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TECHNICAL REPORT SUMMARY

Technlcal Problem:

An experimental program to investigate basic vacuum ultraviolet
photolonization processes in air has recently been completed at Calspan
Corporation, Particular ecmphasis was directed toward the interaction of

shock -induced nonequilibrium radiation with gascous species,
The methodology involvea the following approach:

.  DPerformn quantitative mmeasnrements to determine the
contribution of the NO mlecule to the nonequilibrium,
vitcuum ultraviolet emission spectrum from shock-heated
alre,

2 O ain ~e oatitative, spectrally resolved measurements of
the nonegui'lbrium, vacuum ultraviolet flux from advancing
shock waves to verify previously developed excitation and

rivdintive fNux model:,

3. Investigate possible excitation mechanisms leading to VUV
emission from molecular species pertinent to high-altitude

rocket phume radiation.

Technical Results:

Experiments have been carried out pertinent to all three of the
above areas. The splitter-plate absorption technique was utilized to inves-
tigate the role of NO in defining shock-induced vacuum ultraviolet radiative
flux, Shock radiation mecasurements using the splitter-plate techiique for
absorption were obtained at selected wavelengths over a hroad wavelength
interval, 706 /‘{ < A < 1200 X, at a resolution of A = 32 }; Two test
gases were used; a mixture of 109% N‘2 + 90% Ncon both to confirm previous
measurcments, and ob’ain new absorption data for pure N2 with which

to compare data fror: the total ¢ases; and a 2% N‘2 + 8% O‘2 + 90% Ncon

g ———
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mixture for absorption measurements in a shocked gaseous mixture con-
taining vibrationally excited NO. The experimental data show substantial
absorption at wavelengths 812 y 980 A for the NZ/OZ/N(: mixture.
Computations indicate that niuch of this absorption can be attributed to the

presence of NO in the shocked gas.

A scries of experiments were completed with new endwall diagnostics
used to view radiation from advancing shock weaves. Measurements were
obtained both in the VUV and red wavelength regions over a shock velocity
range from 14, 000-17, 000 ft/sec in nitrogen. The 3-channel VUV spec-
trometer was attached to a new endwall flange in a windowless manner,
utilizing the explosively driven plunger. Advancing shcek VUV flux data
were obtained for szlected wavelength intervals, but tae low flux level pre-
cluded quantative data analysis. More definitive VUV data were obtained

over a large bandpass (1050-1800 A) using an EMR solar-blind PMT.

Modified sidewall optics were installed on the shock tube so as to
obtain highly spatially resolved data on the nonequilibrium radiaticn peak
behizd incident shock waves for three band systems. These measurements
werc obtained simultaneously with the endwe.ll data, and covered the same
shock velocity range. The time-to-peak radiation for the N2(1+) red system
was observed to be much less than the time-to-peak for the NZ(4+) system

in the UV f{or example.

A discussiou of the recults obtained for all three tasks is given in
Section III.

Comments:

The present document is che final technical report on the e¢xperi-
mental studies program. Data were obtained pertinent to all three tasks,
and indicated areas in need of further study, such as the role of O atoms
on excitation mechanisms, immediate post-shock absorption processes in
the vacuum ultraviolet, and the velocity dependence of various radiating

band systems were noted.

vi
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I. INTRODUCTION

The radiative properties of shock-heated gases arc much different
from those measured at standard conditions, and extrapolations to nonequi-
librium situations cannot readily be made. Under strong-shock conditions,
vibrational and rotational excited states of the molecular species arc pop-
ulated in nonequilibrium distributions, where different temperatures must
be assigned to cach of the internal energy modes. The calculation of the
ionizing radiative flux emerging from a shock-heated gas has been discussed
in Ref. 1, and involves a knowledge of the gas dynamics and chemistry of
the flow field, the population of the excited states responsible for the radi-
ation, the spectral shape and distribution of the radiation in the wavelength
region of interest, and a knowledge of the radiation transfer process, in-

cluding emission and absorptior in the shock-heated gas. Examples of such

situations are found in arcas of nuclear effects as well as rcentry physics.
The rate of carly fireball growth, for instance, involves the interaction of

photons with shocked at nospheric gascs.

The experimental rescarch program reported herein is designed to
provide data pertinent to vacuum ultraviolet radiation and excitation proc-
esses in air. Two of the tasks addressed in the present research program
are based on results obtained in the course of a reentry-related rescarch
program in which the photoionization of the ambient atmosphere in front of

a blunt reentry body was treated. (1,2,3)

These results were presented in
detail in Ref. 1, and will not be discussed here. However, during the

coursc¢ of those experimental studies for I\I2 and subsequent computations

for air, the question arose as to the contribution of the NO molecule in the
determination of the nonequilibrium VUV emissive and absorptive properties
of shock-hecated air., Based upon available data for cold NO absorption, o iEinTe)
it may be expected that NO will affect the VUV flux intensity, which high-
lights the need for absorption coefficient data as a function of temperature.
In addition, VUV flux measurements from advancing shock fronts would help

to verify previously developed excitaticn models, and determine the spectral

distribution of the radiative flux to compare with predicted values.




The third area of YUV excitation mechanisms pertains not only to shock-
induced radiation but is of importance in such areas as high-altitude rocket
plume radiation. Thus, nonequilibrium overshoot measurements obtained
during the course of the experimental program are directly applicable to the

determination of excitation mechanisms.

Section II of this report presents an overall description of the experi-
mental program as well as more detailed discussions of the experimental

configurations and results pertinent to each task. A general summary of the

experimental measurements is presented in Section III.




II. RESEARCH PROGRAM

In this section a description is presented of the overall experimental
configuration used to obtain shock-induced radiation measurements. In
addition, detailed presentations are given for specific configurations and

diagnostics for separatec measurements.

II. 1 DESCRIPTION OF APPARATUS

The shock tube uscd in these studies was specifically designed for
radiation measurements and has been reported earlier (sce Refs. 8,9 and 10
for example). The tube has an internal diameter of 3 inches, with a
driver 5 feet in length and a low-pressure section 30 feet long. Room
temperature hydrogen was used as the driver gas at pressures ranging from
675-4000 psi for the present series of experiments. The double-diaphragm
technique was used to insure repeatability in the shock conditions and mild

steel was used as the diaphragm material.,

The shock wave speed was monitored over the last 12 feet of the
test section with seven thin-film heat transfer gauges mounted along the tube
wall, The first two intervals were 3 feet apart, while the last four
intervals were 1.5 feet apart, the last station being approximately 1 inch
from the reflecting e¢nd wall. Megacycle timing counters were used to de-

termine the shock velocity to better than T 0. 5%,

Between experiments the shock-tube test section was thoroughly
scrubbed with alcohol, purged with atmospheri~ pressure Argon, and ha:d-
pumped with a liquid-nitrogen trapped oil-diffusion pump. Pressurc levels
of 1-2 x 10-5 torr (as indicated by an ionization gauge) were obtained in the
test section prior to loading of the test gas, A shock-tube experiment was
never undertaken unless this pre-ioad pressure was less than 2 x 10-5 torr.
The rate of pressure rise of the entire shock tube and gas-handling system

was about 1 u /hour.

A Baratron differential pressure gauge, capable of measuring pres-

sure in the 0 to 30 terr range with micron precision, was used to control

and measure the initial test gas pressure in the shock tube. The ultra-pure




test gases used in these experiments were supplied by Air-Products and

Chemicals, Inc. Pure nitrogen, mixtures of nitrogen and neon, and mixtures
of nitrogen, oxygen and neon were used as the test gases during various por-

tions of the experimental program.

II. 2 EXPERIMENTAL CONFIGURATIONS

The three types of measurements will be discussed in this section
of the report: the splitter-plate absorption experiments, the sidewall radia -
tica overshoot measurements, and the endwall-advancing shock wave experi-
ments. Each type of measurement utilized a particular experimental con-

figuration and diagnostic implementatioa.

II. 2.1 Splitter-Plate Absorption Measurements

II.2.1.1 Experiment Definition

A VUV absorption measurement program for the NO molecule,
gimilar in scope to that described in Refs. 1,2 for the N2 molecule was
completed. These measurements were obtained using the high-purity shock
tube. with two pertinent features for VUV measurements of this type. The
first feature of the experimental arrangement is a 3-channel vacuum ultra-
violet spectrometer coupled to the shock tube by an explosively-driven
plunger unit, which serves as a fast-acting valve-shutter conbination. This
windowless plunger was developed under a research program in which photo-
ionization cross sections for N, O, and C were obtained(8' 9,10) from
emission measurements in the windowless region of the vacuum ultraviolet
(A < 1050 /i). The second feature is a splitter plate which fits into the
shock tube at the reflecting wall. The oncoming incident shock is divided
and proceeds down two separate channel, One channel is obstructed and
the shock is reflected. This pocket of gas serves as the light source (Io).
The light passes through a small aperture in the splitter plate, continuing
through the gas in the second channel and into : 1e spcectrometer through the
shutter-valve. The gas in this channel has becn processed by the incident
shock only, and hence is heated to a significantly lesser degree. The opera-
tion of the splitter plate is shown in Fig. la, with typical radiation data

given in Fig. lb. for the series of N2 absorption experiments performed at
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(1,2) A test gas mixture of 10% N2 + 90% Ne was used, giving a

Calspan.

reflected-shock temperature of 11, 300°K which provided a continuum source
{

of radiation (IO) over the wavelength region of interest. (8) The absorbing

gas behind the incident shock was at a temperature of 6000°K.

The lower trace in Fig. lb is from a detector monitoring the total
reflected-shock radiation history at a wavelength of about 1300 1§ The
upper trace is the recorded signal from cue channel of the VUV spectrom-
cter viewing radiation at 760 1§ which has bren partially absorbed by the
incident shock-heated gas. A comparison of this signal tc that obtained
with the reflected-shock light source on the spectrometer side of the splitter

plate gives the fraction of light transmitted through the heated gas.

This splitter-plate and spectrometer arrangement was emplcwed
for the NO absorption experiments. As discussed in previous reportsH)
prior to initiating the experimental program, several computations had to
be completed in ordcr to define the experimental test conditions. Several
criteria must be fulfilled in order to obtain suitable absorption data. For
example, the test gas mixture, pressure and incident shock speed must be
compatible with: (1) attainment of reflected shock conditions (i.e., tem-
perature) so as to obtain a suitably heated, uniform volume of gas to serve
as a continuum light source IO, and (2) incident shock conditions of tem-
perature and species density, so as to obtain a measurable range of absorp-
tion in the test gas.

(11)

various test gas mixtures. Based on the previous N? experiments, a test

Equilibrium shock wave computations were initiated for

gas mixture consisting of 90% neon as the carrier gas, at a total pressure
of 2 torr was tsed in the computations. Ncon is used to obtain high re-
flected shock temperatures and is optically inactive in the wavelength range
of interest, 800< X\ <1100 1§ Both incident and reflected shock conditions,
over a range of shock strengths, were calculated for the following gas mix-

tures:




909% Neon + 10% NO

90% Neon + 10% Air (8% N2 + 29, OZ) _
90% MNeon + 5% N, + 5% O, =
9%% Neoun + 2% N, + 8% 02.

The .alculations are described in detail in Ref. 4 and will only be briefly
discussed herein. Computations were performed to determine equilibrium
incident and reflected shock temperatures and NO concentration as a -

function of shock speed for the various gas mixtures considered. The ral-

culations indicated that incident shock temperatures ranged from 4500-6500°K

for the velocity range under consideration for the NO ¢xperiments. The

corresponding reflected shock temperatures range from 8000-13, 000°K. (4)

The NO number density behind the incident shock v;as also obtained. It is

this NO concentration, 'in combination with the wavelength-dependent absorp-
tion coefficient that determines the degree of absorption due to NO taking
place in the test gas (sce Fig. 1). The combined results of all these compu-

tations are used to define the shock velocity and test gas mixture used in the
experiments.,

Since the N2 molecule contributes substantially to the absorption
process in the wavelength region of interest, it is desirable that the NZ/NO
ratio be cept to a minimum. From Fig. 2, it can be secn that the 10% air-
test gas mixture yields ratios greater than 100; thus this mixture was not

used in *he experimental series. As the initial percentage of N2 is decreased,

the resuitant NZ/NO ratio is also decreased, as can be seen from the 2%
Ny - 8% O2 computation. Here the ratio is over an order of magnitude lower
than the air results. Firom Fig., 2, then, it can be determined that mixtures

sther than air are required as the test gas.

At lower shock velocities, the reflected shock temperature is
dccreased, thus the resultant source radiation, Io’ is reduced substantially.
At higher shock velocities, the reflected shock temperature is increased;
however, the calculations showed that the absolute value of the NO concen-
tration is substantially dccreascd(‘t) which in turn may yield very small
values of absorption. The computations indicated that the absolute value
of NO concentration is relatively insensitive to the initial test gas composi-

tion, differing by about a factor of 2 or 3 for the various mixtures investigated.
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This can be compared to the NZ/NO ratio shown in Fig. 2, which was shown

to be very sensitive to the initial test pas composition.

On the basis of these computations, the series of absorption
experiments was undertaken utilizing the 2% N, - 8% O, - 90% Ncon test
gas mnixture. For shock speeds in the range of 12, 000 {t/scc, it can be scen
that the N2 concentration is about 20 times that of the NO molecule (i.e¢., as
shown in Fig. 2). The possible absorbing species in the incident-shocked
gas are then, the molecular species NZ’ 02 and NO, and the atomic species
O and N, However, the NO concentration, for the shock speeds under con-
sideration, is approximately an order of magnitude greater than that of OZ'
But the absorption characteristics of the abundant atomic species must be
taken into account. The presence of the N atom at these temperatures for
cxample, leads to absorption below 850 z':z, which is the absorption edge of
the ground state N—-—’N+ + ¢ transition. This was observed experimentally
during the previous program directed at N, @bsorption coefficients. e 255
Calculations for the present gas mixture, however, at 2 shock velocity of
5.8 =z 105 cm/sec, indicated an absorption of only about 8% for A= 850 /:
due to the rather low N atom concentration. Similarly, the presence of the
O atom will lead to absorption forr wavelengths below 911 1‘:, which is the
absorption edge of the ground state O-—s o' + ¢ transition. Similar calcula-
tions indicate approxiniately 50% absorption forA < 911 1:, due to the large
number of O atoms present in the incident-shocked gas. (For these com-
putations, the absorption cross-scctions given in Ref. 12 were used). On
the basis of these atomic absorption calculations, it could be secen that the

molecular NO absorption measurements should be directed toward wave-

o
lengths greater than 911 A,

For the 2% N, - 8% O, - 90" Ne gas mixture, and a nominal
shock velocity of 3.8 x 107 cm/sec used in the experiments, the reflected
shock temperature is 11,300° K, and the absorbing gas behind the incident

shock is at a temperature of 5000°K.

-1
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II.2.1.2 Experimental Program

An initial test series of shock-tube splitter-plate experiments was

first undertaken. For this initial series, the ¢xplosively driven plunger ¥
which couples the VUV spectrometer to the shock tube was replaced with a

LiF woindow adapter (see Fig. 1). Thus, wavelengths greater than about o~
1050 A were observed during these tests. The primary purpose of these

tests was to establish shock-tube performance and radiation characteristics -

of the various test gas mixtures and to compare these characteristics with
measurements from a simple N2 - Neon test gas. Figure 3 shows a sche-
matic of the experimental arrangement employed for the experiments,
showing three nossible endwall configurations, and either a LiF window or
explosively driven plunger coupling the spectrometer to the shock tuhe. The
primary diagnostic for the shock radiation is the three-channel vacuum-
ultraviolet spectrometer. 9l 0 A small mirror inside the spectrometer
arm was used to permit a photomultiplier-filter combination tc view 5100 /:
radiation through the same optical path. On the opposite side of the shock
tube another photomultiplier-filter assembly viewed 2300 Ao radiation, and
a thin-film heat transfer gauge was used to display the wall temperature

rise (AT ) due to the incident and reflected shock waves.

Approximately 6 feet upstream of the reflecting endwall, sev-
cral detectors were used to monitor the radiation from the hot gas behind
the incident shock wave. rlere, two photomultiplier-filter combinat’ons
were used to view radiation at 2500 1—‘: and 6000 fi, and an EMR solar-blind
PMT was utilized to view radiation in the 1300 }‘\, wavelength range. In
addition, a thin-film wall AT gauge was also displayed to aid in the deter-
mination of the incident-shock test time. All of the wavelength intervals
chosen for measurements correspond to emitting transitions in the shock
heated gas mixture. Spectral intensities from these transitions have pre-
viously been recurded and used to monitor the state of the shocked gases.
Similarly, the sidewall heat transfer data are used to monitor shock tube

operation and repeatability.

The test gas mixtures were admitted to the shock tube through a

pumping/loading manifold to an initial pressure of 2 torr. Room temperature




hydrogen, at pressures from 650 - 1350 psi, was used as the driver gas.
Resultant shock speeds in this test series ranged from approximately 11, 500 -
15, 00 ft/sec.

The first part of the test series utlizing the LiF window adapter
was described in detail in previous reports. (4) However, a l.rief discussion
ci the wavelengths investigated and preliminary results are included herein
since additional measurements were obtained using the explosively driven
plunger adapter. For the LiF window experiments, the grating setting was
adjusted such that 1110 .L‘;, 1180 X and 1625 /;: radiation was monitored in
first order, with a bandpass of 16 .L; However, the detector response has
dropped considerably at the longest wavelength (1625 .&) and no radiation data

was obtained.

Figure 4 shows typical data records obtained for three different
configarations at the reflecting cndwall, all for the same shock speed in the
2% NZ/ 8% O2 + 90% Neon test gas mixture. Th°c data records on the right
of the figure show the time history of the 5100 A radiation (as viewed from
within the VU'V spectrometer through the LiF window) for the three config-
urations. The 1eflected shock radiation records (for all wavelengths mon-
itored) are typified by a rise to a plateau-like region after the arrival of the
reflected shock wave, a rclatively constant value (which indicates the re-
flected shock test-time) and finally, a sudden increase in intensity as the
test-time is ¢nded (due to the arrival of an additional shock wave from the
original reflected shock-interface interaction). For this test condition, the

reflected-shock test time is scen to be approximately 130 p sec.

Also shown on these records is the output from a thin-film wall

(]
temperature gauge located near the 2300 A viewing port (see Fig. 3). The

upper and lower records show the gauge output for: (a) a sudden rise to a
very short platecau region which corresponds to the passage of the incident
shocked gas, and (b) the subsecquent parabolic increcase in temperature
which is characteristic of the heat transfer due to tae reflected shock gas.
These data can be compared with the trace shown in the middle record,
which shows only the constant-temperature plateau typical of incident-

shocked gas only; this shows the passage of the incident shock along one




side of the splitter plate. The rise in temperature after a period of about
200 p sec shows the extent of the mc1dcnt shocked slug of gas. Supcr-
imposed on this record is the 5100 A radiation trace from the reflected
pocket on the opposite side of the splitter plate. It can be seen that the re-
flected-shock test time (source of 10 radiation) is properly timed with the

passage of the incident-shocked gas for the absorption measurements.

II.2.1.3 Splitter-Plate Results
(1,2,

indicated that the incident-shocked gas should be transparent at the wave-

Previous absorption measurements

3) for N2 and calculations

lengths investigated during this test series (1110 A, 1180 A). However,
the splitter-plate data obtained for both the 2% NZ/B% O2 and the 10% I\I2
mixtures with the LiF window indicated a substantially lower signal when
the reflected pocket i(sgon(; tlhg) opposite side of the shock tube, i.e., I/Io 2,25,

Earlier experiments indicated that there could be substantial
absorption u the boundary layer near the explosively driven plunger entrance,
if sufficient care were not taken to pump away the boundary layer. To de-

te rmine if this was the cause of the reduced signals, the same wavelengths
were investigated early in the explosively driven plunger test series, as

described below.

Following preliminary cxperiments to validate the sequencing
of the plunger open time, the VUV spectrometer ;;,ratmg was adJustcd to
monitor the wavelength intervals noted carlier; 1110 A, 1180 A and 812 A
The third wavclcngth region was viewed in second order, (i.e., 1625 A first
order, 812 A second order) since the LiF window which had previously
restricted the measurements to wavelengths > 1050 A had been removed.
In this windowless coupled configuration, the preliminary measurements
iyndicatcd the following for the 2% N2/8% 02/90% Necon gas mixture at a
shock speed of 3.8 x lOscm/scc:

(-] (] (-]
wavelength 1110A |1180A | 812 A
I/I0 experiment ~ 0.94 ~ 0,94 =~ 0, 22

I/ calculated 0. 95 1.0 0. 35
(N, only) | (N, only)l(O + N only)




] ]
At the wavelengths of 1110 A and 1180 A, these later experiments indicated

that the gas is ¢ssentially transparent, as opposed to the I/l value of %= 0,25
(0}

obtained when the LiF window adapter was used. These results are in sub-

(8,9,10)

stantial agreement with measurements obtained earlier which in-

dicated that there could be a substantial effect of the boundary layer on the

measurements if sufficient carc were not taken to pump it away.

Also indicated in the table are apprommatc calculated values of

I/Io. At wavelengths of 1110 A and 1180 A the calculations assumed that

only N2 was responsible for absorption; the experiments are in substantial

agreement with the calculations indicating that the presence of NO had no

-]
effect on the measurements. At 812 A, the calculations were performed

with O and N atoms as the principal absorbing species. At this wavelength

the experimental value was smaller indicating that the NO molecule may be

contributing to the absorption process.

Additional experiments were performed at various VUV spec-

trometer grating settings as follows for the same mixture and shock speed:

e |
wavelength 895 A 970 A 706 A |
I/IO experiment ~ 0.13 ~ 0,22 ~ 0.30 r
I/Io calculated 0.20 .55 85 0.25 ‘

(N2 + O alone) (N2 alone) | (O + N alone)

Again, the calculations at each wavelength were performed for the dominant
absorbing species (other than NO) as indicated. At 895 1: and 970 /i, the
experimental values are considerably smaller than the calculated valtues,
again indicating that the NO molecule n:ay be contributing to the absorption

process,

These results are shown in Figure 5, which presents the ratio
I/IO as a function of wavelength for both the ¢xperimental and calculated
values. Shown for the calculations are the contributions for cach specie
as indicated, and the overall computed absorption for the incident-shocked

gas mixture, excluding the presence of NO. As noted earlier, thc presence

of O atoms must be taken into account for wavelengths below 911 A and
below 850 A the N atoms contribute approximately 8% to the absorption

process. The experimental data can be compared with the computed valtues,

11
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and any substantial deviation may be attributed in part to absorption from

the NO molecules present in the shocked gas.

For wavelengths greater than about 1100 f§ the gas is essentially
transparent, with nv substantial absorption from uthcr N or NO. Aiso, at
the shortest wavelength investigated to date, 706 A thuc appears to be no
substantial NO absorption and the O and N contributions can essentially
account for the measured data, Hoewever, at wavelengths of 812 fi, 895 }i,
and 970 }i, the experimental results are substantially below the calculations,

and NO abosrption may play a major role in this wavelength region,

At 895 /‘\,, for example, if the difference berween the calculated
ard measurcd valuces of I/Io were attributed only to vibrationally excited NO,
an absorption coefficient of 7@”0 ¥ 9,900 cm-1 is obtained. This can be

» 6) approximately

= ° ° °
9000 ¢cm : at 898 A. However, at the 812 A and 970 A wavelengths, if the

favorably compared with a measured value in cold NO of (5

indicated difference were ascribed only to NO, the absorption coefficients
-] & -]
obtained are too high: at 812 A, )ﬁNo 2~ 13,000 cm L and at 970 A,
* ~ 24, 000 cm-l. Although there is a peak in the cold NO absorption

NO

5 -1
cocfficient near 810 A, i.c., #,, ¥ 3000 cm , the experimentally deter- ;

mined value is much greater than this.,

The tabulations given in Ref. 12 indicate several strong lines of 1
the O atom particularly in the 970 ;\l)andpass, and to a lesser extent, in the u
812 f{ bandpass. The 895 li bandpass is relatively free of strong lines, and
the additional absorption observed may in fact be attlilmtv(l to the NO
molecule. The experimental data at 812 A and 970 A however, may be
compromised due to the presence of strong lines. Thus, attributing the
additional absorption at these wavelengths only to the NO molecule would

lead to extremely large absorption coefficients, as indicated previously.

II.2. 1.4 Sidewall Mcasurements

In addition to the splitter-platé measurements discussed previously,
additional measurements of the noncquilibrium radiation overshoot behind
the incident shock were also obtained during the test ceries, utilizing the
instrumentation indicated in Fig. 3. This sidewall data was obtained prior
to the installation of the highly spatially resolved VUV and UV diagnostics

discussed later in this report. Typical data for several of the test gas

12
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mixtures is shown in Fig. 6 for different gas mixtures and shock speeds.
In general, the radiation data shown is typified by a sudden increase upon
passage of the incident shock past the viewing port. The radiation then

reaches an overshoot maximum close to the shock front and subs.:quently

decays toward the final equilibrium value.

(]
The measurements show substuntial radiation at 6600 A for only

the 109% N2 test mixture, (Fig. 6a); this radiation arises from the N2 (1+)
L]

band system. Differences in the radiation time history for the 1300 A wave-
length are readily observed for the different test gas mixtures shown in the
figure. For 10% NZ’ there is a well defined overshoot occurring about

50 p sec after slock passage (Fig. 6a) However, for the 10% NO niixture
(Fig. 6b), the data indicate a long plateau-like region, with no clearly
definable nonequilibrium overshoot. This is similar to the results obtained

for the 2% N2/8”ix O, gas mixture (Fig. ba).

o
For all the gas mixtures, the 2500 A, measurements showed a
clearly defined overshoot maximum occurring near the shock front. The
data are shown at two different oscilloscope sween speeds, the larger record

having expanded the time near the shock {ront . or the 10% N, mixture,

2

> (44" Hand vystem, does not show

the rapid decay apparent in the other records, but rather, a slow decline

this radiation, which arises from the N

toward the equilibrium level. When NO s present behind the shock wave,
the peak overshoot value at this wavelength increases substantially. This
can be seen in Fig. 6a when comparing the 2500 1§ data for the same nominal
shock velocity. For the 2% NZ/S% O, test gas, NO is formed behind the
shock wave. The peak radiation value is approximately 10 times greater

for the NZ/OZ mixture than tor the pure nitrogen case. The radiation at

this wavelength is doniinated by the NO ( f ) system when the NO molecule

is present. This is also shown in Fig. 6b for a slower shock velocity. When
NO is present initially in the test mixture (i.e., the 10% NO gas) the peak
value is apptoximately 8 times the value of that measured when NO is formed

from the initial NZ/O’ specices.,

The lower data record in Fig. 6b, with a tinie sweep of 20 see/div,

o
shows the coniplete 2500 A time history for the durazion of the incident-shocked

13
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test gas. It can be scen that this 1onequilibrium overshoot occurs extremely
early in the approxiinately 160 psec of test time. This record can be com-
pared to the sidewall AT record which also shows the duration of the test gas
slug; the increase in AT necar the end of the record indicates the end of the
incident shock test time at this station in the shock tube. By comparing

this record with the middle record shown in Fig. 4, it can be seen that the
splitter-plate VUV absorption measurements are obtained when the incident-

shocked gas has substantially obtained its final equilibrium ltevel.

MEP2s 2 Sidewall Radiation Overshoot Mcasurements

II.2.2.1 Experiment Definition

At high altitudes, the low densities and correspondingly decreased
collision frequencies in the shocked gas produce an appreciable lag in the
kinetics which determine species concentrations and tnergy partition in the
internal modes of the molecules, For typical reentry gas cap temperature,
the electronic excitation rates for the radiating states dominate the calcu-
lation of the nonequilibrium ionizing radiation flux from the bow shock. The
aims of the emission experiments described in this section were to verify

previous data (o8 )

necessary for the postulation of excitation mechanisms
for high lying energy states of NZ' The experiments were designed to de-
termine the radiation overshoots behind strong shock waves for the states of

N2 pertinent to the VUV photoionization problem.

Excitation of the high-lying states are critical to the present
problem, but it was decided to make simultancous measurements of several
other triplet states. These states give rise to band systemis in more acces-
sible regions of the spectrum, and for this reason have been measured and
used as diagnostics in many shock tube studics; see following schematic of

the relevant energy levels for nitrogen studied in this experimental series:

Ny
V'l 3.
- o3
12 o'l = (4+) BANDS ,
2200 - 2800 A
| ‘ - —-
10—D.E.
e 8 .
(eV) 8 N (1+) BANDS ,
" Ads 6000 - 12000 A




Bhe @7 "2 eand "% staves ars the most likely cindidates for the source
of VUV radiation in the region 800-1800 1;:. Of additional interest is the
state, which lies at 12. 8 ev, well into the ¢nergy region of interest, giving
rise to the (4+) band system. Thus, as an aid to the intcepretation of
excitation data, simultancous measurements were made on the D22 (4+),
8T (1+), and the combined b’ ,Z, b 'TT VUV band systems. Interference
filters with 200 }{ bandpasses were used at 2500 .l: and 6600 .l: respectively
for the 4(+) and (1+) mcasuvements. A detailed discussion of the sidewall

optical systems will be iven in Section II. 2. %. 2.

A series of exp:-iments was completed, in which shock waves at
velocities from 14, 000-17, 000 ft/sec were driven into nitrogen at an initial
pressure of 1/2 torr. This corresponded to hydrogen driver pressures
ranging from 675-4, 000 psia. Figure 7 indicates the shock tube performance
under these conditions; the experimental shock velocity data was obtained
from the thin film gauges and is represencative of the velocity ( VS ) approxi-
mately 6 feet from the endwall (i.e. 24 feet from the diaphragm). The
theoretical curve (18) is for idealized HZ driving NZ’ and a nitrogen sound
speed of 1158 ft/sec was used. The observed velocities are less than pre-
dicted at the lower shock strengths, but are seen to approach the theoretical
curve at higher shock speeds., Typical shock velocity histories are pre-
sented in Figure 8 showing shocl attenuation over the last 6 feet of travel
in the tube. The location of the sidewall optics is near station #4, approxi-

mately 6 feet from the shock tube endwall.,

II.2.2.2 Experimental Program

Optical requirements for high spatial resolution in making radiation
overshoot measurements are very rigid.  The nonequilibrium overshoot occurs
within a few microsecconds of the shock arrival and this time-to-peak may be
on the order of one microsecond. A somewhat more detailed discussion of
this subject is given in Ref. 1. This requirement is met by employing an
optical system that uses slit images rather than physical slits at the shock
tube. A spherical mirror images the two slits, one at the window of the

shock tube and the other at the far wall of the shock tube. These two

22




:
i
:
i
|

T —— ———

4 BER PEN ey et femd Geeed ey B

S S

—

v
]
.

[

'-..

e

aperture images define the volume of the shock tube from which gas radiance
is measured. Further, the use of slit images to define the field of view
precludes scattered stray light usually obtained from the edges of physical

(

order of 1 mm by 3 mim, define an extremely narrow ficld of view giving

slits near shock tube windows. 3 The slit dimensions, which are on the
risc to a sharply defined radiation profile as the shock wave passes. This
arrangement is illustrated schematically in Fig. 9. On one of these optical
units, a phototube (EMI No. 9526B) was mounted with an OTI No. 250 filter
that observes radiation in the wavelength region around 2500 1§ On the
matching optical unit across the tube an EMR No, 641J photomultiplier tube
was mounted viewing VUV radiation in the wavelength region between 1050 1§
(determined by the lithium fluoride cutoff wavelength) to approximately

1800 1§ The spectral response characteristics of this photomultiplier tube

are indicated in the following figure:

e
t 1 t
—= g 1]
- S —
z i o = =
-t
B ——-%
s
a
L] " 4
3 : {
z i i |
$ t f
w *
o 1l = |
2 |
; 3
z {
3 ———
i T —
: ——]
- * -
3 (
—
: \ ==
N |
e
i e ——
108 1000 1400 1600 1800 2000 2300 2400

WAVELENGTH  ANGSTROMS
TYPICAL

SIP'ECTRAL RESI'ONSE
CHARACTERISTICS

23

- e . B . e m"

- ————.




Both sidewall systems are connected to vacuum and helium purge lines. The
VUV photomultiplier system was purged with helium and evacuated three

times prior to each shock tube test, During the experiment it was left at
positive helium pressure to avoid strong O2 absorption chara;ctcristic of

the VUV wavelength region. A :though the unit viewing 2500 A has the same
pump-purge capability, it was not nccessary for these measurements so this
unit was left at ambient conditions for ecach run. Alignment of the iwo systems
i was checked by removing both the EMI and EMR photomultiplier tubes, and
illuminating one sct of slits with a light source. Adjusting screws at both the

spherical mirror and plane mirror locations allow for corrections.

A third optical system was used to view the incident shock radiation
overshoot in the red at approximately 6600 A, This system, which is shown
in the inset at the upper right of Fig. 9, also employs the double slit technique
to establish a narrow ficld of view across the tube. An adapter flange with

a sapphire window couples the system to the shock tube.

1I.2.2.3 Sidewall Results

All three incident optical systems are located a few inches down-
stream of the thin-film gauge located at station four, which triggers the
scopes recording the three photomultiplier signals. Typical data records
are shown in Fig. 10 for a 15,3000 ft/sec shock into 1/2 torr of nitrogen.

The short distance from station four to the location of the incident optics

is enough to provide a baseline (zero signal condition) before a signal is
observed as the shock enters the field of view of the optical systems. The
red and VUV incident signals rise sharply, having a time-to-peak on the order
of 2 i sec. The signal tails off in approximately 35 to 40 p sec. The 2500 l;
radiation trace has a slower more pronounced rise with a time to peak on

the order of 6 p sec. The peak signal, as well as the time-to-peak, for all
three incident systems was recorded as a function of velocity for each of the
run conditions., Figure 11 shows the variation of the peak overshoot intensity
as a function of shock strength. The data is normalized by the actual detector
outpuc for each system obtained at the lowest shock velocity (i.e. 14,000 ft/sec).

Thus, the related signal strength variation with shock velocity can be observed

24

e R R e e e e o o O i aanl R o

P C—— . —



e

THEORETICAL CALCULATION
H, DRIVING N,

-
o
-~
<
o
e
-
g
[+ 4
w
<<
2
(%2}
(%}
w
[+
o
2
w
2
[+ <
[a]
-~
[+ 4
w
>
-4
(a]

108 | | 1 1 |
12,000 13,000 14,000 15,000 16,000 17,000
SHOCK VELOCITY, FT./SEC.

18,000

Figure 7 SHOCK TUBE PERFORMANCE DATA (SHOCK VELOCITY MEASUREMENTS
AT INTERVAL C, SEE FIGURE 8 )

£8




STATION NO. 2 3 4 5 6

17,000

16,000

FT./SEC.

SHOCK VELOCITY,

15,000

14,000

13,000

Figure 8

3950 PSI DRIVER

) v\a\D\ ’

Je——a e B +“:_+_D_+_E"'L"F_'i L
O

2500 PSI i
— O O O O~

. i
s d
1]
ENDWALL "

1400 PSI
G 44
O i
Ll

675 PSI

o,
aad
/
12 10 8 6 4 2 0

DISTANCE FROM ENDWALL, FEET

INCIDENT SHOCK VELOCITY: P4 =% TORR NITROGEN, HYDROGEN DRIVER

26




NOILYHNOIINOI SO11Ld40 LNIOIONI 40 J1LVINIHIS 6 24nb4

3oHNd
WNIT3H

34035

ONIOH033H OL
diNnNd WNNDJYA OL

$211d40 LN3QIONI 3NT8

S110A 009
/l waivaosz o R HH
| 892-0 ON W3 I f—

..EanI..E\H w H t ,h H,
JHIHAAVS e [ g | A (| | W
,. !Oﬂz_!m:.:&q.n v.ﬂzz_n.;__q._.m

! ® TSIV ITSNTITS
Fii J/i o 2= /i F/d

- I FLY9 LINd HW3
lim
$D1140 LNITIONI ANA

34025 DNIOH0I3H 01

i

27

JONY 4 H3LldvaY
3811 NIOHS

T

\_.h.‘ u.‘U..ﬁ .\.ﬂa« ....1\...1 ._...n.._. L

P

m:J_mEEnu_,-nA\

3HNSS3Hd
39dNd
WNiM3aH

ML GV 0099 — S110A DOLE

diNNd WNNJYA OL

-



VUV INCIDENT
1050 A - 1800 A

= i RED INCIDENT
6600 A

TIME -—
10usec/div.

VUV INCIDENT
T 1050 A - 1800 A

_L BLUE OINCIDENT
2500 A

TIME ....._1
5 usec/div

Figure 10 INCIDENT SHOCK RADIATION DATA SHGWING NONEQUILIBRIUM OVERSHOOT
Vg % 15,300 ft/sec; P4 = 2 TORR NITROGEN




2]
O 6600 A; N, (1+) SYSTEM

o
[J 2590 A; N, (4+) SYSTEM

=
b
4
w
I
¥
<
w
Q.
Q
w
2
-
g
-3
-4
o
4

| |

15,000 16,000
INCIDENT SHOCK VELOCITY, ft/sec.

Figure 11 NORMALIZED PEAK OVERSHOOT RADIATION; P4 = %2 TORR NITROGEN




b | I |

| |

PRESENT DATA !

~
it L
g'“‘“- \E\ BLUE INCIDENT = -
~ :

Tp: TIME-TO-PEAK RADIATION, nsec (LAB TIME)

[+)

/ (2500 A) —
\D e a — ‘
i \D\D\ \: 3
DATA FROM REF. 1 T ) {

— DATA FROM REF.; —
S~ I
- T - 8

—_

RED INCIDENT
4]
(6600 A)

, | | 1 | -
14,000 15,000 16,000 17,000 -

INCICENT SHOCK VELOCITY, ft/sec.

. Figure 12 TIME-TO-PEAK RADIATION BEHIND INCIDENT SHOCK WAVE:
| Py =% TORR NITROGEN

30




[ °
for the radiating systems. Both the blue (2500 A) and red (6600 A) overshoot

peak heights are seen to vary by a factor of ten over the shovk velocity range
investigated in the program., This variation is in agreement with earlier
measurements (@) which also indicated a factor of 10 increase in overshoot
intensity in both systems for the same velocity range. During this present
experiment VUV overshoot data was not obtained for every test, howuver,

; I\, 2
previous measurements (1,2)

with a less refin=d optical system showed a
variation in overshoot peak height for the VUV of approximately a factor of
20-25 for the same velocity range. Thus, a greater dependency on shcck
strength (i. e. post-shock temperature) is observed for the radiating system

arising from direct excitation to extremely high-lying levels in nitrogen.

Figure 12 presents results for the time-to-peak radiation measure-
ment in the laboratory coordinate systcm, see Fig. 10. The present data
for the red system (N2 l1+) are in close agreement with previous measure-
ments,(l) at Calspan and elsewhere, sce Refs. 13 and 14, The time-to-peak
measurements for the (4+) system obtained in the present experiments appear
to be about a factor of two greater than the preliminary data reported in
Ref. 2. That preliminary data was obtained prior to the installation of the
upgraded optical systems shown in Fig. 9, which should yield reliable
spatially resolved measurements. The indication from the data is that the
N2(1+) system is excited considerably faster than the (4+) system at the
shock velocities investigated during the experimental series. It should be
noted that previous measurcements of the time-to-peak radiation for the
VUV system, showed an extremely short excitation time for the high-lying
b and b states. VUV time -to-peak values of approximately 1/2 of the red

data shown on Fig. 12 were obtained throughout the velocity range,

. 253 Endwall Radiation Mecasurements

II.2.3.1 Experiment Definition

The VUV radiative flux emerging from the shock front ahead of a

d“)

developcd based on the experimental measurements of nonequilibrium over-

re-cntering vehicle has been calculate utilizing an excitation model

shoot and time-to-peak values obtained from previous measurements and
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verified during the present program, see Scction II.2.2. A substantial
portion of the present experimental program was spent in developing shock-
tube endwall diagnostic systems to view axially up the shock-tube and obtain
measurements of the radiation from advancing shock fronts. These endwall
measurements would serve as an additional data base with which to verify the
numerical predictions discussed in Ref. 1. Mecasurements were obtained for
both the red (N 1+) and VUV systems of nitrogen at shock velocitics ranging
from 14, 000- 17 000 ft/sec.

II.2.3.2 FExperimental Program and Results

This section of the report presents a description of the experi-
mental configurations and components employed to obtain the VUV and red
endwall measurements, viewing axially up the shock tube to observe the on-
coming shock front. Optical measurements obtained from this configuration
may be compromised due to absorption from the low-pressure test gas in
the intervening region between the endwall and the oncoming shock front.
The experimental configurations are designed to obtain radiation from the
shock front during the last 6 feet of travel, i.e. from the sidewall optical
systems to the endwall. For the VUV wavelength region, room-temperature
nitrogen absorption data is available, such as shown irn Figure 13, (6) The
structured absorption indicates absorptioa coefficients (k) ranging from
l- 1000 cm 1, with lowest values in the wavelength region near 93¢ A and
95k A Thus, spectrally resolved measurements in these wavelength inter-

vals would be lcast affected by absorption in the intervening test gas.

An approximate calculation was performed to indicate possible
absorption cffects due to nitrogen, as a function of distance upstrream from
the endwall, for several absorption coefficients. The calculation was per-
formed for 1/2 torr of nitrogen as the intcrvcning test gas, and covers the
lust 6 feet of travel in the tube. The results are shown in Fig. 14, For
absorption cocfficients greater than 10 un-l, absorption may be substantial

for path lengths much greater than 4 feet,

One of the experimental configurations employed for this part of

the program is shown schematically in Fig. 15, Two other endwall systems
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that were also employed are not illustrated in this schematic, but will be
discussed later in this section. The VUV spectrometer utilized for the
splitter=-plate measurements (see Section IL 2.1) was re.onfigured to obtain
endwall radiation measurements by viewing axially up the shock tube at the
oncoming shock through a 2 mm port centered on a flange adapter that connects
the spectrometer to the shock tube. The spectrometer in this configuration
is thus illustrated schematically in Fig. 15. The adapter flange was fabri-
cated so that the spectrome.er would be coupled to the shock tube endwall in
a windowless manner. The flange houses the explosively-driven plunger
apparatus and allews the plunger to pass by the viewing port when the conax
detonator is activated. This is illustrated in Fig. 16. The spectrometer
windowless plunger design has been described in detail clsewhere, see Refs.
8-10. Basically the quick-actingplunger allows for a short term window-
less coupling to the radiation that is detected and output by three separate
channels or bare EMI photomultiplier tubes within the spectrometer. A
micrometer adjustment on the spectrometer grating assembly permits

wavelength selection within the instruments operating range.

Timing of the plunger open time is cri‘ical, since it was desirable
to have the spectrometer viewing the shock front when it is within two or
three feet of the endwall, and before shock reflection. Test firings of the
detonator-plunger system were made to establish a timing sequence. Nom-
inally the delay from the time tne detonator is activated to the time the
plunger aperture begins to slide by the port, in the endwall flange is
~ 125 pwsec. Nominally, the window is open for 130 n sec. These results
are very repeatable and when combined with expected shock velocities,
appropriate tirae delays werc used to have the spectrometer open time
coincide with the last two or three feet of shock travel down the tube. Timing
could be such that the plunger closed just as the shock reflected off the end-
wall. This timing sequence is illustrated for a typical experiment in Fig. 17.
All of the oscilloscopes were triggered from an upstream thin-film gauge.
The upper three records represent the three spectrometer photomultipliers.
The photon spikes arc the measured signal and the width corresponds with
the plunger open time. The lower trace on the bottom record originates

from a photomultiplier looking in the visible region of the spectrum, which
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is mounted on the leg of the spectrometer that couples the spectrometer to
the shock tube, see Fig. 15. When the plunger opr.ns, radiation is allowed
to enter the phototube thus slowing the time when the spectrometer also sees
radiation. From this trace, it is clearly seen that the plunger open time is
about 130 sec.  The upper trace on the lower record of Fig., 17 is from

a red endwall detection system that is configured in the spectrometer flange,
sce Fig. 16. The system is designed to have a field of view that fills the
inside diameter of the shock tube 6 feet upstream from the endwall, An EMI
No. 95586 photomultiplier views 6560 A radiation axially up the tube from
the oncoming shock., This yiclds the steady trace shown in the upper trace
of the bottom record of Fi;. 9, In addition to providing 6600 /: endwall data
as a function of shock velocity, this trace combined with the visible PMT
trace shows when the plunger opened with respect to the positioa of the shock
wave, For the data *hown in Fig. 17, the scopes were triggered by thin
film gauge #4, at the sidcewall optics station, 6 feet upstream from the end-
wall of the tube. Thus a radiative flux history of the last 6 feet of shock
front travel is shown in each trace. The red endwall data, for example,

shows a constant level of radiation as the shock front approaches the end-
wall, with a sudlen excursion as the shock reflects from the endflange.

Calibration of this system is discussed in Appendix A. The visible photo-
multiplier record in the spectrometer clearly shows the plunge open time

of 120 usec, with the plunger closing just prior to shock reflection. The
VUV flux data obtainced during this open time is shown on the three upper
data traces. For this shock-tube test, a micrometer grating sitting of 344, 2

-]
was used to the following wavelengths (with a first order bandpass of 32 A):

TL_ 344.2 lst Order ; 2::1‘(!- O-l.?l—(,_l 3rd Order
P.M.T. No. 1| 955 A 4115 A | 318.3 A |
P.M.T. No. 2| 1030 A S15A | 343.3A
P.M.T. No. 3| 1472 A J__ 736 A 190.6 A

During the course of the test series, it was obscrved (sce Fig.
17 for example), tnat a very small VUV signal was obtained from the
spectrometer - windowless plunger combination, due to the relatively

small wavelength bandpass, and the approximate 17,000 ft/scc upper shock
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speed obtained. A modified endwall system was then employed to obtain

VUV flux data for the shock velocity range investigated. This is illustrated
schematically in .'igure 18, It consists of an adapter housing to the shock
tube which can be evacuated or put under positive helium pressure. For all
tests it was kept under a vacuum after being purged three times prior to each
experiment. The EMR phototube previously used for the incident VUV data
was installed on this endflange housing., The system is designed to also have 1
a field of view filling the 3-inch inside diameter of the shock tube at a dis-

tance of 6 feet upstream from the endwall. Again, the oscilloscope was

triggered from station No. 4, 6 feet upstream from the endflange. A typical

record is shown in the upper trace of Fig. 19. Since the plunger-window is

not used for this endwall configuration, the oncoming VUV flux is obtained

continuously for the last 6 feet of travel, This is seen as a level plateau as

shown in the data trace, followed by large excursions as the shock reflects

at the endwall. The lower record on Fig. 19, taken from another experiment,

shows the similarity between the red endwall and VUV data traces. If

absorption were significant in the VUV, (i.e. 1050-1800 /: as determined by l

the EMR-PMT), the VUV trace would not be a constant level, rather increase

in signal as the shock nears the endwall and the absorbing path is decreased.

The VUV flux data obtained with the endwall configuration shown in Fig. 18,

indicated a constant level of radiation over the last 6 feet of travel.

It should be noted that a preliminary red endwall configuration was
used during the carly part of the test series while the spectrometer adapter
flange was being modified for the final red endwall system just discussed
and shown in Fig. 16. This preliminary red endwall system is shown sche-
matically in Fig. 20. This system, which was mounted externally to the
shock tube, was utilized to obtain shock=-tube performance data, instru-
mentation delay times, and obtained red endwall data as a function of shock

speed. It consisted of an EMI No. 9558 PMT and the 6560 A filter, with

I i e

T A T A S P

optical companents designed to yield -0 system 3-inch FOV at a distance
6 feet upstream from the endwall. A pyrometer, tungsten filament calibra-

tion sectup is also illustrated.
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Figure 21 shows the experimentally determined endwall flux
dependency on incident shock strength. As in the preceding section, the
data is normalized by the actual detector output for each system obtained at
the lowest shock speed (14, 000 ft/sec). Thus, the relative signal strength
variation with oncoming shock front velocity can be observed. The red end-
wall data was obtained with the configuration shown in Fig. 16, while the
VUV data was obtained with the EMR-PMT configuration shown in Fig. 18,
The red endwall data indicates a variation of approximately a factor of 7
(as compared to the sidewall red data variation of about 10, sec¢ Fig. 11}
over the shock velocity range. The VUV flux data indicated essentially no
dependency on shock speed (i.e. a variation of uonly 30%) for this velocity
range, which can be compared to a variation of 20-25 reported for sidewall
peak-height, as discussed in Section II.2,2. The He purge-pump procedure
for the PMT adapter was completed prior to cach test; in addition, this
adapter was continuously pumped during a shock-tube experiment. These
procedurcs minimize the possibility of atmospheric absorption effects on the
measurements. In addition, a rough calibration was obtained after cach test,
using a ncon/mercury Pen-Ray lamp, that showed no relative change in the
EMR-PMT system sensitivity during the program. Thus, the reason for the
apparent lack of VUV flux dependency on shock velocity is yet to be deter-

mined.

36

ud

L]




~=—PHOTON ENERGY, oV

T

.’EE‘!

bR

PR

WAVELENGTH, A (1)

o=

Figure 13. ABSORPTION AND PHOTOIONIZATION COEFFICIENT OF No
3

g et et ou SEE R =N @




NIDOHLIN HHOL % = L4
“17VMAN3 WOYL JONVLSIA 40 NOILONNL SY NOILJHOSEY A3Lv1NdIvD L ainbiy

1334 "1TYMUN3 WOH4H 3DNVYLSIO 11YMaN3

0




NOILVHNOIINOD TTVMANI H3LIWOHLI3dS - ANA 40 JILVINIHOS Gl anbiy

SJ1L40 INIFQIDINI 3N
Av13d
JINLL

_— e

[m “_“_E.:ﬁ
uJﬂ.E; HOMH| 591140 1N3QIDNI G3H

AlddNS H3IMOd

3ONVI4
H3L4VAY TTVMAONI H313IWO0HLI3dS

39

SO1L40 LNITIINI ANA

W3ILSAS T¥IIL4O
TIVYMONT a3

G e S = — = 4 3 = 3 e ) 0 et ae SN SEE R
. comie ane e R ——




()

-OTI NO. 656 FILTER

APERTURE %

LENS - 75 mm FOCAL LENGTH

FRONT SURFACE MIRROR AT 44.5°, FACING
UPSTREAM, TO FILL THE ENTIRE 1.5,
OF THE SHOCK TUBE AT 6 UPSTREAM

SPECTROMETER
VIEWING PORT

SLIDING PLUNGER

TO VACUUM PUMP
CONAX DETONATOR

BALLAST TANK

|
TOVAC. /UM

PUMP

SPECTROMETER ADAPTER FLANGE
WITH RED ENDWALL SYSTEM

Figure 16 SCHEMATIC OF VUV - SPECTROMETER ENDWALL ADAPTER FLAGE WITH
RED ENDWALL OPTICAL SYSTEM
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SHOCK REFLECTS AT ENDWALL

VUV ENDWALL
1050 A — 1800 &

TIME
100 sec/div.

SHOCK REFLECTS AT ENDWALL

Y

[ RED ENDWALL
| 6600 A

TIME
[ 50 sec/div

Figure 19 ENDWALL DATA FOR ONCOMING INCIDENT SHOCK RADIATION Vg =
I 15,300 ft/sec.: Py = 2 TORR NITROGEN
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10.0

RED ENDWALL AND VUV ENDWALL NORMALIZED SIGNAL

—b—A— il

]
VUV ENDWALL (1050 - 1800 A)

g

Figure 21

15,000 16,000
INCIDENT SHOCK VELOCITY, ft/sec.

NORMALIZED RED AND VUV ENDWALL RADIATION DATA;
P4 ="%TORR NITROGEN
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III. SUMMARY

An experimental program to investigate basic vacuum ultraviolet
photoionization processes in air has been completed at Calspan Corporation,
Particular emphasis was directed toward the interaction of shock-induced
non-equilibrium radiation with gascous species. The experimental shock-

tube program consisted of three main tasks:

1. Perform quantitative measurcments to determine the
contribution of the NO molecule to the nonequilibrium,
vacuum ultraviolet emission spectrum from shock-hcated

air, (splitter-plate absorption measurements).

2. Investigate possible excitation mechanisms leading to VUV
emission from molecular species pertinent to high-altitude
rocket plume radiation, and shock-induced nonequilibrium,

radiation, (sidewall radiation overshoot measurements).

3. Obtain quantitative, spectrally resolved measurements of
the nonequilibrium, vacuum ultraviolet flux from advancing
shock waves to verify previously developed excitation and

radiative flux models, (endwall radiation measurements).

Experimients have been carried out pertinent to all three of the above tasks.
The principal results for each are summarized below:
l. The splitter-plate absorption technique was utilized to
investigate the role of NO in defining shock-induced vacuum

ultraviolet radiative flux. Meceasurements using the splitter-

plate technique for absorption in NZ/OZ/Ne mixtures were -
obtained at selected wavelengths over a broad wavelength Ll
interval, 706 1;: < A\ <1200 /i, at a resolution of AAN= 32 1§
The experimental data show substantial absorption at wave-
lengths of 812-980 1§ At 895 I;x, for example, if the differ-

encc between the calculated and measured values of absorp-

tance were attributed only to vibrationally excited NO, an absorp-
tion coefficient of ‘&NO” 9,900 c:m-'l is obtained. This can be

favorably compared with a measured value in cold NO of .
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approximately 9000 cm ! at 898 A. However, at the 812 A
°
and 970 A wavelengths, if the indicated differencc werec
ascribed only to NO, the absorption coefficients obtained

are too high.

A discussion of this point is presented in the text, in which the
role of strong O lines are shown to be critical to mecasurements at specific
wavelengths. The results point out the need for careful analysis to evaluate
both the presence and influence of all pertinent species in calculating the

overall VUV properties of heated air.

2. Sidewall nonequilibrium overshoot measurements were
obtained for pertinent radiating bands in nitrogen. Measure-
ments wcr(. obtained in the red (6600 A N21+ system), blue
(2500 A N24+ system) and VUV (1050-1800 A) which showed
very large noncquilibrium radiance levels close to the shock

front for all three systems.

Values of the peak height as well as the time-to-peak were
obtained for cach band system as a function of shock velocity., For the
well-known N2(1+) system, for which an excitation model had been derived,
the new data were shown to be in accord with carlier work. The data show
that the (4+) systent is ¢xcited more slowly than the (1+); on the other hand,
the singlet states involved in VUV radiation are excited more rapidly than

the N2 (1+4) triplet states.

The dependence of the VUV radiance on shock velocity was
measured and documented in previous reports; the scope of the present
program did not permit a detailed verification of the previous excitatior

model for the singlet-singlet VUV -emitting states.

3. A scries of experiments was completed with new endwall
diagnostics used to view radiation from advancing shock
fronts. Mcasurements were obtained both in the VUV
and red wavelength regions over a range of shock velocitics
in nitrogen. The 3-channcl VUV spectrometer was attached

to a new endwall flange in a wincowless manner, utilizing
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the explosively driven plunger. Advancirg-shock VIV flux

data were obtained for selected wavelergth intervals, but
the low flux level precluded quantative data analysis. More
definitive VUV data were obtained over a larger bandpass
(1050-1800 /;.) using solar-blind photomultiplier tubes. Red
(6600 }:, N2(1+) cudwall data were also obtained with a re-
fined diagnostic sctup. The data indicated that the red end-
wall data showed a factor of approximately 7 increase over
the velocity range similar to the factor of 10 increase
obtained for the s'dewall red overshoot peak variation.
However, the V .V endwall data showed essentially no
dependency on shock speed, when compared to an increase

of a factnr of 25 for the sidewall overshoot measurements.

No explanation for this result is available at present. Its
resolution must await further experimentation with the apparatus modified

to address this particular issue.
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A description is given of the calibration systems that were utilized

to convert test data from the '"'spectrometer' red endwall system into standard

APPENDIX A
CALIBRATION OF RED ENDWALL SYSTEM

: : -2 .o=1 L : X
units of radiance, watts - cm - steradian - micron. The conversion technique

is discassed and the red endwall data obtained is presented in standard units

of radiant inte \sity as a function of shock velocity.

The schematic below illustrates the apparatus used to calibrate

the red endwall system:

SPECTROMETER

ADAPTER
FLANGE

-
/ W
CHOPPER :

~~——RED ENDWALL SYSTEM

__ﬂ_____

LOCATION OF TUNGSTEN FILAMENT
OR STANDARD BLACKBODY SOURCE

Figure 1A

RED ENDWALL CALIBRATION SCHEMATIC
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Initially a standard blackbody source was positioned in front of the window
that allows radiation to enter the optical system, so as to fill the entire
field of view of the endwall system. A chopper was inserted between the
window and source and measurements were made of the systems response
in millivolts as a function of source temperature. This result is plotted

in Fig. 2A. To extend the range of the calibration so as to cover the range
of signals obtained during the test series, a tungsten filament lamp-pyrom-
cter calibration system was also used. The lamp was operated at several
power settings while the signal from the red system was recorded and the
tungsten filament temperature was determined with the pyrometer. Ths
pyrometer mceasures the brightness temperature of the source. Thesc
results are also plotted in Fig, 2A. There is a slight discrepancy between
the standard blackbody calibration and tungsten filament lamp calibration,
over the range where a comparison can be made, This is attributed to a
geomnetric factor in the calibration technique which is accounted for in the
fin.l analysis. The curves in Fig, 2A are then used in conjunction with the
standard blackbody radiation tables to arrive at the calibration curve illus-

trated in Fig. 2B. The slope of this curve is calculated and used in the

relationship,

MV ——Im}
ITpst i Test MVBB Slope

to calculate the radiant intensity from the advancing shock front as viewed
by the endwall systemi. Using this relationship and the calibration results
the red endwall data is presented in Fig. 3A in standard units of radiant
intensity (watts - cm-2 - sto:eradian-l - micron-l) as a function at shock

speed.
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Figure 3A RADIANT INTENSITY OF THE ADVANCING SHOCK FRONT AS
MEASURED BY THE RED ENDWALL SYSTEM




