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ABSTRACT 

Temperatures in the free stream of the 50 MW Electrogasdynamic 

Test facility at WPAFB have been determined from experimentally measur- 

ed radial intensity profiles of the electron continuum.  Static plasma 

pressures were 10 and 20 atm in floving air and measured temperatures 

ranged from 3800°K to 5400°K. A spectral probe defined by the optical 

path of a l/4 meter grating spectrograph and focussing lens was travers- 

ed across the shock cone of the plasma before and after insertion of 

test samples.  Calibration curves for the detector which were previously 

developed under the parent contract were used for relating the measured 

intensity to temperature.  The results indicate that the nitric oxide 

concentration in the plasma is lower than the equilibrium value expect- 

ed at these temperatures. 
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SECTION I 
INTRODUCTION 

As an added Task in the work statement of Air Force Contract 

F 40600-69-C-0007, a brief series of experiments was carried out on 

the 50 megawatt electrogasdynamic facility in the Air Force Flight 

Dynamics Laboratory at Wright-Patterson Air Force Base, Ohio.  The 

experiments performed in non-interfering pick-a-back fashion during 

routine operations of the facility, were of necessity very limited 

in scope and were expected only to demonstrate the feasibility of 

applying the spectral diagnostic methods developed earlier at 

Plasma Sciences Laboratories, Tarzana, California for temperature 

measurements in the free stream of the jet. 

This report describes the apparatus, experimental methods and the 

results of a series of tests designed to investigate the levels of 

intensity and static temperature in the free stream of the arc heater 

operating at 40MW with a 1.8 mach cone and static exit pressures of 

10 and 20 atm. The parent report describes in detail the preliminary 

calibration of the continuum temperature profile used to convert the 

measured intensities to static temperatures. 

SECTION II 
APPARATUS 

The spectral probe, shown in its operating position at the 45° 

view port above the arc heater in Fig. 1, consisted of the l/4 meter 

grating spectrograph which was designed for probing the 2MW seeded 

arc heater at AEDC. Details of the spectrograph are given in 

AEDC-TR-69-275 . The spectrograph and focussing lens were rigidly 

mounted together on a transport table to constitute a moving spectral 

probe defined by the optical axis of the combined system.  The system 

was oriented such that the probe moved in a plane parallel with the 

face of the nozzle and could be traversed a total distance of 1.9 

inches. The speed of travel was such that the entire jet could be 
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Fig. 1.  Spectrographic probe shown mounted on FDL/50MW facility. 

jer Ax/s 

^/e>zzt.e VJ*i-Cf//// 

Fig. 2.  Schematic of nozzle, shock cone, and probe showing relative 
size and path of travel. 

*3»0t ^39i+   ^^i^^o 

o   . 
Fig. 3-  A3914 A, N_(l-)(0,0) band system showing location of 

wavelengtfi increment used as spectral probe. 
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traversed in 15 sec.  The position of the probe was translated to the 

x-axis on an x-y recorder by means of a linear potentiometer attached 

directly to the transport table.  Intensity signals vere read out from 

a 1P28 photomultiplier on the y-axis of the recorder through an opera- 

tional amplifier. 

Because of interference with existing experimental apparatus the 

spectral probe could not be mounted directly over the jet as was ini- 

tially planned so as to keep the source-to-lens distance as small as 

possible.  The longer distance imposed by the alternative 45° mount- 

ing resulted in an image reduction of 16:1.   With the smallest 

aperture on the 50LI, entrance slit of the spectrograph this resulted 

in an effective probe area in the source of 0.33 x 0.033 inch; the 

longer dimension being oriented parallel with the jet axis.  The area 

of the probe relative to the nozzle opening and estimated shock angle 

is shown in the diagram of Fig. 2. 

The exit slit of the spectrograph was set to a width of 200LL 

which represents a wavelength increment of 28 A.  Since all quantita- 

tive measurements were made in the continuum this broad slit was used 

to assure sufficient signal. A rotary potentiometer, geared directly 

to the wavelength micrometer screw, which could be remotely driven, 

provided a dc signal which could be interchanged with the transport 

table position signal to provide a wavelength readout with linear 

dispersion on the x—y recorder.  Wavelength calibration was made on 

the spot by means of a low pressure mercury lamp temporarily mounted 

immediately in front of the entrance slit. By interpolation between 

known mercury spectral lines the proper setting of the micrometer 

screw (indicated by position on the x-axis of the recorder) could be 

determined for A3930 A and periodic checks of the setting could be 

made quite readily. 

With the spectrograph set at the proper wavelength the position 

of the spectral probe, defined by the optical axis formed by the 

internal optics and the external focussing lens, was adjusted to move 

in a plane parallel with the nozzle surface with probe center 5/l6 

inch down stream from it.  This adjustment was made by inserting a 
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8ma11 tungsten ribbon lamp into the nozzle such that the filament 

vhich was about l/2 inch long and l/l6 inch vide extended from the 

surface of the nozzle along the jet axis.  While traversing the probe 

the position of the signal spike from the tungsten lamp could be ad- 

justed to appear at the center of the x-axis on the recorder.  By- 

adjusting the x-axis gain of the recorder the pen travel correspond- 

ing with the nozzle diameter could be adjusted to cover a convenient 

portion of the useable x-axis.  With the spectral probe adjusted to 

the center of the tungsten filament the location of its center could 

be determined by moving an opaque straight edge along the filament 

toward the nozzle until the signal level was reduced to half-value. 

In this way the position of the probe relative to the nozzle surface 

and its resolution in the source (see Fig. 2) were determined. 

The tungsten lamp served as an intensity calibration standard 

as well as an alignment source. The lamp operating at a current of 

8 amp was pre-calibrated at FSL against a low current carbon arc 
0 dl / standard.. At j>3930 A,  w/dAfor the lamp was determined to be 

1.15 x 10 watt/(cm -sr-A). With the spectral probe adjusted as it 

was used in probing the jet, the pen displacement Ad ,  caused by- 

traversing the calibration lamp when placed on the jet axis was used 

in the following expression: 

dl 
2 —2 

„  ^L d ^        watt  
c A-    2     -1 u + *-*|  cm -sr-sec -chart unit 

to determine the calibration factor needed to put the measured 

intensity on an absolute scale. Note that the displacement caused 

by the tungsten lamp must be in the same chart units as that measur- 

ed for the jet. 

The arc heater, which is described in detail in publications of 

the Air Force Flight Dynamics Laboratory, was operated four times dur- 

ing this test series at two plenum pressures, i.e., 1500 and 900 psi, 

with corresponding static exit pressures in the shock cone of 20 and 

10 atm.  Total power levels were of the order of 32 MW and average 
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total enthalpy of *»2500 Btu/lb.Arc currents vere ~- 2600 amps.  The 

nozzle exit diameter was 1.1 inch and the mach number about 1.8. 

The longest continuous run was about one minute. Exhaust was into 

the air and operation was under routine commercial testing of 

ablative samples. 

SECTION III 
EXPERIMENTAL PROCEDURES AND RESULTS 

The first of the four tests was only used for visual observa- 

tion through closed circuit TV.  This observation did serve to give 

us a feeling for the relative geometry of the jet and provided a 

crude estimate of the level of intensity to be expected.  The neces- 

sary change in plans for mounting the spectral probe at the 45° port 

rather than overhead made it impossible to operate the probe for 

radial profile measurements on the second firing (Run 14-4).  In 

order to obtain some quantitative information from this second run 

the spectral probe was mounted in fixed position and aimed as nearly 

on the jet axis as could be pre-determined during the short period 

between runs. During this run the photomultiplier voltage and record- 

er y-axis gain were adjusted to give a useable chart deflection. 

After the samples had traversed the jet the wavelength drive of the 

spectrograph was then engaged so that the exit slit was effectively 
o 

moved from the A 3930 A position of the continuum toward shorter wave- 

lengths into the region of the N„(l-)(0,0)% 3914 band system which is 

shown as recorded in high dispersion for a 1 atm nitrogen subsonic jet 

in Fig. 3. As was to be expected the band system could not be observ- 

ed above the background continuum.  The level of the continuum inten- 
-15    / 

sity observed during this cursory run was found to be ~10  watt/ 
2      —1 

(cm -sr-sec ).  This corresponds with static temperatures in the 

4000-5000°K range rather than 2000 to 3000°K as was anticipated from 

preliminary discussions. 

The third run, number 14-5, was essentially a duplicate of Run 

14-4 so that the procedure was to use only the position drive of the 
o 

probe with the wavelength pre-set to^3930 A and the probe initially 



AEDC-TR-70-238 

positioned on the jet axis.  The operating pressure was l600 psi 

vith an approximate exit static pressure of 20 atm.  A complete 

radial profile was successfully recorded during this run.  Wave- 

length and intensity calibrations were made before and after each 

run to assure that vibration had not changed the probe alignment 

during the run. 

The final run number 14-6 was made at the lower pressure of 900 

psi (10 atm static exit pressure).  Because of the longer operating 

time permissible at this lower pressure a complete radial profile 

of the intensity could be obtained at the beginning and end of the 

run. These two radial profiles, as recorded, are shown in Fig. 4. 

The upper trace was made at the start of the run.  The apparent re- 

producibility in fluctuations cannot be explained as due to chatter- 

ing in the drive mechanism which has been checked to be smooth when 

scanning a stable source. An additional wavelength scan into the 

region of the band system was made during this run and also showed 

the discrete radiation to be masked by the continuum. 

The experimental results are presented in the form of radial pro- 

files of the emission coefficient for the continuum which are obtain- 

ed by the usual inversion   of the integral equation (Abel integral) 

which relates measured intensity to the local emission coefficient. 

The results for the two pressures are shown in Fig. 5»  Smooth aver- 

age curves were drawn through the measured intensity profiles before 

inversion.  The double curves shown for the 10 atm case represent aver- 

ages for the upper and lower profiles of Fig. 4. No attempt has been 

made at this stage to analyze the fluctuations. Much more rapid scan- 

ning than is presently available would be needed to differentiate be- 

tween spatial and temporal fluctuations. 

The transformation of the measured radial profiles of continuum 

emission coefficients to temperatures requires proper calibration of 

the continuum for air plasmas at elevated pressures.  Such a calibra- 

tion for atmospheric pressure has been made during the past year at 
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Fig. k.    Radial intensity profiles measured 
at beginning and end of Run 14-6. 
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8        12 
RADIUS (MM) 

Fig. 5. Radial profiles of continuum obtained by inversion of 
measured intensity profiles; the two profiles for 10 atm 
plasma correspond vith the two intensity profiles 
of Fig. 4. 
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FSL and can be used along with computed plasma compositions to obtain 

at least approximate temperature profiles for these measured inten- 

sities.  This procedure is discussed in detail in the following 

section. 

SECTION IV 
DISCUSSION 

Experimentation during the past two years conducted by the scien- 

tific staff of PSL has clearly shown that the electron continuum emit- 

ted by subsonic and supersonic jets in pure air and nitrogen at temper- 

atures below 8000°K is considerably higher than can be explained by 

any existing theories.  In the subsonic nitrogen jet at atmospheric 

pressure the discrepancy was found to be more than five orders of 

magnitude. 

In the ranges of temperature and pressure encountered in these 

tests discrete band and atomic spectral line radiation cannot be sep- 

arated from the background continuum.  The continuum must, therefore, 

be used in any spectral diagnostic method.  Since the theoretical 

relationship between the continuum and equilibrium static tempera- 

ture cannot be relied upon, it is necessary to make an independent 

temperature calibration of the measured continuum.  This was the 

object of the past year's work under this contract and the results 

are discussed in the parent report. 

Continuum calibration could only be made at temperatures above 

4000°K in atmospheric pressure plasmas where atomic spectral lines 

and portions of the neutral and ionized molecular band system could 

be observed and used to determine the temperature of the plasma as 

a function of radius. For the nitrogen plasma at 1 atm and tempera- 

tures above 5000°K equilibrium was demonstrated by the agreement in 

the temperatures determined from the several species of radiation 

when using the computed equilibrium compositions. At temperatures 

below 5000°K the emission coefficient of. the continuum has been 

shown to be empirically related to temperature through the tempera- 

ture dependence of the computed number densities of neutral molecules, 
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_j.o 

N2, and electrons, N , as €  t = kN2(T)Ne(T) where k = 2.2 x 15* . 

In this calibration the temperature was determined from the simulta- 

neously measured increment near the band head indicated in Fig. 3« 

For temperatures above 4000°K the direct calibration can be used. 

Below this temperature, where the band blends into the background 

continuum, the empirical curve must be used. 

There are logical reasons for assuming that the neutral molecules 

will be equally effective in retarding the free electrons in air as 

in nitrogen and that the proportionality constant determined for the 

nitrogen plasma may be assumed to relate the continuum emission coef- 

ficient of an air plasma to its computed equilibrium number densities 

and, therefore, to temperature. From published absorption cross- 

sections for nitrogen and oxygen the contribution to the continuum 

due to the retarding effect of the oxygen molecule on the free elec- 

trons in the air plasma is estimated to be at least an order of mag- 

nitude lower than for the nitrogen molecules. At the temperatures 

considered the oxygen atom can be completely neglected as was also the 

case for the nitrogen atom. 

An attempt to apply the above assumptions to a reconstituted "air" 

plasma, i.e., a nitrogen plasma to which oxygen is added to form a 

79-21J& nitrogen-oxygen mixture, has shown a discrepancy between temper- 

atures determined from the ion band system and from the continuum 

computed in the above manner from the air plasma composition with 
-48 

k = 2.2 x 10  . This discrepancy is indicated in the composite plot 

of Fig. 6. The horizontal lines, labeled with radius as parameter, 

represent pairs of band and continuum emission coefficients measured 

simultaneously in the mixed plasma at atmospheric pressure.  Inter- 

sections of these lines with the equilibrium air curves show a total 

temperature discrepancy of *v 2200°K. The maximum error in tempera- 

ture determined from the continuum alone would be ~1500°K. 

A comparison of the measured emission coefficients with equilibri- 

um curves for the pure nitrogen plasma at the same total pressure 

10 
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3000 4000 5000 
STATIC TEMPERATURE  (°K ) 

6000 

Fig. 6. Comparative plots of band system and continuum for 1 atm air, 
nitrogen and nitrogen-oxygen plasmas. 

11 
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(dashed curves of Fig. 6) shows considerably less temperature discrep- 

ancy than the equilibrium air curves.  Furthermore, a comparison of 

the air and nitrogen plasma compositions shows that the main contribu- 

tion of electrons in the air plasma is the reaction NOs^NO +e.  The 

reaction which produces the NO in the air plasma is known to be slow 

in equilibrating and has been found in plasma chemistry experiments 

to yield much less than the equilibrium concentration.  This led to 

the suspicion that the mixed plasma is really only a mixture consist- 

ing of 79$ of the particles of a one atmosphere nitrogen plasma and 

21$ of the particles of a one atmosphere oxygen plasma.  The € vs T 

curves for the assumed mixed plasma are shown in Fig. 6 to give much 

more consistent temperatures than the air plasma. 

It can be seen from Fig. 6 that the effect of reducing the equi- 

librium concentration of NO is to shift the continuum curve to higher 

temperatures and the band curve to lower temperatures, the greatest 

shift being given by the 79$ N„ - 21$ 0~ plasma in local thermal 

equilibrium without NO present.  Since a further shift in the direc- 

tion of higher temperatures is not possible from the standpoint of the 

absence of the NO reactions, the only way that temperatures determined 

from the two species of radiation can be brought into agreement is by 

reducing the value of the calibration constant k in the empirical 
—48 —48 

formula. A reduction of k from 2.2 x 10  to 1.3 x 10  was required 

to bring consistency into the temperature determination. 

Using the adjusted k value and equilibrium number densities for 
3 

N„ and 0„ plasmas obtained by extrapolation of Drellishak's equilibri- 

um compositions to higher pressures, the corresponding € = kN^N 

curves for mixed N2-0„ plasmas at 10 and 20 atms static pressure were 

constructed. With these curves the radial emission coefficient pro- 

files of Fig. 5 were converted to radial temperature profiles as shown 

in Fig. 7-  The error flags on the 10 atm profile correspond with the 

maximum fluctuation in the two intensity profiles measured at the 

beginning and end of the low pressure run. 

A composite plot similar to Fig. 6 has been made in Fig. 8 for 

the mixed N„-02 and equilibrium air plasmas at 10 atm static pressure. 

12 
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5600 

8       12 
RADIUS (MM) 

16 20 

Fig. 7« Radial temperature profiles determined from profiles of 
Pig. 5; error bars represent temperature variations result- 
ing from fluctuations of Fig. 4. 

13 
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The continuum emission coefficient measured on the jet axis is indicat- 

ed on the lower plot.  The axis temperature of 5100°K extended to the 

band curve indicates that the intensity of the band system is an order 

of magnitude lover than that of the continuum and certainly should not 

have been expected to be observed.  The equivalent level of the contin- 
0 -4 

uum indicated on the lower plot for the 28 A slit width is ^ 3 x 10 . 

Based on the air curves the axis temperature would have been reduced 

to 3800°K from the continuum and increased to 5950°K when determined 

from the band (were it measurable). 

In order to assess the effect that an appreciable amount of copper, 

treated as an impurity in the plasma, might have on the estimated cali- 

bration curves for the air and N_-0o mixed plasmas, the computed com- 
5 positions of copper vapor in an inert gas given by Bowen have been 

used. Estimates have been made of the total number of free electrons 

present under the very extreme condition of 0.1$ by weight of totally 

evaporated and uniformly mixed copper in the 10 atm plasmas. For this 

estimate the electron number densities taken from Bowen's work have 

simply been added to those computed for the equilibrium plasmas.  The 

ratio of the total N to that of the clean plasmas have been used to 

correct the 10 atm calibration curves of Fig. 8 for the effect of this 

impurity.  The results show that even in this very severe case the 

temperature error resulting from the neglect of such an impurity in 

the equilibrium air plasma is at most 300°K. 

In the case of the assumed Np-0„ mixed plasma the copper impurity 

seems to be much more effective.  It would seem that the electrons 

missing due to the absence of. the NT0 can be replaced by the copper 

impurity thus making the mixed plasma, in so far as the continuous 

radiation is concerned, appear as an air plasma in chemical thermal 

equilibrium in which case the measured axis temperature would be re- 
1 4 

duced from 5100°K to 3800°K.  Fast experience with seeded '  plasmas 

has demonstrated the difficulty of obtaining uniformly evaporated 

seed material in amounts of this magnitude and thus led one to assume 

that the effective level of such impurity in the vapor state is con- 

siderably lower. 

15 



AEDC-TR-70-238 

In the event that the copper impurity is actually more serious 

than has been estimated, the copper line ratio )i 5253/ } 5106, which 

has also been calibrated as a function of temperature by Bowen, can 

be used as a substitute for the continuum in temperature measure- 

ments. Furthermore, approximate temperatures determined from the 

copper lines and from the continuum could be used with the measured 

absolute emission coefficients of the copper lines to determine the 

level of impurity to about a factor of 2 accuracy.  By iterative 

methods the temperature and impurity level determined from experi- 

mental data can be improved. 

Bowen has tabulated the computed emission coefficients for both 

of these copper lines which at temperatures above 3500°K should be 

observed above the continuum at the above impurity level. At 5000°K 

the copper lines should be nearly two orders of magnitude higher than 

the continuum. Under such conditions the plasma should exhibit an 

almost uniform green color which has not been observed in the high 

speed color films of the plasma stream. Unfortunately time during 

this brief set of tests did not permit a complete spectral surveil- 

lance of the jet stream. 

SECTION V 
CONCLUSIONS AND RECOMMENDATIONS 

From the brief series of tests made on the high pressure FDL air 

plasma it can be concluded that temperatures as low as 3000°K could 

be measured with the existing spectral probe. The arc heater operat- 

ing with an exit static pressure of 20 atm shows a static temperature 

profile ranging from 3800°K at the edge to 5^00°K at the center.  When 

the exit static pressure is reduced to 10 atm this temperature profile 

ranges from 3600°K to 5100°K.  These temperatures were determined 

under the assumption of local thermal equilibrium and a negligible 

amount of NO and copper vapor in the plasma.  Time did not allow the 

study of fluctuations or the influence of impurities on the measured 

temperatures. 

16 



AEDC-TR-70-238 

It is recommended that a traversing continuum probe, based on 

the existing calibration curve for the N2-0„ mixture, be installed on 

the 50MW FDL facility for routine monitoring using the existing FM 

tape recording systems. The scanning rate of this probe could easi- 

ly be increased to obtain a complete radial profile in times of the 

order of a second. The spectrographic probe should be used further 

to establish the copper impurity level in the facility. A compan- 

ion program should be initiated for the purpose of accurately cali- 

brating the temperature dependence of the continuum in atmospheric 

pressure subsonic air jets in the same manner as has been done at 

PSL for the nitrogen jet.  The results should be tested for applica- 

bility to supersonic streams and finally extended to apply to high 

pressure supersonic streams.  Such a program could be executed with 

an arc heater at a considerably lover power level. 
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