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ABSTRACT

Flow patterns in a confined argon plasma jet at atmospheric
pressure were investigated experimentally. Velocity and tem-
perature profiles in the plasma jet were determined in order
to establish the flow patterns as a function of the operating
variables of the system. The jet was studied downstream from
"~ a difect current, constricted arc plasma generator. The effects
of argon flow rate and input power to the plasma generator were
investigated. The confining chamber was an uncooled quartz tube
of diameter 7.5 times that of the plasma generator nozzle.

The argon flow rate was varied between 11 and 45 gm/min
and the input power between 4.6 and 10.2 kw. Three distinct
types of jet-laminar, transitional, and turbulent-could be
obtained. At a fixed power level they occurred in the above
sequence with increasing argon flow rate. To measure jet
velocities directly without disturbing the flow a trace gas
technique was attempted. Passage of krypton through the plasma
jet could be detected spectrographically, but no meaningful
information could be resolved from the data that was obtained.

Velocity profiles in the plasma jet were determined
indirectly from profiles of impact pressure and temperature.
Impact pressures were measured with a water-cooled probe, while
temperatures were calculated from the intensity of the plasma

radiation which was measured spectrographically. The plasma
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proved to be in local thermodynamic equilibrium so that the
electron temperature corresponding to the continuum intensity
at 5330 X was used as the plasma temperature. To calculate
the plasma velocity from the impact pressure and temperature,
a model was developed which considered both viscous and heat
transfer effects near the stagnation point of the probe. The
measured impact pressure P, is related to the free stream

pressure P, and free stream plasma velocity U by

P-p = e.Ua+ e, U4 . -y
o w2 BIR, R(1+%ﬁ—) ’

in which R is the radius of the probe,’and physical properties
in the Bernoulli and compressibility terms are evaluated at

the free stream temnerature while those in the viscous term

are evaluated at ;he temperature'corresponding to the mean

of the free stream énd wall enthalpies. The model was extended
to calculate stagnation point heat transfer coefficients, and
the predicted values agreed with experimental values obtained
in an earlier study.

‘ Témperature and velocity profiles were obtained in both a
transitional and a turbulent plasma jet at an intermediate power
level (approximately 7.5 kw). A maximum velocity of 18820 cm/sec
and a maximum temperature of 10920 °Kk were observed in this

particular transitional jet; in the turbulent jet, the maximum
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velocity was 22650 cm/sec and the maximum temperature was 11140 oK.
Velocities and temperatures at a given position were greater in

the turbulent jet than in the transitional jet. In each jet, the
centerline velocity varied linearly with the centerline temperature.
Integration of the initial velocity profile in each jet yielded

a flow rate which agreed with the metered argon flow rate within

5%.

The effect of input power level on the centerline temperatures
and velocities and on the operating characteristics of the plasma
geﬁerator was demonstrated for the three types of plasma jet.

The power level ranged from 4.6 to 10.2 kw., with three levels
ipvestigated for each mode of operation. In each jet the center-
line velocity again varied linearly with the centerline teﬁperature,
which was correlated with the operating characteristics of the
plasma generator.

Bulk Reynolds numbers based on the diameter of the plasma
generator nozzle were calculated for the various operating conditions
and exhibited a limiting range for each mode of operation. The
values for the laminar plasma jets were below 160; those for
the transitional jets were in the range of 170 to 210; the values

for the turbulent jets were above 240.

xiv



1. INTRODUCTION

The recently acquired prominence of plasma technology
has created a need for analysis of the flow processes in
high temperature plasma jets. The unique interest in these
jets arises from their extreme temperatures, which greatly
exceed those attainable in a conventional flame by com-
bustion of a fuel-oxidizer mixture. This source of extreme
temperatures could be a valuable tool to the chemical
engineer for effecting highly endothermic chemical reactions.

To characterize flow processes in a plasma jet, it is
necessary to know the spatial distribution of velocity
and temperaturé as a function of the gas flow and arc heat-
ing parameters. If the results can then be generalized, the
information will greatly contribute towards solving problems
encountered in chemical processing with arc jets.

This thesis is concerned with investigating experimentally
the flow patterns in a confined plasma jet at atmospheric
pressure. More specifically, the goals of this study were:

1. To establish flow patterns as a function of the
operating variables of the system.

2. To measure velocity and temperature profiles in the
plasma jet.

3. To compare the experimental data for the plasma jet
with cold flow profiles to determine how arc heating
and the associated extreme gradients of temperature
influence the flow fields. :



As a necessary part of the work, experimental techniques
for the measurement of plasma velocities and temperatures had
to be established and the relationships between measured and
desired quantities ascertained.
The plasma jet was investigated after it emerged from
the nozzle of the direct-current, constricted arc plasma
generator designed and built for this study. Operation of
the generator and flow patterns in the jet depend on the
nature and properties of the plasma gas employed, the geometric
configuration of the arc region and the jet confining chamber,
the flow rate and flow orientation of the plasma gas, and the
input power to the generator. During the main phases of this
work, the onl; independent parameters which were allowed to
vary were the gas flow rate and input power level. The
variety of phenomena occurring in the arc region were not of
primary concern although the generator voltage and current
were used in correlating expérimental results. The net effect
of arc heating was the production of an ionized gas stream.
Argon was used as the plasma gas. It was supplied axially
to the arc region so as not to complicate the flow geometry.
The jet was confined since this sytem would be of more
interest in future applications to plasma chemical reactors.
To measure jet velocities directly without disturbing

the flow, a trace gas technique was proposed and evaluated.



A small amount of tracer gas was injected cocurrently into
the main stream argon just upstream of the arc. Time
variations of the trace gas concentration were observed
spectroscopically at various positions in the plasma jet
as the trace gas passed through, in an attempt to measure
the time delays incurred in passing from one position to
another. No previous experience with this technique has
been reported in the literature. Velocities in the jet were
determined indirectly from point measurements of impact
pressures with a water-cooled probe. These data and the
corresponding temperatures which were measured spectro-
graphically permit calculation of velocities. This
technique has been used previously as will be discussed
later, but without correction for the effect of the
boundary layer aroundvthe probe. Such a correction was
derived and applied in this investigation. The boundary
layer model for the cool probe in a hot ionized gas
considers both viscous and heat transfer effects. For
purposes of verification the model was extended and applied
to resolve data on stagnation point heat transfer
coefficients in a plasma which were obtained with a water-
cooled probe during an earlier investigation (15). Heat
transfer due to ion diffusion-recombination was included.
In establishing a spectrographic method of temperature

measurement, a check of the thermal condition of the plasma



was made to determine if equilibrium conditions prevailed.
The waveforms of voltage and current fluctuations were
analyzed as an aid in characterizing flow patterns.

Before presenting and discussing the results of this
study, background information on electric arc phenomena and
plasma generators is presented, previous related work is
surveyed, pertinent theory is developed or explained, and
the experimental apparatus and operating procedures are

described.



2. BACKGROUND

A plasma jet is generated by physical rather than chemical
methods, and can be achieved by combining the high temperature
characteristics of a d.c. electric arc with an independent
steady~-state gas flow to create the continuous, high velocity
jet flame at an extremely high temperature. Although plasma
jet technolégy itself is a relatively new field, the character-
istics of the arc have been under investigation for many years.

The electric arc is a self-sustained discharge of
electricity between two separated electrodes through a gas or
vapor capable of ionization. In the discharge, there is a
relatively hiéh degree of breakdown of the individual atoms
or molecules into free electrons and positive ions. At
atmospheric pressures or higher the arc is characterized
by a well defined boundary, within which the témperature
is extremely high (higher than that of either electrode)
so as to sustain ionization of the gas or vapor, and from
which bright visible radiation is emitted. The predominant
mechanism of energy transfer in the arc is elastic
collisions between heavy particles and electrons, and as a
result the hot ionized gas - the arc plasma - is in approximate

thermodynamic equilibrium (51). This concept will be



discussed in more detail in a later chapter.

The arc can be either free or confined. The free or
unconfined arc has no solid boundaries in close proximity to
central part of the arc (termed the arc column) so that the
gas is not restrained to remain in the arc path. The arc
is then subject to free convection currents and recirculation
phenomena. Usually, there is no externally imposed flow. In
contrast, the column of the confingd arc is physically
surrounded by solid boundaries and usually subjected to
forced convection through an externally imposed gas flow.
Such arcs exhibit accurate positioning of the arc column
and reduced column fluctuations (51). This is achieved
by one of several possible means of stabilizatién to be
explained below. Confinement of the arc increases the
current density, the voltage gradient, and the temperature
in the column. This results in an increase in energy
transferred to the gas. A confined arc is generally
employed in plasma jet generating equipment.

Several methods exist for stabilizing the position of
the arc column in the confining channel of a plasma generator.
The arc can be wall stabilized by making it pass through
confining walls so narrow that the arc fills the entire
space. Liquid stabilization occurs when the arc passes through

the vortex core of a rotating or tangentially flowing liquid.



If the arc is cénfined énd rotated within an externally
imposed magnetic field, field stabilization results. To study
flow patterns in a plasma jet, gas or convection stabilization
is the most desirable means of arc stabilization. This is
achieved by either swirling gas at high speed around the arc
or passing gas at high speed along the arc. If the gas is
introduced tangentially into the arc region producing a vortex
flow, the radial pressure gradient combined with the low density
of the high temperature arc column achieves positioning of the
column along the axis of the confining channel. If the gas
is introduced parallel to the ;rc column, a cool gas sheath
surrounds the.column and positions it along the channel
axis (51).

Many possible configurations have been devised for incorpo=
rating gas stabilization into the plasma generator itself,
The geometry of any configuration and the sense of the gas flow
have a strong influence on the operation of the generator. For
this study a constricted nozzle configuration with gas sheath
stabilization was chosen. Figure 1 is a general diagram of
this configuration. The "stick" electrode is the cathode
(negative electrode) and in most cases its position is changeable.
The geometry is such that the gas flows as a hollow sheath into
the narrow nozzle channel with the axial velocity of the gas

in this passage being greater as the radial distance from the
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axis increases. A low velocity core exists beyond the cathode
tip and extends into the channel (10). The arc is positioned
within this core and the momentum of the gas stream stretches
the arc as the arc transfers heat to the gas. The exit section of
the nozzle is the anode, where the arc terminates. A portion
of the nozzle is insulated from both the anode and the cathode,
and forms the constricting section. In many cases the exit
section of the nozzle is made diverging, so that the constricting
section corresponds to the nozzle throat. For the current
study, however, the exit section was cylindrical, so as to

form a tube in conjunction with the constrictor. This kept

the geometry- simple. As noted previously, the gas was fed

to the nozzle without any swirling motion to keep from
complicating the flow patterns. It must also be noted that the
anode section of the nozzle was sufficiently long so as to
contain the arc within its length — that is, no current
filaments extended past the nozzle exit. The luminous,

high velocity gas stream emerging from the nozzle is the

plasma jet. Although the jet overall is electrically

neutral, the gas itself is still partially ionized so that

the jet would be affected when in a region of imposed electric
and/or magnetic fields. For this particular study the plasma
jet was confined in a field free region at atmospheric pressure.

As stated previously, argon was used as the plasma gas. It
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was selected because it is inert, it has a reasonable ionization
potential, it results in a stable operation, and because its
thermodynamic, transport, and spectral properties are known.

The flow patterns occurring in the jet under different

operating conditions of input power and flow rate are the
subject of this investigation.

To complete the discussion, it is worthwhile to mention
some of the operating characteristics of a constricted arc
plasma generator, Once the configuration and geometry of the
plasma generator, the sense of the gas flow, and fhe specific
gas to be used have been established, operation depends on the
distance of Fhe cathode tip from the nozzle inlet, the gas
flow rate, and the current of the arc. The voltage of the
arc cannot be controlled or specified, but depends on the
three independent variables cited above. Usually, the electrode
separation is ﬁot varied during operation, so that only two
independent parameters remain. In general, the arc voltage
will increase with increasing gas flow rate at a fixed arc
current, and can either increase or decrease with an increase
in current at a fixed flow rate. The arc voltage increases with
electrode separation (32). Since the efficiency of energy
transfer to the gas increases with increasing voltage, it
would seem desirable to operate the generator at as large an
electrode separation and as high a gas flow rate as possible.

However, increased separation and/or gas flow rate can affect
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the stability of the arc, so that desirable operating conditions
cannot be predicted and must be obtained through actual

operation of the generator.



3. SURVEY OF PREVIOUS WORK

An abundance of information pertaining to plasmas and
plasma jets has appeared in the technical literature in the
last few years. The majority of studies dealing with plasma
flow problems have been done in connection with missile re-
entry simulation or magnetohydrodynamic accelerator and thrustor
development, and have no direct bearing on this investigation.
The works which are reviewed here were, unless noted, concerned
with field~free, subsonic, plasmas or plasma jets. Strong
emphasis is placed on the techniques employed.

Reed (44) and Kimura and Kanzawa (36) have determined
profiles of stféaming velocities in unconfined electric arcs.
Reed measured the distribution of impact pressures at the anode
by employing a moveable flat plate anode with a built-in pressure
tap. Correcting the measured impact pressures for the pressure
generated by the arc's self-magnetic field, the streaming
pressﬁres and the corresponding temperatures obtained spectro-
scopically were used to calculate velocity profiles at several
current levels. Kimura and Kanzawa measured the drag on a small
square plate swept rapidly through the arc normal to the arc
axis. The streaming velocity was the; calculated from the net
drag at any poiht. In computing the drag coefficients, ;he
Reynolds number was evaluated at the arithmetic mean of the

plasma temperature, measured spectroscopically, and the

12
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estimated plate temperature.

By measuring the thrust of an unconfined plasma jet against
a cantilever, Kasahara et al. (34) determined average jet
velocities as a function of argon flow rate and input power.
Gottschlich et al. (25) calculated the velocity profiles in a
laminar plasma jet from the temperature profilesusing a simplified
form of the energy equation. The temperature profiles, which
were determined spectroscopically, were graphically differentiated
to obtain first and second partial derivatives with respect to
the spatial coordinates, and the velocities calculated from the
appropriate combinations of these derivatives and transport
properties. Incropera and Leppert (31) studied flow transitions
in a free plasma jet as a function of argon flow rate, input
power, and nozzle exit diameter by measuring the jet noise level
(accoustic power) and the jet length. Results were correlated
using a Reynolds number based on bulk jet properties. The
bulk temperature was determined from the average jet
enthalpy, which in turn had been obtained from an overall
energy balance.

Freeman et al. (22) measured the propagation times between
two axial positions of spark induced luminous fluctuations in
a confined, vortex stabilized plasma jet. By comparing signals
from photomultiplier tubes located at the two positions, two

types of fluctuations were observed = one apparently traveling



14

with the speed of the jet, thought to be due to temperature
fluctuations, and the other traveling much faster, thought to

be due to pressure fluctuations. The intermingling of these

two fluctuations prevented resolution of the gas velocity. 1In

a similar manner, Beasley et al. (5) used photomultiplier tubes
to measure propagation times between axial positions of luminous
fluctuations induced in a supersonic plasma jet by discharging

a small capacitor across the generator electrodes. Bulk
velocities determined as a function of arc current at fixed

flow rates agreed well with computed velocities based on heating
and expanding the gas, although in some cases, arc instabilities
due to the capécitor discharge were observed. The technique was
checked by comparing cold flow measurements for the induced
spark with conventional impact pressure measurements, and
agreement was found to be good. Jordan and King (33) in
conjunction with an investigation of arc mechanisms in a

plasma generator studied natural fluctuations in an unconfined
plasma jet using a high speed streak camera. Mean velocities
deduced from photographs of the jet were somewhat greater than
those calculated by an energy balance. Merrifield and Esker (40)
also used photomultiplier tubes to measure propagation times
between two axial positions of random light fluctuations in

a vortex stabilized supersonic plasma jet. The velocities
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obtained exhibited a frequency dependence, and these propagation
velocities were higher than average exhaust velocities determined
from specific impulse measurements. The exact relationship
between propagation velocity and the stream velocity could not
be resolved.

Cabannes et al. (11) working with an unconfined plasma jet
measured the propagation time between two axial positions of
a weak light pulse, and the axial distribution of impact
pressure with a cooled pitot tube. The calculated propagation
velocity and the impact pressure were used to calculate the
density and the density in turn used to determine the temperature
along the axis. No correction was made for the boundary layer
effects around the pitot tube. Cabannes, Joubert, and Sy (12)
observed visually the laminar to turbulent transition in an
unconfined plasma jet, and calculated the velocity profile
in the laminar case from measured distributions of temperature
and impact pressure. No consideration was given to the cool
boundary layer around the pitot tube. Detailed studies have
been made by Grey et al. (26, 27, 48, 49) of unconfined mixing
of coolant streams with both laminar and turbulent plasma jets.
Impact pressures and temperatures were both measured with a
water cooled sampling probe, and these data used to obtain
velocity profiles. Again, the calculation did not take into

account the boundary layer around the cooled probe. The
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investigations of Smith (52) and Chludzinski (15) have raised
some extreme doubts about the validity of probe techniques for
temperature measurements in plasmas. The results of Chludzinski
who studied heat transfer to solids immersed in plasmasgenerated
by induction heating will be discussed later. Smith studied
confined mixing of a coolant gas with a turbulent plasma jet.
Temperature profiles were obtained spectroscopically, and
impact pressures were measured with a water cooled probe. In
calculating the velocity profiles, an attempt was made to
correct for heat transfer through the cool boundary layer
around the probe, but the correction actually over-compensated
for the boundary layer effects. Sprengel (53) used the probe
techniques of Grey to obtain velocity profiles in a plasma jet.
Finally, Whitman and Barkan (55) designed an uncooled,
rapid response probe for measuring impact pressures in an uncon-
fined, high velocity (M near 1.0) arc plasma. The probe was
swept through the blown arc, and the expendable profe tip allowed
to ablate. True impact pressures were evaluated from the
transient response of the pressure transducer employed'in
conjunction with the probe. The necessity for a viscous correction
in low velocity plasma floﬁs (M<0.1) was noted, although no
correction was made in calculating the distribution of Mach

numbers in the arc.



4. THEORY

The theory of stagnation streamline flow, stagnation
point heat transfer, and thermal radiation for plasmas will
be developed and discussed in order to relate the measureable
quantities of impact pressure and radiation intensity to the
desired distributions of velocity and temperature in the plasma
jet. Stagnation point heat transfer is considered to justify
the method of solution employed for stagnation streamline flow,
with the relationship obtained being compared to previously
reported experimental data. The assumptions involved in each

specific development are introduced as necessary.

Stagnation Streamline Flow

For isentropic, inviscid deceleration of an incompressible
fluid along a stagnation streamline, the stagnation pressure Po
as measured with an impact (Pitot) tube is given in terms of the
free stream quantities — static pressure P, , densityéi, and

velocity U — by the Bernoulli equation

If the fluid is compressible, the equation for isentropic,

inviscid deceleration becomes

¥-1
¥-1.,2\¥
R=R{+ZTM,) . %)

17
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where M, is the free stream Mach number and § is the ratio of
specific heats, Cp/Cv.

For viscous fluids flowing at Reynolds numbers above
100 (the characteristic length chosen to be the radius of the
impact tube), the viscous forces acting on the fluid are very
Small.in comparison to the inertia forces and the above equations
are valid. As the Reynolds number is decreased below 100,
however, the measured impact pressure departs from the true
stagnation pressure based on isentropic, inviscid deceleration,
and it is no longer possible to ignore the effects of viscosity.
This departure of the impact pressure from the stagnation
pressure is known as the Barker effect (3), and has been
observed experimentally (30, 38, 46, 47). It shows itself
in the form of an additional pressure which can be calculated
for simple geometries (i.e. cylinders, spheres), so that the
measured impact pressure is greater than the ideal stagnation
pressure,

Since high temperature gas flows in general and plasma
jets in particular characteristically involve low Reynolds
numbers (due to low densities and high viscosities), the
viscous effect must be included in any relationship between
impact pressure and free stream velocity. For a water.cooled

impact probe immersed in a plasma jet so that the probe axis
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is parallel to the axis of the jet, this relationship will be

deduced. The stagnation streamline is divided into two regions.

The pressure recovery in the region farthest from the stagnation

point, which extends to free stream conditions, is considered

to occur as in isentropic, inviscid, compressible flow. In

the region nearest the probe, the pressure recovery is considered
to occur under conditions of viscous, incompressible, laminar

flow. Although there is a temperature gradient across the

boundary region, a constant mean value of viscosity is assumed

in this layer to obtain a solution and the effect of variable

viscosity compensated for in a manner to be discussed later.

Solutions for the two regions are matched at the point

where the regi;ns meet. The probe is assumed to be spherical

half body, and a cylindrical coordinate system is used, with the
z direction parallel to the axis of the probe and hence, the
stagnation streamline. The r direction is normal to stagnation

streamline, as shown below.

REGION I

REGION IT

FIG. 2. STAGNATION STREAMLINE FLOW NEAR AN IMPACT PROBE
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Region I (Inviscid, Compressible)
Along the stagnation streamline, the equation of motion

in the z direction reduces to (v = 0,3; = 0)

Ju _ dP
Vs = Tz e
Integrating equation (4-3) with respect to z, from z = - 0 to
z= -5,
CdP
z 2 g
U - u; ZS e . (4-4)
-ob

For isentropic compressible flow,

1
%,:(Eiflgfi)v , 6-5)

and the right hand side of equation (4-4) becomes

z ZX(‘EQ Eo)

U-u, =y les @

(4-6)
(Note thatoO has been used instead of -o0 .)
For use later, equation (4-6) is rearranged to give
2 UZ
P + - - eo( - . (4-7)
s 2 4 -1 0%e, /7 ¥
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Were there no viscous boundary layer, ug would be 0 and the
pressure P.¢ and density eéwould correspond to the pressure
and density at stagnation conditions. Thus, the left hand
side of equation (4-7) is equal to the ideal stagnation

pressure Po*. This can be easily verified. For isentropic

flow (37)
e 1 W2\
= g e
and
f:é-(1+—*‘l’-‘-r'12)7‘7%('i :
g -\t T2 L)

Substituting these expressions into the right hand side of

equation (4-7) and rearranging,

2 2 1
Qslg  rpU" | ¥R -1 .4 B 1 2\FL
ES+ z—i-( 7 +'5-_‘3i°' (1+ > [‘1)-—*8—_-{(14-12—1-"1) . (4-10)
Noting that
2 2
eU _ ¥LM . (e
2 2

equation (4-10) can be simplified to

o———

2 ] - 2
@+"’SZ““=%[x(iﬂz—l-mz)(u%ﬂz)'1"(1-*%1'?1)“] , (4-12)
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and finally

‘«

o¢
»

2
u.
Eé+-‘%-5-§'= (1+ M ) : (4-13)

The right hand side of equation (4-13) is the ideal stagnation
pressure, as postulated above. Applying the binomial expansion

4
and neglecting powers higher than M ,

2 2 4
@55 M M
E5+‘§'2"‘”= E’o+“z“+—g' , (4-14)
and thus
P'él;'z‘s =p + p""UZ + aU* 4-15
Pit—5—=R+3 TN (4-15)

Region II (Viscous, Incompressible, Laminar)

On the stagnation streamline in the boundary layer, the

equation of motion in the z direction reduces to (v = 0,%;7 = 0)

ou __ap ., Y
OUSZ = =57 * 4 5z2 ’ (4-16)

making the assumption in the boundary layer that 7«9%
Since the flow has been assumed incompressible, the density
is equal to 6%5. The viscosity varies through the boundary

layer because of the temperature gradient. To integrate the
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viscous term, the temperature distribution in the boundary
layer must be known or a constant mean value ¢/ must be assumed.
The temperature distribution is not known so that the latter
approach is taken. Selection of the mean value will be
discussed later. With these restrictions, equation (4-16) is
integrated with respect to z, from z = -§ to z=-R to

yield

2 du |
- = P.-p -7 : (4-17)
"6u'5 Eé Po A dz AR
where Po is the measured impact pressure. At z = -R, u =0
and the derivative 9; vanishes by the continuity equation.
Rearranging,
e u2 u
-, -6 —
St = P+ T . -
By +=5 Rl (4-18)

The quantity %%!Z—"&is evaluated for an ideal potential flow

field around the boundary layer surface surrounding the probe,
since the flow outside the boundary layer was treated as inviscid.
The potential function 4) for a uniform free stream flow in

the +z direction around a spherical half body oriented so that

the stagnation streamline is the -z coordinate axis is given by (54)

ya
Ud (4-19)
ri+z

d} = -Uz+
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where U 1is the free gtream velocity and a 1is the radius of

curvature of the body. It follows then that

2
-f)-;i‘:- - - --T-%S . (4-20)
and hence
2
Ju _ _Ua [ _3z% (he21)
oz~ (r*+z%)2 (r*+2%)

For the stagnation streamline, r = 0 and the radius of
curvature of the boundary layer surface is 5 . The desired

term is

du ZU

Pt

dzlz--5 =775 . (4-22)

Substituting into equation (4-18),

2 ‘
@sUs 24U
Eé + ‘Z. = % = 6 . (4-23)

To match the solutions for the two regions, the left hand
side of the above equation is replaced with its equivalent
obtained in equation (4-15), and after rearrangement, becomes

lU%  24v

QU?
+ + 3 ) (4-24)

B-R= 72 * e
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The last term in equation (4-24) requires further consideration.
The radius of curvature of the boundary layer surface on the

stagnation streamline, 2; , can be written
»
§=R+5§ . (4-25)

where R is the radius of curvature of the spherical half body
(the radius of the probe since the probe tip is nearly hemis-
pherical) and § *, the displacement thickness. The displacement
thickness for flow around an object indicates the amount that the
streamlines for ideal flow are shifted due to the formation of a
boundary Iayert For flow around an axisymmetric body of
revolution the displacement thickness determined in Homann's
solution of the momentum equation near the stagnation point (29)

is

*
O = 05576 | _ , (4-26)
oe

where
8= v | : (4-27)

6 is evaluated at the stagnation point in a potential flow

field around the body. Then,

2
@: - 3;13,_ , (4-28)
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and at z = -R, r = 0, becomes

U
= - . 4-29
8 R (4-29)

Substituting into equation (4-26) and rearranging,

* _ Ru |
S = 05576 —-———eU , (4-30)

or

% _ 05576 R

S = Tre : (4-31)

In equation (4-31) Re is the Reynolds number for flow around

the probe. Thus, equation (4-25) can be written
&= R(l""“m-“g'*‘") : (4-32)

Replacing § in equation (4-24)

_ alf

2.4 _
P-B= +?&U . 24au

2 ¥ 0.5574,
8 Fo R(H\fﬁ?)

. (4-33)

Therefore, the difference between the measured impact
pressure and the free stream pressure, P -P, , for a plasma
flowing around a hemispherical tipped cylindrical body is exﬁressed

by a Bernoulli term, a compressibility term, and a viscous term.
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Physical properties in the first two terms are evaluated at

free stream conditions of temperature and pressure. In order

to select‘27 and evaluate Re in the third term, a characteristic
temperature of the boundary layer is chosen. This characteristic
or reference temperature is a temperature at which constant
property results will closely approximate true variable property
behavior. The appropriate values of‘;7 and Re are those corresponding
to the reference temperature. Although no prior basis for the use
of this technique in a plasma boundary layer has been established,
it is a method which does compensate for the temperature gradient
near the probe (35). Further discussion and justification is
deferred until the following section where heat transfer is
considered. In this particular application, the characteristic
temperature selected is the temperature corresponding to the
arithmetic mean of the wall and free stream enthalpies (21). It
will become apparent later that this reference temperature is
primarily a function of the free stream temperature since the
probe is water cooled. Hence, if T,, and (Po'R” ) are known

at any point in a plasma flow field, a reference temperature can
be obtained so that all physical properties in equation (4-33) can
be evaluated. The equation is then implicit in U and can be
solved by an iterative method. Chambre and Smith in a similar
manner developed an expression for a high velocity, low density

gas stream which differs somewhat from equation (4-33) in the
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viscous term because flow around a spherical body was assumed (14).
The effect of the viscous term in equation (4-33) on the

difference between the measured impact pressure and the free
stream pressure, neglecting the compressibility term, is shown

in dimensionless form as a function of Reynolds number in

Figure 3. As postulated, it results in a measured impact

pressure increased over the ideal stagnation pressure.

Stagnation Point Heat Transfer

The validity of using the reference temperature technique
in plasma flow calculations is established by considering heat
transfer t§ an object immersed in a plasma stream and applying
the resulting theéretical expression to previously unresolved
experimental data. In order to‘determine heat transfer rates
at the stagnation point of the object, the equations describing
the flow in the boundary layer surrounding the object must be
analyzed. As before, the object is taken to be a spherical
half body and a cylindrical coordinate system employed.
Although use of this system is different than choosing one
' based on the distance along the surface of the body from the
 stagnation point and the distance normal to the surface, the
results will be the same since the equations in either system
are identical in the immediate vicinity of the stagnation stream-

line. In the boundary layer, it is assumed that the ion-electron-
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atom system is in equilibrium, and that only single ions are
present. The diffusion of ions and electrons is taken to be
ambipolar -- that is, ions and electrons moving together so
that there is no net current flow and no net charge density at
any point. This concept is analyzed in more detail in Appendix A.
The thermal diffusion effect is ignored. Sherman (49) has shown
that this is valid. Viscous dissipation and the pressure gradient
are ignored in the energy equation. In final form, the effect
of ion diffusion-recombination will appear as a reactive heat
capacity and a reactive thermal conductivity.

With the above restrictions the boundary layer equations

are:

1. Continuity
S+ ri-levi)=0 . @w

2. Momentum

0 L vy 2P L 3 (i
P(V:{F YUz T v Tz (’u az) . (4-35)

J _ 3 (0T
()(Vg“'}“*“%fl:)*gz@hk?fk)»-gg(Kaz_) . (4-36)
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The transport properties K and 4/ are those of the ion-electron-
atom system. In the energy equation, h 1is the specific

enthalpy of the system, defined by

= (4-37)
h=2 ¢, by ’
where hk = sgpecific enthalpy of species k

ck = weight fraction of species k;

and Jk is the mass diffusion flux of species k in the 2z

direction and satifies at any point

%Jk =0 : (4-38)

In the boundary layer, the diffusion fluxes for ambipolar

diffusion which are derived in Appendix A become:

P(1+e¢] ¢
0y = T’F‘Z m, (2 Dy, )gﬁ- : (4-39a)
\‘Tl., = P(:;oi_), m'\’ ("'Z DLQ ) ':izk" , (4-39b)
and
{+ N OXL
Je = Pl=) Me (-2 Dia) 3":;_' . (4-39¢)

kT
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The subscripts a, 1, and e refer respectively to atom, ion,
and electron. To evaluate the specific enthalpy of each species,

the ionization energy is assumed to reside in the electron (49).

Thus:

(4-40a)

= S (4-40b)

and

=Sk, I

= -40
Z me mc ’ (4 C)

where I is the ionization energy. Using equations (4-39) and

(4-40),
T P(1+a 5 ‘
Lhd, = - Tfl(ZDm)(szJrI . e
At constant pressure, equation (4-41) can be written
hoo = §(T)2 (4-42)
Z; kY ~ R} 4 ’

and since pressure variations are small compared to temperature
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variations in the plasma boundary layer,

2 hed= gyl A

The reactive thermal conductivity at constant pressure due

to ion diffusion - recombination is defined by

Zh i = “Kr az . (4-44)

and hence

. P(i*v‘) SkT \ DX
K,= 7 (2055~ I)‘g"{“—“ : (4-45)
To evaluate % , consider the equilibrium constant for

the ion-atom-electron system at constant pressure, and its

variation with temperature (39):

2
i
Ke = 1-2%, . (4-45)
and
a(anP) _ Ah ' (h-47)

oT ~—  kT?
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Using equations (4-46) and (4-47)

IXi _ Ah Aif1-2x)
oT  kT? 2(1-%y)

However,

kT
Ah= !52 + 1 ,
and from Appendix A
_ o
A= 149G

Substituting into equation (4-48) and simplifying

oxi _ w(1-%) (FT+I)
0T ~ 2(l+e) T2

and finally,

__ PDiqg<(1-%) T 2
= PR (3T )

k21.3

Devoto (17) also deduced this expression for Kr.

energy equation in the boundary layer now becomes

]
o(vaE +u )= & (kK% ]

(4-48)

(4-49)

(4-50)

(4-52)

(4-53)
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Next, it is necessary to write h as a function of

temperature. Recalling equation (4-37),

h= zk:‘:khk | , (4-37)

and the diffgrential of h is

kS

dh=%ckdhk+zkzhkdck . (4-54)

Since pressure changes are small as noted previously, hk is

essentially a function of temperature:
dh, = Cp dT S e
Then

dh=CpdT+ Zk:hkdck , (4-56)

where C is the heat capacity at constant pressure of the
P

system, given by

Cp= Zk: cCpx : (4-57)
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The weight fractions ck can be expressed in terms of x

i as
follows:
1’ZXL
= s -58
Ca 1-x (4-58a)
m, X
c == — , (4-58b)
My (1' XL)
and
Ce = e X (4-58¢)

my (1-X.)

Taking differentials of equations (4-58) and using equations

(4-40), equation (4-56) becomes after simplification

dh=CpdT + dx r(251+1) |

But at constant pressure
- axL
dx; = dT , (4-60)
so that
T
x; (1-2x )(Sk +I
dh=CpdT+ = - )’ dT . (4-61)

2 Mg (1" L)S kTZ
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Substituting for Xy using equation (4-50) and rearranging

o2)(B5T
dh=CpodT+ “(1 ‘i.\.zﬂ:) dT . (4-62)

Or, defining the reactive heat capacity at constant pressure

as follows

h= (Cp+Cp, )dT , (4-63)

where

w(1-o8) (L 1)2

Cor™ T ZmakT2 '

(4-64)

the energy equation reduces to

oT a7 2
0(Co+Co v +us )= STIKFK LT L Gees)

The properties e 4 Cp, Cpr’ and K, and Kr in equations
(4-34), (4-35), and (4-65) are strongly dependent on temperature.
Because of the large temperature gradient across the boundary
layer, these properties are not constant, and a forthright
analytical solution to the system of equations is not easily
obtained. A numerical solution would be cﬁmbersome and most

likely, quite restrictive because of the necessity of assuming



38

arbitrary temperéture dependencies of the transport properties.
Thus, the reference temperature technique is both useful and
practical in accounting for variable fluid properties. A
characteristic (reference) temperature is chosen, at which fluid
properties are evaluated, such that constant property results at
this temperature can be used to represent true variable property
behavior (35). If the heat capacity does not vary significantly
through the boundary layer, the mean boundary layer temperature
can be used as the reference temperature. If, however, there
are large temperature differences across the boundary layer as
would be encountered in plasma flow, the heat capacity can no
longer be considered constant and the temperature corresponding
to the mean boundary layer enthalpy is selected as the reference
temperature (21). The mean enthalpy is referred to as the
reference enthalpy.

Thus, by assuming the fluid properties constant, evaluated
at the reference conditions, the system of boundary layer equations

becomes:

1. Continuity

r%:—+ L= (rv)=0 : (4-66)

2. Momentum

£, v v \ _ P *d%v
OGS ugz) ==or T4 ypE - @D
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3. Energy

* *,aT L, 3T * T
Q (CP+CPY) (V‘S‘F""U 3z >: (K+Kf) —S? « (4-68)
In the above equations * denotes reference conditions.
Sibulkin (50), following the method of Squire (24) and using
Homann's stagnation point solution of the momentum equation
(29), obtained a solution to the above system of equations.

In dimensionless form the heat transfer coefficient is given

by
b% . O.763(C'P(ﬂ )o"'(_B;@_Q_)O'S. (4-69)

As in the stagnation streamline development

6 - — : , (4-27)

and is evaluated at the stagnation point in a potential flow
field. Substituting for 6 using equation (4-29) and including
both the kinetic and reactive contributions to the heat capacity

and thermal conductivity, the stagnation point heat coefficient is

* x »
_ 0763(K+Ky) [(Co*Cor & 1% #fRU 1
h=" . [ Tt :l ] . (4-70)

R (K"'Kr)* /J*

where R is the radius of the half body, U the free stream
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approach velocity, and all fluid properties are evaluated at
the reference temperature.

Equation (4-70) was used to resolve the data of Chludzinski
(15) to demonstrate the applicability of the reference temperature
method to plasma flow problems. As noted previously, Chludzinski
studied heat transfer to solids immersed in an r.f. generated
plasma. Heat transfer coefficients were determined from the
dynamic response of shielded thermocouples exposed to an
argon plasma for time periods of approximately 0.1 sec. The
thermocouple was housed within a water-cooled probe, and was
advanced to the probe stagnation point and retracted by means
of solenoids m?unted above the cooling water jacket. Three
diameters were used, and for each, data were obtained at
several plasma temperatures. The results were presented as a
function of free stream ion concentration. The measured heat
transfer coefficients exhibited a negative half power dependence
on the probe diameter which indicates that a convective model
should describe the heat transport process, but the experimental
values were significantly higher than those calculated from the
conventional stagnation point correlation. Reactive contributions
to the heat capacity and thermal conductivity were not considered
in the calculations. An attempt was made to separate the
contribution of the ion-electron recombination reaction occurring

near the probe wall from the measured values of the heat transfer
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coefficients. An empirical relationship for this contribution
was obtained, but the information was judged insufficient to
formulate an analytical model for describing the effect of the
ion-electron recombinétion reaction on the overall energy
transfer process.

For the flow rate employed during the Chludzinski measure-
ments, heat transfer coefficients were calculated from equation
(4-70) as a function of plasma temperature for the three probe
diameters used in the experiments — 0.020 in., 0.040 in., and
0.0625 in. The plasma temperature was varied from 8500 °K to
10,500 %K which corresponds to the temperature range of the

measurements. .The physical properties e and (Cp + C ) for
r

p
argon were obtained from the tabulated values of Drellishak

et. al. (20). The tabulated values of heat capacity are

actually the sum (Cp + Cpr) of kinetic and reactive contributions.
The values used for the transport properties K and 4 were those
calculated by Sherman (48), which include the effects of electron
excitation and ionization. The reactive contribution to the
thermal conductivity is not included, however, so that Kr must

be caiculated as a function of temperature from equation (4-52).
In applying this equation, o4 was obtained from the Saha equation
(to be discussed in the following section) and the values taken
for D;, were also those of Sherman. The contribution of Kr to

the total thermal conductivity becomes significant at temperatures

above 9000 °K.
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The reference temperature, at which all quantities in
equation (4-70) must be evaluated, was obtained for a given free
stream temperature from the reference enthalpy, previously defined

* - .
h = h,, +O.5(hw-hw) , (4-71)

where * denotes reference conditions

w denotes wall conditions

o0 denotes free stream conditions.
The reference enthalpy was converted to temperature by means
of the Drellishak tables. 1In equation (4-71) the enthalpy at
the wall temperature for the water-cooled probe is so small
compared to the free stream enthalpy that the reference
enthalpy and hence, the reference temperature, are essentially
functions of the free stream temperature. The relationship is
not linear because the heat capacity varies. For these
calculations, the wall temperature was estimated to be 560 °K
(550 °F). The insensitivity of reference temperature to wall
temperature is illustrated by the fact that had 800°K (980 °F)
been chosen as the wall temperature, an increase of less than
2.5% in the reference temperature would have resulted.

The theoretical predictions of h obtained by using

equation (4-70) for the three probe sizes are plotted in

Figure 4 as a function of the free stream value of o¢ ,
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the degree of argon ionization. The range of o¢ corresponds

to the free stream temperature range of 8500 °K to 10,500 °K.
The temperature scale, which is not linear, is indicated.
Experimental values are also shown in Figure 4. 1In light of
the scatter in the data, the agreement between experiment and
prediction is considered excellent. It is concluded therefore,
that the reference temperature technique is justified for

plasma flow problems.

Plasma Radiation

To make calculations dealing with stagnation streamline
flow and stagnation point heat transfer in a plasma jet, a
knowledge of the plasma temperature is required. The
temperature of\a plasma can be determined indirectly by
analyzing the radiation it emits. Before attempting to
relate temperature to the intensity of radiation emitted,
however, it is first necessary to discuss the concept of
equilibrium in a plasma. It is assumed that the plasma
consists of atoms, single ions, and electrons. The
possibility of multiple ionization is not considered, although
it would be handled in the same manner. All species have
translational energy, atoms can possess excitation energy,

and ions possess ionization energy.



45

Equilibrium True thermodynamic equilibrium can exist in a
system of particles only when the system is isolated and does
not exchange mass, momentum, or energy with the surroundings. In
such a system, the total energy content is constant and the
energy distributions for the various states, involving degrees
of freedom of translation, excitation, radiation, and species
composition, are determined by a unique parameter independent of
time or position called temperature. Each mechanism of energy
exchange in the system is exactly balanced by its inverse (2).

A plasma jet exchanges energy with the surroundings by emitting
radiation, and hence, cannot be in complete thermodynamic
equilibrium. It is then necessary to turn to the concept of
local thermodynamic equilibrium.

Local thermodynamic equilibrium exists in a system of
particles if the distribution functions for the kinetic
(translational) states of the particles and the excited states,
and the chemical composition are the same as in a system at
complete thermodynamic equilibrium, but at a single local
temperature (9). Thus, for a plasma exhibiting local thermodynamic
equilibrium, the velocity distribution of the atoms, ions, and
electrons, is Maxwellian, the distribution of population densities
of excited atomic states is Boltzmannian, and the distribution of
atoms and ions obeys the Saha equation at each point in the system

(19). The radiation field, however, is not black body (given
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by the Planck function), but is a line spectrum characteristic
of the element and is determined by the Einstein relation.

A gradient in the local temperature may exist, but the relative
change must be small so that a particle moving from one position
to another has sufficient time to 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 directional flow of
energy, although at each point, the average energy being
transferred must be small in comparison to the total energy
content of the system. In plasmas, local thermodynamic
equilibrium will prevail as long as collisional rate processes
among particles not directly connected with radiation energy
transfer are predominant, the radiation rate processes being
small in comparison. Then, the distribution functions will be
determined by particle collisions which tend to equilibrate

the various forms of energy distribution (45).

In systems where local thermodynamic equilibrium does not
exist, the situation becomes somewhat more complicated. It
becomes necessary to differentiate among the temperatures
corresponding to the various degrees of freedom because it
could be possible to assign a separate temperature to the
distribution function for each degree of freedom. For a plasma,
there could be a Boltzmann temperature characterizing the

distribution of excited atomic states, a heavy particle
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temperature describing the distribution of the translational
energy of atoms and ions, a Saha temperature specifying the
degree of ionization, and an electron temperature associated
with the kinetic energy of the free electrons. Fortunately
however, most plasmas at atmospheric pressure or above are
very close to being in local thermodynamic equilibrium so that
approximately the same temperature can be assigned to the
translation, excitation, and ionization degrees of freedom.

Line Emission The excited atomic states mentioned above

are discrete (quantized) and arise from a gain in potential
energy through collisions which causes an orbital electron of
the atom to be relocated in an orbit of higher energy value.
This electron éan make a spontaneous transition to an orbit of
lower énergy value by emitting radiation. Such a process
between quantized states results in a characteristic spectral
line. The volume emission coefficient for this line depends
upon the energy associated with the particular transition, which

is related to the wavelength A by

Eu-B = , (4-72)
where E, E. = energy of the upper and lower
u 1 levels respectively
h = Planck's constant

¢ = speed of light
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and upon the number of downward transitions per second, which is
expressed in terms of the concentration of atoms in the higher
excited energy level n and the probability per second for the
transition of interest A,; , known as the Einstein transition
probability. The Einstein relation then for the line emission

coefficient is

éilme A}TI)\ A\U| . (4-73)
Equation (4-73) involves only constants of the particular

species and does not depend on the existence of any equilibrium

conditions. If local thermal equilibrium does prevail, a

Boltzmann distributibn can be assigned to the populations of

the excited states, and the number density of atoms in the

upper state n, is related to that of atoms in the lower state

n, by
(Eu'El)
L 9u , (4-74)
n oG
where B8 = statistical weight of the upper
and lower energy levels
k = Boltzmann's constant

T = temperature .
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Summing over all of the discrete energy levels of the excited
atomic states up to the ionization energy, with the energy of
the lowest level taken to be zero, the Boltzmann distribution

becomes
Du o dy o7 KT (4-75)

where n 1is the total number density of atoms and Za is the
a

internal partition function of the atom, defined by
L, = 5; 9, . (4-76)

The atomic number density is obtained from the Saha equation
and the ideal gas law. The Saha equation is the equilibrium

relationship for the ionization reaction at temperature T,

and is
3 L
NiNe _ 22 (ZﬂmQAkT)Ze KT , (4-77)
Na Zq h?
where n, n,n = number density of ions, electrons,

and atoms respectively

Z, = internal partition function of the
first ion

m_ = electron mass

I = ionization energy
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Assumjing that the ion-electron-atom system behaves as an ideal gas

(n0+ nl-+ ne) - ‘“k‘p:‘r' ) (4'78)

with P being the system pressure. Since by definition

(from Appendix A)

o = . (4-79)
no+n,

the Saha equation (4-77) can be combined with equation (4-78) and

written in its familiar fomm

2 ’ 3 5 L
oof (Tmg\e (2KT)Z Z. KT ;
Tt = 79.) = % e . (4-80)

The partition functions Zi and Za are functions of pressure
and temperature, and have been tabulated (20). Thus
equations (4-78), (4-79), and (4-80) are used to determine n_,

and the line emission coefficient becomes

E
he  GuAu i
Eline = aTA Z, Ne€ (4-81)

Because a line has finite width, the emission coefficient is

actually the integral of the line profile ézh, so that

Eine = S ExdA . (4-82)

line
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Working with a single line for which the required constants
are known, equation (4-81) can be used to determine the temperature
of a plasma in local thermal equilibrium at a given pressure if
Eil' . is known. The calculation is trial and error, however,

in
because Za and n, are functions of temperature. In practice,
it is somewhat easier to use tabulated values of Za and n, at
the desired pressure and prepare a plot of g'line as a function
of temperature. Figure 40 in Appendix B shows these plots at
atmospheric pressure for the 4158, 4181, 4259, 4300, and 4510 X
argon lines which were used during the course of this work. Also
found in Appendix B is Table VIII, containing the required atomic
constants for the lines mentioned above.

Continuum Emission The discrete spectral lines in the

radiation emitted by a plasma are superimposed on a continuous
spectrum., Continuum emission results from transitions involving
free electrons whose energy is unquantized. There are two types

of electron transitions - free-free and free-bound. A free-free
transition is simply a change in energy from one unquantized

state to another, and in general, occurs when the electron under-
goes an acceleration in the field of another charged particle. A
free-bound transition is the recombination of a free electron -

a change from an unquantized (free) state to an quantized (bound)
state. The continuum volume emission coefficient represents the sum

of free-free and free-bound transitions of electrons in the field of
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2

ions having an effective average charge z“, and is given by (8)

2 6 = _2
_ 3ZCTTG QZ nLne

€, = -
AT (oTimep N(KT): (483
where e = electron charge
A= wavelength .

Equation (4-83) is not, strictly speaking, valid for argon since
it was obtained by assuming dense, hydrogen-like electron energy
levels in the treatment of the contribution of free-bound
transitions. However, its temperature and number density dependence
are correct, and the quantuum mechanical correction factor g
compensates for gon-hydrogen like behavior. The temperature
dependence of g is negligible for argon, as is the wavelength
dependence in the range 4500 X to 5600 X (41). It has been
measured experimentally at 5330 X and found to be 2.3 (8). The
electron temperature T is the temperature which specified a
Maxwell-Boltzmann distribution of the energies of the free
electroné. In general, z is given by

Ne

"

where n, is the number density of all ions. Since only single

ions are assumed present in this development, z is one.

0 )
1f €, is known in the range 4500 A to 5600 A, equation (4-83)
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can be used along with the Saha equation to obtain the temperature
of a plasma in local thermal equilibrium. As before the calculation
is trial and error, so that it is again expedient to use tabulated
values of n, and n, at the desired pressure and prepare a plot of
€, as a function of temperature. Figure 41 in Appendix B shows

the argon continuum emission coefficient at 5330 K as a function

of temperature at atmospheric pressure.

Equilibrium Determination The expressions presented above

relating line and continuum emission coefficients to the plasma
temperature are restricted to plasmas exhibiting local thermal
equilibrium. While it was stated previously that for a plasma

at atmospheric pressure or higher, the assumption of local thermal
~equilibrium is usually valid, it is worthwhile at this point to
briefly note how to ascertain if in fact equilibrium does prevail.
To verify its existence, the temperatures specifying the energy
distributions for different degrees of freedom must be obtained
and compared. In this case the emission coefficients for lines
resulting from different upper energy levels are plotted in such
a way as to show if a Boltzmann distribution can be assigned to
the populations of the excited states. Then, the temperature
characterizing the Boltzmann distribution, if one exists, is

used to obtain number densities from the Saha equation, and these
number densities employed to calculate the electron temperature
from the continuum emission coefficient. If a Boltzmann

distribution exists and if the electron temperature compares
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favorably with the heavy particle (Boltzmann) temperature,
local thermodynamic equilibrium does prevail.
The existence of a Boltzmann distribution for the population
densities of the excited atomic states is demonstrated in the
following manner. For a specific line, equation (4-81), can

be written

-E“
Eline A = C, Na e kT , (4-85)
SulAul 210 ‘
where C. is a constant. Assuming that a local temperature can

1

be assigned at a given point, equation (4-85) at this particular

point becomes

~Eu
Cline A _ c,e¥T , (4-86)

. gu Aul

where C2 is another constant. Taking logarithms of equation (4-86)

Edhe A - - Eﬁ ) _
|n[suAul ] =InG, kT o

€line A is plotted against Eu on semi-log paper for
8y Aul
the discrete energy levels corresponding to several spectral

Then, if

lines, a straight line of slope - %T will result provided there
is a Boltzmann distribution at the point in question. The
technique must be applied at different locations in the
radiation field to see if a Boltzmann distribution prevails

throughout, The plot is referred to as a Boltzmann plot.

Intensity-Emission Relationship The specific intensity

of a radiation source at wavelength A\ that would be observed
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experimentally, I A is related to emission coefficient of the

source at the wavelength, err Eh’ by
I,ﬁ-’ g(eh orgx)dl , (4-88)

where dl is the incremental length in the direction of observation
through the source. Equation (4-88) is based on the assumption
that the radiation source is optically thin; that is, the self-
absorption of radiation emitted by the source is negligible.

In this case, the radiation source is a round, symmetrical plasma

jet. The geometry associated with this jet is depicted below.

PLANE OF CONSTANT 2z

Y

~4— LUMINOUS BOUNDARY
OF PLASMA JET

-Y

|

DIRECTION
OF
OBSERVATION

FIG. 5. GEOMETRY OF THE SPECTOGRAPHIC OBSERVATIONS

Introducing a new notation, the specific intensity expressed
in equation (4-88) can be written at any chord position x in

a plane of constant z as

Y
I 2 = (e, (r,2)dy . (4-89)
-y
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with the integral taken along the chord of constant x. The
observed specific intensity I ) (x,z) represents a cumulative
emission through the plasma because there may be a gradient in
€)along the axis of observation due to the variation in radial

position r and hence,avariation in temperature. At constant x,

dy = %,dr , (4-90)

and since

i
y =(rf- x*)? L)

equation (4-89) for the symmetrical source becomes

z) rd
I, (xz)= ng_ex((;:-)x%; : (4-92)

The upper limit R is the radius beyond whiché%&r,z) vanishes.
If a spectral line is observed, the intensity profile of the line

must be integrated. Thus

R
(I, (qdA= 2§ (Doarddh

Z_ L
line line X (r-x7z

Interchanging the order of integration on the right hand side of

equation (4-93) and performing the integration with respect to



57

wavelength at a given point,

R
E fine (r.2)rdr
Iline (X)Z) = ZS (rz’xz)% , (4-94)

where the integrated intensity I (x,2z) is defined by

line

Liine (%)2) = SI,\(x,z)d)\ L 69%)
line
Equations (4-92) and (4-94) are a form of the Abel equation

and can be inverted analytically to yield (6)

(%17:'\‘) dx_

=1 4-96
€xtnz)= “rs (x2-rdz ' (4-%6)

and

R
<iIIMe
E.m (Y)Z) - “%S ( dx_ )dx

1
(x%-r?)z

(4-97)

Since'IA and I1 are obtained as sets of numerical data

ine
which may not be conveniently expressed as analytic functions, a
numerical technique is used to perform the above inversion.

Several numerical solutions have been developed (4, 7, 42). The

method of Barr (4) was used in this investigation and is

described in Appendix C. Briefly, the method requires that the
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radius and the x axis be divided into N equal increments, with

values E;Ak or E’line K and I or corresponding to each

1
An line n
position 0, 1, ...N on the r and x axes respectively. For
equation (4-97) the result becomes

N
; _ N
Eine k (2) = ﬁ:é;k_zﬁk.,]:.;..e (Z) k2 o (499

and

N N
Eliﬂe,k (Z) = —ﬁﬁéoeknlﬁnc n (Z) k.‘-z . (4-99)

The @ «n are numerical constants which have been tabulated (4).
The same relationship holds fore¢, and I,

Thus, a set of chord line intensities I (x,z) or a

line
set of chord continuum intensities I (x,z) obtained
experimentally at a level z in the plasma can be resolved into

a radial distribution of line or continuum emission coefficients,

from which the temperature profile can be calculated.



5. EXPERIMENTAL APPARATUS

The experimental system used in this study consisted of a
plasma generator; support equipment to supply and monitor
power, cooling water, and plasma gas; a spectrograph and associated
readout equipment for analysis of the radiation emitted by the
plasma; a water-cooled pressure sensing probe to measure and
record impact pressures in the plasma jet; and a trace gas
injection system. A schematic diagram of the overall system is
shown in Figure 6. Each component of the overall system is

discussed in detail below.

Plasma Generator

The direct-current, constricted arc plasma generator con-
structed for this study is shown in Figure 7. It was designed
to permit flexibility in its operation, and was fabricated in
the machine shop of the Department of Chemical and Metallurgical
Engineering. The main body consisted of three sections and was
mounted vertically with the plasma jet exhausting upward. The
middle Micarta section insulated the upper anode section (brass)
from the lower cathode section (also brass). The '"0'"-rings in
the cathode section not only sealed the arc chamber from the

surroundings, but helped center the cathode holder. A

59
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Micarta gas distribution ring held in the insulating section
by an "0"-ring and set screws provided a uniform axial argon
flow. A boron nitride insulating sleeve in the converging

area of the anode section prevented arcing from the tungsten
rod to the brass body. A second Micarta ring to straighten

the argon flow was held just below the boron nitride sleeve

in the anode section. The two Micarta rings were the primary
elements for centering the cathode holder. The boron

nitride arc constrictor and the copper anode were both re-
moveable, and were held in plade by a brass retaining ring.

The annuiar brass anode sleeve provided a cooling water jacket
for thé anode section. A cooling water passage also was built
into the cathode holder. The shoulder on the top of the anode
sleeve supported the concentric quartz tube confining chamber,
which was uncooled. The 1% thoriated tungsten rod cathode in
the brass cathode holder was removeable. The position of the
cathode holder relative to the main body (and thus the electrode
separation) could be adjusted by a brass rod threaded through

a plexiglass plate held stationary underneath the main body.
This rod was attached to the éathode holder with a small collar.
The 1/8" hole drilled through the mounting flange (which was
welded to the anode section of the main body), the main body,
and the boron nitride sleeve into the arc chamber could be used

as a pressure tap or for trace gas injection. The power leads
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were attached to the mounting flange (positive) and the

base of the cathode holder (negative).

Support Equipment

Power was supplied to the plasma generator by a Plasma-
dyne power system. This unit was essentially a three phase
transformer with three phase full-wave bridge rectification,
and utilized a saturable reactor current control device. The
system was rated at 40 kw with a maximum current load of 1000 amp.
The control console monitored the voltage and current, and
included safety interlocks which shut off the generator
automatically in, case of a drop in cooling water pressure
or arc gas pressure.

The plasma arc column was initiated between the tungsten
rod and the copper anode by a high-frequency arc starter which
effected partial ionization of the arc gas.

Argon for the plasma generator was supplied through a
calibrated micrometer metering valve. Tap water was used to
cool the electrodes and other key areas. It was supplied to
the cooling channels by a positive displacement gear pump and
monitored with calibrated rotameters. Water and gas temperatures
were measured with iron-constantan thermocouples and recorded
by a twelve point strip chart recorder calibrated for 0°F to
200°F operation.

The actual electrode voltage was monitored with a d.c.
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digital voltmeter, and the arc current obtained with a precision
shunt and a calibrated millivolt meter. Voltage and current
fluctuations were observed with a dual trace storage

oscilloscope.

Spectrograph

The radiation from the luminous plasma jet was analyzed
with an Ebert Mark IV plane grating spectrograph manufactured
by the Jarrell Ash Company. The spectrograph, which was
equipped with a direct reading head, had a focal length of 3.4
meters., The grating was ruled with 15,000 lines per inch,
giving a first order linear dispersion of 5.1 X per millimeter
at the focal plane. It had a useful range of 2100 to 7500 X.
The entrance slit of the spectrograph could be adjusted in
width from 4 to 400 microns and in height from 1 to 15
millimeters.

A scanning and condensing system was used to focus selected
areas of the extended plasma source on the spectrograph slit.
This system consisted of six front surfaced mirrors and two
quartz-lithium flouride acromatic lenses, and for any position
in the source, automatically maintained focus and alignment with
the optical axis‘of the spectrograph. A manual screw drive
mechanism which moved the assembly of six mirrors horizontally

permitted horizontal scanning of the plasma jet (perpendicular
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to the axis of the jet) at a fixed vertical position. This
allowed accurate positioning along chords passing through the
jet, with a chord spacing as small as 0.03 cm. The plasma
could be scanned vertically (parallel to the axis of the jet)
at a fixed horizontal position by pivoting one of the mirrors
with a vernier device. The spectrograph and plasma generator
were located so that the spectrograph slit and the axis of the
plasma jet were parallel.

The spectrograph had a sine bar wavelength drive which
rotated the grating in such a way that the wavelength
indicated by a counter was seen at the center of the focal
plane. The wavelength drive also permitted scanning over
intervals of the spectrum at a fixed position in the plasma
by switch selection of one of twelve scanning rates ranging
from 1 to 500 X/min.

Spectra were obtained directly with an RCA 1P28 multiplier
phototube placed in the direct reading head at the center of
the focal plane. The tube was operated at 1000 volts d.c.
provided by a d.c. power supply unit having an output voltage
continuously adjustable from 250 to 1500 volts. The tube
voltage was monitored with a d.c. digital voltmeter. The out-
put current of the phototube, ranging from 10-10 to 10—6 amps,

was passed through a variable precision resistance and the
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resulting voltage amplified by a variable range (50 to 2000
volt) stabilized d.c. microvolt amplifier. The output of the
amplifier, 0 to 10 mv or O to 1 volt, could be recorded or
integrated respectively., To record the amplified photo-
multiplier signal, a strip chart recorder adjusted to a 0 to

10 mv span was employed. To integrate a spectral line

profile, the 0 to 1 volt signal from the microvolt amplifier
was fed to a CEC dynamic response function module. This
function module employed operational amplifier circuits so

that any undesired portion of the signal could be subtracted
and the remaining portion integrated with respect to time.

The integrator output voltage was also indicated by a d.c.
digital voltmeter. Using this system only the line contribution
above the continuum was integrated, while the line contribution
was superimposed on continuum when the signal was recorded.

The photomultiplier-amplifier-recorder system and the photo-
multiplier-amplifier-integrator system were both calibrated

with a ribbon filament tungsten lamp as explained in Appendix D.

Probe
The probe used to measure impact pressures in the plasma

jet was essentially a water-jacketed pitot tube. It consisted

of three concentric beryllium copper hypodermic tubes held in

a brass manifold. At the tip, the annulus between the outer
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and inner tubes was sealed to form the jacket by a small copper
ring silver-soldered into place. The center tube was the
pressure sensing tube, while cooling water circulated through
the inner annulus, around the tip, and exited through the
outer annulus. The internal construction of the probe is

shown in Figure 8. The brass manifold was mounted on a water-
cooled copper disc which served as a heat sink. The probe
passed through the copper disc and a thick walled steel rein-
forcing tube attached to the bottom of the heat sink. The
pressure sensing tube of the probe passed through the mani-
fold, going directly to a strain gauge differential pressure
transducer. The transducer was also mounted on the copper

heat shield, in order to cut down dead volume between the

probe tip and the sensing element. The pressure tube was
sealed to the transducer with a modified thermocouple gland.
The combined probe-heat shield-transducer assembly was mounted
on a three-dimensional traversing mechanism, and counter-balanced
by an overhead system of pulleys and weights. Figure 9 shows
the overall probe system and traversing mechanism in relation
to the plasma generator. The horizontal drive of the traversing
mechanism which controlled lateral movement (movement in the
direction parallel to the horizontal scan of the spectrograph)
was equipped with a 5.6 rpm. electric motor and belt drive so

that the probe could be continuously moved through the plasma
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jet, or positioned manually. The horizontal drive which
controlled depth movement could be set so that the continuous
movement corresponded to either a chord or diametrical traverse
at a fixed vertical position. The traversing mechanism permitted
positioning of the probe tip in the plasma with an accuracy of

+ 0.01 em. The pulley system restricted movement in any
horizontal plane to the jet confining area, Put allowed complete
freedom of movement along any vertical axis. The pressure
transducer could measure a maximum pressure difference of + 1 psi
with a corresponding maximum output of + 30 mv. The excitation
voltage, 10 volts d.c., was supplied by two, six-volt dry

cells in conjunction with a voltage dividing circuit. The

input voltage was monitored and could be maintained within

+ 0.01 volts of the desired value. The transducer output

voltage was recorded with a strip chart recorder. The over-

all probe-transducer-recorder system was calibrated with a

water manometer, as explained in Appendix E. Cooling water for
the probe cooling jacket was supplied by a gear pump andeas

fed to the brass manifold through high pressure plastic tubing.
The use of plastic tubing permitted the freedom of movement

noted previously.

Trace Injection System

Trace gas was injected into the plasma gas by means of

a 10 inch, 18 gauge hypodermic needle. The needle was inserted
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into the arc chamber horizontally, through the pressure tap

in the plasma generator. A thermocouple gland was used to
seal the pressure tap and the arc chamber from the surroundings.
The tip of the needle was closed and a small hole drilled just
back of the tip to permit injection of trace gas parallel to
the direction of the argon flow. The entire length of the
needle up to the hole was insulated from the thermocouple
gland and the brass by a piece of plastic electrical
spaghetti. The external needle mounting block was built

with a screw drive mechénism, so that the needle could be
moved in a direction parallel to its own axis and hence the
axis of the pressure tap. Within the arc chamber, this
movement was transverse to the direction of the gas flow,

and permitted sccurate positioning of the needle tip at anv
point in the annular region between the inner wall of the
plasma generator main body and the outer wall of the cathode
holder. Figure 10 shows the external mounting block alone,
and in relation to the plasma generator with the insulated
needle inserted in the thermocouple gland. The fixed verticsl
position of injection corresponded to a point slightly upstream
of the arc itself.

Trace gas was supplied through a micrometer metering
valve and a three-way solenoid valve. The solenoid valve was
opened for trace gas injection with a toggle switch. This
switch also triggered the time base of the dual trace

oscilloscope which was used to monitor the time dependence
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FIG. 10. TRACE GAS INJECTION SYSTEM
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of the photomultiplier voltage from the variable precision
resistor. The photomultiplier signal was taken from the
terminals of the precision resistor in order to bypass the

microvolt amplifier because of its 3 second response time.



6. EXPERIMENTAL OPERATING PROCEDURES

The procedures involved in operating the experimental
system described in the previous chapter are explained.
Included in this discussion are operation of the plasma
generator, precautionary safety measures, measurement of
generator voltage and current fluctuations, trace gas
measurement techniques, spectrographic measurement techniques,

and the procedure for impact pressure measurements.

Plasma Generator Startup and Operation

Prior to each run, the copper anode was removed from
the main body, and its inside wall cleaned with fine emery
cloth. With the anode removed, a brass insert was used to
fix the electrode separation at 5/16" and center the cathode

tip, as shown below in Figure 11,

INSERT

ANODE SECTION

/ INNER WALL

0 [
—
BORON NITRIDE
SCALE
CONSTRICTER TUNGSTEN
CATHODE
FIG. Il. ELECTRODE SPACING INSERT

14
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After the anode was replaced and the retaining ring tightened,
the quartz confining chamber was slipped into place and the
cooling water turned on. The desired flow rates to the various
channels were set and recorded. The argon flow was then begun,
and the arc starter turned on to initiate the plasma. The
main power supply was engaged and the arc starter immediately
turned off. The argon flow rate was increased to an arbitrary
maximum operating rate, which resulted in a highly diffuse
flame. The power level as determined by the arc current was
then adjusted and finally, the argon flow rate decrcased to

the desired value. Except in the early stages of this study,
the flow rate and.power level (current) were the only independent
variables whose effects were investigated. If during a run a
different operating condition‘ was desired (i.e. - a new flow
rate or power level or both), a change was achieved by first
increasing the argon flow to obtain a diffuse flame, adjusting
the current control if necessary, and then decreasing the flow
to the desired value. This sequence of steps provided
sufficient reproducibility of the torch operation and insured

. stability in the operation as indicated by the torch current
and voltage. 1In moét cases, these characteristics did not drift
appreciably for the duration of a run, which sometimes was as
long as two hours. The Qoltage and current, and the various
cooling water flow rates and temperatures were recorded at

intermediate times during the course of a run.
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It should be mentioned that the terms power level and
current are used interchangeably during much of this work.
This requireé some clarification. It was noted previously
that the arc voltage could not be specified, but depended on
the argon flow rate and the arc current for a given electrode
separation. The arc current could be specified within the
power capabilities of the power supply unit. The power
supply unit had been adapted so that up to 500 amps could
be delivered at a maximum potential of 80 volts. However,
a fixed setting of the current control implied a fixed power
level, and any change in voltage, accomplished for instance
by adjusting the argon flow rate, was compensated for by a
change in current of the Qpposite sign. Thus, a power level
was specified when a current was selected for a given operating
condition, and if the current control was not changed, the power

level remained essentially constant.

Precautionary Safety Measures

Because of the high intensity radiation emitted by the
plasma flame, several precautionary measures were required.
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