfk this effect. A sample of the results
obtained is shoyn in Figure 32. The excellent match observed in

this figure was considered as an indication that the recovery of the

[

plasma from fluid mechanical perturbations was some order of

Y

magnitude faster than the speed of the traverse of the blocking

element. " ' . ]

!

The accuracy of/ the temperature determination by this
technique was checked by comparing the: profiles witﬁ tﬁose obtained
by the ugsual side-on spectroscopi‘c technique. 1In order to obtain : !
the lateral spectral intensity distribution of the plasma, the
aperture system was mounted on a precision traversing mechanis_m‘
which had an accuracy of 1’:0.05 mm. After the plasma was started, -

the aperture was manually moved along the side of the plasma,

1
R ]

stopping for a short time period at the predet:ermined/r;,est pesitions. :

The optical system was simultaneously ‘moved 1n the same direction. . '

o
e

Around 30 stops were used for a typical run. The values recorded
S /
on the oscilloscoge were plotted and were smoothed by a curve.

Then the Abel Inversion procedure was applied to this lateral
distribution of the emission coefficients. A computer program using

20 imtervals was utilized to obtain the radial distribution of

7
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enission coefficients for 4806 & and 6965 & lines. The coefficients
‘ I

given by Barr (1962) (discussed in Appendix A) were us%d in the

program. The temperatures obtained from the emission coefficients

via Equatic;n (1) or (2) (depending on the range) were compared with

. the values obtained by the "sweeping blocking element" technique.

This comparison was performed for different operating
conditions to see the influence of increased cyrrent and increased
inlet gas wvelocity. A typical representation 'of the results
obtained is shown in Figure-32 from which it was comcluded that the
determination of arc temperature by the new techtxique is within the
usual experimental' accuracy required. The relative Lla’rgéf‘dif-
fe:{encesvhear the centreline implies that ti‘ie plasma velocity has an
eft"écf on the accuracy of measurements. However, even for the

highest sheath gas inlet veloéity used ih these tests (41 m/s), the

two temperatures differed by only 6Z.

To check the yalidity of the assumption of having a plasma

that is optically thin for the wavelengths at which emission co-

‘efficients were measured, the standard method employed in the

literature, name]\.y using a reflecting concave mirror, was modified
to suit the presént’elect:_ro-optical technique. Instead of a
blackened metal blocking strip, a st;xainléss steel piece with a
perfect finish was swept through the plasma and’ the recorded values

of the intensity were comparad with that obtained with the blackened-

strip. " For the 4806 & Ar II lipe, a ratio of 1.98 was obtained,

o
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inciicating negligible sxelf-absorpti‘on. The ratio for 6965 A zi.r 1
line was ;I:.94 implying smne1 minor sekf-absorption. Olsen (1962)
also found a slight self-absorption for 6965 R line, however, he
¢laimed that this line can be used with an error of less than six

per cent. Considering the reflection losses at the mirror, his

argument was accepted for the measurements of temperature at 6965' &

i

line. A
[

Experimental Design and Results

On the basis of the first phase of the experimental work
(which involved electrical, calorimetric and photographic measure~
ments), a new set of exﬁerimental conditions were selected for the

temperature and impact pressure measurements as shown in Table III.
Ty

was operated with a 4-ecm electrode separation and at an applied
current of 250 A. The inlet gaé velocity was doubled from 20.5 m/s

to 41 m/s under these conditions. In addition, the effect of the

injection gas was investigated by operating the plasma under the above

operating conditions, but with no injection gas and with the optimum
. | ,

flow rate of the injecfion gas. The effect of the current was

v

studied by operating at 350 A for 20.5 m/s, again without and with

~

T —

injection gas. The- last condition was repeat%r 6 and 8~cm
electrode separation, without any i{njection gas. Finally, the 45°
nozzle was installed and the plasma was operated at 350 A and 20.5

|
m/s with a 4~cm electrode separation. Study of the effect of the

To obgerve the effect of the inlet gas velocity, the plasma

e a e
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| TABLE III -
s EXPERIMENTAL CONDITIONS FOR TEMPERATURE AND VELOCITY MEASUREMENTS
60° Nozzle 60° Nozzle -
Position © ' Position
Run’ - 2 from Anode I vk q " Run 2 from Anode I vk q
cm cm . A - wm/s L/m cm cm A m/s L/m
A-1 4 i 1 . 250 20.5 0 . A-25 6 1 350 20.5 - 0
A-2 2 A-26 2
A-3 3 A-27 3
. A4 3.5 A-28" A
T A-29 5
A o2 25.0 A-30 5.5
A-7 3 ) ‘ . - A-31 8 1 350 20.5 0
A-8 3.5 T A-32 2
A-9 4 T 250  41.0 0 ‘2‘33 -3
A-10 2 A-34 4
A-11 3 ~  A~35 5 ‘
A~12 3.5 o A3 6
- A-37 7
A-13 1 20.0 A-38 7.5
A-14 2 )
A-15 3 - - 45° Nozzle
A-16 3.3 B-1- 4 1 350 20.5 0
A-17 4 1 350  20.5 0 B-2 2 .
A-18 2 - B-3 . 3
A-19 3 B-4 3.5
A-20 3.5
B-5 1 - ) 31.0
A-21 1 31.0 B-6 2
A-32 2 ’ B-7 3
A-23 3 : B-8 3.5
X A-24 3.5
| )
| ,
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,
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injection gas was also incorporated in this last phase.
! .

'

The plasma temperature and velocity profiles were obtained

at different vertical locationms with 1 cm separation, except for the

TS bt e e F b o AR AN T R T

uppermost position which was 0.5 cm away from the cathode tip. No

measurements were attempted for locations closer than 1 cm from the-
anode since it is well established that LTE does not hold close to
the electrodes (Eddy et al, 1973). This experimental design

resulted in 46 temperature and velocity/profiles. ’
, |

|
Before the results of the temperature measurements are

P WS PR T

presented, it must be mentioned that qhe results were obtained as f

|
full profiles, i.e., from one &dge of the plasma column to the

l

other. When these profiles were analyzed for symmetry it was

WUty tohaly 4 ATy

- 3 T e A 2 A
TEETEL b TIT R e e AR T 20 AR e 2

observed that except for the edges of the plasma where the accuracy
\

was low, .the deviations between the two halves were negligible. |

¢

The average values were used for the edges. The speed of the linear !
motor was kept around 100 cm/sec and showed a little variation from

one run to the other due to lubrication conditioms.

»
o
v

The results obtained will be presented as isothermal con~-

e
TE

f
tours since they iillustrate the thermal condition of the plasma more ¢ %
clearly. Figures 33 to 38 show the isothermal contours of the o w:j
column for the experimental conditions shown in Table iII. The 3’
axial centreline temperature distributions for Mthese conditiong are s :ﬁ;
plotted in Pigure 39. Finally, to demonstrate the ef#eét of the N h@t
operating parameters on temperature distribution, sample profiles "%

{
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(obt;ined 3 cm away from anode) are plotted in Figure 40.
Examination of these curves shows that the axial tem- -
peratures lncrease near the cathode as the inlet ga\s velocity
increases. This effect is considered to be due to the compression
of the column exerted by the radial component of t;he fluid momenj\om
a8 1t enters the columm. Bqth the current densitjlr (i.e., column
diameter) and voltage gradient are increased with increase:i vk,
| resulting in an increased rate of heat transfer to the incoming
fluid. It is interesting to ix;)te the rather flat portion of the
axial temperature distribution for 0.5 < 2 < 1.0 cm. It '
probably represents the se;:tion of the contraction zone where most
of the gas 1s entering the column. The two previous investigators
who used s@lar cathode designs (Sheer et al, 1973, and Stojanoff,
1968) also displayed similar distributions near the cathode, "as

shown on Figure 39.

The influence of the gas inl:]ection on the radial temperat:ux\'e
distribut.ion is also very interesting. Gas injection does not affect
the temperature distributions near the cathode significantly, gxcep\t \
for the high current case where glightly reduced temg‘eratures ware
recorded.. On the other hand, this additional flow has some effects

|
doxlmstream. , While the 9,000 K isothermals move away from the axis
(iie.. the luminous column prdfile ‘increased), there is a cooling

‘ A
effect in the interior of the plasllna. However, in all cases, a

core region is present'which maintained its temperature. This probably
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(i —_ reflects the fact that while the injection gas causes a slight ‘ c
- 1 Q

expansion of the plasma, in general it cools the plasma. The axial

. temperature distribution does not vary with the gas injection. L

4 B

The plasma temperature increases as the applied current N
increases. As can be seen from the axial temperature distributionm,
6he magnitude of this increase does not change along the arc length.

\ This effect had already been predicted by the calorimetric and

,photographic studiles. Although the voltage gradient/ decreases with
increasing current, the increase in the current density more than

compensates this decrease. It is interesting to calculate the

- ° v

average power density in the colummn, given by the product of the

()

.current density afd the voltage gradient, From Figure 27, the X

avarage voltage gradient of 6.3 and 5.7 volts per cm is obtained for’
250 and 350 A columns, re[sbectively. The average column diameter
e \ W

was calculated to be 0.7 and 0.8 cm, corresponding to 0.442 and

\

0.503 cm?® for the cross-sectional area, for the 250 and 350 A cases, ’
respectively. Thus, the ratio of the power densities for the 350

and 250 A columns averaged 1.1l, showing 11% increase in’ the energy

N A\
for the high current case. 7

The comparison of the axial temperature distributions for

the 4, 6 and 8 cm columms shows that identical temperatures are

-

\
obtained for the initial portion of the column inc¢luded in these

°  cases. The fact that the decay in axial temperature dacreases

L .

. v

considarably beyond a distance of 3 cm away from the cathode fot the

’ ~

} " ’
‘
A 4 ~
.




_ regponsible for the loss of energy ‘in the initia[l part of the plasma
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6 and 8-cm arc lemgths suggest that the phenomenon which is

B s
.

N
ceases to be important @fter 3 cm. Considering that radiative heat L ‘
losaes constitute a large percentage of the overall heat losses

from the plasma column, the low temperatures encouobtered around z =

“ . P

3 cm results in lower radiative heat losses and thus slower decay.

This cause—effect relationship sets in for the rest of the plasma ‘ g
colunm The results of Choi (1980) , who mea&ureﬁ arc radiation as

a function of arc 1ength for a transferred-arc plasma under similar
. k

Bl s

conditions, also indicate a sharp change in the percentage of the arc @
N ' \
energy lost by radiation beyond a 3-cm electrode separation.  To

F PN

complete this discussion, it must be stated that other factors such
as gthe decreasing effect of the cathode jet are also probably
responsible for the sudden dxop in the axial tapperature upstream of
3 cm. ' This decreasing effg.ct of the cathode jet on the plasma energ;r i
with axial distance from the cathode has been reported by ‘several

workers, although generally for shorter arcs. The works of Schoeck

TR S5 e ST ME D el S

(1963) ‘and Reed (1960) are respregentative of such inYestigatioms.

J

" e

£

b

. 'Finally, the effact of the varying nozzle angle can be

2

e

e e
L

observed by compat'isoni of Figuras 35 and 38 ‘and from Figure 40. The

position of ht'he 9000 K isotherms does not change between the two -

BT 2 s Y

o Tt
%

conditions, in agreemhnt with the photographic observations. Higher
temperatures t‘gsult for 45° nozzle near the cachode. The magn.itu&e
\ A

of th,ifé difference decreases downstteam from the cathode. The effact

of the noszzle geéometry on the energy coﬂtent of (t:he plasmo in the

1
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. ‘neighbourhood of the cathode can be attributed to the change in the

elﬁg&rode fall potentials.

Based upon the uncertainties in the transition probabilities

1.

of the lines used (#57) and in the correction factors used for the
continuum ex;iission coefficients (+10%), fluctuations of the photo~.
~diode gignals (tBZ),. possible errors in the calibration of the
optical system using the tungsten strip iamp as a reference (£27),
and er;ors arising from the agproximations asgoclated with the

convolution integers method used in differentiation in the computer
program (+27), the maximum uncertainty in the temperature obtained is

. . . ]
estimated to\be +87. At 10,000 K this amounts to a range of #800 K.

4

It should be mentioned that the'above temperature dis-

tributions are based on the assumption of local thermal equilibrium

(LTE) in the plasma. This assumption has been !expe‘i:imentally tested

and found fulli' justified for transferred arc plasmas genmerated under

'

similar cdndit:[.ons and with similar cathode design as used in this
work (Stojanoff, 1968; Sheer et al, .1973). Busz and Finkelnburg
(1954) obtained the following criterion for thermal equilibrium by
comparing the energy gained by the electrons from the imposed
electric fiald beotwéen collisions with the heavy, particles, witlh

that lost to the hea;}y‘;toms and ions during the collisions:

(T, = T)/T = u(ed E)*/[4m(3K1/2)*] << 1 -  (i1)
8 e |
|

where _T_e, _’I_.‘g are the temperatures of the electrons and heavy

e e et il e
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o

particles, respectively, E is the applied electric field strength,
M and m are the masses of the atoms and electrons, respectively, and

-)le is the electron mean free—-path length. -

N

Usiné the value of -)ie calculated by Olsen (1962), the
measured- temperatures and derived E, (Te - Tg)/T was calculated to be
(at the centre of the arc) 0.006 near the cathode and 0.0l near the
a.n:Jde“, AJfOI' 250 A and 20.5 m/s (conditions A~4 and A-1, respectively). o
In the light of this test, it can be claimed that ‘the assumption of

A [

LTE throughout the measurement range of this work is very goodf h
: \ )

P

v

A more restrictive condition for LTE pertaizis to the

g

gradients in temperature aléong the radial coordinate in the arc.

IR D e Ay,

N 5

{7 . The perturbation of equilibrium may be considered smal%'if the - !
%”f" ¢ ; ’ < é {(
%": " temperature difference in one mean-free path is small compared with | g
f" the temperature itself (Olsen, 1962): \ )
%2 N i
% i
2 . ) ;
: o Ay grad T/T << 1 _ (12) }

o : C ‘ i “

L3S

The maximum temperature gradient measured in the arc is around 10° °k

v 2

/em. Since 2‘-3 is of the order “of 10~ cm with temperatures greater :

N
A3 !

than 10% °K, the condition in the above equation is well satisfied,

. ) except po{ssibly in the regions close to the electrodes, which ig / ;
outside the scope of this thesis. | A ) | z

For completeness, it must be added that both the axial and .0 o

rédial distributions of temperature were found “to deviate con- %

s':l,derably from the ones predicted by the classic je*:“theory.

e evmen e et v e < e tas e+ gt e s . I
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’ 8 - Velocity Study
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g \ Method of Data Resoluticn

I | ‘ | , C
The experimental conditions given in Table III were also

employed for the velocity study. The values of the Jj.mpac;c pressures
. obtained from the continuous impact pressure profile together vgith
the’ measvﬁ*;ad temperatures at the same radial positions permitted
calculation of the plasma velocities at these points usaing Equation
(10). . The calculation was performed by a minicomputer. Since the

o
, _Jviscosity and density in Equation (10) must be evaluated at the

Brgees, o

reference temperature, the probe wall temperature was estimated to

. be 400°K. The insensitivity of the reference temperature to the

wall temperature justifies this choice. This particular wall , - ¢ ;

, ""‘t:ztwm,bh awhT

temperature was chosen based on thermocouple measurements of the .
. ‘
temperature of the probe after it ‘completed a traverse. From the :

i 4
constant wall temperature and the given free stream temperature, the |

PRI TR I o it

computer program internally calculated the referencestemperature R «
and evaluated the viscqsity and density at this temperature. A
% regression fit to Ahtye's (1965) eanthalpy, viscosity and com~ ~ )J‘
- | pressibility factor was included in the program. The» output from

7 the velocity calculation included the actual velocity, the reference

B ab e S -

temperature, the Reynolds number for flow around the probe and the

L
PRl e -

mass flow demsity. The computations were made at 18 equally-spaced

£Y

3
2

positions along the diametrical pressure profile.

|
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Regsults

Velocities measured by the sweeping pitot tube method are
shown in Figures 41 to 46 in the form of constant velocity contours.
This form of presentation was chosen as being consistent‘ with that
of the temperature results 'as well as providing better flow
visualizatiop. Figure 47 shows the axial distribution of the
centreline velocity and in Figure 48, a sample of the radial
velocity distributions is éiven, for the position 3 cm away f;:om
the anode, to assist in the discussions, Finally, Figure 49
contains a set of typical mass fiow density distribution curves,
for the cases A-1 through A-4. Thr-; limiting data points omn thé
velocity profiles are/d(etermined‘ by the limiting points on the
temperature profiles which, ir} tufx\f: are established by the luminous

diameters of the colummn. Beyond these positions, impact pressures

could be measured, but temperatures could not. h

It can be seen that as in the case of temperatures, the
velocity profiles are symmetric. The decay of the centreline
velocity with the axial distance from the cathode is observedy to
be faster than that of centreline temperature. The prim;ry Teason
of course 1s the superposition of the ix‘lcrease" in density (zﬁxé to
cooling of the célumn) and the usual decay observed in isothermal
jets., Cleaves and Boelter (1947) also noted a similar behaviour

for their heated and unheated jets. Similarly, the radial dis-

tributions of velocity and momentum are found to decay faster than

A R dya - e
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FIGURE 41 !

. CONSTANT VELOCITY CONTOURS v
OF THE PLASMA COLUMN FOR A
% =4 cm, T = 250 A, v* = 20.5 m/s -
and q = 0 L/m and q .= 25 L/m .
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i CONSTANT VELOCITY CONTOURS . ‘ )
OF THE PLASMA COLUMN FOR i,

‘ % =4 cm, I= 2504, vk = 41 m/s ’
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FIGURE 43

CONSTANT VELOCLTY CONTOURS
. OF THE PLASMA COLUMN FOR
2 =4 cm, I =350 A, vk = 20.5 m/s

, and g = 0 L/mand q = 31 L/m
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CONSTANT VELOCITY CONTOURS _
OF THE PLASMA COLUMN FOR ‘

~ = 8cm, I =350 A, v* = 20.5 m/s and ¢ = 0 L/m
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that of temperatude. This behaviour, however, is contréry to t#e
behaviour observed in d.c. plasma jets as repgrted by Grey and
Jacabs (1964), Kubanek and Gauvin (196é) and Katgg and éauvin (1973).
s It should be noted that the plasma colpmn gtudied in this work was
a conducting column which is expected to exhibit different behaviour
than the d.c. plasma jets studied in these previous refereuées.
When compared with the limited &aCa évailable for transferred arc

) plasmas (Reed, 1960; Stojanoff, 1968; Sheer et al, 1973), identical

tendertéies were observed.

¢
\

N

Examination of these figures indigate that both the inlet
gas velocity and the applied current have & positive effect on the

: centreline velocities. However, when the radial distributions are

wy 7 TR Y

compared (Figure 48), it can be seen that towards the edges of the

i

colum, the effect of the applied current ceases to be significant.

Ancy e

¢ Since Reyno%ﬁg/humbe s are quite low near the edges)(around one

compared to arognd 90| at the axis);fthe viscosity corrections axe

X

o s S T

much’more important; however, because the viscosity does not vary
N -
significantly Vith temperature below 10,000 K, it is normal that
the applied current (ﬁhich influences the temperaiure distribution
f

near the edges) do nof influence velocity profiles in these regioms.

As in the cgse ofjthe temperatdre profiles, the gas

TTHIE Y TR, T Nt e ATV -

! -
injection is effective bagically for high current-low inlet gas,

\ velocity conditions Agaﬁn, it barely affects the infer.core flow.
f \ / ‘ LS

'The nozzlae geomety does/not seem to be a factor 4n the maénifude :
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of the injection gas effect on the flow fiéld.

I3

When the axial distributions of the ‘centreline .velocities
'for different electrode spacings are compared (see Figure 47), very
close values are obtained over their respective lengths. This is
of course to be expected sinle the temperatures and the luminous

diametergs do not show any deviation.

While the nozzle angle does not influence the axial dis~ -
tribution, it does have an effect on the raclilal velocity distribution
in the form of a slower decay for 45° nozzle. This is predictable

from the temperature profiles and is consider%d ‘to be an important
« ) '
1
feature in favour of the selection of a 45° nozzle for industrial

] s
applications. . |
. ' ( {

Since the columm is cooling and increasing in density as

the anode 1s approached, the product of densitfy and velocity, or

N

«5’ [
momentum, is of interest. Figure 49 shows a typical plot of the

mass flow density (m) versus radial distance. When the distributions
of impact pregsure were examined, it was observed that there existed ‘
a relatively cold gas flow outside the luminous boundaries of the

colum. The mass flow density ’distribution calculated for this

' \
flow is also shown in Figure 49, as dashed-lines. The temperature

data used outside the luminous column were obtained by extrapolation

from the temperature distributions inside the column and are there-

fore subject to comsiderable error. The curves were extended into

’ J
this outer region to show qualitatively. the changes in flow pattern

| A
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at various a:’d,al positions. " The amount of gas that flows outside

the column seems to decrease downstream. This undoubtedly indicates

entrainment of the surrounding flow. It is interesting to note that

although the presence of this flow can be deduced from their results,

&

neither of the two investigators who worked with an annular nozzle

’

orifice around a ‘cathode (Stojanoff, 1968, Sheer et al, 1973)
The theories of classical jet entraimment
are found wholly, inadequate to account for this change of entrainment

with axial distance.

K
— R —

Radial velocity data of the type shown in Figure 48 are

sometimes treated by plotting the velocity divided by the velocity

at the centreline to see 1if a G}ai.tssian digtribution is followed.

n

For the data presented here, no such indication was obtained becauge
of the varying degrees of -dependency of velocity on temperature,

for different positions 'in the plasma. However, it wasg clearly seen

that the classical jet theories on velocity distribution (both

axial and radial) do not apply tujnsferred-arc plasmas.

S

Uncertainties in glxe velocity data arise from uncertainties

!
!

both in the measured impact pressures and in the temperatures cal-

{
culated from the measured emission coefficients. It will be

v

recalled that the maximum uncertainty in plasma temperature was
estimated to be #8%. Uncertainties in the meg.sured impact pressures.

6ccur becauge of possible \errors in the calibration of the pressure

!

trangducer system, small fluctuations inm the impact pressure itself,

b
\
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and the error introduced bs' the time lag and the motion of the probe.

. ' L .
The maximum error in the calibration of the p%essure transducer unit

with the alco'hoJl manometer is #0.98 Pa (0.00014 psi). Fluctuations

in the impact pressure occur because of the changes in the input
9
power and the random movements of the arc about its point of attach-
. [ ‘ _
ment. From repeated measurements, these variations were estimated

to be *5Z. Since the probe moves through the plasma, there is a .

°

dynamic error in the measured impact pressure due to the time lag

in the response of the transducer unit and to the small vibrations
. 1 o
3f the pitot tube. It will-be recalled that the response time was

T R . -
measured to be around 0.002 second. The dynamfc error including

N

the time lai and the wvibrations is found to be +0.7% of the maximum
pressure on the profile. The cumulative effect of these uncertain-~

ties is most significant near the ‘edges of the column and least
¥ ¢ ]

significant near the centreline. Thus, for the experimental
- 4 ' ra

conditions reported, the maximum uncertainty in-the calculated

velocity ranges from°+7.07 in the vicinity of the centreline to

+20.0% nedr- the edges.

. 4 1\’ o a
9 -~ Mags and Energy Balances / : . )
e i \
! .
By using the experimentally-measured va@s of the tem~ '

e

o

perature and velocity, mass and energy balances could be made for
the plasma flows. The mass flow rate M and the energy flow rate H

are calculated from:

- - ——a

oot oo i on an
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M= Z m(x) 'r dr d8 (13)
. ! 0 - , .
czﬂ . « ' € .
and B 2‘ a(c) ‘h(r) t dr de (14)
L
: where m is the mass flow density and bi is the specific enthalpy.
' ¢ - . ~ . N
. . .

A mini-computer was used to perform the calculations.
Ahtye's }1965) data for compressi}:ility and enthalpy were fitted
numeriuc(allyi;"".and‘the required integrations across the plasma column
were performed by using Simpson's ::ule. The integrations were first

v

' performed only out to the luminous profile of Plasma column., The

integration was then carried out to the fringes of the impact o

pressure profiles, using the extrapolated temperature values. The g

[ @

results of the mass and energy balances are shown in Table IV for
! the profiles obtained 1.0 cm away from the anode and 0.5 cm away from

the cathode. The values in the brackets represent the results
q

.obtained by extrapolation. The profile designat/:pﬁs correspond to

the conditions given in Table IIX.

L It can be seen that, away from the cathode, the mass flow
rate inside the column increases while the energy rate decreases. ,
! ) This is in agreement with the coolix_xg of the column since M is

inversely proportional with temperature while H is directly pro-

| portional. The increased applied current has a positive efféqt on T

o

& the amount of gas entering into the plasma, as predicted by the MHD"

equations describing the "Maecker Effect.” / .

5

(} - The mass input rates were determined from the rotameter

T . : /
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TABLE IV

R e T TR L R

RESULTS OF MASS AND ENERGY BALANCES

Profile Overall Mass Overall Energy Profile Overall Mass Overall Energy
Designation Flow Rate (g/s)  Flow Rate (kW) Designation Flow Rate (g/s) Flow Rate (kW)
A- 1 0.51 (0.51) 5.80  (5.80)° a-21 0.69 (1.10) ©  7.99  (8.25)
A- 4 0.36 (0.43) 6.00 (6.10) A=24 0.43 (1.05) 9.05 (9.80)
Input Rate © 0.50 6.30 ~ Input Rate 1.35 - 7.98

A~ 5 0.52 (0.88) 6.07 (6.10) A-25 0.50 (0.50) 7.29  (7.29)
A~ 8 0.37 (1.00) 6.19 (7.00)  A-30 0.38 (0.48) 11.16 (13.05)
Input_ Rate 1.19 6.30 Input Rate 0.50 11.97 i
A- 9 0.67 (0.90) 7.83 (8.20) A-31 0.52 (0.52) 5.59 (5.59)
A-12 0.39 (0.89)  9.00 (9.62)  A-38 0.37 (0.42) 10.42 - (10.85)
Input Rate 1.00 — 8.00 _Irput Rate .0.50 15.96

A-13 0.70- (1.20) 7.55 (8.80) B- 1 0.52 (0.52) 7.80 (7.80)
A—IGQ 0.40 (1.30) 9.05 (10.0) B- 4 0.30 (0.45) 8.32 (8.55)
Input Rate 1.53 8.00 . - Input Rate 0.5 7.98

A-17 0.50 (0.50)  7.29 (7.29) B~ 5 0.69 (1.00) 8.33  (8.55)
A-20 0.38 (0.48) 8.11 (8.30) B- 8 0.33 (1.22) 8.50 (8.72)
Input Rate 0.50 | 7.98 Input Rate 1.35 7.98

)
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readings. The energy input. rates were calculated from the voltage

’

gradients rather than the net electric power input rz;te fo the plasma
since electrode losses were considered not to contribute to the
overall emergy flow rate. Considering the uncertainty in the extra-
polated temperature data, the agreement b;_tween the measured rates
and the calculated values was found s;'atisfactory, with an averaée ;

error of %157 for the mass flow and *20% for the energy flow.’

S

4 " CONCLUSION

! ~
The basic characteristics of a transferred arc plasma and

their variation with the operating parameters were studied experi-
mentally. Argon was used as the plasma-forming gas. The plasma was

op;rated between power levels of 8.4 and 38.5 kW.

s

A cathode assembly suitable for inj ecti‘o;-z of fine particles
"and/or reactive gases ix:ntb the column was designed. The experiments
v'rere carr:i‘.ed out in oi:en alr, as it was discovered that no ambient
air was admitted by entraimment in the cathode arc-root region as
long as suffic:{:ent argon was supplied via the particle injection
channels, in addition to the plésmagen argon flowing through‘; the
inner channel surrounding the cathode tipl. The current was varied
between 150 and 350 amperss and the arc length between 4 and 8 cm.
It was observed that the inlet Velo.cit:y of the plasmagen gas' past

the cathode tip (calculated as the cold gas flow rate divided by the
{

free annular nozzle area) was an important parainei:er and should be

[
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uged instead of the vvolumetr;.c gas flow rate alone? 1f ‘the re;ults
are to be generalized. - ;
i .
Preliminary‘ xperiments which were carried out to esta lisp .
the voltage t;haracteristics under the major operating conqj.tion}
showed that vo\l.tage depended -strb“gg"ly on the electrode separati\on and -
.muc};'less on the current and on the inlet gas velocity. It was I
observed that ‘hi‘gher voltages wlere sustained for 45° nozzle compared
to 60° nozzle. Additional argon feed frow the injection channels
decreased tha sustained,voltage by replacing the entrained ambient

air in the plasma column. ' )

The voltage gradient of }:he plasma column was calcﬁlated
from the gradient of the linear p;thion of the voltagéﬂ“versus
electrode spacing graphs. The experimental measurements of the
potentiall variation along the length of the column by means of

probes confirmed the above approxima'tions.

Cal?\z'imeci'ic measurements were car;ied out to ciej:ermine
the fractions of the power supplied: (a) lost to the cathode tip
and n_ozzl‘ej cooling; (b) di:sipated to the cold surrounding by
radiation from the plasma; (c) released at the anode. The fraction
of the power lost to the cathode and the nozzle was invariably
small and almost constant with current and electrode separéti;)n'.

Ags the current was increased, substantiatl increase was observed in
the amount of the power released at the anode. The electrode sep-
aration also had a positive effect in this respect. Depending on

-
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of plasmas aboyé 8000° K with an accuracy-of #87. The technique was .

231

‘

the electrode separaﬂtion, the power radiated by the arc could be

varied between 417 and 537, independently of the current. The inlet

gas velocity was found to decrease the cathode tip temperature by
S .

S ,
The temperature measurements were effected with a dovel .

N +

convective cooling.

- electro-opticil system capable of “measuring the, temperature profile

| o .
based on measuring the variations in the intensity bf the plasma

o
i

of
i

! ‘
(as viewed throughban aperture) while a blocking element moves
through the plasma. An interface~mini~computer assembly was used
to process the signals recorded on the oscilloscope to yiéld the

plasma temperature profiles. The \results indicate higher centreline ,
tempera\tures near the cathode. Increasing the current and the inlet ' 7
)

gas veloci;‘;y both increase the teﬁperature of the plasma. Comparison
of the axial temperature distributions obtained for différent
electrode gseparations showed that ide(x\tical temperaturgs were
obtained for thg inﬁ*ial portion of the plasma incl;.xded in all of
them. BHigher temperatures wer; obt;ined for a 45° angle nozzle as
compared to a 60° angle nozzle. The validity of the LTE in the

plasma was checked theoretiga, and its existence was confirmed. '

P

The maximum tempergture measured in the work was 18,500 X for a 250 A

arc with 4-cm electrode separation and 41 m/s inlet gas velocity.
~ , y
A miniature, uncooled pitot tube connecé::d to a high

N , S
response-time differential pressure transducer was swept through the .

&
. 1

§

t
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plasma to determine the plasma gas velocity distribution. [t was

found that a sweep velocity of 20 cm/s was adequate for good

- AY

o .
resolution while avoiding ablation. Because of the low Reynolds:

\\ numbers of the flow encountered under most of the plasma operati?g
o condi';:'ions, a correction for visap'sity effects had to be inciuded
into the Bernoulli equation. The vé}_ocity profiles showed a strong
decay in the radial direction. The velocities tended to increase
with inc‘reasing current and inlet gas velocities. Additiomal éas
4 |
'~ feeding via the injection channels was found to. be effective for
high-current, low inlet gas velocity’ conditions. The nozzle with
45° inclusion angle was found to cause a slower radial decay. IWhen
mass flow densities were calculated, exister;ce of a relatively co’ld
flow outside the boundaries of luminous column was discovered. It
was observed that this flow was decreasing downstream which was

taken as an indication of entrainment. The maximum axial velocity

measured with 190 m/é near the cathode with an accuracy of $7Z.°

Mass and energy balances computed: at vg.rious axial distances
' :

for various operating conditions agreed with the input rateg and

thus confirmed the accuracy of the témperatures and velocity measure-
l A}

ments.

PR AT 3 s R T3 TN e, tet S W

e N e T

A R T aaad

[




AN T

R

w,@.-sm"

e

o At -p.w(uv_‘,-. R R A ek

Y

! “
- \
.
AT bt g e, A et A b g e £ URE (1w s - x K’P
«wrul s st o e e+
. . o R -
-
' Y
. .
* Y
i .
-3
.
/ “ o
.
A
. 1l .
< .
-
. .
,
.
\4’ o v
/A
i ¢ \
.
2 L |
. \ R
L3 . )
- N -
w q‘ ¢
.
. N . ’
L]
\
’ )
> . .
, - »
B
NOMENCLATURE ' '
| i
,
° -
1 Jl ’
o
;
.
s N
. .
. - .
A}
R .
!
. .
s ’
¢
~ - /
I
A
.
Ca
!
.
* *
)
N
i
v [
.

$ o

ek i PR ey T

NI NI,

o




N

L T

S Y FE Y EER
e e

23

MR

[EUSPTE E

Ao ot s PO

"NOMENCLATURE

\

Inside radiﬁ’ﬁ of the pitot tube

Annular nozzle area.

Voltage gradient

Spec:ific enthaipy

Energy flow rate

Applied current

Electrode separation

Mass flow deunsity

Mags flow rate { ”‘
Pressure

Increase in pressur’e due to viscosity -
Injection gas flow rat;t; ‘
Sheath gag volumetric flow rate )

Radial posit n |

Rat;i.o of the total emission coefficients for
4806 R and 6965 &, regpectively

Gas constant
Temperature : /

Gas velocity
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CONTRIBUTIONS TO KNOWLEDGE

-

L. A cathode agsembly suitable for transferring an arc to a

cooled anode or to a molten metal bath and for the injection of fine
" ! *
particles and/or reactive gases has been de.s\igned.

[

2. The electfical, calorimetric and photographic character-

igtics of the plasma were determined. It wa:/v. founrl\ that the inlet
YT

Al

gas ‘}elocity of the plasmagen gas past the cathode tip was an
import&nt operating parameter and should be used instead of the

volumetric gas flow rate alone, if the results are to be generalized.

i \

X 0
s 3 The variation of the voltage gradient in the plasma columm &
‘with the aﬁplied current and ga; inlet velocity wag determined. It
- was found that the gradient of the linear portion of the voltage-
" arc length graphs can be used to calculate »Atahe v/olt:age gradient
with reasobablé accuracy.
. - .
4. An electro-¢ptical system capable of measuring the
temperature profile of plasmas above 8,000 K with an accuracy of t

187 was developed.‘ The prﬁnary advantages 'of this technique over

' /
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f the conventiopal spectroscopic methods‘ are its si.mplzicity and lack L{
g }
g of depencency on source symmetry. . ;
£ ﬂ o R
” :
§; 5. The basic plasma characteristics, namely, the temperature :
vf i .
; and velocity, were measured under different operating conditions of
. . ' § .
' current, electrode separation and inlet gas velocity. . : s
o ;
; | \ :
6, Conditions under which a secondary g:gs/c/ezn be introducgd b
' ! \c i
into the plasma have been sfﬁdied.\ Lower sheath gas inlet
:
i 3
- S . L
i . velocities and higher currents encourage the entrainment of this };
! ' ’ "}
y secondary gas into the primary heat dissipation zone. %
;
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RECOMMENDATIONS FOR FUTURE WORK , !

The use of transferred arc plasmas in which the anode . \ .
consists of a bath of the molten proc}ﬁct has only received
attention recently for the ﬁtetallur’gical‘processing <;f finely~-
divided materials. The present work‘constitgutes the first
published investigation on t:h‘e diagnostics of a-transfer,red—arc
;lgsma in whichr the operating parameters have been ;:hosen l . '3‘
specifically for their direct applicability to industrial E
grocesses.‘ In the light of the availability o‘f simple diagnt;;tic 5
techniques 'capaHle of determining plasma characteristics in a f
short time and with g“ood accuracy, as developed in this work, it !
is recommended that future research should concentrate on the

following subjects: ;
| I ‘ .

1. Determination of the optimum conditic;ns for the
entrainment o(f the sacondary gas (injection gas): -into the plasma.
These optimum conditions would probabl}; be in the low main gas
inlet velocity and high current range. The e%fect of the nozzle
geometxry is exp?cted, to be importart in the light of the data »
obtained in this work. If the plasmagen gas and the seconddry gas

are chogen to be different, their respective temperaturés can be ,

\
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. determined from their line intemsities. If the concentration

4
'

profiles can also be obtained (say by sampling through the anode

centre hole) mass and energy transfer phenomena can be understood

N

qv}hi te clearly. N

#

2. Determination of the plasma characteri{stics wt{ile
operating in a closed chamber. This should be compared with the

present results to see the effect of the operation in /confined

¢

conditions. It should be added that the techniques developed in

this work can easily be applied to a closed system wi}:h some small

modifications. ) ; .

i N
3. Study of the motion of particles entrained in the

r
transferred arc plasma. It is expected that the size distribution

of the particles will be an imp'[ortant factor in determining the
lefficienc‘y of entrainment. Too large Particles will not be
feasible for industrial applj.cations cflue to short residence times)
encountered, On the other hand, very small particlés will bé
subjected to thermophoretic effects which will i;x\hibit their

penetration into the plasma column.

4. Invegtigation of the behaviour of the transferred arc

plasmas with gases 'other[ than argon and with molten metal baths’ used

as the anode. Diagnostic tech;xiques should be developed to be used

in t{xe neighborhood of the anode. ) *

o
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ABEL' INVERSION ' TECHNIQUE

A

’/Q\er Abel inversion is used whenever data obtained in
integral forng along a chord segment through an: a;d.ssymet ic
medium must be resolved into the true radial distribution.\ The

inversion in the case of pl’asmg radiation is expregsed analytically

by:

N R i
e(x,z) = =1l/n / (dI/dx) dx/(x*-r?)
T

|
/2 D)

' As noted in the Literature Review section, sinde I is obtained as
numerical data, it is more convenient t::': uge a numerilcal technique
to/perfom the ‘inversion. In this thesis, the method described by
Barry (1962) is used when the results obtained by the "sweeping
blocking element technique'' were to be compared with the side~gn

spectroscopic measurements. '

v

Since I i3 a set of numerical data, it is advantageous

to reverse the order of differentiation and integration in Equation’

(A-1) 4if the functions are well :behaved. This/would smooth th
data before differentiation and reduce amplification of noise in
the data. Thus, if the functions are well behaved, Eclluatior; (4-1)

J

can be written as:

o

e(r,z) = <1/2nr + d¥F(r,z)/dr ' (A=-2)

R l . ’ .
where F(r,z) =2 fr I(x,2)x dx/(xz_ra)xlz (A=3)
[L
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A-2
‘ The x axis and hence r is divided into N equal intervals
Y o &
A s0 that: |
. N x =1 A (A-4)
- ‘ { n < i
L}
and ’ Ty = k A ‘
where ‘ \ A = R/N (a-6)
and n and k are Integers between and ‘includidg 0 and §. In each
. interval I (x,z)-is approximated by: .
- A I(e,2) =a + b x* (a-n
\ e
S |\ |
The coefficients a, and bu\are determined by requiring that:
| N
I(xn,z) =1 (n,2) (A-8)
and Itx,,2) =1 (atl,) (a-9)
where I(n,2) add I(n+l,z) are the measured numerical values at x
‘ and x L’ respectively. - - -
L
For: r =1 (A-10)
\\
Equation (A-3) can then be writtem as o
- ]
N .
F(k,z) = A I %en I(n,2) (A-11)
n=k
where'gkn are positive, slowly varying functions of k and n only.
The F(k,z) are relatively insens:r,ti\;e to small Qndom errors in the
I(n’,z). In order to perfo\rm the differentiation c}f\ Equation (A—-2),\
. , AN '
O - \
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a polynomial is fitted to each section of the F(k,z) versus k curve.

This process also smooths the .data. Thus, the F(k,z) are represented

by:

. !

. Flk,2) = (& + B k* +C k%) A (A~12)

Equation (A-2) |then takes the form:

1

ek,z) '~‘l/42ﬂAak) » dr(k,2z)/dk
\ v /

5

| \ '
A least squares te\chnique is used to determine the coefficients. As
. \ I

a result, a new set of coefficients By, is obtained such that:

N ,
elkaz) = 1/mh + L Pig T3P , (%"U’)
. n=k-2 ° . - I
AN |
for k > 2, and 4
\ , N
e(k,z) = 1/mA I Bkn I (n,z) (A-15)
n=o

for k < 2.

i

The complete nseque’nce of steps - integration, least squares
\fit, and final differentiation - is included im the _B_k'n, which have

been evaluated and tabulated by Barr for N up to 20.
N .
t (4

‘To' check the accuracy of the inversioh, a simple analytical

!
distribution for e(r,z) was assumed and an analytic relationship for

N
and used ‘to evaluate the g(k,z) profile by means of the numerical

\\
\ I(x,2) determined. ‘Discrete values of I(n,z) were then calcﬁiated

\Khod. The numerical values of g(k,z) are compared with those

culated from the analytic function e(r,z) in Table A-I for a

o | -

3

(A-13)
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1
20-zone inversion. The assumed analytic distribution was:

. +

g(r,z) = 1600 (1-x?) . (A-16)

o ot b

for whi'ch the analytic chord distributiomn is ) s
I(x,z) = 3200 7} (l—r")‘/a C S (A=l
It can be seen that, the agreemeni: between analytical and numerical

valugs are satisfactory at all radiél positions except the last. ;
\ - :

TABLE A-I | g0
] v ’ # ‘\
ACCURACY TEST FOR ABEL INVERSION TECHNIQUE l » ; ,
e{r,z E:
\\ :.
‘ ¥
Analvtical . 20 Zone :
5 . 4
*1018.592 1020.155 .
. 998.012 . 997.988
909.631 - 907.898 !
727 .420 "725.310 | 3
318.055 283.128 3
0.000 © 144.762 :
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SPECIFICATIONS OF THE CATHODE ASSEMBLY COMPONENTS

»r

In actual industrial applicatioms, eSpeciTally when a molten-—
type of anode is to be uged, it would be e‘asier t; move the cathode
assembly rather than the anode. Since a closed reactor w.ould be
employed in such casas, the cathode assembly should have a length
greater than the arc length expected to be achieved. This would adso

:meiy that the outer surface of the assembly has to be cooled to

avoid over heating due to convective and radiative heat transfer.

‘ \
The piasma-forming gas énd the parficles to"be\processed
would have a greater chaace o;‘:' peuetrat\on into the primary energy
df.ssipation zone if they are directed towards the cathode attachment
of the .-arc, since an inwardly-directed pressure gradient e:fists here

(Maecker, 1955). This is most easily achieved by employing an.

annular orifice surrounding the cathode tip) and by providing inlet

s

channels for the particles around the uozafle.
: C,

In ti;e light of the above considerations, a catho;ie
agszembly su\itable .for operation in the trm;ferred—arc mod;a and
f;:r injection of fine particles or of a sec::ndary gas, other than
tI;e main plasma forming gas, has been designed. The assembly,
shown in Figure B~1, comsisted of four major parts: the lower
distributor plate (nozzle), the upl\:er diai:.ributon-plate, the end

caps and the cathode tip cooling and support piece. While the

distributor plates direct the water and the primary and secondary

S
N et L e,

;
!
+
i
i
1
3
1
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References

~ gas faeds,\ the end caps close the assembly at the top and help

support the long feed tubes. The cathode-cooling system was

s

designed to give maximum cooling in the form of an impinging water
|

Jet. The pressura:drop calcul:ations dictated the size of tube

~

diameters to be used. Table B-I gives the materials of construction

as well as the important dimensions of the parts of the cathode

SN o

asseinbly shown in Figixre,B- .
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EPYSRRE

':, B-4
%i‘ - .‘ \" TAIiLE B-1 . . t
;;“ MATERIALS OF CONSTRUCTION OF THE CATHODE ASSEMBLY ,
| ) Part? ., Matertial
» §
v | 1. Cathode support ’ Copper tube (1.71 em o.d.,
. ‘ ‘ 1.07 cm 4.d.
' 2. Electrical connector Copper strip ’
3w Sealing plate nut | Brass
4. Sealing platé Phenolic board )
o 5. End cap ' ‘ Phenolic board ’ ,
6. End cap support ring 316 stainless steel :
: 7. Outer shell 316 stainless steel (2-3" sch. 40) ‘
t\ - 8. . Inner shell . Copper tube (2" type K)
é”f,‘_ - " '9. Powder feeding  tube (3)x Copper
g /! 10. Water inlet tube (2)‘ Stainless steel :
%’ 11. Spacer (2 - not shown) . Teflon ; ) 1
% ) 12." Cathode cooling tube Stainless steel ’
f \:”‘ 13. Cathode lassembly support :
“; nipple (not shown) . Teflon ?
¢ 14, Cathode  assembly support ;
2% . ring (not ghown) Aluminum . ’ .
’,: 15. Support ring centering ‘ i
¢ gcrews (not shown)
‘ , . ‘ 16. Upper distributor plate Brass ‘ X
| " 17. Cathode Brass 1 :
‘ 4 ‘ 18. Lower distributor plate Braas ‘ ) 3»
, 3 : 19. Cathode tip Tungsten %
20. Inner shell '0' rings (2) \
No. 033~
b 21. Quter distributor plate '0'
ring (1) No. 031
] 22. Inner distributor plate |
;’ '0' ring (1) No. 024 ° '
C
4
£ . [
X
" . : . .

KA sl fab e Bt ey - e
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TABLE B-I1
LAt

MATERIALS OF CONSTRUCTION OF THE CATHODE ASSEMBLY

- Continued -

Lower outer shell '0' ring (1) No. 143
Distributor plate retaining screws (3)

. Cathode holder '0' ring (1) No. 013

. End cap retaining screws (6)

. Lift system comnection to support ring (6) (not shown)

30.
31.
32.

* Numbers refer to Figure B-1l

Not

»

. Water outlet comnection to outer shell (not shown){

Upper outer shell '0' ring (1) No. 337
Sealing plate nut '0' ring (1) No. 116
Feed tube sealing '0' ring (6) No. 010

S

i

— U - | 7

5 ( ) : ? !

All '0' rings - neoprene (Natiomal '0' rings)

{

. Wrench td tighten the lower distributor plate (mot showm)
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" TOTAL EMISSION COEFFICIENT CALCULATIONS

\

e S T Xt R o 15 A SN S

The line emission coefficient for a spectral line is given

by;

€14pe ™ BC/(4TA) BB " (Na/Ua) exp (~E_/kT) (C-1)

., Table C-I below gives the characteristic constants 'for the line;
4806.90 Rl'and 6965.43 &. The values presented were\ talfen from
Adéock and Plumtree (1964) who summarized the various determinations
of aréon transition probabilities. The values of Olgen (195;'9) are

congidered to be the most é:onsisteﬁtly reliable and are the ones
)

!

listed in Table C-I.

Usin‘g these constants and the tabulated values of _l\ga and

yﬁ as a function of temperature at one atmosphere given by Olsen

g v,

(1959), the temperature variation of € 4ne was” calculated for 4806

.

2 and 6965 & lines.

n

For the continuum emission coefficients the following

1

equation was used: \

|
v

B
e g P TR R

| . ‘ e(i),Te) = c,Ne/ (Te)‘/ ’Ez""Nz[Gz(v,Te)exp(-hv/kTe) +

|

Cz(\),Te) gz'/Uz (l-exp(—hv/kTe))] (c-2)

The tabulated values of n, cited above were used together
|

with the correction fac(\:ors obtained from Schlliter (1965) and

1 Schnapauff (1968) to cg,’).culate the variatiop wi temperaturf of

\ -

' the continuym emi‘sﬁ;n coefficients at 4§06 nd 6965 & (for 20 &




) c-2 ‘
g
[ ] \\/ i) P
, t \ ——
. :? 1 r
2 } TABLE C-I
i |
L SPECTRAL LINE CONSTANTS -
! /
|
\ !
Line Anm _ &n Anm En
. 10° gec 10° gec ® ev
4806.90 786 4716 19.22
3 6965.43 53.1 159.3 13.33
W
! | i
*
\ |
|
: | bandwidth).
,
}
%1 The line emission coefficients and continuum emissiom
; coefficients were usfed to calculate the dependency of the total
3{ emission coefficients which is shown in Figure C-1.
é’“
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EXPLANATION AND LISTING OF THE COMPUTER
PROGRAM FOR TEMPERATURE DATA ANALYSIS

7

A computer program written in ASSEMBLER and BASIC was used

to process the data by a Commodore PET minicomputer. The object

of

the program was:

Transfer data as stored in memory on a GOULD model
0S4000 oscilloscope to read/write memory locations

6912 to 7935 in the PET minicomputer.

L )
Reproduce graphicall§ the transferred data.
Differentiate and smooth the data by using the
Convolution Integers Method (described at the end

of this Appendix section).
, .

Calculate the temperaturé at each dQFa Roint

uging the regression equation previously described.

Plot and tabulate the temperature profiles.

Only the part of the program which'déQEZ;;;; he data

transfer will be described below and the listing of the computer

program will be given afterwards.

Iransfer of Data .

/

An ASSEMBLER routine 1is responsible for the tra wﬁg; of

data from the oscilloscope to the minicoﬁputer. The program is

P

N
o
2
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loaded and executed via the BASIC program "GOULD-TEMP.'
. \

Line number 1 of the program requests if new data are to
be transferred from the oscilloscope or if data previously trans-
ferred are to be manipulated. If new‘data are to be transferred,
then lime 100 of “,GOUi.D-TEMP." ’loads the assembler language
instructions given as data in linmes 10 to 40 into the second
cassette buffer (locations 826 to 885 of the PET's memory). Line

120 then transfers control to the assembler program at memory

address 826. °

The assembler program transfers data into memory addresses

6912 to 7935 (BASIC text random access memory). A datum is trans-

ferred when PET senses a low state on the IEEE -~ EOI line of the
"parallel user port" (the high-low state is achieved through a
pulse shaping interface between the oscilloscope and the user

port). A high state resets the assembler routine for transfer

i

of the next datum.

Data transfer alternates between channels one and two of
the oscilloscope. The BASIC program decodes the data after

trangfer to separate two channels.

LISTING OF "GOULD-TEMP." i

1 DIM A(72); W(10), D(66), T(36): ? "CLEAR" : INPUT "NEW'
DATA Y/N"; Al$:INPUT" EXP. NO"; E$

2 INPUT "LIMITS OF CALC. AS CM ON 0SC"; LL, UL

[T V.

e

B i e
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3 INPUT "DECREASE (-1) OR INCREASE (+1)"; S:INPUT "PLOT OF THE

7 INPUT "0OSC SPEED, MS/CM & LIN. MOTOR SPEED, CM/SEC"; 0, L1

8 INPUT "RANGE TO PLOT FOR.TEMP."; RL, RH:PRINT" PRESS OSC

9
10

20

30

40
100

120

DERIVATIVES Y/N"; A3$ '

BUTTON"

IF Al$ <> "Y" GO TO 140

DATA 162, 27, 160, 0, 76, 104, 3, 234, 234, 234, 234,

DATA 234, 234, 205, 80, 232, 16, 3, 76, 71, 3, 173, 79, 232,
141, 0, 27

DATA 200, 140, 83, 3, 192, 0, 240, 3, 76, 104, 3, 232, 142,

84, 3, 224, 31, 240, 13 |

DATA 169, 200, 205, 80, 232, 48, 3, 76, 106, 3, 76, 69, 3, 96
FOR I = 826 to 885 : READ N : POKE I, N : NEXT I \

SYS (826)

140 ‘(LL =LL*51:UL =0ULx 51: A =6912 : G§ = "plotting graphics":

170

180

. 190

- 195

200

210
220

240

DX = INT (UL - LL) / 36)

H

LL+DX*36 : IFx H>UL THENDX =DX — 1 : GO TO 170

XL

INT (DX/2) i
? "FLEAR"; X+ LL; "(XL ;-"; XL;"): TAB (16); "DX ="; DX;
"EXP #"; E$; TAB (34); XH ' T
FOR I =1 TO 36:/K-=0: P = ((I - 1) * DX + INT, (LL/2) *2) *2
PRINT "HOME"; TAB (I);: N =0: V =0; FOR J =0 TO DX *2 ~. 2 STEP
2: V=y 4+ 1 | ‘

, 0
N=N+PEEK A+ P+J + K) : NEXT J
A ( I+‘K* 36) = N/V: N = N/11L/V: R = N -' INT ()
FOR J =1 TON : ? "down"; : NEXT J °

1
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=230

260
265
2'70
280

290

310

320

330

340
350
360

370

380

390

400

410
420
430

D-4

7MID$ (G$, R*@ + 1, 1) : K==Ll * (K=0) : IFK=1
GOTO 200

NEXT I : C$ = TIME $§

"GET H$': IF H§ <>" "GO TO 280

IF (-VAL (C$) + VAL (TIME §)) <30 GOTO 265
IF AL$ = "Y" GO'TO 310
FOR I =1 TO 60 :'READ X : NEXT I
D¢Ly=0 : FOR I = 1 TO 5 : READ W (I) : NEXT I : READ F :
s \
(D(1) = 0 : D(34) =0
? "cnm";"bzmmmﬁdu IN PROGRESS"; "-"; K1 +1 : FOR I
=1 T032 :P=0
FORJ=\OT04:LJ=I+J+K1 %36: P = P+ W (J+1) *
A(LI) :NEXT J : B=1+KL*33 +1:Bl=8-1

i

D(B) =~-§ % P/F : IF P * § > 0 THEN D(8) = D(BL)
NEXT T : %L = ~(RL = 0) : IF KL = 1 GO TO 320

IF A3$ = "N" GO TO 460 ° k

? "CLEAR"; XL +LL; TAB (16); "DX ="; DX; "EXP.#"; E§;

TAB (34); XH; FOR I = 1 TO 32 : K=0 |,

7 "HOME"; TAB (L + 2) : N = (255 — INT(D(I + 1 + K * 33) #25)°
/22 : IFN < O THEN N = 0 '

FOR J =1T0 n-12 % = 0) : ? "DOWN"; : NEXT J | |
7 MID $ MID $ (G$,’R*’8+l, 1) : "DOWN" : K= -1 *% (K = 0)

: IF K = 1 GO TO 380

NEXT I : R$ 3 TDME $

GET Q$ : IF Q$ <> " GO TO 460

IF (VAL (TIME $) - VAL (R$)) <0 GO TO 420
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AR N,

D=5

460 ? "CLEAR";'TEMP. CALC. IN PROGRESS" | r

470 FOR I = 1T0 32 : IF D (I + 1) * D(I '+ 33)=<0 GO TO 490

5

¥ i J
475 R =D(I +33) / (1.5345 * D(I +1)) : IF R < = 0.322 GO TO 485

480 T(I) = 10 (4.22836 + 0.08902 *LoG (R) / LOG &10)) : GO TO 490
485 T(I) = 10 (4.30055 + 0.24978 * LOG (R) /. LOG (10))

\ ‘
490 NEXT I |

e s A Bt S0l e
'

500 NT = INT ((RH - RL) *51 %32 / (UL — LL)) : IF INT (32/NT)
" <=1 GO 0549 '

510 7 "CLEAR"; RL; TAB (16); "DX="; DX; "EXP #"; E$; TAB(34);

&

[} '

RH : Q =90 \

T PO

‘ \
515 Z=INT (O*L1* (RH -RL)/32) : FORI = 1 TO 32: ? "HOME";

TAB (I + 1) i

516 IF (I - 1) / INT (32/NT) = INT ((I - 1) / INT (32/NT)) GO TO

525 \
520 NL=T (1+INT'((RL * 51~ LL) %32 / (W ="LL)) + Q) / 100 :
IF Nl < O THEN Nl = N Q : { \
5L IF N1 < 220 THEN N1 = 220
‘522 N = (NL +N)/2 : G0 TO 530 -/
525 N =T(L + INT (RL #S1 - L) *32/(UL - LL)) + Q)//ioo :
Q= Q+1:N=-(N>0)#N : IF N'> 220 THEN/N = 220

530 M = (220 - N) /6.5:Rl=‘M--INT(M):IFM/>22THENM=22 -

535 FORJ = 1TOM +1: 7 "DOWN''; : NEXT J

540 °7 MID$ (G$,(RL * 8+ 1, 1) : NEXT I / |

542 27 "HOME™; : FOR K = 0 TO 22 STEP 2 : ?/éown" {220 - K * 65)
NEXT K

543 '? "HOME"™; : FOR I = 1 to 24 : ? "DOWN"; : NEXT I
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? "DOWN" ; : NEXT I

Rt}

1 J % Z / 100;

7 "DOWN'"; (220 -K * 6.5):

D-6
“ . R A@%
' 544 FOR J= 0 TO 32 STEP 8 : ? TAB- (J + 1 + (J > 0))
,L : NEXT J -
{545 GET Qf : IF Q§ = "" GO TO 545
546 GO TO 565
549 Z = INT (0 % L1l * (XH - (XH + LL)) /532 / 5L) .
/550 7 "CLEAR"; XL + LL; TAB (16); "DX=" ; DX ; "EXP#"; E$; TAB
g (34); XH : FOR i-laro 32
552 ' 7 ''HOME"; TAB (I + 1) : N = (220 - T(I)/100)/6.5 : Rl = N -
- )INT(I‘.!):IFN->22‘THENN’=22 '
553 FORJ=1TON+ 1 :? "DOWN'; : NEXT J
7 555. 1 MID § (C$, R * 8 +1, 1); "UP" : NEXT I
. 556 ? "HOME"; : FOR K = 0 TO 22 STEP 2 :
= NEXT K
557 7 "HOME"; : FOR I = 1 TO 34 :
558 FOR J =0 TO 32 STEP 8 : ? TAB (J + 1 + (J > 0)) L3 % 2/100 :
| NEXT I /2/’\
N\
560 GET Q§ : IF Qf = "' GO TO 560
(’56;3 ? "CLEA;R" ; TAB (15); "EXP.#" 'y E$ ; "RL= " ; RL; "RH="; RH;
566 ? INT (&L * 51 - LL) * 32 / (UL - LL)) : 2 TAB (2) ; "R, M{
T oog" TAB (16) ; "R, MM TR"
580 R’L”—,o TO 32 : R-ZxL/loo : IF L.> 21 GO TO 600
590 7 VAB (2) ; R ; TAB (6) T @) GO0 650
. 600 7 "GOME" ; : FOR N = 1 TO L - 19 2 "DOWN"; : NEXT N : ? TAB
© ue m ms @0 mw @)
. 650 NEXT L .
O 660 GET J$: IF J§ = " GO 10 660
i . |
o

P P o
v
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670 ? "CLEAR" : INPUT/'M RANGE FOR PLOTTING(TEMPERATURE"; RL,

Prd

PO

RE : GO TO-500 '
,1/
700 DATA - 2, -1, 0, 1, 2, 10 S
/;"' ‘ '
/‘ * , ¢
\/7"”/ . Convolution Integers Method ’ -

f :

The Convoilution Integers Method ig a generalized form of
the Moving Aver;ge Method in which the average of a certain set of ‘
data points is.assigned to the centre abscissa. Then, the set

'mo‘ves\one data point in on;e direction and the procedure is repeated.
In the Moving Average Method, the same weight is given to all the '
data points, however, in theﬂConvolution Integers Method:, the
weight given to each point is different. This technique resimbles
the least square fit procedure, applied to the central point only. .
]if the evaluation of the function only at the centre point of a
get of equally spaced observat?.ons is conside::ed, then there exists
sets o'f' convoluting integers for the‘first derivative as ;eell. A
complete set of ‘;ables for derivatives up to the fifth order, for
polynomials up to the fifth degree, using from 5 to 25 poin!fs, has

been given by Savitzky and Golay (1964). In the present work, the

integers for first derivative for a quadratic f£it and for a set of

five points was used. : : /\
p :

7}
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b o s A 2 S e
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. " / " TOTAL ARC VOLTAGE DATA

r . TABLE E-I o
VOLTAGE RECORDINGS FOR SET I

. ) ’ \\\\ )
__._Annular Area : 0.0085 - (Z}TO)' - 0.055 cm?

> N i
Q I ¢ A v Q I 2 v )
L/m A cm v L/m A cm v "
. 14 ¢ 150 4 58-( 64) - 68 14 350 4 59.5-( 65)- 66
Ly 17 150 4 62-( 68) =~ 72 17 350 4 60-( 66)= 67
20 150 4 66-( 72) - 76 20 350 4 60.5-( 67)~ 68
14" 150 6 80-( 84y ~ 85 14 350 6 72-( 8l)- 86
170 150 6 ' 82-( 88) - 88 17 350 6 76-( 83)- 88
20 150 6 88-(92) - 94 20 350 _ 6  78-(84.5)~ 90
14 150 8 95-(100) -101 14 350 8  88-( 94)- 98 -
17 150 8 98-(l04) - 96* 17 350 8  90-( 98)-100
20 150 8 103-(107) -100% 20 350 8  93-( 100)-102

14 150 10 110-( 92) - 59% 14 350 10 100~-( 115) ?
~© 17 150 10 110-(9.4) - 62% 17 350 10 103-( ? ) ?
20 150 10 ?=( 96) - 64%* 20 350 . 10. 107-( ? ) ?

S e mshe 5o
s N S ST

. 14 250 4 59-( 62) - 68

: 17 250 4  60-( 63) - 70

; 20 250 4  61-( 64) —- 71.5

14 250 6 74-( 80) - 82 ‘

< 17 250 6 76-( 82) =~ 84

20 250 6 78-( 84) - 86

o 14 250 8 87-( 92) - 98 \
17 250 8 90-( 96) -100 - %
20 250 8 94=( 98) -102 - . :
14 250 10 102~(100)*-110% — ’X '
17 250 10 105-(102)*-114*% o :
20 250 10 110-(105)*~1l6% o y

//"/
e

* value taken for a shorter arc length
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TABLE E-IT

POTENTIAL DISTRIBUTION vs ARC LENGTH DATA

\

Condition

Condition ocm

v

cm

v

cm

Condition

—~ wn

NI WSO T
NN MT NN O

- g R A B

<t g
™~ ™~

e

45000000050
00123/456778

385555

(o B
6379
O ~T T N

4500050

0012334

5

17
22
6.5
45
60

(3 M

Snooomno
OCSHamm S

Y T A L

17

-4

6

e e

ko

(g

RS e e gl e, AT ﬂv M.m
,

4500050x

001!_233/4

10

22
25
28
35
50
58

42.5

450000050

s

001234556

&»ﬁvna A

S

18

22
27.5:

35
42.5 -

,4500050

e o =

001233/4

: N P - 9 T
T b e el d e




SA w1 Gt Apirees A, FETRTION

- g T O

H|
nl
=
m
Y]

" e R AT

. &

PROPERTIES OF ARGGN

st




o e a

s

PROPERTIES OF ARGON
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In Figures F~1, F-2 and F-3, the Electrical Conductivity
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argon as a function of temperature are given. T}xe values are that

\

\

(stat mho/cm), the compressibility and dimensionless enthalpy of

given by Ahtye (1965).
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TABLE. G-I -
RAW CALORIMETRIC DATA ﬁ
Electrode Separation: 4 cm Applied Current: 250 A
Cathode Tip Nozzle Anode -
P - Water Flow_ Water Flow - Water Flow
- v Water AT Rate _ Water AT Rate _ Water AT _ Rate _
Run m/s . °c g/m x 10 3 °c g/m x 10 ? °c g/m x 10 2
1 16.65 5.0 . 1.30 . 9.1 1.79 5.2 15.89
2 16.65 5.5 1.18 8.6 - 1.95 15.0 5.28
3 33.30 2.4 _ 2.59 9.0 1.95 4.7 18.13
T4 33.30 ¥ 5.0 1.29 8.5 2.04 10.0 8.52
5 49.95 5.0 1.18 9.5 N 1.95 1.5 12.27
6 49.95 5. 1.18 9.1 2.04 N 17.5 5.28
r Electrode Separation: 4 cm ¢ Applied Current: 350 A
7 16065 3-8 ’ 2.59 1400 1-68 k] 9-5 - * 12-27
8 16.65 6.0 1.62 14.8 1.59 9.5 12.27
° 9 33.30 © 3.6 2.59 14.3 1.77 6.5 18.29
10 33.30 7.5 1.25 13.0 1.95 22.5 © 5.28
11 49,95 6.4 ° 1.25 14.7 1.77 - 9.7 12.27
12 49.95 6. ~1.25 13.3 1.95 °° 13.9 8.52
Inlet Gas Velocity: 33.30 m/s Applied Current: 350 A
L,em ¢ : o @ .
1} 6 - 7.7 1.25 14.8 1.86 12.1 12.27
14 . 6 8.0 1.18 15.3 1.77 17.4 8.52
15 ~ 8 8.0 1.18 16.8 1.68 13. 12.27
16 8 7.9 1.18 17.3 1.63 12.9 12.27 -
- ‘;\
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N Error Aralysis
. . The amount of heat released at a component of the transferred- g
. . ' }
’ - ,arc assembly was calculated from the equationm: }
) i . A ’ :
‘ ‘ Pam C_ AT (6-1) :
The error in such 2 measurement can be expressed by:
, ° L) + . ’ ’ - 4 :
Vs dp = prATw dmw mepw d.A'l‘W + :
( / ‘ - » ' ' ’ ! - ",r‘
. e mWATW '%pr ( ?-—2) -8
1 §
where dm refers to the error in the measurement of the water flow
7 W ° Fd
L e “ . :
' e rate and so forth. Typical values of the variables and the estimate 4
: y . . ' :
4 4 ~ of the maximum error in the measurements are given below.
i . bode. T4 . ) . j !
) /g/ Cathode: Tip ;
: - ;
b oo . j
4 AT, = 6.3 °C , dAT = 0.25 °C o ¢
. w W ;
1 |
bt . X ’ :
= 0.999 cal/g°C , dC__ = 0.001 cal/g°C 1
] m,. ' g ’ oW : 4 A
; C
Nozzle y };
’ ! ' é
= ° - :1
ATw 13.3°C , dASL“w same as above . [
. ) , $§
* m, = 1.95 x 10° g/m , dm_ = same as abave
4
Anode !
I

AT, = 13.9°C ," dAT = same as above
LA )

D)
s

o — ) - on s = . e s Bt AL




§ .. |
. ;}:‘,4. ' G-3 j
| |
o - - - |
L | 3
m, = 8.52x 10° g/m , du_ = 20 g/m '
. o i
“y From these values, the following results: were obtained:
, & H
4 Cathode Tip
’ ‘ P=0.54 kW; dP = 0.025 kW; 1 Error = 4.78%
Nozzle . :
, P= 1,79 kW; dP = 0.0468 kW; % Error = 2.62% o . !
) i
! ’ \ . :
' Anode y
* i
0 : : y
; . g o ¢
i P=8.17kW; dP =" 0.165 kW; 4 Error = 2.02% - :
; ' In all cases, the major source of error was due to errors £
& ‘ , * LY
i in the measurement of temperature.
% . Nomenclature - | | b '
"o Symbol Meaning Units " ;
1 £
: - Cp heat capacity ) cal/g°c '
. , m mass flow rate g/m
1 i}) ‘temperature difference 'K
' P power . cal/s ot kW -
i Subscripts ‘ I . , ‘
; w o water '
? .
]
y e , X
* - .
KA gs 3 b e m Ut — 1~ © s o e (' | ot e im:x.,c



