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ABSTRACT

Work is reported on the development of methods to
measure arc temperature, axial pressure gradient, plasma flow
velocity and radiative heat flux in long cylindrical turbulent
arcs,

Axis temperature and radial temperature distribution
of laminar and turbulent 50 amp. nitrogen arcs of 11.2 atm.
pressure were found to be of similar size, with some
reservation about the accuracy of the ''side on" turbulent
temperature measurement. The problem of measuring average
turbulent arc temperatures was discussed; measuremenis 1n
"end on'" observation and the use of the Milne-larentz method

appear to give better results than "side on" observation of
absolute 1line intensities.

Measurements of the pressure gradient in a 11.2 atm.,
125 smp. argon arc show a 1.8 power dependence of pressure
gradient on flow rate, indicating that this relaticnship, well
known from cold flow experiments, also holds under the conditions
of our experimental arc temperatures.

Plasma velocities were measured by time sequential
photography of the turbulent arc structure.
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ELECTRIC ARCS IN TURBULENT FLOWS III
1. INTRADUCT ION
1.1 General Remarks

The problem of the turbulent and laminar flow modes
has been of great interest for fluid dynamic studies a.
moderate temperatures. This is mainly because in the tur-
bulent mode the transfer processes for energy, momentum and
mass are strongly accellerated, up to a factor of 10 or even
of 100.

The question arises therefore, whether turbulence is of
similar importance at the substantially higher temperatures
found in electrical arcs. Arc apparatus has been used in
industry for a long time, (1, 2) and its use is presently
expanding to a number of challenging new applications, (3, 4).
The proper determination of the flow mode and the collection
and correlation of energy, momentum and mass transfer data
is of great importance for the design of this apparatus.

It must therefore be considered an unsatisfactory state
of affairs that presently only a few initial investigations
have been published on the flow mode of electrical arcs
(5, 6, 7). This paper hopes to present some further progress
in the direction of gaining a better understanding of the
associated phenomena.

1.2 Estimate of Reynolds Numbers

A simple order of magnitude estimate of the Reynolds
number of a plasma in a flow tube may help to recognize the
impor tance of some of the parameters involved. For this
estimate the plasma temper-*ure shall be assumed to be
constant over the tube diawcter and viscosities will be
taken from the theoretical work of Yos (8) for nitrogen, with
densities from calculations of Burhorn and Wienecke (9).

With these numbers one gets first the theoretical curves for
the kinematic viscosity, V=‘/:' of Figure 1. From these
curves, upper limits for the/kinematic viscosity can ke taken
in the temperature range up to 30,000° and with the
additional values:

Tube diameter: o= /om
Flow velocity: v =2x/0% cmjuc.

a lower limit for the Reynolds number 4&:=*ﬁd;275 of a flowing
s

nitrogen plasma can be calculated, for the pressures 1; 3; 10
and 30 atm. Thus one gets the values of Table I.

-1-
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TABLE I
PRESSURE ATM 1 3 10 30
RE -NUMBER -—— 980 2450 5600 12,700

This table shows that turbulent effects must be ex-
pected in arcs for the conditions mentioned above if the
pressure exceeds the value 3 atm. Because upper limits of
viscosity were used and the effects of the colder outer
parts of electrical arcs were disregarded in this estimate,
turbulence can be expected at still lower pressures.

This result agrees reasonably well with observations
in the literature. Runstadler (5) clearly found turbulence
in high flow speed argon arcs burning in a tube of 1 cm
diameter with currents up to 200 amps. The turbulent level
in these experiments was weaker at high currents than at
lower ones, which should be expected in view of the steep
increase of viscosity with temperature, (Figure 2). Turbulent
effects were found to be still much more pronounced at higher
pressures, as shown in our earlier report (6) for argon arcs
with pressures up to 10 atm., and currents up to 100 amps.
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2. IMPORTANCE OF FULLY DEVELOPED FLOW AND DEF INITION OF
GOAL OF THIS INVESTIGAT ION

2,1 Fully Developed Flow

The equations for the iransfer of energy, momentum and
mass are very complex in the general case of a flowing fluid
(12). 1If one wants to study one particular aspect of this
general situation, namely the turbulent one, it is therefore
advisable to conduct this study first under conditions of
less cowplexity. Such a case, which is also of considerable
practical importance, is the arc in a cylindrically symmetric
tube and particularly in the so-called fully developed flow
area of that tube, (Figure 3). In the fully developed flow
area of a cylindric-1l tube the flow terms, convection, and
expansion can be approximately neglected (5, 6), and the
following relatively simple energy balance can be used for
a stationary arc:

w
oE! + VAVT +wt'vT - S(1p) = O
Input Laminar Turbulent Radiation

- -

* A 1list of the symbols is given at the beginning of the

text.
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Figure 3 - Development of an Arc in Coaxial Flow,
Schematic Drawing

In this equation we still find terms for the electrical input,
for laminar and turbulent thermal conduction and for radiation.
The equation has only one term, the turbuleat one, which does
not occur in the well investigated Elenbaas equation (13, 14,
15). The bulk of information gained for the Elenbaas equation
can therefore serve as a starting basis for turbulent studies.

In previous work with turbulent arcs we have started
from that basis and it may be useful to recall some of the
results obtained then (6):

a) Region of fully developed conditions was
found in the portion of the arc at the end
of the long flow tube.

b) The turbulent energy loss term at conditions
of high '"Re' numbers in the fully developed
flow area was considerably larger than {he
laminar term.

c) The turbulence of the high flow rate plasma
was directly confirmed by//gac. photography.

d) It was qualitatively found that the turbulent

level increased with an increase in Reynolds
number.

~5-




2.2 Goal of Investigation

The results obtained last year suggest strongly that
one should search for a possible quantitative relationship
between turbulent heat transfer and Reynolds number and/or
other non-dimensional parameters of the flow and temperature
field. Such a study requires, besides other measurements,
the determination of the arc temperature and of the velocity
in the arc, which, for a turbulent arc, have not yet been
attained.

The main goal of the first part of this investigation
ie therefore to study wmethods suitable for a definition of
the temperature and flow field of a fully developed tur-
bulent arc, acd then to apply them for measurements. Other
goals include an extension of the important parameters,
current and pressure, to higher values than reached carlier
(6), and also to experiment with nitrogen plasma in addition.
to argon. It is hoped that with these goals accomplished,
in a second part of this work, an experimental correlation
can be found between radial turbulent heat transfer and non-
dimensional quanti.ies of the flow field.

3. APPARATUS

The basic experimental arrangement has not changed since
the last report, (6). Ve utilize the thermal storage
capability of rectifiers, resistors, and cascade discs to
withstand transient heating. Thg uncooled copper discs have
withstood heat fluxes of 13Kw/cm“ for short periods. Transient
operation ( v 0.5 sec.) makes it necessary to record data
with CRT oscilloscopes. Gas flow is metered by critical
orifices whose upstream pressure is kept at three times the
tube pressure. Orifices were calibrated with an absolute
accuracy of t 10%; relative accuracy is + 2%. Because of the
extremely high potential gradients produced by turbulent
nitrogen, cascade discs were made of 0.5mm thick copper; for
experiments in argon lmm discs were retained. Preparation of
the discs included cleaning in an ultrasonic bath and etching
a 0.02mm deep layer from the surface. This process insured
cleanliness and removed the sharp edges which increase the
chances for 'strike over' at the walls. The discs were
intulated by 0.25mm thick teflon washers which were recessed
from the arc to prevent contamination. Before experiments,
the discs were carefully aligned with a steel rod whose
diameter matched the 7mm I.D, of the discs.




Modifications of the tube include a new cathode holder
which reduces the dead volume between the critical orifice
& and the cathode, and a simplified connecting arrangement so
] the tube can be attached to the electrical and flow systems
13 quickly without using bolts. Figure 4 shows a tube made up
* for spectral studies; other special purpose tubes were made
for voltage gradients, pressure gradients, and plasma photo-
3| graphy. These are described below in their respective ex-
1 perimental sections.

The optical apparatus is described under section 4.412
Spectroscopic Instrumentation.

Figure 4 - Cascade arc comnstrictor with window for spectral
observation. Similar tubes have been made for
other special purposes: measurement of potential

; and pressure gradients, and for high speed photo-

} graphy. Anode-Cathode distance is 50cm, arc tube

1 diameter is 0.7cm, ratio is 71:1.




4, EXPER IMENTS

4.1 Measurements of Potential Gradient
4,11 Me thods

Previous researchers have discussed the importance
of the arc voltage characteristic as a means of gaining

insight into the energy transfer process of electrical arcs
(14).

The situation is especially simple in a longitudinal
flow arc if '"fully developed conditions'" are reached. 1In
this regime the value of the electrical gradient is a
direct measure of the intensity of the radial heat transfer.

Earlier, (6), we had found that a ten atmosphere argon
arc exhibited a considerably higher electrical gradient at a
high flow rate. This result, which covered the region from
0.23 to 2.95 grams/sec. and from 10 to 100 amperes in a 0.5cm
diameter tube, could be interpreted as a consequence of tur-
bulent as opposed to laminar heat transfer. It was clear,
however, that the difference between the turbulent and
laminar electrical gradients diminished with increasing
current. Extrapolation of the arc characteristic suggested
that any significant difference between the high and low
flow rates might disappear in the vicinity of 200 amperes.
Such a merger of characteristics would be understandable from
a theoretical viewpoint based on the temperature dependence
of argon viscosity (Figure 2). At higher temperatures the
effective kinematic viscosity 5 rises, so that arcs of larger
currents might have lower effective Reynolds numbers. Of
course, this diminished Reynolds number can finally fall below
the critical point under which turbulence cannot subsist. In
view of this situation we used a slightly larger tuhe diameter
(7mm instead of 5mm) for the experiments reported here.

Potential gradienis were measured by attaching re-
sistive dividers (6 x 10° 2 input impedance) to eight cascade
discs spaced along the arc tube. A typjcal current drawn
from the plasma region would be 3 x 107 amperes. Data was
necessarily recorded as cathode ray oscilloscope traces.




4,12 Results

A constant voltage gradient was found in all ex-
periments with argon; a deviation occurred in nitrogen at
high flow rates and low currents. Under these conditions
the graph breats into two linear regions each occupying
half the tube. Figure 5 shows the most extreme case en-
countered - twenty-six amperes in a fl-w of 6.5 grams/sec.
As the current Lncreases the two slopes approach the sawe
value until 130 amperes where the two merge. This increase
in the potential gradients in the second half of the tube
is not explainec, but it is felt that the value in the fully
developed region should be taken as correct.

9000

A
7000 /}y/]
6000 9/
5000 //57///
4000 / 7

3000 0)
] x4

// ’
100 /E?/

1( 2 3 4 5
Distance From Cathode (cm)

Potential (Volts)

(=) BEY

Figure 5 - Potential Along Length of Arc Constrictor

Tube Diameter: 0.7 cm

Tube length: 50 cm

Gas: Nitrogen

Current: 26 Amps.

Flow Rate: 6.5 gr/sec.
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With this interpretation, the arc characteristic is
shown for argon and nitrogen in Figures 6 and 7. The dramatic
influence of flow rate is indicated by the wide separation
of the low and high flow cases. Voltage gradients significantly
higher than the ones displayed here can be produced by further
increasing the gas flow. This was not done here so that the
effect of a significant pressure drop along the arc constrictor
could be avoided. Note that, although the same orifice was
used for argon and nitrogen, the flow rates are altered by
the different gas densities.
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Figure 6 - Characteristics of Argon Arcs at 11.2 Atm.

Tube Diameter: O0.7 cm

Tube Length: 50 cm

Gas: Argon

Pressure: 11.2 Atm,

Flow Rates: <0.1 gr/sec.
7.7 gr/sec.
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Figure 7 - Characteristics of Nitrogen Arcs
at 11.2 Atm. Pressure

Tube Diameter: 0.7 cm

Tube Length: 50 cm

Gas: Nitrogen
Pressure: 11.2 Atm,
Flow Rates: 6.5 gr/sec.

<0.1 g+ /sec.

4.2 Measurement of Pressure Gradient

4.21 Me thods

The efficiency of pressure gradient measurements in
providing a revealing characterization of the flow mode in a
cylindrical arc was shown by Runstadler's plot of friction
factor versus Re-number, (5). His graph shows a break from
the linear relationship of lamipar flow in one atmosphere argon.

-11-
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It was felt quite desirable to extend these measurements
since the effect reported by Runstadler disappeared at
higher currents and since there was some doubt that a

significant portion of the arc was fully developed at the
highest flow rates.

Local pressuire in the arc constrictor was read by
connecting a quartz pressure transducer to the high pressure
region through a long but narrow tube (Figures 8 & 9). The
quar tz transducer 1is conructed to a high input impedance
charge amplifier whose cutput is registered on a cathode ray
oscilloscope. Five of these assemblies were placed along
the arc so it was possible to determine pressures simul-
taneously and thus to measure the pressure gradients.

The transducer was far removed from the arc because
of the several thousand volt potential associated with the
anode region. The recording oscilloscopes which are
electrically connected vith the transducers must be main-
tained at ground potential and thus offer a possible ''strike-
over" point to the arc. As further protection, neon discharge
bulbs were placed between the transducer housing and ground.
This bulb acts as an open switch until ~ 75 volts appears
across the contacts; it then freely breaks down and, as
tests proved, can carry several hundred amperes for a short
period witl only a 70 volt potential drop.

The remotuness of the quartz transducer from the arc
constrictor necessitates a close look into the influence
this has on the pressure readings. Treating our design as
a second order, lumped constant system, the following un-
damped natural frequency has been derived (16):

frm .[(%ﬂz%’f * 1:[-4

For our case the values are: L,= !5¢™; d,= 0.5em,; D,=006cm.

£,= 002¢m | Taking a value of 350 |+ec. for the average
velocity of sound in the passage tube gives {n = 290H;.
This checks roughly with the oscillograph traces which showed
100H; fluctuations and a rapid response to the fuse wire
explosion at initiation of arcing. The pressure gauge itself
(Kistler Model #601A) is rated for a 10,000H, response.

-12-
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Figure 8 - Pressure Tap, Schematic Drawing

Note, That Drawing is Not to Scale
The 0.6mm Diameter Duct From Arc
to Transducer is 15cm long.
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Figure 9 - Components of Pressure Tap

Pressure transducer at upper left fits into a holder-
adapter which screws into long delrin rod which serves to
insulate the measuring system from the arc. The adapter at
bottom left connects the delrin rod to the pressure tap disc
by means of a short length of polyethylene tubing. The
pressure tap disc is lmm thick and contains a drill hole
leading into the 7mm arc constrictor bore. The disc at
right must be stacked beside the pressure tap disc.

4.22 Results

A typical plot of pressure change versus distance from
the cathode, which was at the upstream end of the tube, is
shown in Figure 10. All wmeasured pressure drops are linear
to the accuracy of our measurements. Measurement is made
after one half second of arcing so the pressure in the down-
stream reservoir has risen measurably from the addition of
hot gases. 4In the cage shown, this amounts to an increase
of 2.1 x 10® dynes/cm“ or 0.3 psi, which can be seen as the
pressure increase at the end of our 50cm long cascade. The
accuracy of the measurement can be inferred from the stray
of the points; the accuracy of the gradient should be better
because of averaging the five points.

-14-
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Figure 10 - Pressure Along Cylindrical Argon Arc

Tube Diameter: 7 mm

Gas: Argon

Pressure: 11.2 Atm.

Current: 122 Amperes

Flow Rate: 5.2 grams/sec.
Pressure Gradient: 9.0 x 103 Dynes/cm
Test #: 275

Figure 11 shows the dependence of pressure gradient on
arc current in argon with flow rate held constant. There is
surprisingly little variation at higher currents, a fact which
is utilized 1n the next series of tests.

Holding current constant at 125 ; 4 amperes and changing
the flow rate produces the results of Figure 12. The log-log
plot covering the range 2 grams/sec. - 14 grams/sec. shows a
1.8 power dependence of pressure gradient on flow rate. This
is just about the same dependence found in cold turbulent
flows (17), whereas a linear relationship holds in laminar
flows. The result in Figure 12 is therefore significant
evidence for the existence of turbulence in our arc tube. Note
too, in Figure 12, that turbulence apparently exists at the
moderate flow rate of 2 grams/sec., well below the level chosen
for the '""turbulent' experiments of this report.

-15-
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Figure 11 -~ Dependence of Pressure Gradient
On Arc Current

Tube Diameter: 7 mm

Gas: Argon
Pressure: 11.2 Atm.
Flow Rate: 7.7 grams/sec.

These pressure gradient measurements as yet, have
been made in argon only. The high voltage gradients
associated with turbulent nitrogen flow require copper
cascade discs of 0.5mm thickness to prevent arc-over at
the tube wall and this disc is too thin for the 0.6mm
diameter drill hole which connects the pressure trans-
ducer with the arc tube. Measurements of nitrogen
pressures will require design of a suitable insulating
disc to contain the drill hole.
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Figure 12 - Dependence of Pressure
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Turbulent Regime
Tube Diameter: 0.7 cm
Tube Length: 50 cm
Gas: Argon
Current: 125 + 4 Amp.
Pressure: 11.27Atm.
4.3 Measurements of Plasma Velocity

4,31 Methods

The importance of velocity measurements lies in the
necessity of establishing a definition of a Reynolds number
for the hot plasma stream and also investigating the
relationship of heat transfer to other dimensionless para-
meters. Obviously, then, it is of fundamental importance to
know the relationship between velocity and the major variable
parameters of the arc, such as current, flow rate, etc.
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Plasma velocities were determined by short time
sequential photography of a section of arc observed through
a quartz tube which replaced a 1l4mm long section of the
copper cascade. Movement of the natural turbulent plasma
structure between the two exposures was measured to give
plasma velocities near the center of the arc.

Figure 13 - Quartz Window used for Photographic Determination
of Plasma Velocity

Above: Completed Assembly
Below: Quartz Tube and Copper Discs

The quartz is clamped between copper discs which are spaced
by insulators.
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The quartz '"window' was a tube with a 7mm inner
diameter, to match the normal constrictor dimension, and
a lmm thick wall. The 3eal at the ends was made by pressure
from the four screws, (Figure 13). The joint was judged
to be rather tight considering that the window was placed
near the anode end of the tube where no more than 2 psi
pressure increase 1is expected. The curved shape of the
"window" inevitably distorts the view of the interior with
an effect which grows as the walls are approached. The
photographs presented here, however, are of near axial
objects and it must be kept in mind that 2 design more
optimal from the optical viewpoint could produce misleading
disturbances of the arc which might ‘e interpreted as
naturally occurring turbulence.

The camera used was a Beckman and Whitley dual frame
image converter camera with two model 525XL camera heads
and a model 5062 beam splitter. The specifications of the
camera tube (IC25) include a resolution of 22 lines/mm and
a 40 times image intensification at 4,400A.

350 msec.
Delay
Camera }---
' 'd
‘ o d
0 pusec o e
elay 45—
‘

a:ira L ' \q\ /5:

A | “ Shutter

1 msec. Light Sensor
Delay

——

Figure 14 - Electronic Operation of Image
Conver ter Camera Systen,
Block Diagram
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Short exposures are produced by operating the
camera's picture tube with a power pulse of variable
duration. When unpowered the tube acts as a closed shutteri6
when powered as a view screen. A small fraction (== 1 x 107)
of the incident 1light does leak through the tube even when no
power is appli.d, so a mechanical shutter is required to
reduce the time integrated ratio of ''leakage'" light to
"exposure' light. To accomplish this a compur shutter was
placed in front of the window and the cameras triggered by
a ligkt sensor which detected the opening of the shutter
(see block diagram Figure 14). +1his operation requires
three delay units; the first allows the arc 350 msec. to
develop into a steady state condition; the second delay of
1 msec. insures that the shutter has opened fully before
the cameras photograph the arc; the third spaces the two
tubes of the camera so that velocity can be determined. The
flexibility of this third delay (continuously variable range
of 100 nanoseconds to several milliseconds) is a substantial,
and necessary, improvement over the framing camera used for
the last report.*

The photographs of Figures 15 and 16 were taken with
the mechanical shutter open for 5 msec., the image converter
tube powered for 1 “sec., and the lenses adjusted for a
magnification of 1.2 x full scsle. Motion of the turbulent
structures was measured using the edge of the window as a
re erence point.

4.32 Results of Velocity Measurements

It is immediately seen from the photographs that
turbulent structure exists on a scale much smaller than the
tube diameter. This turbulent structure appears to disturb
the entire plasma region, not just the outer layers. The top
four photographs in Figure 15 also show that photographic
light intensity decreases with flow rate. It should be
mentioned, however, that the strong development of these films
results in a "hard'" response to light i.e. variations in ex-
posure are magnified by the film. It is interesting to
compare this result, found in argon, with the decreased in-
tensity found in the turbulent nitrogen arc and reported in
Section 4.433 of Temperature Measurements.

* Dynafax Model 326 of Beckman and Whitley, Mountainview,
California.
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Flow Rate: 5.2 grams/sec.
Current: 102 Amp.
Test #: 251

Flow Rate: 6.1 grams/sec.
Current: 100 Amp.

Test #: 258

Flow Rate: 7.7 grams/sec.
Current: 100 Amp.
Test #: 247

Flow Rate: 10.8 grams/sec.
Current: 96 Amp.
Test #: 254

Flow ——s

Figure 15-Image Converter Photographs of Argon
Arcs Showing the Influence of Flow Rate

Tube Diameter : 0.7 cm

Tube Length: 50 cm

length to Window: 43 cm

Gas: Argon

Pressure: 11.2 Atm.

Exposure: 1 usec.

Magnification: 1.2 x full scale
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First Exposure

Figure 16 ~ Sequential Image Converter Photographs of a Turbulent

Argon Arc. The Apparently Lower Intensity of the

Second Photograph is due to an Inbalance of the Two

Picture Tubes.

Tube Diameter: 0.7 cm

Tube Length: 50 cm

Length to Window: 43 cm

Current: 86 Amp

Flow Rate: 7.7 gr/sec.

Gas: Argon

Pressure: 11.2 Atm.
Exposure : 1 usec.
Magnification: 1.2 x full scale
Test #: 259

When the plasma velocity is plotted versus current
(Figure 17) with flow rate held constant (at 7.7 grams/sec.)
it is clear that current does not strongly influence velocity
beyond a certain range. This initial range may correspond to
a state in which the arc does not "fill" the tube well.

Figure 18 shows the important result that plasma
velocity is linear with flow rate and apparently directly
proportional to it. The apparent accuracy of the graph
points, however, is misleading. At this time velocity must
be considered accurate only within + 20%.

-22.

Second Exposure - Delayed 8usec.

J
|



One of the severe problems limiting accuracy is the
evolution of plasma structures with time. The delay between
exposures in our measurements, could not be increased in-
definitely for the purpose of getting larger displacements
of the plasma globuli because the fine details necessary for
a precision measurement became distorted. This problem can
be seen in the two photographs of Figure 16 which are
separated by an 8/usec. delay. Other photographs with longer
delays between exposures, show that still more of the smaller
structures have vanished. This unavoidable problem does,
however, indicate the important fact that a vigorous mixing
action occurs and that it penetrates to the core of the arc.
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0 20 40 60 80 100 120
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Figure 17 - Plasma Velocity as a Function
of Arc Current

Tube Diameter: 0.7 cm

Tube Length: 50 cm

Length to Window: 43 cm

Gas: Argon

Pressure: 11.2 Atm.
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Figure 18 - Plasma Velocity as a Function
of Flow Rate
Tube Diameter: 0.7 cm
Tube Length: 50 cm
Length to Window: 43 cm
Current: 100 + 4 Amps
Gas: Argon
Yressure: 11.2 Atm.
4.4 Measurements of Arc Temperature

4.41 Me thods

4.4i1 Effect of Intemnsity Fluctuations on Measurement of
Average Temperature

The special difficulty of a temperature measurement in
a turbulent plasma lies in the fact that such a plasma has
sSimultaneously random spatial and time fluctuations of all
impor tant values, such as temperature, velocity, pressure, etc.
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These fluctuations destroy at any time moment cylindrical
symmetry, a result which is particularly regretable because
most of the evaluation methods for spectroscopic measurements,
especially the well known '"Abel'" technique, depend ou radial
symmetry and can, therefore, not be used any longer for
momentary measurements. However, if one extends the measure-
ments over longer time durations, radially symmetrical average
values are again found for temperature, radiation, etc. and

it is therefore these average values which we will attempt to
measure in this work.

1(T)
Figure 19a
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Figure 19 - Spectral Intensity as a Function
of Temperature, Schematic
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There is, of course, the question whether spectro-
scopic measurements lead to meaningful results in turbulent
plasmas even in '  case of a measurement of time average
values, and we will lIdress this question in the following
section. To start out let us assume that the brightness of
a spectral line in a turbulent arc as a function of the
temperature is given by the schematic Figure 19. Let us
assume further, that the brightness in point r), (Figure 19a)
of the cylindrical arc corresponds to a temperature T;. If,
in addition, the temperature fluctuations in point r) are of
modest amplitude and can be characterised by AT, the average
brightness of the spectral line in this particulsr point
will be practically of the same size with or without fluctuations,
because I(T) is linear with T in the neighborhood of T;.

If, however, the point rj has a lower temperature T3,
it is seen from Figure 19 that t%e average brightness in this
case will not be the same as in the corresponding, not
fluctuating case, but higher than that value.

The opposite effect oce'wrs at point rg. Here the
average brightness of a fluctuating plasma will be lower than
that of a laminar arc of equal "average' temperature.

It can therefore be stated qualitatively, that fluc-

tuations will cause too high a value for brightness I(r) in
a stronger than linearly rising part of the curve I(T), and
too low a value in that part which is rising weaker than
linearly. The correct I(r) value is only obtained at, or
close to, the inflection point of the I(T) curve. This result
has an important consequence. The local brightness I(T) can
sometimes be weasured directly in axial, or '"end on" obser-
vation in a cylindrically symmetrical plasma. Therefore, if
one selects in such a measurement spectral lines with suitable
inflection points of their I(T) curve, correct average temper -
atures can -be measured even in turbulent plasmas. The only
additional condition in this case is: that the fluctuations

AT are not too strong.

However, in many cases, and also in our own work here,
"end on' observation 1s not possible and '"side on'" observation
has to be used. In this case the quantity I(r) is not measured
directly, but one measures the integral quantity

10 f 10y

along a path of 1light through the cylindrical radiator as
indicated by Figure 20. 1In this case one has no possibility
of collecting light only from a certain axial distance r; but
light from an extended area with a whole range of temperatures
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has to be accepted. If we now assume that the highest temper-
ature on beam X4 is T4 (Figure 20) then that part of the light
coming from temperature range T4 to Tg will have nearly the
correct intensity, at least for moderate turbulent fluctuations.
However, the light coming from the areas with temperatures

lower than T5 will be more intense than its laminar equivalent.*
In summation, then, light on beam X4 will be somewhat more
intense than it would be in the equivalent "laminar"” case.

The additional amount of light will be small only if the point
T is chosen high enough on the I(T) curve and particularly

i? the turbulent fluctuations are of small amplitude. From
this discussion it is clear, that if the "error" on beam X4
cannot be neglected, (Figure 20) it will be larger on beam Xg »
further outside in the discharge.
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Figure20- Spectral Intensity as a Function
of Temperature, Schematic

* We use the term "laminar equivalent' with the meaning
"of the same average temperature'.
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In the I(X) distribution of a spectral line the outside
parts are therefore brighter than they should be. Somewhere
in the middle of the arc around T4 one gets a correct I(X)
value and finally for values stili closer to the maximum of
the I(T) curve too low values of line brightness I(X) will
be found.

The distribution I(X) found in a turbulent arc is
therefore flatter than that of the equivalent laminar arc.
The deviation is stronger for a larger amplitude of the
turbulent fluctuations. Also the distribution I(r), which
is derived from such a turbulent distribution I(X), is then
flatter than the equivalent lamipnar one; therefore, in tur-
bulent arcs one measures with the method of the line intensity
a somewhat too flat temperature distribution T(r) if corrections
are not applied.

There is another interesting point in the curve of
the temperature dependency of the spectral line intensity
I(T); namely the maxiwmum value, (Imax). Fluctuations, as
is easily seen, lower the observed maximum value substantially,
but they do not shift its location Tyax by much, If one uses
therefore the peaking wmethod of Milne-Larentz (18, 19) for a
temperature measurewment, a peak temperature close to the
correct temperature value is found ever in turbulent arcs (20).

If one wishes to correct for errors introduced in the
above discussed way in measurements of the line intensity in
turbulent plasmas, one needs to know the amplitude of the
turbulent fluctuations. With this amplitude, or better the
spectrum of amplitudes known, a numerical analysis of the error
in flattening the average T(r) distribution might be accomplished.

In this paper we have not yet determined the amplitudes
of the turbulent fluctuations and therefore we can only place
a rough estimate on the error of our turbulent temperature
measurement.

4.412 Spectroscopic Instrumentation

The temperature measurements were performed with ilhe
methods of photographic spectroscopy. In this procedure a
spectrum is taken on a photographic plate together with a
frequency and with an intensity scale. Subsequently the
intensity of the spectral line is derived from the blackening
of that plate as measured by a microphotometer.
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The spectrographic plates were taken with a Jarrell-Ash
3.4 meter plain grating spectrograph in first order. The
dispersion of this instrument is /mm, in first order, the
aperture is f£:32 Front surface mirror optics was used through-
out our optical setup (Figure 21), which had also two quartz
windows between the arc and first mirror (Figure 22). Thus,
ultraviolet spectra could be taken. Our intensity standard
was the anode crater of the carbon arc, which according to
measurements of Null and Lozier (21), radiates with an intensity
of 98% of that of a blackbody radiator with a temperature of
3800°K. For wavelength calibration a mercury-cadmium spectral
lamp was used.

Focusing Mirror

[}
Carbon Arc .‘
Intensity Standard | !

|

P4

] Hf\ Quar tz
. [: [ Window

Ebert
Spectro-

Graph w\\J

Cascade Arc

Figure 21 ~ Optical Ensemble for Photography
~f Arc and Intensity Standard,
Schematic Drawing

The 1intensity steps of the carbon crater were made
by geometric apertures which were placed into the parallel
path of the spectrograph. The carbon crater was photographed
with a great number of different apertures to provide for a
large intensity scale. The spectrum of the test arc, however
was taken without such apertures with the full grating,
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Figure 22 - Components of Spectral Window
The flat quartz window provides a view of a 2mm length

of the arc. The surrounding copper discs are cut back to
provide a full optical view,

)
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S e PR .

Figure 2a - View of Spectral Window in Place

An outer quartz plate with '"O-ring'" seals the high
pressure; the inner quartz keeps the arc from expanding into
the dead volume between the quartz plates. Disc thickness is
limited to O.5mm by the high potential gradients of nitrogen arcs.

-30-




Carbon
Standard

Mercury And
Cadmium Lines

{
\

Bl b o ‘ Nitrogen Arc

o o] o<«

°X5 °F °F 3

T m O

I35 8 & 3 %

mm N ™ ) ™

(] &

:::z":‘:" Ug

0o
Carbon
Standard

Figure 23 - Example of Photographic Plate Showing Njp
Band-Line 3224, on ¥hich Temperature
Measurements were Made. Also shown
Continuous Spectra of Carbon Standard,
Which Serve as Measure for Intensity.

-31-




so that maximum resolution was obtained for the lines of
this spectrum. An example of a photographic plate taken .
in the spectral area of the interesting Ny band, A = 3371A,

is shown in Figure 23, Spectra as the one shown were then
evaluated with the microphotometer.* This instrument
essentially compares, at the same wavelength, the photo-
graphic density of the spectral line in question with the
photographic density of the crater spectrum, which in turn
represents the continuous radiation of a blackbody of 3800°K.
The microphotometer is capable of examining an area on the
spectral plate as small as O.1lmm x 0.0lmm. Since the optical
sysStem magnifies the 7mm arc a factor of 1.9, there is no
problem in resolving sections of the arc. —We have used the
following photographic material and processes: Kodiak 103F
plates, developed at 20°C. in full strength Dektol for three

/]
; [ 1\
\
\
p /
- / h
| A

4 3 2 1 0 1 2 3 4
Distance Along X-Axis (mm)

Figure 4 - Intensity Distribution Before
Abel Ipversion. Upper Curve is
3224. Line as Read From
Microdensitometer; Bottom Curve
is Line After Continuous
Background 1is Subtracted.

* National Spectrographic Laboratories
32~
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4.413 Specific Problems

A specific problem in the spectroscopic measurements
was the relative weakness of the nitrogen band spectrum as
compared to the strong underlying continuous radiation of
the high pressure nitrogen arc. It was the strength of the
continuum which persuaded us to make the first temperature
measurements at an arc of relatively low current, namely of
about 40 amps. Even at this current the continuum contributes
about 50% of the total signal, and has therefore to be taken
carefully into account.

The I(r) distribution of the line is then computed
from I(X) of the line with help of the well known '"Abel
technique'", 122). We would like to recall shortly the
important relationships between I(X) and I(r), namely:

16 = 2 f plc
X

/r‘— x*

The '"transformation' is, as usual, accomplished by numerical
methods on a computer. From the I(r) curve and additionally
from the theoretically known relationship between line
intensity and temperature, (derived in the next section) the
radial temperature distribution T(r) is then directly obtained.

4.414 Calculation of Relative No Band Line Intensity

Considering the results of Section 4.411 about light
fluctuations, the Milne-Larentz peaking method appears to give
the best results for a temperature measurement in a turbulent
arc in side on observation, if corrections for the fluctuations
cannot be made. Therefore, in this section, the relative
intensity distribution of the Np band A = 3371.3% is
calculated.
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The relative temp2rature dependence of the intensity
of a spectral line i’ fdescribed by the following relation:

I(T) ~

no(T)exp(;ggr)

Z,(T)

where ny, is the density of the radiating ''system' (atom
molecule, ion), is the excitation energy of the upper
epergy level, B = Boltzman's constant, T
temperature, and Zo 18 the partition function of the syatem.
For the N, band with band head at A = 3371.3%, ¢ is 11.03
electron volts. The density of nitrogen molecules under 5,

10, 11.2, and 20 atmospheres pressure at 200°K intervals

was determined by interpolation from the calculations of

The partition function was
calculated on a computer using the approximation of Fast, (24),

Hilsenrath and Klein,

also at 200°K intervals.

6,000
6,200
6,400
6,600
6,800
7,000
7,200
7,400
7,600
7,800
8,000
8,200
8,400
8,600
8,800
9,000

(23).

TABLE I1I

2,530
2,680
2,840
3,000
3,170
3,340
3,520
3,710
3,890
4,090
4,290
4,490
4’700
4,910
5,130
5,360
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9,200
9, 400
9,600
9,800

10,000

10,200
10, 400
10,600

10,800

11,000

11,200

11,400

11,600

11,800

12,000

= absolute

The results are given below:

5, 590
5,830
6,080
6,320
6,580
6,840
7,100
7,390
7,670
9,560
8,260
8,570
8,880
9,200
9,530




With these values the curve of Figure 25 was calculated
for 11.2 atmospheres; maximum intensity is at 9,300°K. At
higher pressures this maximum shifts to higher temperatures.
This dependence on pressure is shown in Figure 26, where the
temperature of maximum intensity is given.

/’\

280

Relative Intensity
s

7 8 9 10 11 12
Temperature (103 °K)
Figure 25 - Rulative Intensity of A = 33712

No Band Lines as a Function of
Temperature
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4.42 Results
4.421 Temperature of a 50 Amp. 11.2 Atm. Laminar Ng Arc

It is valuable to know first the laminar temperature
distribution before one measures the turbulent one.

We chose the 50 amp. Np arc as the vehicle for our study,
because preliminixy spectrograms showed that the nitrogen band
lines of the 337 band stand sufficiently clear against the
background continuum at this current and at the high pressure
of 11.2 atm. Also, we were able to take, at these conditions
of current and pressure, good spectrograms of the spectra of
a turbulent arc.
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Figure 27 - Line Irtensity vs Radius
as Determined by Abel
Inversion of I(x)

Tube Diameter : 0.7 cm
Window Diameter : 1.0 cm
Tube Length: 50 cm
Length to Window: 43 cm
Current: 50 Amps
Gas: Nitrogen
Pressure: 11.2 Atm.
Spectral Line: 3324,
Test #: 237
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A typical result of a radial intensity distribution
I(r), which was produced by applying the Abel technique to
the primarily measured intensity distribution I(X), is shown
in Figure 27. The intensity I(r) shows the Milne-Larentz
maximum in this case in the very close neighborhood of the
arc axis, indicating that 3he peak arc temperature lies only
slightly higher than 9,300°K. A radial temperature dis-
tribution in the arc can then be derived by comparing the
exper imental curve of Figure 27 and the theoretical result
of Figure 25. One starts with the '"absolute' temperature
point 9,300°K at radius 0.2mm and calculates then the relative
temperature distribution following both curves to the outside
and also to the inside. The results of this process are
shown in Figure 28.

The flatness of the Milne-Larentz maximum does not
lead to a precision measurement. We estimate therefore,
the ugcertainty of our measured axial temperature to be
+ 5007K.

4.422 Temperature of a Turbulent 50 Amp., 11.2 Atm. Nitrogen
Arc

The temperature of a turbulent 50 amp. arc in 11.2 Atm.
of nitrogen was measured in the same way as that of the
laminar arc in the last section. The relative intensity
distribution I(r) of the nitrogen band lines was very similar
to thiat of the laminar arc and it led therefore to nearly
the sawe axis temperature. Actually, as discussed in Section
4.411, the Milne maximum will not be at exactly the same
"average' temperature in the turbulent case, as in the laminar
arc. We can at this time, however, not make a correrticn of
this, because we have no information about the ampliitude of
the turbulent light fluctuations. Knowledge of this amplitude
is therefore desirable in the future. Further in all points
except the Milne maximum, the average brilliancy of the lines
will only be approximately representative for the average
temperature as discussed earlier in detail. 1In spite of this
we have calculated the radial temperature distribution in
the turbulent arc from its I(r) distribution and arrived at
the values of Table III, in which T)agn 8nd T¢,rp 8re the
temperatures in the respective 50 amp. arcs.




Temperature (°K X 10-3)
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Figure 28 - Radial Temperature

Distribution of a 50
Ampere Nitrogen Arc

(Laminar Regime)

Tube Diameter:
Tube Length:
Length to Window:
Current:
Pressure:

Gas:

Flow Rate:

Test #:

39-

0.7 cm; 1
50 cm

43 cm

50 Amp.
11.2 Atm,
Nitrogen

cm at Window

0.1 gr/sec.
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TABLE III

r 0 0.2 0.4 0,6 0.81.0 1.2 1.4 1.6 1.8 2. (mm)
TrLam 9500 9400 9000 8700 8490 8300 8125 7950 7760 7600 7420 °K
TTurb 9700 9620 9300 8900 8550 8450 8240 7950 7750 7500 7350 °K

r 2.2 2.4 2.6 2.8 3.0 3.2 (mm)

Tiam 7240 7100 6950 6760 6700 6580 °K

(o
Trypp 7200 7100 6950 K

Obviously, for the outer parts of the arc, one more
independent absolute temperature point would help to give
confidence to the wmeasured values of the turbulent temper -
ature distribution. We will therefore, in future measure-
ments, use for such a measurement the Milne maximum of
sodium lines as done by Maecker, (25).

To support the measured value, 9,700°K, in the arc
axis of the turbulent arc, we refer to the result of a
second measurement. We determined the absolute intensity
of the continuous radiation at the wavelength 5218A in all
our laminar and also in our turbulent measurements. Two
results were obtained. First, the absolute intensity at
the arc axis reproduced in the laminar shots within t 10%.
Second, the absolute intensity of the continuous radiation
in the turbulent measurements was 60% + 10% of the laminar
value. This difference might be considered large. Assuming,
however, for the matter of argument, that the majority of
the continuous radiation is recombination and is '"Bremsstrahlung';
we calculate that a temperature difference of only 350° is enough
to explain the measured inteusity difference. *

* The reason for this small temperature di fference is the
sharp increase of recombination radiation with temperature.
The electron densities for this calculation were taken
from (23).
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It appears therefore that the average temperature in
the axis of the turbulent 50 amp. N arc can indeed be only
slightly different from that in the laminar 50 amp. arc in
nitrogen.

4.423 Determination of Copper Contamination

In addition to the previously reported temperature
measurements, a speciroscopic determination of the contamination
of the 50 amp. Ng arcs with copper atoms was made. This was
done,by measuring the absolute intensity of the copper line
5218A, of which the transition probability is known (26). The
copper contamination fluctuated from shot to shot; but was,
however, very low in all measuremenfts. We obtained a partial
copper pressure of 100-500 dynes/cm“ for the laminar 50 amp.

N2 arc and 1500 dynes/cm2 for the turbu}ent No arc. This is
a Cu contamination of less than 2 in 10® parts of nitrogen.

S. CONCLUS IONS

Our work on turbulent arcs has increasingly progressed
toward a quantitative stage. To achieve this, work on
several diagnostical methods was pursued and the following
results were obtained:

5.1 The plasma pressure could be measured along a flow
tube in our transient measurements. The important cold flow
relationship that the pressure gradient is in turbulent flow
proportional to the 1.8 power of the flow rate was found to
be true also in a fast flowing high temperature argon arc of
125 amp. and 11.2 atm.

5.2 The plasma velocity near the arc axis was measured and
found to be proportional to the flow rate in an argon arc.
Therefore, the pressure gradient in the high speed argon arc
was also proportional to the 1.8 power of the plasma velocity.

5.3 Work on a method to measure average turbulent temperatures
led to the following results:

5.31 It was theoretically dcmonstrated that correct average
temperature measurements can be made in "end on' obscrvation,
if spectral lines are used in the "inflection'" point of their
I(T) curve,*

* For details see Section 4.411
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5.32 A method was outlined which allows one to measure
average turbulent temperatures also ''side on'. This method,
however, has still to be quantitatively developed.

5.33 Temperature measurements were made on 11.2 atm. nitrogen
arcs of about 50 amps in laminar and in turbulent flow.
Although the turbulent reasurement must still be considered as
preliminary, it indicatas strongly that both arcs have closely
the same average axis temperature and also a similar radial
temperature distribution.

5.34 Measurements of the arc characteristics in 11.2 atm of
argon and nitrogen in a 7mm tube showed a wide separation of
the laminar and the turbulent characteristics even at currents
as high as 200 amps.

5.36 Calculations indicated that total radial heat flux can
be measured with a calorimetric method.

Whereas the described methods and measurements have
not yet led to a comprehensive description of ome particular
turbulent situation, they have increased our understanding of
the conditions in turbulent arcs significantly and show
promise . for further development.

6. FUTURE WORK

Future work will be directed towsrd a group of measure-
ments, which allow the correlating of turbulent energy and
momentum transfer in the fully developed flow section of
electric arcs with non-dimensional quantities of the flow and
temperature field. To achieve this, our diagnostic methods
for the measurement of temperature, flow velocity and radiative
heat flux have to be further improved.




APPENDIX*

Design calculations were made on a radiant flux
calorimeter similar to one used for a study of high pressure
arc radiation, (27) shown schematically in Figure 29, A
small copper ring exposed to arc radiation but shielded as
much as possible from thermal conduction serves as a calori-
meter. Total temrerature rise for time of arc duration is
measured after arc extinction to avoid the necessity of
primary arc voltage.

The calor imeter assembly is in the form of a sandwich
with one of the copper constrictor discs replaced by the
thermally insulated calorimeter ring. The longer operating
time** presents a special problem in that a substantial
temperature rise in the adjacent copper discs has time to
diffuse some d.stance radially, (Figure 30).
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Not to Scale

Copper Ring Sensing Element
Alumina Ceramic

Plexiglas Spacer Disc
Copper Disc

Ther mocouple

Figure 29 - Section Drawing of
Total Radiation
Calorimeter

The symbols of this section are explained in the text.

** Typicelly 50-100 msec. versus 2 msec. for the high
pressure arc.
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Figure3l- Tentative Calorimeter Design
With Blocking Holes

Figure 32 - Heat Conducting Path For
Calorimeter With Blocking
Holes. The Critical
Parameter is the Ratio of
Wmin to (Wpig + Ry).
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To block thermal conduction, the possibility of re-
ducing the conducting area by drilling a ring of holes in
the copper disc as shown in the tentative design sketch,
Figure 31, was investigated. For this purpose a computer
program was written to study transient thermal behavior when
a constant heat flux is applied to the inner edge. The heat
flux within the copper was considered to be one-dimensional
in the same sense that fluid flow in a channel of varying
cross section is considered one-dimensicnal, that is, heat
flux through any section of path width W, was assumed uniform
and a function of time only. The blocking holes are uniformly
spaced, so, by symmetry the conduction path of interest is
tiat shown in Figure 32. The path width is a function of
r only,.

First temperature distribution is computed for a semi-
infinite solid at a time tgo such*that thermal penetration
thicknesng:% where 0(=76/oc is less than the thickness
of the copper disc 4 from Figure 29. The following difference

equations were used for computing the time dependent temper -
ature distributions.

T'= T+ G [ERE - w(7-7)]
(n=1)

7' T+ Gl (5 T) - W (7-7.)]
(n>1)

Here F, is the heat flux at Ry, G = KALgf (for stability

G & 0.5) W, is the path width at the boundary of an element
and the prime signifies temperature at time t + A t.

Result: Figures 33 and 34 show that to be effective,
the path width ratio r.ust be very small, which reduces the
time to surface melting. Figure 33 is based on an assumed
thermal load of 10Kw/cwm?. This is a high value compared to
these which we report upon in Section 4.1. For lower thermal
loads the ''operational' times should be considerably longer.
The time to surface melting will be approximately inversely
proportional to the square of the heat load.
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% C is Here Specific Heat.

sx O =£5 See Figure 32
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