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INTRODUCTION

The thermodynamic properties of the plasma formed in the reflected shock region of

a shock tube were measured over a temperature range of 12, 000—16., 000°K. These
were diagnostic measuremenfs performed to test the measured temperatures against
the gasdynamic temperatures computed in the conventional manner from the conserva-
tion equations and the equation o_f state. The results of this effort were essential to
clarify the source of a consistent factor of 2 difference between theoretical predictions
(based on gasdynamic temperatures) and experimental results for the total radiant
intensity of high-temperature air. The total intensity measurements were obtained

over the past several years under prior NASA support and have already been reported.1

During the preceding contractual year, diagnostic temperature measurements were
made between 10,750 and 13, 000°K using the following spectroscopic techniques: (1)the

integrated line intensity of several NI and OI lines, (2) the shape of Ha , H_,*and an

B
NI line, and (3) the spectral intensity of the continuum at 4935A. The experimental
techniques and results have been described in considerable detail2 and the salient
features reported in the open literature.3 The measured temperatures were limited
to about 13,000°K because of a rapid loss of accuracy in the results obtained by the
first two techniques. This loss resulted from the rapid rise of the continuum relative

to the spectral intensity of a line and because the line intensity itself becomes a

slowly varying function of temperature.

*Hydrogen was present as an impurity in concentrations of a small fraction of 1%.



Since measurements were desired to at least 16,000°K to cover the range of the total
intensity results, the first task of the present contractual period was to select
thermometric techniques that would not suffer a severe loss of high-temperature
accuracy and that were relatively straightforward and proven. No measurements
involving NI or OI lines in the visible spectral region were suitable and, of the
techniques employed last year, only the continuum measurement remained. A care-
ful study led to the decision to add a trace species to the nearly pure air plasma for
diagnostic purposes. Hydrogen gas was selected because it is convenient, not unlike
air in a thermodynamic sense, and, most important, because it radiates strongly in

the visible region via the well-known Balmer series lines.

To avoid reliance on the somewhat uncertain shape2 of the strongest line H,),
sufficient hydrogen was added to make the well-known second strongest line (HB)
clearly visible above the air continuum so that its shape could be measured. This
required a hydrogen concentration of 10% , but this substantial concentration pro-
vided an additional diagnostic technique — a measurement of the Planck function,
Because the peak spectral absorption coefficient of Ha is about 30 times that of H,B ,
a reasonable pathlength could be selected (~ 10 cm) wherein Ha was quite optically
thick at its center so that the intensity here was that of the Planck function. At the
same time, H_ was nearly optically thin with the important result that neither

B

measurement depended strongly on the precise value of the hydrogen concentration.



The three thermometric techniques used in this work are summarized below:

Diagnostic Technique Advantages Disadvantages

Continuum intensity Almost purely photoelectric; Total reliance on the

at -49551& high temperature sensitivity = work of Morris et al. 4
Shape of HB Shape is a well-documented Requires time-integrated
(4861.33A) function of electron density;  photographic techniques;

fair temperature sensitivity = becomes quite wide

Planck function at Purely photoelectric; yields Low temperature sensi-
H, (6562. 79;&) temperature directly; tivity; subject to syste-
requisite radiation constants matic errors

are very well-known

While it is apparent that each of these techniques has disadvantages, they were

believed (and are still believed) to be the best diagnostic techniques for the problem
at hand. The next chapter discusses the special experimental techniques adopted to
minimize these disadvantages while their effect on the accuracy and precision of the

measurements will be assessed in the error analyses in a later chapter.

For this experiment the variables used to specify the thermodynamic state of the
plasma were temperature, pressure, and concentrations (i.e., mole fractions).
The concentrations were assumed rather than measured since, as will be shown,
they were relatively unimportant. The remaining variable, pressure, was measured

with an endwall pressure gauge in a manner described in the next chapter.



DESCRIPTION OF APPARATUS AND TECHNIQUE

Since much of the apparatus and many of the techniques were similar to those employed

last year,2 the emphasis in this chapter will be on the changes and new techniques.

Spectroscopic Equipment

Two Model 78-000 Jarrell-Ash 1.5 meter Wadsworth Spectrographs were employed:
one was used as a conventional spectrograph and the other as a polychromator. The
optical systems were unchanged — both created beams about 1.5 mm wide and

10 — 18 mm high across the full diameter of the shock tube. Order-blocking in the
spectrograph was done with a Type II UVA Plexiglas filter to clear the first order to
above 6700 zg, while in the polychromator, suitable Corning Glass color filters were
laced behind each exit slit. So that both instruments could view the same gas at
pathlengths less_than the full tube diameter, they were located side-by-side on the
same side of the shock tube. The beams were concentric in the shock tube and split
by a beam splitter located outside the tube window. The beam splitter was a plain
glass microscope slide, positioned nearly normal to the emergent beam and arranged
so that the transmitted light (~90%) was sent to the spectrograph with the remainder

sent to the polychromator,

Photomultiplier tubes were placed behind four exit slits in the polychromator. The
exit slits were located as follows:

Main Spectral Feature Center Wavelength (A) Full Width (A)

Continuum 4550 19
Central portion of HB 4861. 3 19
Continuum 5100 19
Planck function at H, 6562. 8 27



The reasons behind the choice of the widths will be discussed later. Because the red
wing of Hﬁ extended well over the desired continuum wavelength of 4955 A (this is

95 A from H, and half-widths of 751& were encountered), the continuum had to be

B

interpolated from data obtained at 4550 and 5100 A where the co_ntribution from H

B

was small (1 — 9%) and where there was no interference from other lines. The
intensity at the center of H, was measured to provide a check on the hydrogen con-

B

centration and to assist in the interpretation of the photographic spectra.

Photoelectric Technique

The entire technique of measuring absolute intensities via calibrated photomultiplier
(PM) tubes was carefully reviewed with the aim of performing these measurements
as accurately as possible. The low temperature sensitivity of the Planck function

and the poor PM tube sensitivity at Ha wavelengths motivated this review.

Two basic considerations were involved: first, the signal/noise ratio of a PM tube

is proportional to the square root of cathode current divided by frequency bandwidth;
and, second, the plasma intensities were up to 104 times the intensity of the tungsten-
ribbon standard lamp used for calibration. Regarding the second point, one can filter
the plasma radiation and/or make the standard lamp appear brighter by opening
entrance and exit slits, replacing the beam splitter with a mirror, etc., or one can
accept the full magnitude of this disparity. Since filtering the plasma radiation
degrades the signal/noise ratio and since the other operations are difficult to do
reproducibly, it was decided to accept the full disparity. This meant that linearity

was an important consideration. Also the calibration had to be performed under



near-dc conditions because otherwise the signal/noise ratio would be quite low.
This was done via an in situ calibration with the standard lamp placed inside the shock
tube prior to each shot. The resultant signals were read out on a precision d¢ micro-

voltmeter.

To ensure that the PM tube response was linear, the following steps were adopted for
the design of each PM tube circuit.

1) The PM tubes were selected for the greatest cathode sensitivity at the
wavelengths involved,

2) Based on manufacturers’ information and estimates of the radiative
flux at the exit slits during the experiment (see ref. 2), the gain and dynode
voltage were chosen to cause the peak anode current to be about 20% of the
maximum rating.

3) A dynode resistive divider string was designed which drew at least 104 times
the steady anode current during the calibration.

4) A tapered set of dynode bypass capacitors, designed to deliver the peak
current for 25 usec with less than a 1% change in dynode voltage, was added
to the divider string.

5) An anode load resistor (1 kQ2) was chosen to limit the frequency response to

350 kHz (1 psec rise time) when used with about 15 ft of connecting cable.

To test the design, each PM tube and circuit was driven to nonlinear behavior
by using a pulsed xenon flashlamp at various distances under nearly the same illumi-
nation (color, cathode area) as in the polychromator. For use in the polychromator,

the tubes were always operated at an anode current less than 10% of that value where



nonlinear behavior was first noted during this test. These nonlinear points were
1—2 ma and since these were 2—4 times the maximum ratings, it is evident that the
above design criteria are consistent with the test results. During use, the output

levels were never more than a few tenths of a voit.

Three RCA 1P28/1P21 PM tubes were used fof the channels at 4550, 4861, and

5100 A. For the Planck function measurement at 6563 &, the flux through the exit
slit was split by a half-silvered mirror and sent to two different PM tubes: one a
DuMont KM2433 with an S-20 response and the other a Hamamatsu R-136 with a
"modified" S-10 response. Each of these tubes was powered by a separate John Fluke
power supply so that the precision of the Planck function measurement could be

assessed. A third supply powered the three RCA tubes in parallel.

Instrument Standardization

An accurate measurement of the wide shape of HB required that spectral changes in
film sensitivity, instrument transmittance, etc.,be taken into account. This procedure
is called instrument standardization and it was made difficult because H 8 is located

in a spectral region where photographic emulsions undergo a rapid change in spectral

sensitivity.

To illustrate this, Fig. 1 shows several curves of constant optical density obtained
by microdensitometering spectrograms taken of the standard lamp. As in the poly-
chromator calibration, the standard lamp was placed in the center of the shock tube

and illuminated the spectrograph through the same optics, step wedge, entrance slit,
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etc., as did the plasma. The exposure times were 0.1 — 0.6 sec and were selected
so that the product of lamp spectral intensity and time (IAt) was comparable to that
of the plasma with an exposure time of about 20 usec. Typical plasma values are
shown at the position of the exit slits. If viewed upside down, Fig. 1 would resemble
the spectral sensitivity curves supplied by film manufacturers, except that here the

ordinate relates to emission at the source rather than energy density at the film.

The most striking feature of this figure is the rapid change at wavelengths near H,B .
This is caused by the film as a result of the transition between the response of the
silver halide on the blue side to that of the sensitizing dye on the red. The films used
in this experiment were Kodak Type I-D Spectroscopic Film for the 3400 — 5800 A
region and Kodak Type 2475 Recording Film for 5800 — 70001&. The I-D film was
chosen because, based on manufacturer's literature, it was supposed to have a fairly
uniform response at HB wavelengths. It turned out that this was not so and, in fact,
it was quite comparable to the 2475 film in this respect. It did develop to a high
gamma (large difference in density for small difference in I}\t) which facilitated the
photometric process and so was useful for this reason. Another feature obtainable

from Fig. 1 is that the curves at different densities are quite similar which implies

that the variations are not particularly density or intensity-dependent.

One measure of the applicability of these curves to the plasma studies is to determine
the reciprocity behavior of the films. This was done by obtaining the spectral inten-
sity of the plasma in two ways. One was by the polychromator measurements dis-
cussed earlier. The other was a purely photographic process involving two films.

The first was known exposure to the standard lamp (~ 0.3 sec) and the second a



known exposure to the plasma (20 — 30 psec). Both films were developed simulta-
neously in the same tank to minimize the variables introduced in the development.
Supposedly this left only the reciprocity behavior as the uncontrolled variable. Then
by locating points at the same density and wavelength, the plasma intensity could be
determined by assuming that reciprocity behavior existed. Examples of the ratio of
the polychromatic intensity (averaged over the exposure time) to this purely photo-

graphically determined intensity from six such tests are shown by Fig. 2.

Much can be learned from this figure. First, all the points are below the value of
unity which would be expected in the absence of reciprocity failure. This implies that
reciprocity failure occurred in the 0.3 sec standard lamp exposure which is not at all
unreasonable since this time is quite long for these films (reciprocity law failure
occurs at both very short and very long exposure times). For any one set of points,
the 45501& value is within +10% of the 48611& value, while the 51001& value differs
by several times this amount. This is probably because both 4550 and 4861 A lie in
the silver halide response while 51004& lies in the dye response. The 4550 — 4861 A
points cluster about two different values, While the reason for this is unknown, the
author suspects that the elapsed time before development may be an important factor.
Ordinarily both films were developed shortly after the shot while the standard lamp
exposure was taken at least several hours and sometimes as much as 24 hours prior

to the shot. Unfortunately records of this nature were not maintained.

The conclusion to be drawn from this effort is that reciprocity behavior cannot be
assumed to exist and also that attempting to predict absolute intensities by purely

photographic means is quite uncertain even though good photometric technique is
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practiced. The plasma/standard lamp intensity ratio of 104 , or the exposure time
ratio of '10'_4 , 1s too great. In retrospect a factor of 10 decrease in the standard
lamp exposure time done, say, by opening the entrance slit 10x, may have overcome
much of the reciprocity law failure., However this was not important for this

experiment.

The instrument standardization technique adopted for this experiment embraced the
above observations concerning the film behavior. It avoided any dependence on the
reciprocity law and utilized (but did not depend on) the similarity of the constant-
density curves of Fig. 1. Briefly this technique forced the photographically deter-
mined line shape to fit the polychromatic intensities of 4550, 4861, and 5100 A and

to follow the trends shown on Fig. 1 at intermediate wavelengths.

The process of accomplishing this began with the basic standardization curve shown
by Fig. 3. The ordinate is called the k-factor defined by:

(Ixt) from standard lamp to give a density D at A

k(@A) = (1)

(I)\t) from standard lamp to give same density at 4861 A

This basic curve could be obtained from any of the curves of Fig. 1 by dividing by the
appropriate normalizing factor. In fact it represents an average of several such
curves obtained at densities near unity although the resultant curve is not considered

to be a strong function of density because of the similarity discussed above.

The other important ingredient was the density-log exposure curve (the H-D curve)*

obtained from the actual spectrogram at the brightest spectral feature — the maximum

*This curve was obtained from the actual spectrogram through the use of a step wedge
at the entrance slit of the stigmatic Wadsworth spectrograph. Complete details of
this technique are given in Ref. 2.

12



k()

1.5

k' (4861.3) = 1.0
BY DEFINITION

VALUES FOR k! (510(:§

\—-VALUES FOR k' (4550)

I 1 ] 1l I ]

4600 4800 5000
WAVELENGTH A (A)

Fig. 3 Basic Standardization Curve for Wavelengths About HB

13

5200



of the blue wing of Hﬁ at 4840 — 50 A. A value of 100% relative exposure was
assigned to this feature following standard photometric technique.2 Again because of
the similarity discussed above, this curve is not considered to be a strong function of

wavelength.

The equation used to obtain the spectral intensity at any wavelength near H_, was

B

LMY = [L(H)] x k') x [H-D] ()

The last factor, [H-D] , refers to the relative exposure at the density of the point of
interest as obtained from the H~D curve in the standard way. The first factor, the
normalizing constant, was obtained by solving the above equation on the average for

the 19A region about 4861.3 A corresponding to the H, exit slit. Here the k-factor

B
is about unity with the result that the average value of the last two factors was about
0.90 (the actual shape of HB was used here as opposed to the theoretical shape as

discussed later). Then, by inserting the polychromatic intensity on the left-hand

side, the above equation was solved for the normalizing constant [I ?\o(H,B)] .

The process of forcing the line shape to fit the polychromatic intensities was accom-
plished by solving Eq. (2) at 4550 and 5100 ;x for the k' factors. Because these were
continuum channels, no averaging was required. These two k' factors generally lay
near, but not upon, the basic standardization curve (Fig. 3) because of the various
approximations involved. The range of these k' values, for all 16 shots of this
experiment,is shown on Fig. 3. The procedure then was to modify this basic curve
by fairing in a smooth curve between the three k' values [k'(HB) = 1.0 by definition]
with due regard to the wavelength dependence of the basic curve. The procedure

adopted for this fairing was to make the deviation between these curves linearly

14



proportional to the distance away from 4861 A. Then Eq. (2) was used with this new
k' curve to obtain the entire shape between 4550 and 5100 f\ Thus, this standardiza-
tion technique forced the resultant shape to fit the relatively well-known polychromatic
intensities, utilized the actual H-D curve, and accounted for spectral changes in the

film sensitivity, instrument transmittance, etc., in a realistic manner.

A somewhat similar procedure was followed for the red region where H o Was located.
Since only one polychromator exit%lit was used, only the normalizing intensity could
be obtained and the standardization curve (derivable from Fig. 1) was used without
any fairing process. This was not a serious disadvantage because, as will be shown

later, the shape of the optically thick Ha line was not essential to this experiment.

Gas Mixing and Tube Loading Procedure

Because of the explosive nature of an air-hydrogen mixture, each mixture was indi-
vidually prepared in a small container by loading from a manifold system connecting
bottles of air and hydrogen. The container was filled to a predetermined total pres-
sure of 45.5 Torr and the contents were then dumped into the evacuated shock tube
with gas flow allowed for 1 min, after which the tube was isolated. The resultant
initial shock tube pressure of 0.206 Torr was measured on several occasions with a

calibrated McLeod gauge (a Todd Scientific Co. Universal Vacuum Gauge).

This calibration was done by admitting known volumes of room air into the evacuated
shock tube and calculating the pressure through Boyle's law and the known tube volume.
These pressures were about 1% above the values measured by a precision manometer
(a Datametrics Inc. Barocel Electronic Manometer) and this agreeement is taken as

verification of the calculated pressure.

15



The calibration revealed that the McLeod gauge read 8% high at pressures about
0.2 Torr, caused at least in part by an incorrect capillary correction designed into
the instrument scale. This rather significant calibration correction was not dis-
covered until nearly the end of the experimental period during an effort to reconcile
the measured endwall pressures (discussed next) with the gasdynamic pressures.
This report, of course, reflects this correction but since this same gauge was used
to determine initial pressures in the past, the same cannot be said for prior reports

1,2,3

and publications. The significance of an initial pressure too high by 8% will be

discussed in the appropriate places in this report.

Pressure Measurements

The other measured thermodynamic variable — pressure — was obtained via a pressure
transducer installed flush with the endwall about 38 mm from the tube wall and slightly

outside the field of view of the optical instrumentation.

Two different kinds of pressure transducers were employed during the course of the
experiment. One was a Kistler Instrument Corporation Model 603A (0—3000 psi,

0.35 pcb/psi, 500 kHz) and the other a pcb Piezotronics, Inc., Model 102A12 (vacuum
to 100 psi, 20 mV/psi, 500 kHz) transducer. Both gauges were calibrated in a special

apparatus which utilized a dynamic process starting with a vacuum.

To demonstrate the nature of the resultant endwall pressure signals, some of the
traces obtained with the pcb Piezotronics gauge are shown on Fig. 4. Also shown

are the computed gasdynamic pressures, and it is clear that the two values are in good

16



agreement. The results obtained with both transducers, which will be shown later,
indicated that the measured values were within + 3% of the gasdynamic pressure.
The gasdynamic value was used in the thermometric data reduction, and the signifi-
cance of the + 3% uncertainty will be discuésed in the error analyses of the next

chapter.

17
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PLASMA THERMOMETRY

Computation of Gasdynamic Properties

The gasdynamic temperatures and pressures provide the basis of comparison through-
out this report and thus it is appropriate to discuss how they were obtained. To begin,
the conservation equations will be written in a simple form without involving the

equétion of state.

Applying the equations for conservation of mass, momentum, and energy across the

incident shock wave and eliminating the particle velocity leads to

P, - P, = p,US[1 - (p,/py)] ®)
H, - H = —;—Uill - (Pl/pz)]z (4)

Since for the conditions of interest the density ratio is about 17 (i.e., Py = 17p1) ,
it is clear that the pressure and enthalpy behind the incident shock are only weakly

dependent on the density ratio and hence the equation of state.

The result of a similar analysis for the reflected shock is

]
g
|

L = pUZE(p) (5)

=)
I

.
Il

2
U_(p) (6)

where

P 3 [ - (pl/Pz)] pl
R S W) ( " Ps
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Here density ratios of about 8 ( Ps = 8 p2) are typical. While the enthalpy retains its
weak dependence on the density ratio, the pressure does not because of the linear Py
factor. Thus the reflected shock enthalpy is only weakly dependent on the equation of
state while the reflected shock pressure is linearly dependent on the density Py, and

hence the equation of state as applied to the gas behind the intident shock.

An equation of state, in the form p = f(P,H), was obtained from a LMSC free~
energy minimization program called FEMP. FEMP requires thermodynamic data in
the form of curve fits to tabulated values of free energy and entropy for the compo-
nents considered (NZ,N,N+,O,O+,H,H+, and e—) . The data for air were taken from
Gilmore5 and for hydrogen, from McBride.® Four sets of curve-fit coefficients were
used to cover the range 6,000 — 18, 000°K so that these curve fits would closely
approximate the tabulated data. To test FEMP, it was run for pure air at near-
gasdynamic conditions of T,P which corresponded to those of the tabulated composi-
tion data by Hilsenrath and Becke’ct.7 The FEMP values were very close — enthalpy
and density to 0.05% , electron density typically 0.2% with 0.6% maximum, and
individual species concentrations better than the electron concentrations. Although no
composition data were available to check the air + 10% hydrogen mixture, the same
mathematics were employed and there is every reason to believe that the results would

be equally good.

Given elemental composition and temperature and pressure, FEMP can compute the
remaining properties directly, but the gasdynamic variables of enthalpy and pres-
sure require an iterative solution. Since the gasdynamic equations themselves are
implicit in density, a computation of shock states requires a double iteration. The

entire shock calculation program was analyzed and the convergence criteria for

20



densities and enthalpies set at 0.01% to make the output as good or better.than the
original thermodynamic data. Table I contains a sampling of the computed gasdy-

namic states for the reflected shock region which cover the range of this experiment.

Besides being used for the gasdynamic calculation, FEMP provided data at "even"
temperatures and pressures for use in calculating the partial derivatives required
in the error analyses which follow, for use in obtaining temperature from electron

density and pressure, and for deriving approximate equations of state.

One practical use of the latter is to consider the effect on the reflected shock tem-
perature if the initial pressure used in the computation was 8% high. From Egs. (5)
and (6), it is clear that H

would be virtually unchanged and that P_ would be high

5 5

by 8% because of its dependence on Po - The appropriate form of the equation of

0.04—0.06 0.8—0.

state is T = k(P) (H) 4 for the conditions of interest. Hence

raising P1 by 8% would raise the reflected shock temperature by only 0.3 —0.5%.

To determine the sensitivity of the gasdynamic temperature to the hydrogen concen-
tration, temperatures were computed for various concentrations with P1 and US
held fixed. The results showed a 60°K decrease in temperature for each 1%

of hydrogen added. Thus a 10% error in the hydrogen concentration would affect the
gasdynamic temperature by about 0.5% and hence accuracy in the hydrogen concen-

tration was not of paramount importance,

Hydrogen Seeding

The reasoning behind the decision to seed the plasma with hydrogen has already been
discussed in the Introduction. The experimental requirements for the hydrogen

diagnostic measurements were 1) that H, be fairly optically thin and have a peak

B
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Table 1
COMPUTED GASDYNAMIC STATES FOR THE REFLECTED SHOCK REGION

T1 = 294°K Species Mole Fraction Mass Fraction Gram-Atom Ratio
gl - 2'7'23602?;; Ho 0.100 0.0077 0.7643
1 - _7 02 0.189 0.2311 1.444
p1 = 2.9477g/ece No 0.711 0.7612 5.434
Us T5 P5 Ps H5 Number Densities (particles/cm3)

(mm/usec)| (°K) | (atm) | (g/cc) |(cal/g) e N 0 H ot HY N,
7.8 12,519 | 3.081|3.5967°}1.568"41.52717|1.06"18| 2. 93717 |1.54™17|1.20717|1. 997161, 137167, 45114
8.0 12,910 | 3.285 | 3.65072|1.650™%[1.88¥17|1.0418] 2. 0317 1.54717| 1, 49717 |2.48716|1,39"16 |5, 45714
8.2 13,275 | 3.490 | 3.70072|1. 7347 2. 2771 7|1.05718] 2,027 7| 1.5471 7| 1.80"17 |3. 01716} 1. 68710 |4. 16714
8.4 [13.6173.693|3.7447%|1.819™]2.68"17|1.0178] 2.00717|1.527 7 |2.12"17 |3.5776| 1. 98716 |3. 21"1*
8.6 13,941 | 3.892 | 3.7787°]1.906™%3. 10" [9.91717| 2,877 7| 1.517 7 | 2. 46" 7 4. 17116|2. 307162, 52714
8.8 14,265 | 4.082 | 3.79275]1.996"%|3.551 " |9.61*17| 2,827 17| 1,481 7|2, 80" " 14. 82718 2. 647161 967 1% |
9.2 14,829 | 4.304 | 3.7747]2.176"%4.38"1 7 |8.017 7| 2,687 17| 1.41717|3. 2471 6. 06" 10| 3. 20716 | 1. 23714 |
9.6 15,327 | 4.575 | 3.6567°|2.358™%]5. 0817 |7.99%17| 2.46™ 7| 1.30717|3. 981" |7. 20" 8}3.8671¢|
10.0  |15,814 | 4.766 | 3.5487%|2.549"45.79" 7| 7. 10717 2, 25" 7| 1.19™1 7] 4. 50" 7 |5. 39710 | 4,460 -
10.4 116,335 | 5.078| 3.517" 2| 2. 751" 6,637 7 [6.307 7| 2,077 |1.10"7[5.1217 |9. 86716 |5.20™10| —

Note: a.bciy = a.,be X 10iy.




spectral intensity at least equal to that of the underlying air continuum and 2) that
Ha be reasonably optically thick over a spectral interval wide enough to permit an
unambiguous measurement of the Planck function. The experimental variables were
the amount of hydrogen added and the test gas pathlength. Fortunately, because of

the nature of the hydrogen lines, all these experimental requirements could be met.

This is shown by Fig. 5 which was drawn for the air + 10% hydrogen mixture. While

a 10% concentration is admittedly a fairly substantial seeding concentration, it is
clear from the figure that this amount was required to keep the HB/ continuum
intensity ratio above unity at the higher temperatures. The shaded area denotes the
operating region where ¢ B> the maximum emissivity at Hﬁ- (peak line + continuum),
is about 0.3 while €y the maximum emissivity at Ha (considering only the line),
is about 0.999. Pathlengths of 12 and 8.5 cm were used in this experiment and

the lowest shock velocity was 7.9 mm/usec. A shape measurement is independent
of the absolute intensity provided that the line is optically thin and a peak emissivity
of 0.3 is reasonably close to this. For Ha , the considerations become more com-

plicated and involve the width of the exit slit.

Ha— Planck Function Measurement

A rather wide exit slit was desirable for this measurement for two reasons. First,

the low cathode sensitivity at 65631& of even red-sensitive photomultiplier tubes
dictated that the incident light flux be high to obtain a good signal/noise ratio.

Second, a wide exit slit would minimize a possible correction for boundary layer absorp-
tion at the line center. (There was evidence of this on some preliminary spectograms
taken at different conditions and so the Hoz shape was monitored during the experiment

for this reason, but no further evidence of boundary layer absorption was found.) On
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the other hand a wide exit slit means that the measured intensity (which is an average
value) is not the Planck function and hence a corrgction for this must be applied. Since
this correction is uncertain and there is little room for error in this diagnostic
measurement, it should be kept small and this means a narrow exit slit. Thus a
compromise had to be made. The followiﬁg table, prepared using the Ha line shapes

of Kepple,8 was used to select the 27A exit slit.

Electron Maximum Emissivity at Planck Function
Density Emissivity A - 7\0 = +13.5A Correction
1 x 1017 0.99 0.57 ~209%
1 x 1027 0.999 0.72 ~109,
17
2 % 10 0.99 0.76 ~109%
2 x 1017 0.999 0.89 ~ 39,

These electron densities are on the low side of the range encountered during this
experiment and the tabulated values are conservative in that the continuum and wings
of other lines were not included. This thermometer was not used if the experiment-
ally determined correction was over 10% and this happened on only one shot — the

slowest. It was 8% on the next slowest and below 4% for the remainder, while no

correction was necessary for the seven fastest shots.

H 8 Halfwidth Measurement

The determination of the HB halfwidth was complicated by asymmetries in the
measured shapes — the blue peaks were higher than the red ones and the central
minimum points shifted several Angstroms toward the red from 4861. 33A. These

features have been noted by Kitaeva and Sobolev9 among others and so it is felt that
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they are real and not caused by an incorrect instrument standardization process.
Many experimenters symmetrize a measured shape by averaging the two wings, but
this was inconvenient in our case. Attempts to asymmetrize the theoretical shapes
using Griem's10 prescription (Eq. 4-96) were unsuccessful — the correction increased

linearly toward the wings while just the opposite effect appeared warranted.

A practical solution, suggested by Hill11 and adopted for this experiment, was to
measure the halfwidths* of the blue and red wings separately, average the results, and
determine the electron density from this average and the halfwidth tabulations of
Kepple. 8 This meant abandoning the concept of fitting an entire line shape as employed
last year, 2 but this concept loses significance when unknown asymmetries are

present, In addition,the instrumental halfwidth of 0.29 Zx was negligibly narrow so no

computer-aided convolutions were required.

Obtaining the average halfwidth was not without its difficulties as typified by Fig. 6
for the shot with the highest incident shock velocity. This spectrum includes more
than Hﬁ and the continuum: the ever-present, untabulated NI multiplet at 4630 —
46801& caused little difficulty, but the ng multiplet (4915,4935 1&) often lay over the
half~intensity point of the red wing. Also both Hﬁ wings extend over the 4550 and
5100 A polychromator channels and complicate the determination of the continuum.
This figure clearly shows the factors influencing the location of these channels to
measure the continuum at 4955A . To demonstrate the asymmetries, the theoretical
HB shape from Kepp1e8 at the experimental conditions is superimposed. The under-

prediction of the central minimum point is commonly known and, except for a wave-

length shift, the theoretical shape looks reasonable at the half-intensity points.

*The halfwidths are defined here as the intervals between the half optical depth wave-
lengths of each wing and 4861,3 A, with each wing treated separately.
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The data reduction procedure used to .measure the halfwidths was iterative, but an
educated initial guess of the temperature and the corresponding (see below) electron
density minimized this problem. Because the measured spectrum was on an absolute
basis, the contribution of the N19 multiplet could be determined and subtracted off.
This was at most a 7% correction since the multiplet peaks were avoided. The con-
tinuum levels at 4550 and 5100 1°5x were determined by subtracting off the wings of HB
obtained from either the tabulated shape or, at lower electron densities, the asymptotic
wing formula also tabulated by Kepple. 8 Since this wing correction depended on the
height of HB which in turn depended on the continuum level, a secondary iteration was
required. This was done carefully since it affected the continuum level which was
important in its own right. This was at most a 9% correction, but it was never less
than 1% because the wings extend quite far and the relative height of HB increased at
lower temperatures. (See Fig. 5.) Both this and the N19 correction were facilitated

by the advance preparation -of curves for the N19 multiplet intensity at various wave-

lengths and the Hﬁ wing at 4550 and 5100 A evaluated along the Hugoniot states.

The red and blue halfwidths were then measured relative to 7\0 = 4861.3 A which is
unimportant if they are averaged, but later their ratio will be used to estimate the
experimental precision. Since peak emissivities of about 0.35 were encountered,
opacity effects were taken into account by measuring the halfwidths at the half-

optical depth points rather than the half-intensity points. This was done by converting
the peak and continuum intensities into optical depths, calculating the half-optical
depths, and converting these back into intensities which were then plotted on the

spectrum as shown. These differ in Fig. 6 because the blue peak and the blue
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continuum were higher. The two halfwidths were then averaged to yield ¥ and the

electron density calculated from
;=125x10_9(N)a (7)
) e’ "1/2

The value of o, /2 was obtained from the halfwidth tabulations of Kepple8 by inter-
polating between Ne and T for values along the shock Hugoniot. It was constant

(@ /2 = 0.0865) to better than 1% for this particular path.

Examination of the FEMP tabulations for air + 10% H2 at "even'" temperatures and
pressures (which were varied in a stair-step manner along the Hugoniot) revealed
that the pressure dependence of the electron density was adequately described by

Ne = Kk PO‘ 6 f(T). Therefore a curve of NJPO' 6 vs T was prepared to obtain a
temperature from the HB electron density and the gasdynamic pressure. Finally
this temperature was compared with the guessed value to determine whether a second

iteration was necessary, but an initial guess of 0.95 ng was usually adequate.

An example of the measured and theoretical shapes at one of the lower electron
densities is shown by Fig. 7. Here the asymmetries are less pronounced but still
quite apparent near the line center. The two shapes lie very close to each other near
the half-optical depth points, but since these are different, the red halfwidth is still

greater than the blue.

The ratio of the two halfwidths (yblue/ 8% ) and the ratio of the intensities of the two

red

peaks were plotted against electron density in Fig. 8. There are few if any trends in
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these ratios, so the fact that the halfwidth ratios vary by +7% provides an estimate
of the experimental precision in this measurement. The lower curve of Fig. 8 repre-
sents the ratio of the average spectral intensity of H,B over the 19 A exit slit width

to the average peak spectral intensity of the line. This ratio will be used in a later

section where a theoretical prediction of the H, radiation is made.

B

4955 A Continuum Thermometry

The experimental value for the spectral intensity of the continuum at 4955 A was
obtained by linear interpolation between the 4550 and 5100 A values obtained from the
polychromator after subtraction of the H, wings as explained in the preceding section.

B

This was a small correction — between 1 and 9% of the polychromatic intensities.

The prediction was obtained in as direct a manner as possible from the work of
Morris et a1.4 They tabulate, as a function of temperature and pressure, the con-
tinuum intensity of pure nitrogen at 4955 A and that of pure oxygen at 4348 A. These
intensities were compared with the predictions obtained from our RATRAP code

(see Ref. 1 for a description of this code) using FEMP composition data for both pure
oxygen and pure nitrogen. The results are shown by Fig. 9 where it is noted that the
Morris et al. values were higher. The RATRAP code as then modified by increasing
the nitrogenic contributions by a factor of 1. 11 and the oxygenic contributions by an
amount 0.8 + 0.4(T/12,000K). These factors are shown by the dotted lines of Fig. 9
and it is noted that they fit the ratios to within a few percent. Thus this modified
RATRAP code would yield intensities for the pure gases that were very close to those

of Morris et a1.4 It is felt that the values from this modified code for a mixture of
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these two gases at the wavelength of the principal constituent represent a reasonable
application of their work, While this modification procedure did not involve the
RATRAP predictions for pure hydrogen, its continuum is relatively weak and since
the plasma contains only 10% hydrogen, possible errors from this source would have

to be quite small.

Therefore the continuum spectral intensity predictions for air + 10% hydrogen at

4955 A were obtained from this modified RATRAP code and the appropriate FEMP
composition data. The results were scaled by (P)l' 3 and are shown for the two path-
lengths of this experiment in Fig. 10 where the validity of this scaling can be assessed.
To justify that no large errors were made in this procedure, it is noted that the lower
solid curve is within +3% of the Morris et al% values for pure nitrogen at 5 atm when
their tabulated values are multiplied by 8.5 (an optically thin pathlength), divided by
8.1 (the 5-atm pressure scaling), and then multiplied by 0.80. This last factor was
obtained from the mole-fractions of the test gas by assuming that oxygen radiates half
as much as nitrogen, and hydrogen negligibly little — a rough but not unreasonable

approximation to locate large errors.

The error analysis to be considered in the next section will require an estimate of the
accuracy of the curves of Fig. 10. For plasma thermometry, the continuum intensity
can be considered as the means of transferring the plasma temperature diagnostic work
of Morris et aﬂ.4 on their arcs to our plasmas. In this sense the validity of the con-
tinuum cross sections and attachment energies they obtained is of secondary import-
ance because their conditions (9 — 14,000°K, 1 — 2 atm) are close to ours. They

determined their arc temperatures by measuring the integrated line intensity of well-
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known NI and OI lines. Assuining a + 5% measurement using + 1b% f-numbers and

an accurate pressure, it can be shown2 that this technique is capable of yielding better
than + 1. 5% temperatures for pure gases at their conditions. Actually their arcs were
nonisothermal and their test gases not pure, but these are largely random effects which
are of small consequence since they made repetitive measurements. Because they
measured the continuum intensity with the same spectroscopic system at an adjacent
wavelength, this better than 1.5% temperature uncertainty is equivalent to a + 15%
uncertainty in their tabulated values for the continuum intensity. The process of
computing the curves of Fig. 10 included the effects of the imperfections in the
modified RATRAP procedure, the wavelength change for oxygen, and the untested
hydrogen contribution. These are estimated to be + 5% and, in view of the symmetrical
nature of the corrections shown in Fig. 9 and the close correspondence with the rough
approximation made above, this will be treated as a random error. Thus, for use in
the following error analysis, the curves of Fig. 10 are estimated to have £ 15%

systematic errors and + 5% random errors.

Error Analyses

In all three diagnostic techniques, a temperature was obtained from the measurement
of a radiative quantity M which depended on the thermodynamic state and certain
physical constants C. The functional relationship is M = £(T,P,C) and the total

differential of M can be cast in the following form:

dM _ 8_1\4‘ dp __~_|_
P

™ M 9C| C
M 9 (8)

2l

=l

_M_
8T

—_—

T
M
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The left side represents the temperature uncertainty while the numerator on the

right includes the uncertainty in the measurement of M together with the effect of an
uncertain pressure and physical constants. During the following analyses, those

p ortions of the numerator which represent possible systematic errors affecting the
accuracy of the measurements will be separated from the random errors which

affect the precision. This numerator is divided by the dimensionless partial derivative

which is called the temperature sensitivity.

The measurement of the Planck function B)\ at the Ha wavelength is easily analyzed
because it is not pressure dependent and the radiation constants may be considered as

accurately known. Thus, for the Planck function, Eq. (8) becomes

dB

A
dT _ BA _ (* 3%)Svs. i (i4%)random 9
T C, exp (CZ/AT) - denominator ©)

AT exp (C,/AT) - 1

where C2 = 1.439 x lO4 uK and, for Ha, A = 0.6563 . The systematic errors
are entirely those of the standard lamp — the calibration supplied with the lamp is
stated by the manufacturer to be accurate to +2% and this was increased to + 3% by
the adoption of an often-compared working standard. The random errors, introduced
by meter and oscilloscope calibrations, PM tube dynode voltage changes, etc., may
be estimated by noting that the ratio of the two 6563 A intensities varied between 0. 96
and 1. 08 during the course of this experiment. Since the two red PM tubes were
operated completely independently and since their outputs were averaged to obtain a
single intensity, the random error in the Ha intensity is estimated to be £3%. The

correction for the nonblack regions near the slit edges was less than 10% of this
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intensity and assuming that the correction was accurate to = 10% adds another +1% to
the random error. Thus the random errors are estimated to be +4%. The tempera-
ture sensitivity of Eq. (9) is evaluated in Fig. 11 and the resultant estimates of the

systematic and random errors are shown in Figs. 12-A and 12-B, respectively.

For the measurement of the 4955 A continuum intensity I }\C , Eq. (8) becomes

c
dI, dP dc
c ~13¥P ~T¢
dT I?\ _ (iIB%)sys. +(il4%)rand0m
o = = 3 - (10)
o1 c enominator
T A
c 8T
A P

where the coefficient of the pressure uncertainty was obtained from the scaling used
in Fig. 10. The systematic errors of + 18% stem from the +15% estimate of the
accuracy of the curves of Fig. 10 as discussed in the previous section together with

the +3% accuracy of the working standard lamp as discussed above,

During the course of the experiment, the ratio of the corrected polychromatic conti-
nuum intensities at 4550 lg to those at 5100 xzx varied between 1,02 and 1.16. (The
extremes occurred at nearly the same plasma temperature.) Incidentally the modi-
fied RATRAP code predictions yielded ratios of 1. 12 — 1. 18 and, while not to be
taken literally, are regarded as encouraging evidence that no gross errors were

present. The linear interpolation to 4955 A was essentially an averaging process

leading to an estimate of + 4% for this value. The less-than-10% Hﬁ wing
corrections, if done to only + 10%, contribute another + 1%. The + 3% pressure
uncertainty contributes = 4% and the random errors associated with the computation

of the curves of Fig. 10 were estimated to be + 5%. Thus, the total random errors

are estimated to be + 14%.
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The temperature sensitivity shown in Fig. 11 was obtained by numerical differentiation

of the modified RATRAP code predictions and the resultant error estimates are shown

in Fig. 12.
For the H.B shape measurement, the measured quantity was the averaged halfwidth

v given by Eq. (7) and temperature is introduced by the discussion of the electron

density that followed. Thus Eq. (8) becomes

I

P « ( 6%)sys. s 8%)randorn (1)

BNe denominator

eBTP

47 _, , 4P do /9
Y

colro
23

The systematic errors lie entirely in the validity of the constant al/z since it is not
felt that our treatment of the asymmetries was significantly different from anyone
else's, Kepple8 reports that his HB shapes (i.e., halfwidths) agree with experimental
measurements to +4% over electron densities of 2 x 1016 -2 X 1017 cm_3 and
20,000°K. However Shumaker and Popenoe12 assert that only limited experimental

tests have been performed above 8 X 1016 cm_3 and claim, on the basis of their

work, that Kepple's widths are too wide by 7% at 2 x 1017 cm—3. In a similar
experiment, Morris and Krey13 report that Kepple's widths are too wide by 3 — 5%
although they do not regard this as significant. Therefore a systematic uncertainty
of +6% is assigned to Kepple's value of o, /2 and we note here for use later that the
-6% extreme might be more nearly the true value, at least at electron densities

near 2 X 1017.

The random errors include the +7% halfwidth measurement discussed earlier while

the +3% pressure uncertainty contributes another + 1%, making the total random
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errors = 8%. The temperature sensitivity was obtained from the FEMP tabulations

and is plotted in Fig. 11; the resultant error estimates are plotted in Fig. 12.

The validity of all these error estimates will be assessed in the next chapter when the

individual measurements are discussed.

Use of Hp Intensities

The measured intensity of the 191§ central portion of HB was not used as a primary
diagnostic technique because it would not be in the same accuracy class as the three
just discussed. Thermometry on a portion of a line shape is basically undesirable
because it combines the uncertainties of both intensities and shapes and this is not
compensated by an increase in the temperature sensitivity. Further for H 8 the
theoretical shape near the center is none too good (although experimental shapes are
available). Finally in the case at hand, the intensity directly involves the hydrogen
number density — a dependence avoided in the shape of HB and the intensity of

optically thick Ha .

The H_ intensities were used to determine the nonsteady behavior and as a measure

B

of the experimental concentration of hydrogen as discussed in the next chapter.

Assuming (for simplicity only) that the H, radiation was optically thin, the spectral

B
intensity for a pathlength of 6 (cm) is
I.(H,) = 35.16exp /"12'8> 1 s(a) W (12)
A8 \kT (Ne)2/3 cmzsru

where S(«) is normally the shape parameter tabulated by Kepples. However, for the
problem at hand, this shape did not adequately represent the central portion of the line

shape as indicated earlier by Figs. 6 and 7. Therefore, to represent the average
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spectral intensity over the 19 A exit slit, S(«) was taken to be the peak tabulated
value multiplied by the experimentally obtained ratio §(a)/S(a)maJ'{ plotted in Fig. 8.
This procedure was not strictly correct because the resultant hybrid shape wﬁs no
longer normalized to unity, but the errors incurred were small because the central
portion was a small fraction of the total shape and the theoretical shapes appeared to
reasonably represent the experimental shapes from the maximum points out toward
the wings. The temperature sensitivity of this intensity is given by

T 9L, v Ny ON
I, oT N, oT

(13)

>

and is plotted in Fig. 11.
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RESULTS

Nonsteady Behavior

The photoelectric traces from éhe polychromator and the zero-order trace from the
spectrograph again2 showed the marked similarity which was taken as experimental
verification of the presence of chemical equilibrium. These traces did, however,

generally show a linear decrease with time indicative of unsteady behavior. This is
typified by Fig. 13 where it is apparent that the continuum channels decreased the |
most and the Planck function the least. However this is entirely consistent with the

temperature sensitivities of these radiative quantities. (See Fig. 11.)

These decreases were systematized by dividing each slope (% change in M per unit
time) by the appropriate temperature sensitivity (% change in M per % change in T)
to yield the rate of temperature change. The results for all the traces obtained dur-
ing this experiment are shown in Fig. 14, The two continuum and the two Planck
function traces were each averaged — they did not differ substantially. The traces
were linearized to the point where an obvious bump or dip signified the end of the
test time. The temperature sensitivity of the HB channel was appropriately weighted

for the underlying continuum.

The most remarkable feature of Fig. 14 is the utter lack of any temperature depen-
dence. This was entirely unexpected and must be taken as strong evidence that the
temperature changes were not caused by radiative cooling because this would be

strongly temperature dependent.
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From a thermometric standpoint the small magnitude of the ordinate is noteworthy.
The data points average at a value of about ~0.1%/usec corresponding to a relatively
small 1% decrease in temperature over 10 usec. The rate derived from the Planck
junction is lowest on all but two shots (where it is close) while the HB and continuum-
derived rates tend to be quite similar. This is consistent with the experimental con-
ditons. The large optical depth at He made the Planck function sensitive to sidewall

boundary layers while the optically thin conditions at H, and especially the con-

B
tinuum made these measurements reflect bulk gas properties over the full 8.5- or
12-cm pathlength. The fact that these rates are as close as they are is important

evidence that no appreciable absorption occurred in the sidewall boundary layer.

Since time-dependent changes were observed, it is appropriate to comment on where
(in time) the results were based. The polychromatic traces were read about 7 usec
after passage of the reflected shock to correspond to an average over the 15 ysec
measurement time in the cavity model used to obtain the total intensity results. .

The exposure times in the spectrograph averaged about 22 usec (min. 14, max. 28)
and thus the HB shapes represented a somewhat longer time-average than did the
purely photoelectric measurements of the Planck function and the continuum intensity.

However in light of the results of Fig. 14, the difference in temperature was negligibly

small and no adjustment was made.

Results of Temperature Measurements

The first task of this section is to assess the quality of the results. The basis is the
average of the three (only two in several cases) results from the three different

thermometric techniques employed on each shot. The percentage deviations between
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each result and this mean value are shown by Fig. 15. To assist this assessment,
error bands representing the average of the systematic error estimates (Fig, 12-A)

were also drawn.,

Taken by themselves, the data scatter by less than +3% which is testimony to the
quality of the results. It is interesting to note that the error estimates (Fig. 12)

would allow the data scatter to increase at the higher temperatures, but that such
behavior was not realized in practice. While some systematic deviations are apparent,
this behavior is largely within the limits of the error bands — the low-temperature HB
results being a possible exception. The two experiments which reported the halfwidths

13 were conducted at electron densities corresponding to

to be about 6% too widelz ’
about 13,000°K in Fig. 15. The temperature sensitivity here is about 4 so reducing

Kepple's8 values by 6% would raise the H, temperatures 1. 5% and make the agree-

B
ment here look better. However this same correction, if applied uniformly, would
raise the HB results 3% at the high-temperature end and here they look good as they
are. Since such a correction would represent an extrapolation to much higher electron
densities where no similar data are available, it was decided to use Kepple's8 values

* uniformly.

Such comments notwithstanding, the average systematic error bands enclose the
majority of the data points and those outside are no farther than (and in most cases
considerably withinj the deviations allowed by the random error estimates of

Fig. 12-B., Therefore these bands represent a liberal estimate of the accuracy of
this experiment. In the figure to follow, the error bars represent the appropriate

height of these bands. The plotted point — the mean measured temperature — represents
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the most probable value because the systematic errors in each technique stem from

largely unrelated sources.

The principal objective of this research was to compare the measured temperatures
with the gasdynamic temperatures and this comparison is presented by Fig. 16.

Also included are the results obtained last yearz’3 with + 2% error bars obtained by
considerations similar to those above and with the deviations reduced by subtracting
0.35% to compensate for the lower initial pressure caused by the McLeod gauge cali-
bration correction. Thus Fig. 16 contains all the thermometric results obtained

during the whole research effort.

It is clear from Fig. 16 that the gasdynamic temperature was not realized on the
bulk of the shots. Last year2’3 it was remarked that the shock tube operation was
erratic — shots with comparable incident shock speeds yielded measured tempera-
tures that differed by almost 1000°K. To a lesser extent, this behavior persisted
over the 12 — 14,000°K range while for the eight shots above 14,000°K, the shock tube

acted quite repeatably and here regular deviations of 5 — 6% were encountered.

It is unfortunate that the shock tube did not behave more regularly so that the total

radiation datta1 could be compared more accurately. Taken alone, the results from
this year would appear to show a trend but this disappears when balanced against the
earlier results. There is no reason to discount these earlier results which, in fact,

represent averages of seven measurements employing three different techniques.

Since a temperature~dependent trend would be expected if radiative cooling were the

loss mechanism, the lack of such a trend in the results of Fig. 16 would indicate that
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radiative cooling was unimportant. This supports the conclusion derived from the
rates of Fig. 14 where time-dependent changes and not absolute values were

important.

Intensities of Hﬂ

Figure 17 shows the polychromatic intensities for the 19 A central portion of HB
obtained upon subtraction of the continuum level as determined by the 4550 and 5100 A
channels with opacity effects taken into account. Also shown are theoretical curves
evaluated at both gasdynamic conditions (S€e Table 1) and at the same pressures but
with temperatures reduced 5% below the gasdynamic values. These curves were

obtained from a relation similar to Eq. (12) but with opacity effects included.

These curves are not intended to be used as primary thermometers — if they were,
they would indicate temperatures 1.5 — 3% above those of Fig. 16. The intensity of
HB would make a relatively poor thermometer for reasons discussed earlier. Rather
the curves should be considered as indication of a 10% systematic error which might
well have been caused by the presence of 11% hydrogen rather than the assumed 10%.
In retrospect this is not unreasonable since the hydrogen gas was admitted to the
mixing container first and thorough mixing may not have occurred. Since neither the
other hydrogen-derived diagnostics nor the gasdynamic temperatures depend strongly
on the hydrogen concentration, an 11% hydrogen concentration would have very little

effect on the results of this experiment.
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Endwall Pressure Results

Usable endwall pressures were obtained on 10 of the 16 shots and the results are
shown in Fig. 18—A.. The error bars represenf the confidence level of each trans-
ducer and include uncertainties in both the calibration and the reading of the actual
traces. It is clear from this figure that the measured values were within + 3% of
the gasdynamic pressures. The symmetrical nature of the data scatter precludes
any systematic errors and little, if any, significance should be attached to the +3%
scatter becguse of the difficulty in reading the gauge traces (see Fig. 4) with any
greater precision. The error analyses of the preceding chapter showed that this

small scatter did not appreciably affect the precision of the measured temperatures.

Incident Shock Velocity Measurement

This velocity was determined from time intervals measured between three ionization-
type probes located 1 ft apart near the endwall as shown by Fig. 18-B. The
outputs from adjacent probes were displayed as A minus B signals on oscilloscopes
whose sweeps were calibrated by superimposing a 1"MHz sine wave from a crystal
oscillator on the resuitant oscillogram. The same operational mode was used —
single sweep after a long wait. The time intervals were 30 — 40 usec and estimating
that they could be read to the nearest 1/4 cycle of the sine wave yields an accuracy
estimate of +0.4% for the shock velocity. The two values so obtained were averaged

to provide the basis for the gasdynamic properties used throughout this report.

To make certain that these time intervals were meaningful, several experiments have

been performed in the past. These involved installing pressure gauges either in place
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of or in addition to the ionization probes. The results have always indicated that the
time intervals obtained from the ionization probes adequately represented those of the

passage of the gasdynamic shock front.

The average velocity used for gasdynamic purposes represents the velocity at probe
No. 2. The difference between the two velocities actually measured represents the
change in a 1-ft interval and these differences are plotted in Fig. 18-C with + 0.8%
error bars to indicate the error doubling when differences are used. 1t is clear from
this figure that the shock accelerated on about 3/4 of the shots and, for discussion

purposes, the average change was an acceleration of about 0.6%/ft.

The overall density ratio (p5/p1) was about 125. (See Table 1.) Thus the test gas

7 mm from the endwall (where temperatures were measured) was processed by the
incident shock when it was about 875 mm from the endwall — a location about 1.5 ft
farther upstream than probe No. 2. The velocities at this point were, on the average,
about 1% less than those at probe No. 2. It may be argued that the velocities at this
upstream location would have been a more significant basis for the gasdynamic
properties. This would lower the gasdynamic temperatures by 1.9% at 11, 000°K,
1.2% at 13,000°K, and 0.8% at 15,000°K and hence reduce the deviations shown in
Fig. 16 by these amounts. An effort was made to determine if a shot-by-shot
correlation existed between the results of Fig. 16 and an individually applied correc-
tion for the shock speed. None could be determined since the corrections for the
large-deviation points were about equally distributed between upward and downward

revisions.
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CONCLUSIONS AND RECOMMENDATIONS

This experiment successfully measured the thermodynamic properties of the test gas
for temperatures up to nearly 16,000°K. The measured temperatures were about 5%
below the gasdynamic values at temperatures above 13,000°K and varied erratically
between 0 and 6— 8% below at lower temperatures. No explanation was found for
this erratic behavior. The accuracy of these measurements was about +2% as
predicted by the error analyses and as realized in the agreement obtained between
measurements involving three different thermometric techniques. The endwall

pressures were within + 3% of the gasdynamic pressures.

No significant evidence of radiative cooling was found since no temperature-dependent
trends were evident in either the rates at which the test gas temperatures decreased
or in the deviations between the measured and gasdynamic temperatures. No
appreciable absorption occurred in the sidewall boundary layer since the optically
thick Planck function rates and temperatures agreed with the results obtained from

the other two diagnostic techniques at nearly optically thin conditions.

It may well be that the observed deviations from ideal shock tube behavior, represent
the total of many small effects. Three were found during this work. One, the shock
accelerations, could lower the gasdynamic temperatures about 1% if the upstream
shock velocity were used. Another was the less-than-1% increase in the measured
temperatures that could be gained by correcting the measured temperatures for the
observed rates of decrease. A third, caused by the apparent presence of an 11%

hydrogen concentration rather than the assumed 10%, would lower the gasdynamic
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temperatures by about 0.5%. Taken together, these three effects add to about 2% which
leaves unexplained the largest part of the observed deviations from the gasdynamic
temperatures. There may be other effects, although none were evident during this

research.

Whatever the cause or causes of the observed behavior, the measured temperatures
were obtained in a manner corresponding to the way in which the integrated intensity
m.easurements were made several years ago 1 Therefore the results of this experi-
ment as shown by Fig. 16 may be applied directly to these measurements and this

was the ultimate purpose of this research effort.

The results of the integrated intensity measurements are shown in Figs. 19 and 20.
They were taken directly from a previous reportl and, except for the theoretical
predictions, the figures are identical. The predictions were obtained from a current
RATRAP code which yields values that are somewhat lower than those from the version
used previously. Besides several minor computational improvements, the major
changes in the current code were the correction of a numerical error in the ionization
potentials of NI and OI and a limiting of the effective shifts of the photoionization edges
to 0.2 eV. iDreviously the shifts exceeded this value at high electron densities and this
meant that the contribution from high-lying visible-IR lines was included twice. These

changes result in predictions that are 15— 20% lower in the window spectral region and

10— 20% lower for the total spectrum.

In addition, the 8% calibration correction for the McLeod gage used to determine the

initial tube pressure, which was only recently discovered, lowered the pressure used
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in the predictions by 8%. This in turn lowered the window predictions by an additional

10% and the total predictions by 7%.

Thus, the dotted curves in Figs. 19 and 20 represent the predictions from the current
RATRAP code at the gasdynamic conditions corresponding to a revised initial pressure
of 0.184 Torr. The solid curves represent the predictions evaluated at the gasdynamic
pressures but with the temperatures reduced by 5% to correspond approximately to the
property values measured during this experiment. These latter predictions are about

30— 45% below those at the gasdynamic conditions.

The validity of lowering the gasdynamic temperature a uniform 5% may be assessed

from the results shown by Fig. 16. Above about 13, 000°K (US = 8.2 mm/usec for air),
the temperatures were fairly uniformly about 5% below gasdynamic so the correspondence
is good. Below this, the measured temperatures scattered between 0 and 6— 8% low

and so the data points, if the predictions are accurate, would be expected to fall between

the curves or slightly below the lower curve.

The comparison of the total intensity results and these predictions shown by Fig. 19
yields almost exactly the behavior expected as the result of this correspondence for
temperatures below 13, 000° K except for one shot — the slowest — that lies entirely
above the prediction at the gasdynamic conditions. It is noted that this condition is
about 1000° K below the lowest measured temperature. At temperatures above
~13,000°K, the experimental results lie about 25% below the lower prediction and

it is noted that here the measured temperatures were quite repeatable. (See Fig. 16.)

The corresponding comparison for that portion of the total intensity transmitted by

a quartz window (Fig. 20) indicates that at the lower temperatures the experimental
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results lie about 25% above the upper curve rather than between the two curves as
might be expected by the nature of the measured temperatures. At intermediate tem-
peratures the agreement is quite good, while at the higher temperatures the results

scatter slightly below the lower prediction rather than around it.

On balance, the agreement between experiment and theory is much better than the
former factor—of—two1 which resulted from basing the predictions solely on the gas-
dynamic property values. Both predictions appear to be-somewhat high at high tem-
peratures while the window prediction appears somewhat low at low temperatures.
Otherwise the agreement is quite good and even the disagreements are no worse than
about 256%. This good correspondence between theory and experiment came only as
the result of a 2-year effort to measure the actual thermodynamic conditions in the
reflected shock plasma. Our confidence in these predictions is greatly increased

because they no longer need be compared using assumed property values.

For future radiative measurements in shock tubes, it is strongly recommended that
the researcher take heed of the above paragraph and perform simultaneous plasma-
diagnostic measurements. The gasdynamic temperature is not sufficiently accurate
to be used when measuring radiative quantities which vary as temperature to powers
as high as 12,nor, at least in this experiment, was it repeatable. This same high
sensitivity to temperature, which requires that temperatures be measured, can be
used to advantage when determining temperatures through measurements of known

radiative quantities.

The plasma diagnostic techniques used in the previous workz’ 3 are applicable when

the plasma conditions are such that the radiation from neutral atomic lines is
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prominent. The techniques used hereinare applicable at higher temperatures when
this is no longer so. Finally at still higher temperatures, ion lines will become
prominent and will make excellent thermometers. This experiment did not quite
achieve high enough temperatures to make the ion lines measurable with sufficient
accuracy. Calculations indicated that the peak spectral intensity of the strong N]I3
multiplet (5680 A) would equal the continuum at 16,000°K, but the narrow width of

7 cm_3) meant that this intensity would be

the lines (v = 0.56 A at N_ = 8 x 10"
reduced by instrument-function broadening and that still higher temperatures would

be required.

Finally, the simultaneous use of different diagnostic techniques requiring different
experimental assumptions and techniques lends credence to the accuracy of the

resultant measurements.
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