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ABSTRACT

A low power, atmospheric, argon, plasma
jet was built. An intermittent thermocouple
driven by a double acting solenoid and cooled
by a water-jacket was used to measure the
atmospheric argon plasma temperature. It was
necessafy to use a large bead of 0.063 inch
diameter to reduce the probe response. The
radiation heat lost by this probe “to the
surroundings was estimated to be negligibly
small. By keeping the ratio of the diameter
to the length of'the lead less than 0.1, the

conduction heat lost from the bead to the base

of the leads could be neglected. A factorial
plan method was applied to analyse the temper-

ature characteristics of a 0,125 inch_nozzle
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plasma jet and an empirical equation was
developed to describe changes with gas flow ratex
arc current and distance along the axis of the
jet., Deviation between this equation and

experimental results is within 10 %
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1. INTRODUCTION !

1.1 Preamble

The conventional way of measuring moderate gas ; .
temperatures is by placing a thermocouple in thermal equilié- v
rium with the gas. At the extremely high temperature of plasmas;
any kind of thermal material would melt away. Microwave and .l
spectroscopic techniques measure the plasma temperature with- f
out setting any solid material inside the-hot flame. Hbv;everi
using these techniques, only an average temperature across a
section of the plasma can be measured. For local temperature
measurement, one of the most promising new techﬁiques is the

use of an intermittent thermocouple.

The bead of this thermocouple is pulsed into the
point of interest in the plasma flame, but is then pulled
back into the cool reservoir before it reaches its melting
point. By.using two different pulse rates, one can eliminate
unknow probe properties and easily evaluate the local plasma

temperatures.

1.2 Previous Work

There are several ways of measuring arc jet plasma

temperature. Two of the most widely used and accurate methods
employ spectroscopic and microwave diagnostic techniques.

-] -
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Another way involves the rapid rotation of an electrostatic
probe through the plasma flame, In this method, the period
of rotation is rapid enough so that the prove does not melt
(1) (Figure 1). These techniques measure only the average
temperature across a section of plasma., For local temperature
measurement, the only way is to set a probe into the plasma
at the particular point of interest; however all conventional
thermocouples would melt away at the extremely high plasma
temperatures. This necessitates the cooling of the probe so
that the probe does not reach its melting point. A water-cooled
calorimeter probe was first developed by Grey (2) for plasma
temperature measurement., Later 6n, a cooled electrostatic

probe was introduced by Grey and Jacobs (3) This probe not

only measured the local plasma temperature tut also the elec-
tron density and ion density. These two kinds of probes now

are commercially available on the market,

Since they are very complicated precision instruments,
these probes are very expensive and require an elaborzte monitoring
and indicating system. Another simpler and cheaper instrument
promises to do the same job of measuring local hot gas ilemper-
ature as this expensive probe. This is the intermittent thermo-
couple, This probe was first employed by Raezer and Olsen (&)
for atmospheric argon plasma jet temperature measurement and
then by Henry (5) for low-pressure argon plasma-accelerator

diagnosis,



1.3 Princivle of the Intermittent Thermocouple

In temperature region above the melting point of
metals, no conventional thermocouple can e used for
measurement of extremely hot gas temperature by setting it

in thermal equilibrium with the hot gas.

Consider a material body composed of a chemically
inert and non-catalytic material (e.g. chromel-alumel thermo-
couple). Let this body be placed in a stream of extremely hot
gas and allow it to remain in the hot gas for a period of time
long on the scale of molecular events but not long enough for
the surface to melt. The heat transfer between the gas and
the body will depend in some manner on the sunm of the average
kinetic and thermal energy of the gas and also depend upon

the body cycling rate into and out of the hot gas.

Knowing ;hg_gggpggigms of heat transfe;, onie can

derive the hot gas temperature £rom the much lower thermc-

pa - 3 3 ¥
couole mean temperature., Raezer and Olsen neglected radiation

and conducticn heat losses,considering convection to be the

dominating means of heat transfer. Radiation heat loss would

be that radiated from the suriace of the procbe to the surrcund-
- o b ) - A

ings. Also,radiation heat, gained from the not gas by the probde

was neglected. The conduction neat loss would be that conduct-

ed from the probe through the leads., In their analysis, Raezer

and Clsen used the following assumptlions:

.-3..




(a) The plasma was assumed to ve optically thin
so that the absorptivity of the plasma was negligibly small,
Consequently no radiation energy from the probe surfacé to
the surroundings was absorbed by the plasma and no radiation
energy was absorbed by the probe from the plasma. Besides,
the temperature difference between the probe surface and the
surroundings was not too high, therefore, the radiation heat

loss was neglected.

(b) The ratio between the diameter of the leads
and the length of the leads of the probe was very small, so
that, the conduction heat lost from the probe tip down to the

vase of the leads could be neglected.

However, Henry, working in a vacuum system, found
that in his studies the conduction heat loss was significant.
The radiation heat loss in his system was assumed to De

nezligibly small.

The cycling techniques employed in References (%)

and (35) were different. Raezer zand Clsen used a 1ight source,
chopnver wheel, vhotocell and amplifier to generate zn output
to operate the relays which controlled the drivingz current

througzh a double-acting solenoid (Figure 2)., This method had

(o3

een first emploved in Reference (&) to measure the average

-

temperature of flame xernels, Henry made an electronic

L%

power switehning circuit and timing circult to control the

( l\]
0

érivinz current throusgh a double ting sclencid (Figure3).

[+ =

W
(¢}

Since tnis latter timing circuit was naore convenient for use

L




in this experiment, Henry's method was applied with a modific-

ation to increase the cycling ratio R = b/a,

1.4 Objective of Experiment

A low poweg,atmOSpheriq argon, nlasma Jjet was con-

structed. Plasmz temperatures were measured along the axis of

¢ the arc jet at different gas flow rates with different arc

currents and with two different sizes of nozzles. The results
é were analysed by the method of Tactorial plan (7) to establish
an algebraic equation for the temperature of the hot gas as a
function of arc current, gas flow rate and distance along the
axis of arc jet. The temperature of the plasma was predicted

as follows,

Using three different values of R, three different
traces of the probe response were obtained. The combination
of any two results of these traces vields three different
approximate values of the hot gas cemperature. If these vazlues
differed oy less than 5%, then the average value of these three
was accepted as the value of the plasma temperature a2t that
specific condition of arc current, gas fléw rate and distarice

along the axis of the arc jJet.

The temperature profiles of argon plasmez along the

s
"

+he size of the nozzle and the temperature

wag examined. The dizmeter of <the Zeads of the prote was

z2xis of the arc jet were taken for twc different nozzle diameters.



changed to see the effect on temperature measurement, rieat
losses by both radiation and conduction were estimated and .
found to be negligibly small in the atmcspheric pressure

arc jet (Refer to Section 2-3).




2. THEORY

Using basic ideas of heat transfer, energy balance
and elementary differential equations, one can relate the
very hot gas temperature to the much lower steady state

thermocouple temperature indication.

2.1 Derivation'bf the Probe Heat Transfer Relation

Consider two reservoirs Rq and RB maintailned at
temperature Tq and T3 respectively. Let a thermocouple B
pass in a periodic manner with period 7 vetween the two

reservoirs, spending a time "a" in Ry and a time "b" in R3,

with negligible time spent travelling from one reservoir to

~the other. Let T, be the instantaneous temperature of B.

2
After sufficient cycling between the two reservoirs, the mean

probe temperature will approach a constant value Tj. Under
these conditions, the heat gained by B during the time it spends
in Ry is equal to the heat it loses during the time it is in

R Figure 4 illustrates the probe cyclical motion and cor-

30

ressonding thermocouple output.
Qa T
= 74
j; (QLZ 61{ J; <QLB f (1)

wnere heat fluxes; Q, 5 = -fn (T;-’ —E)

rence,

CQLB =Lf" CT;"7;)

_?_



At any instant dt during probe cyclingr coﬁservation
of energy yilelds:
Qc_"'QK*aY:Qs (2)
where the rates Q are:
convective heat gained or lost by the probe

Qc:hﬁb(—rg——’;) (3)

conductive heat lost by the probe to the base of

| T
the leads- Q_K —_ ZKu; Aw ’02(5'(@ )

radiative heat lost by the probe (based on assump-

tions (a) and (b) given below).
—4 —4
Q, = R (Ep [, — Kb . (5)
heat storage in the probe

Qs = Vi 55 G % (©

The assumpticns for radiative heat loss are as follows:

! ' (a) The surrourdings are black body.

(b) The abscrotivity and emissivity of the hot gas
are neglizibly small (¢ and ¢ ). Tnis implies that the ot %
gas is optically thin and zs a conseguence, negligibly small
radiztion energy is absorted by the hot gas.

(¢) The temperature of the probe never reaches near

that of the hot gas temperatiure. Radiation energy from the

orobe to the surroundings can te neglected.

Therefore, the radiation heat transfer from the probte
to the surroundings can te neglected (See Jection 2-3).
As shown in Section 2-4%, 1if the ratioc of dizmeter to

- -
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length of the leads is much less than unity, the conduction f
i

from the prqbé to the base of the leads can be neglected (See
!

|

In the absence of radiation and cdhdﬂé%ion héaf _—

also Section Q-B'as well as References 5 and 6).

transfer, Equation (2) becomes _
Qs = Qe N¢))
Therefore, convective heat is the only dominating means of

energy transfer. )

The oscillating probe response shown in Figure L(b)
contains heating and cooling curves result¢ing from convection
to and from the probe; In Equation (3) it has been assumed
that Q; is a linear function of (T; - Tp) or (T3 - Tp) as
the case may be. The bead properties fl and Cpp are assumed

to be constant over the range of bead temperéturé variation.

During the heating part of the cycle, Equation (7)

can be written as dq' _ _ . _

where Qg is given by Equation (6).
Using the boundary condition that Tz = To at t =0,

Equation (8) can be integrated to

T=T-(T-T)e | RO

where

ol = ( By ) /(o Gpo Vo)

During the cooling part of the cycle, Equation (7)

can be written as '
e s db @y =hA(To )

(10)

-Q=

figsun o
L S A VPR P

.
L e e -
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Now using the boundary condition that T, = Ty at t = 0

Equation (10) can be integrated to

=1 +H(T=H)e ™ o

where '
Lo = (hoPp)/( 50 Coo V3) L
At t = a, Tp = Tm and Equation (9) becomes
- ofol .
Tm = T—(Ti— T)e (12)

At t = b, Ty = To and Equation (11) becomes

To=Th+ (T T)e™™ (13

Solving Equatlons (12) andd(13‘)’( for T, and va b
F(ob —~dob-cima —dte
e A )-TB(-e™)
o .

, —cleB—cXtm b ~ (14)

T B ety 10 e

- &
The mean thermocouple temperature is defined as
To =5 (T +T) (16)

Inserting Equations (14) and (15) into (16)
@ +Xe b
2(e” —~ 1)

(T- T)= (R- T)( ATCE A ) (17)

The exponential terms, may be expanded using the following
2

infinite series. e=l+2+=57*t

Equation (17) becomes
('r1 -1Tg) = 2(T, - T 3)( ofwa + oled + 2nd and higher
order terms]/ El + o{,a + ofp,d + 2nd and
higher order terms - 1 - of,b - 2nd and
higher order terms + 1 + Olpa + 2nd and

higher order terms - 1]
(18)
-10- 1




~ - L . N2 3
The second and higher order terms are(E%(dh%ﬁ+3%(An4immlléﬁﬂ.,ﬁﬁf

27 =3i
. . 4 ' . i\ ] . 3 T '
— anﬁ.fzrﬁ%ﬂ*%Gb)*57{“&““565)* """" J. They are now neglected
since the terms o), 4 ={bm ﬂba)/[‘fb v, Co)
and oy b = (hANS VG

are always much less than unity. This may be shown to be so

>,

by means of an order of magnitude estimate as follows:

h, = 3.5 % 10-2 cal-cm’z-sec'l-oﬁ-l (section 2-3)

Cp, = 0,67 cal—gm’l-ok_l
; -fb = 8.6 gm-cm'3 (See reference 9 )
; A, = 8 x 1072 cm? |

vy = 2 x 1073 cm?

then ofy= 0.23 sec’

Since the largest value of a 1s 0.1 sec.

therefore ofma = 0.023 which is very small and the second and

1isner powers of this ter;: can be neglected.

The free convective heat transfer coefficient hg

from the probe in the water-cooled jacket can Dbe expressed as:

heD , ,
__2;2_ = Nup = C(Gre Pr'f)r1 (Reference 9)
(-]
The highest tempearture of T, is 600°K, and, T3 = 2906 K,
Kf = 1,3 x 10"LP cal-cm’l-sec‘1-°ﬁ"1
Pre = 0.7 (Reference 9 )

. ~3
98 (T~ T:)0,
V2
+
¥For Ine tneoretical estimates of this chapter c,g.s.

units are used throughout. The experimental results referred
to in Chapters 3 and & are ail given in FPS engineering units.

Grf

-11-




g =9.8 x 102 cm/secz" . o
B,= (%~ %)/(5(T.- )]

Under one atmosphere, f‘f‘ =% ‘21_' £

then Ps= 3 x 1073 %1
Jp= 75 x 10"2 cm-sec”

£ e s A i Bt T 1 v

1

Gre = 6
GrePry = 4.2
From Rzference 9 pagehléé, Figure 7-8,

Nu = 1.2
B’
2_ al{"l

then hg 1.0 x 103 cal-sec™l-cm™
The largest value of b is 1.6 sec.

Therefore ©Ofpb = 0.011

‘which is very small. The 2nd and higher power of this term

and (Xob + Xnz) can be neglected.

As a consequence of neglecting second and higher order

terms, Equation (18) becomes

(T-T) = (To- B nG+ bl ona (19)

I-ntroducing H = Xo/xXm R= %

6,=(T-T), 0G.~(H-T)
Equation (19) takes the form '

@izéz(J—fHR) - (20)
mperature.

which will be used to evaluate the plasma te

2.2 Utilization of Probe Keat Transfer Relation to Predict

Hot Gas Temperzture

-12-
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It is extremely difficult to determine an accurate
value f6r~ﬁ. This is obvious from the difficulties even in
Qbfaining the ?stimates ef ho and h- made in Section 2.1.
However, using two different cycling ratios R, -one can eliminate
H and obtain another equa{ion fo evaluate plasma temperature,

{
Changing only the cycling ratio from R to R’', while

. N s . b d
keeping all other parameters constant, one obtains a new €5

given by 6, = B(1 + HR') (21)

Eliminate H from Equaticns (20) and (21)

= =/
6 = O + 2=
—_— 2 T —— 22\
| '_ ?z. : ( )
é'R
Since Ty = €1 + Tj3 " the hot gas temperature is known.

As a check on the accuracy of this method, a third
value of R may be used. The combination of any two of these
three sets of readings allows three calculations of hot gas

temperature which should agree closely.

2.3 Radiation Cocrrection

Raezey,Ulsen . and henry considered the radistiocn
heat lost by the probe through the hot gas to the surroundings
to be negligibly smzll. The walls of the laboratory around
the hot gas are the surrouncdings. Since in operation the
probe temperature is aiways much less than that of the hot
gas, radiation heat less is small and can be neglected.

Furthermore, the hot gas is assumed tc be optically thin;

-13-




that is none of the radiation'energy emitted by the probe is
zbsorbed by the hot gas. The hot gas is assumed to be clean;
that is, it doeslnot contain suspended particles which could
emit energy (10). In Reference 9, one can see that, the
radiation energy eﬁitted by an argon plasma at témpératures
less than 5000°C is less than 10™2 of the net power of the
arc jet. This too confirms the aésumpfion of very little

radiation heat transfer from the plasma.

An estimate is next made to calculate the magnitude

of any radiation heat loss from the probe.

The surface heat transfer coefficient of the probe
hp, can be expressed as
m ljb

Thie Nusselt HHumber iHug of the hot gas may De determined from

an expression given by Kramer and guoted by Hinze (11),
nu, = 0.42prQ-? + 0.57pr" 7 re?: (24)

I
This expression holds good for 0,01 < Re K107,

In order to estimate the radiation heat loss, some
value of the hot gas temperature and tne corresponding T, of
the probe as well as other hot gas and probe properties must
first be estimated. That is, 1t is necessary first to evaluate
Re, Pr_, Nu_, hj and hy. Radiation heat loss would be largest at

a T

the maximum probe temperature. values for the vzrameters Cpa,
$a0 Rao Hq etec., are taken from References ¢, 12 and 13,
Referring to Figure 7(a), at any pcint in the flow path, it is

assumed that the ideal g2s relztionship can be used to relate

-1l



p, F and T.

Therafore Py Fi o< Ty

Ps F5oc Tg (Tg = 6000°X, an estimated value
according to Figure 14)

then Pg Fg = _%“;_ Py Fy

F5 = 1080 cm3-sec"'1

1.4 x 1d5 cm-sec™t

(o]
U
n

ag = 1.55 X 107 cm-sec"1 (Reference 13, pp. 129)
Therefocre M5 = 0.9

At the point T4 = 25OOQK, the maximum probe temperature

Ty = 11c0°K. The velocity at that point is estimated as follows:
Fy = L50 cmi-sec™l ‘
Uy = 5 x 104 cm—-sec™ ! 5

Reynolcds Number at Foint 1 is defined as

Ui Db'fa
Ma

wnere fa= 2.1 x 1O‘L" gm-cm"3

Re =

Ma= 1 x 1072 gm-cm’l—sec“l
then - Re = 2 X 103

Prandtl liumber at Point 1 js defined as

_ CoaMa

Pr_
Ka
where Cpa = 0116 cal—gm‘1-°K'1
K, = 2.5 X 10'” cal-cm'l-sec'1-°x‘1
then Pr, = 0.6L

Subs+titute the values of Re and Pr, into Eauation (24} then

tiu, = 22.2




The heat transfer coefficient h is
h, = 3.5 X 1072 cal-cm‘z—sec"l-—""’1{"1 !
Convective heat transfer from the hot gas to the probe. is

hy Ap(Ty = Tm)

Therefore Q = L,6 cal-sec™l -

estimated as Qc

Radiation heat transfer from the probe to the surroundings 1is
expressed in Equation (5) ass

Q. = 0~ €y Ay TmLP - WO(b Ay TI.LP (Reference 10)
The second term is much less tThan the first term, therefore 1it
is neglected in the following calculation.

L

€y = 0.7 . (Reference 13)
o/ = 1.34 x 10712 cal—sec-l—cm'2-°ﬁ'4
then Q. = 1.1 x 10”1t cal—sec_l

Therefcre the ratio .

Qr
Qe

= 2. x 1072« 1

is negligibly small.

Consequently one can See that radiaition heat lost oy

N - 2 - . r-,';‘_' t Y r."l
the prote to the surroundings 15 11l fact negligicle. A lower Ty

and Tm' radistion loss would de even less.
3 .

2.4 Conduction Heat loss Along the lLeads

O T e e = ; = I ) Jysm 9 A 3 < . P~
Raezer =z2nd U.Son ne=L2Cted InE conauction 2icnz the le2ads

"
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of the probe in his high-power atmospne




tempearture measurement. However, Henry (5) found that in

his vacuum chamber, conduction along the leads was significant.
Raezer suppofted his assumption on the basis that the ratio
betWween the area and length of the leads was far less than
unity. However, Henry theoretically evaluated the conduction
with the condition that the probe tip was in free-molecular

flow.,

In this experiment, the probe is in continuum flow
at one atmosphere pressure, The approximate value of conduction

is calculated below and compared with the estimated convection,

The expression for heat conduction along the leads

is estimated as

Qk = (Tm - wa)

where thermal conductivity of the leads K, is
K, = 5% 1072 cal—sec"l—cm"l-OK"1 (Reference 14)
diameter of the leads

D, = 0,02 cm,

length of the leads
L, = 0.25 cm.

then
D

[ 254
1

cO.l

L
¥

is much less than unity.




and the ratio

§
a
]
i
|
i

U £ 2.0 x 1072

Qe
is negligibly small.

One can See that during the heatl transfer from the

not gas flow to the probe under one atmosphere pressure With

L, / L,<0.1, convection is the dominating means of energy

W

transfer.
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3. EXPERIMENT

3.1 Apparatus

The experimental apparatus consists of a chromel-

alumel subminiature thermocouple of 1/16 inch sheath diameter,

12 inches long. A low-power plasma jet generated the argon
plasma. A water-cooled jacket with a double acting solenoid
was mounted arcund the sheath of the probe. An electronic
timing circuit supplied a square-wave current to the double
acting solenoid in order to push and pull the probe in and

out of the plasma. Two storage batteries in series were used

to supply 24 vclt D.C. power to both the timing circuit and
the solenoid. Argon gas was used as thé plasma-~jet working
fluid. Honeywell Accudata 120 D.C. and 117 D.C. amplifiers,
along with a Honeywell ¥isicorder,were used to record the
response of the probe and the frequency of the square-wave
current. A Textronex Type 564 Storage Oscilloscope with Type
3A3 Amplifier was used to record the magnitudes of times "a"
and "b" of each probe pulse. A Miller model 330 A/BP AC-DC
inert gas welder supplied power to the arc jet. Figures 5

to 10 show the experimental sei-up.

3.2 The Choice ¢ the woriking Filuid

The choice of the fluid depended on the best comprcmise -

-1G=-
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between the following requirements (15).
(a) Low ionization energy.
(b) Non corrosive---- a clean gas,

(¢) The ionization potential and electrical
conductivity should permit the establishment of a stable

arc column,

Helium and argon are two of the inert gases
S that have the above properties., Argon is perhaps the most
often used in plasma experiments, especially with arc jets.

For this reason argon plasma properties are perhaps best

mown and most fully tabulated. Besides, experience has

shown that arc-jet lifetime is considerably greater vwnen
argon is used. tHelium has a nabit of causing very unstable
arc operation and premnature electrode surn-out. Therefore,

argon was chosen as the working fluid.

3.3 The Desizn cof the Arc Jet (Figure 10)

The arc jet was designed to cperate under

stmospheric pressure. Argon from the cylinaer passed

. P + 1 r 3
through the pressure regulator and tnen to the arc je
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In the arc jet, the argon was spiral

i

slcts forming a swiriing vorte

(

Y ~mY m 313 4
izlly at the periphery f the arc chamber tC statilize the
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arc colunmn.

This rotating motion of the injected fluid has

nmultiple advantages (15).

(a) It can centrifugally constrain the hot gas

discharge column to the axis of the vortex.

(b) It can prevent the arc column from sticking

at one pcint on the electrode causing its sudden destruction.

(c) It can cool the electrode anc chamber walls..

(d) I+ can bring the gas into better and longer
contact with the arc cclumn, thereby heating the gas to a

rrigher temperature,

The arc jet was designed SO that the center electirode

m

could ve moved axially, even while in operation, by turnin
the vlexiglas flanges (Figure 11). The complete arc jet

cunt

3
&

(M

was d on a special traversing +able which had adjust-
ment for boih lateral and axial motion. Botnh the anocde and

cathode were water-cooled as shown in Figure 1l.

3.4 instrumentatiocon

A variable freguency signal was provided by a

1)

multivibrator circuit with variable delay time through 2
high current semiconductor rectifier switching circuit to

control the solencid current. This current, through the

-21-
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double-acting solenoid, was used to drive the probe in to

;‘

and out of the plasma. The timing rate was adjusted with

regard to the p;asma temperature, thermal conductivity and
thermal capacity of the probe., Therefore, the cycling rate
R= b/a was selected on the pasis of the different specific

conditions, At lower plasma temperature, R could be smaller

, however, at higher temperature R had to be larger. The
magnitude of R was limited by the time constant available

with the multivibrator circuit and also by the inertia of

the probe moving'in to and out .of the watgr-cooied jacket,
:i ,In this experiment R was varied between 1 to 20. The pulse
» widths "a" and "b" of the flip-flop current were recorded

by feeding the signal through a Honeywell Accudata 117 D.C.

amplifier to another channel of the Honeywell Visicorder (

See Figure 8).

The pulse widths of the probe response were also
displayed on an oscilloscope. A comparision of pulse widths
obtained in these two ways showed little difference between
them. For the sake of accuracy, the pulse widths obtained
from the oscilloscope were used for "a" and "b" in calculat-

ing the cycling ratio R.

Ideally, the travelling time of the probe passing
from one reservour to the other should be zero. In the
experiment the travelling time should be negligibly small

compared to Fa" and "b". In order to do this, the inertia

of the probe has to be very small, meaning that the probe

-22-



must be light and have-little frictional resistance to its % ol

“motion.

The temperature T3 of the cold reservoir was taken

as the temperature of the probe when it was sitting still in
the water-cooled jacket for a period of time long enough for
the probe to reach a steady temperature , This temperature
was displayed on an oscilloscope. ,

The power 40 the arc Jjet was provided by a Miiier
welder capable of supplying 50 to 250 amperes D.C. continuously.
A voltmeter and an ammeter indicated the voltage drop and

current flow through the arc jet, A flow~-meter mounted on the

argon gas cylinder indicated the flow rate in cuft/hr¥,

3.5 The Choice of the Thermocouples

Chromel-alumel subminiature thermocouples made by

Thermo Electric (Canada) Limited were chosen for this exper-

imental investigation for the following reasons:
(d) This type has a high melting point.

(b) They have high tensile strength to withstand

sudden acceleration.

Though other thermocouples such as platinum=-platinum

10% rhodium have higher melting points than chromel-alumel,

¥ Flow rates quoted are those measured by the gauge

on the gas bottle and are at 4,45 atm., and room temperature,

-23-



they lack the tensile strength to withstand sudden acceleration, i |

The exposei loop type of measuring junction was used,

Other types of measuring junctions such as grounded type and !

insulated_junctioh type are shown in Figure 5. The exposed

loop type is'better than others for the following reasonss: E .

(a) 'The volume of the sensing part is small, only
the small bead touches'the hot plasma,utherefore, the local
temperature measurement can be obtained at the point of

interest,

- 1 §

(b)  Since the area of the sensing part is small, %

E radiation correction is negligibly'small.

(e) No significant conduction heat loss through the

leads as there would be through the sheath.
3.6 Thermocouple Calibration

The signal from the thermocouple probe was fed through
a Honeywell Accudata 120 D.C. amplifier and then to 2 Honeywell
Visicorder for recording. A typical output can be seen in

Figure 12,

A standard known voltage signal from a potentiometer .
was used to calibrate the amplifier and recorder system.
A calibration table for éhromeléalumel thermocouples was used
to determine the probe temperature. The reference temperature

of this table was 25°C. The room temperature which varied

-24-




from 22°C to 28°C was taken as the cold junction temperature
| of the probe, since the difference between the 25°Q reference

temperature of the table and room temperature was very small

compared with the probe température;

3.7 Experimental Procedure

__Equation (22)

o, = @'4——‘9—’:—:—2

showed that, the hot gas temperature 8; ¢

K

.

ould be determined

by using two different values of R which results in two

different values of thermocouple mean temperature at the same
specific conditions (gas flow rate, arc cur
the electrode and distance along the axis of the arc jet).
With a third value of R, a third different mean temperature
9, could be obtained at the same condition.
thfee results, two at a time, it was possible to obtain, using-
Equation (22), three values of the hot gas temperature at the
point of interest. If they differed from each other by less
than 5%, the average of these three values was accepted as

the temperature of the hot gas at these specific conditions

B , (See Section 4-1 for further discuss

-?5.—

rent, voltage of

By taking the

jon of this deviation).
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Now R = b/a, R' = b'/a’
R'/R = (b'/a') x (a/b)v

If "a" was fixed in eaéh "R", then, Equation (22) can be

written as

— é'z."éé

— , ————————
0 =0+ % (37)

o'k

Fixing three values of "b" by inserting three fixed resistors
into the vibrator circuit, one can easily-switch from one "R"

to another "R" maintaining "a" constant.

Temperature mgasurements were made along the axis
of the jet from % to 4 inches from the nozzle face (Figures
13 to 18). A few points were taken 0.0885 inch off the axis
of the Jet (Figures 19'and 20). Readings were made at a number

of different gas flow rates, arc currents and distances along

the axis. At each condition, after steady and smooth operation
i)
had been obtaioed, three readings were taken using three

different values of R (Figure 12). At each cycling rate,
60 seconds were allowed for the probe operation to reach -
.a steady state and then traces were recorded for a further
10 seconds. A serious problem occasionally encountered was.

that the arc jet would flicker, changing the plasma temperature

during the time necessary to obtain the three 1l0-second [traces.

Readings had often to be repeated if the three values of:

—26-




plasma temperature calculated from the three different
Z cycling rates at the same point and conditions differed by

more than 5%.

The response of the probe depended mainly on the

heat capacity of the bead as well as on the temperature of the

plasma, Therefore, probes with different bead diameters were
used in several tests. Results showed that for higher plasma
temperature measurement, the larger bead was preferable (Refer

to the discussion in sgection 4-3).

Several different methods were tried to increase
the bead size. One was by the use of an oxygen~acetylene flame,

In this way, oxidization of the material could not be avoided;

also z spherical shape to the bead could not easily be obtained,

The most sucessful method employed the continual use of the

spark welder on the bead until sufficient material had built

up in a spherical shape.

Temperature curves were +taken with two different

nozzle diameters ¢,125 and 0.177 inch (Firures 13 fo 15 and 156
to 20). Starting was accomplished by means of a high frequency

. . . . 3 2
starter on the welder and occasionzlly by 2also reducing the

3 ® 1 o v - e
distance between the tungsten cathode and the jet nozzle.

The distance between the cathode 2nd nozzle was controlled by

. - - ~ w3 My 3 L
rotating the plexiglas flanges (See Figure 11), Tnis distance
was usually kept less than 3/15 inch to start the jet. During

operation, the electrode spacing was usually adjusted to about

-27-




3/8 inch for most stabie operation. = For different, flow rates,
while using the c;lzg"inqn nozzle dlameter, thé“Vclﬁage drop
was approximatelyconsfant; but‘using_the.o.177 inch nozzle
diameter, the voltage drop increased approximately one vélt

for each 5 cuft/hr of gas flow rate.

.Sometimes, duriﬁg experiments, the probe wouldbstick
somewhere inside or outside of the water-cooled jacket., When
inside the jaéket, the jet was turned off, the solenoid checked,
and then tﬁe circuit and -probe was restérted. Outside, if was
‘ﬁeQeSSary to shut down the power before the bead burnt out,

-

A remote control of the power source was always in hand.

3.8 Results

The temperature profiles along the axis of the o.lég

" inch nozzle plasma jet obtéined for each gas flow rate and

arc current are shown in Figufes 13, 14 and 15, Through
comparison it may be seen that temperature is generally inversely
proportional to gas flow rate, proportional to arc currént and
inversely proportional fo the distance along the axis, Since

the voltage was always nearly constant, power variation has

the same variation as arc current. The inverse proporfioh )

3

between the teﬁperature and gas flow rate 1is reasonable, since

at fixed energy input, that is arc current constant, increasing..

the gas flow rate would decrease the energy added to eacﬂz o

particle, Therefore the flow temperature is’ likely to be lower g

-28=~
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at higher gas flow rates. The proporticnal relaticnship
between the temperzture and arc current is also rezsonadle
since the current and voltage are the energy source o icnize

the gas. At higher current flow, and fixed vcltage, the energ

&

of the particles S higher, resulting in higher gas temperatur

1]

/T For this nczzle diameter, one dependent variabtle T4
end three independent variables F (gas flow rate), I (arc
current) and Dist (distance along the éxis cf jet) were used
to set up a functionzl relatlonoulp of the form T = in(7,1,0ist).
Using a factorial plan method, these can bte formed into an

algebraic equation. The result, calculated frcn this zlget
ion described below, when compared to the experimente

t
results, showed a deviation of less than 10#4.

The independent Vv arlables wvere varied over the

following ranges

Arc current: 75 to 150 amperes in increments of :

25 amperes.

Gas flow rate: 10 to 20 cuft/nrr in increments of

5 cuft/nr.

Positions from nczzle: 4, 3, 2, 1.5, 1, 0.875,

. 0.?75, 0.%25, 0.5 inch.




It is assumed that the temperature difference nmay

be represented by the follcwing equation
A T = WIBFP(Dist)C - (38)

‘where Pa

™
ir

the Jjet.
an arvitrary consitant,

is the argon gas temperature before entering

wn

W i
a, b, ¢ are constants to be determined.

Taking the logarithm of both sides,

logA T = logW + 2 x log I + b x log ¥ + ¢ x log (Dist)
. (39)

and different-

Keepingz F(Dist), FI, ID constant one at a time,

iating: ’
dley 2T) = g (40)
A ( iég I) : '
d(leg 8T) (41)
cX(~iﬁ?.F)
(42)

A (feg8T)
a (,1(5? pit)

In Figures 21 to 24 are plotted log 4 T

log F, loga T vs log (Dist) each with F(
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constant respectively. The slopes a, b, ¢ for each group are

calculated averages.

Finaltly , ,
AT =wx 1°% x F70% s (oist)™? (43)

W is determined by substituting one of the experimental data

points T into Equation (43).

Therefore

r

AT =30x 1% x F7%% x (o t)”3 (sl

or

Ti=30x 10.87}( F- X(D/s[_-) //3 7; (45)

Using Equations (4i) and (45), Figures 25 to 28 were
plotted. Cecmparing these with Figures 13, 14, 15 and 21, it
may te necied that Equation (45) describes the functional

onship within an error of less than 107%.

o

relat

Temperature profiles obtained using the 0,177 inch
jet dizmeter are shown in Figures 16 to 20. In this case,
voltzge changes were noted at the different gas flow rates.
For ezch 5 cufi/nr increase of gas Tlow rate, voltage drop
increzsed ztcut one volt, This phrencmenon 1S protably due to
a decrezse of plasma conductivity at increased gas flow rate
(15). By inscection of Figures 16 to 18, it may be seen that

at low zrc current, the temperature profiles at low gas flow

-31-
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rates are lower than those at high gas flow rates. This is
the reverse of that obtained with the small jet nozzle.
However, at high arc current, the situatioﬁ is reversed again,
Because of this phenomenon, it is not possible to apply the

method of factorial plan fo this data.
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L, DISCUSSIONS AND CONCLUSICN

L,1 Discussion of 5% Deviation

The temperature alqng the center line of the plasma.
jet was not always constént under fixed conditions, but would
fluctuate frequently. At temperatures of 800°C, the fluctuation
often amounted to around 30°C. At higher temperatures, it
might be expected that the fluctuation would be greater,.

Due to this, it is to be ekpected some error will be present
and thus a limit of 5 % deviation between the three calculated

values of hot gas temperature is acceptable.

L, 2 The Effect of Large Fluctuations of the Arc Jet

If some particles of vlava", tungsten or copper
through ablation are injected into the hot gas, or if some
inpurity exists in the argon £2S, then tne arc jet would
flicker changing the plasma temperature. Tne plasma. wculd
fluctuate seriously or change 1o anotner stable state. In the
first case, the arc jet had to be turned off and restarted.

)

In the second case, if this changing of stzble state was not

'—J
ct

detected in time, a wrong reading would sometimes resu
Then, the calculated T4 would te Ffar away from the mezan curve

through the other points. This can be seen in Figures 13 tc 20.
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4.3 The Effect ¢f Ecad Diameter

-

The effect of the bead diameter can be Scen as

(a) The bead diameter can affect the radiation

[0

hezt loss in the manner described bslow:

Radiation neat lcst by the probe was estimzted in

Qection 2-3 =ac:
4
Q, = 0-€, Ajln

Lere we see that this loss 1is directly wnropcriicrnal

+o the surface zreca of the bead., A larger bead would increzase

.
Y

2 dismetcr of 0.053 inch, had an estimated radiation loczg
1

(b) Probe Response.

Initially, when z small bead diametcr was uscd 1t
was found that output excursiocns were too great because ihe
probe resronse wWas 100 fast., A limitation wes imposed Lty tne
maximunm cycling rate obtainable viith

. Ty e ~nZ 2
Later, bead size was increzsed to a20cuw 0.0063 1n

with the result that the decrezsed prcde response gave & more

useful output.

-3

he arc jet, althcugh operatin
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change in operating state did occa31onally fllcker with
conditions fluctuating sllghtly. The larger bead size was less

sensitive to-these changes and consequently was better.

L. 4 The Effect of Cycling Raﬁio R

One can see by Equation (22) that the range of hot
gas temperature measurement depends on the cycling ratio "R"
as well as "To", Hefé "Tor is limited by the melting point
of the thermocouple. Increasing the value of "R" could decrease
"T " (See Figure 12) when measuring the same temperature.
Therefore, in order to evaluate .higher hot gas temperatures,

"R" should be higher.

4,5 Conclusion

In this experiment, a powerful and cheap tool was
built and used to measure local atmospheric plasma temperatures
up to 2600°K. The present research has proved the usefulness
of this devise to predict local plasma temperatufe. The
chromel-alumel probe with a bead diameter of 0.063 inch was

found to give better results than a smaller diameter probe.

A rugged stable arc jet has been constructed to run
at low power levels. The voltage drop between the electrodes
‘has been found to be a function of electrode distance and
- gas flow rate, Using a 0.125 inch jet nozzle diameter, the

—3 5-




efféct‘éf gas flow rate on voltage drop vas insignificant.

As a result, it was possible to apply 2 factorial plan to
~

analysé the results. However, with a 0.177 inch Jjet nozzle

diameter this was not so, and it was impossible to apply =2

factorial plan to the data. If some operating adjustment is

nade to change the electrode spacing in order to keep the
t =) - o &~

voltage drop constant for each gas flow rate, it might =2lso ke

possible to anélyse the 0.177 nozzle temperature characteristics

by means of a factorial plan.’
it is also suggested here that additional information

about the plasma might be obtained from the same prove, This

could be done by biasing the probe bead with 2 voltage and

using it at the same time as one would 2 Langmuir probe. In

tnis manner it might be possible 1o obtain electron temperza

ure and charge density data as well as heavy particle

temperature.
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(a) Schematic Diagram of Gas Flow
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(b) General View of Water-Ccoled Jacket
and Double Acting Solenoid.
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(a) General View of the Arc Jet Model.

(5) “éide View of the Probe and Jet.

Figure J:
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(a) -0.177vinch Jet Nozzle Diameter
20 cuft/nr Flow Rate
150 amp Arc Current

(b) 0.177 inch Jet KNozzle Diameler
15 cuft/hr Flow Rate
150 amp Arc Current =

N

Figure 103 Photographs of Arc Jet in GCperation
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