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FOREWORD

This final report presents the results and conclusions of the Study of
Infrared Emission in Heated Air carried out by the Aerodynamic Research
Department of Cornell Aeronautical Laboratory. The research was supported
under Army Ordnance Prime Contract DA-11-022-ORD-3130 by Subcontract
SD-59-2, Purchase Order C 303681 G, from the Bendix Aviation Corporation.
It is the fourth report on this program, having been preceded by CAL Report
Numbers QM-1373-A-1, OM-1373-A-2, and QM-1373-A-3, with the same
title. It is understood that this research is to be continued under the direct
sponsorship of ARGMA.

The relationship of the radiation measurements contained herein to
re-cntry has been reported in the Proceedings of the recent AMRAC meeting

in Denver, Colorado, May 1961,
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ABSTRACT

This report presents the results of a research program whose objective
is to formulate a comprehensive picture of the radiation from re-entry bodies,
The program is divided inte two pﬁases: the experimental determination of
the radiative properties of the optically-active gaseous species, and the
analysis of the blunt-body flow field, in which the finite rate chemistry of the
air is coupled with the aerodynamics of the flow,

Two particular radiating systems were studied, and the results are re-

ported herein. Measurements have been comoleted on the continuum radiation

k
a

from the recombination reaction NO +0 NO‘2 + hvY  in the wavelength

range 0.5 to 1. 0 microns. The value of the rate constant at 3750°K, ka =
4.4 x lO5 (:m3 mole‘l sec—l, is some 20 times lower than that measured at
room temperature. The spectral intensity of this radiation is presented.

The spectrum of the first pesitive band svstem of nitrogen between 0. 7
and 1. 5 microns has been obtained. Absol.ate intensities are Presented for a
range of temperatures and densities. The temperature-dependence of the
radiation is shown to be in good agreement with predicted values. The results
af this work are compared with those of Keck, et al (Annals of Physics 7,1,
(1959) ) which were based on measurements made in air. The measured inten-
sities from pure nitrogen are shown to be less by a factor of five.

The solution for the inviscid, ncnequilibrium flow around blunt axisym-

metric bodies (i.e. the bow shock solution) has been programmed for an IBM-

704 computer. In addition, a similar finite- rate normal-shock solution has been
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programmed to study the overall characteristics of the relaxation process behind
shock waves. The thermodynamics and chemical kinetics included in the
numerical solutions are discussed, Typical results obtained from the normal
shock program are presented.

Two bow-shock solutions are presented: a typical high-altitude re-entry
condition {i.e. M = 22 at 200, 000 feet altitude) and a hypersonic tunnel test
configuration. The rapid expansion of the flow from a high-temperature
reservoir in hypersonic test facilities may introduce nonequilibrium phenomena
in the expansion nozzle, These effects will, in turn, have an influence on the
shock layer around a model in the expanded flow. A finite-rate expansion solution,
developed at Cornell Aeronautical Laboratory, was used to obtain the
expanded flow conditions. These nonequilibrium results were then used as inputs
to the bow shock solution. For both cases, the calculation was carried approximately
65° off the centerline and the computed body shapes closely resembled a circle.
The results for the re-entry case indicate the entire shock layer to be in a
state of nonequilibrium at a high translational temperature. Results for both

examples are presented in graphicaj form and are discussed in detail.
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INTRODUCTION

The purpose of this research is to obtain a comprehensive and quantita-
tive understanding of the infrared radiation from the heated air surrounding
re-entry bodies. The program involves the detailed spectral measurements
of the pertinent radiating species and an analysis of the aerodynamic flow
field around the body, This analysis takes into account the finite-rate
chemistry of the heated air, and provides the concentration profiles of the gaseous
constituents and the local thermodynamic properties in the flow field,

Three earlier progress reportsl_3 contain details concerning the sub-
division of the overall project into its respective phases, the considerations
which have determined the method of attack on each phase, and a description
of the equipment involved on all phases. Consequently, these items will be
discussed here only to an extent consistent with general completeness,

The program has been divided into two areas. The first involves quanti-
tative measurements on the system of radiating species of air at elevated tem-
peratures; a machine computation of the state of the air in the flow field
surrounding the re-entry bodies constitutes the second phase. The co:biration
of these two phases will allow the composite radiation picture to be calculated
for re-entry systems. A portion of the second phase involves the study of the
chemical kinetic rates nece ssary to couple the complex chemistry of the

heated air with the ae rodynamic flow problem.
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The question of the applicability of these results to nonequilibrium flow
configurations warrants a brief discussion. The results of the flow-field analysis
bresented in Section II of this report show, for example, that the gases in the
entire region between the bow shock and the blunt body may be ina nonequili-
brium distribution. This is to say that the concentrations of the various species
which make up the heated air are not those which would be obtained from a
chemical-equilibrium analysis at the local temperature. This is due to the
finite rate at which the reactions occur in the flow. However, given the species
concentrations and the degree of excitation of the molecules, the prediction
of the spectral radiation can still be reliably made if the transition probabilities
for the pertinent transitions of the optically-active molecules are known.

These considerations gave rise to the basic approach made upon the problem,
which renders the solution applicable to the nonequilibrium problem.

This research does not at present treat the case of nonequilibrium radia-
tion arising from those species formed within the shock front in high-energy
states. A general experimental approach to that case cannot be simply made,
since a complete duplication of ambient conditions of density, composition, and
velocities are required. That problem will receive special attention in later
phases of the work,

Section I of this report deals with the radiation phase of the program.
Experimental studies were performed on two separate problems involving radia-
tion from heated air. One was the continuum radiation associated with the
recombination of NO and O atoms into NOZ' This continuum extends from
about 4000 Angstroms to 1. 5 microns in the near infrared, Previously reported

4-7 : g .
measurements were confined to the visible region of the spectrum, and the
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measured rate constants were obtained at room temperatures. The experiments
reported herein were designed to measure the absolute intensity of the radiation
in the near infrared, and to obtain a rate constant for the recombination reaction
which applies at high temperatures ( ~ 3000°K).

The second problem was the measurement of the absolute intensity of
radiation from nitrogen at high temperatures, The first positive band system
in the spectrum of nitrogen extends from the visible through the near infrared.
In this wavelength region, it is the strongest of the radiating species in heated
air. The spectra of nitrogen over a range of temperature and density are
presented. The method of data reduction are also described and the results are
discussed,

Section II discusses the machine computation programs used to calculate
the state of the gas surrounding re-entry bodies and behind normal shock waves,
A general discussion of the the rmodynamics and chemistry involved in the
programs is presented. The finite-rate, normal-shock solution has been
completely programmed for an IBM- 704 computer, and has a capacity for 20
species, 40 chemical reactions. A great variety of test cases have been run.
Results are presented for a typical air calculation using a seven-species, six-
reaction kinetic model., The effcct of coupling the degree of vibrational excitation
with the chemical reactions is shown.

The inviscid bow-shock problem, employing the inverse method of

solution, has been programmed for the 704 computer, utilizing the large-capacity,

high-speed core storage unit. At the present time, this program has a capacity
for 10 species” and 20 chemical reactions. Several test cases have been
completed with this program, for both a diatomic gas and air. Results for

OM-1373%-A-4




a typical re-entry vehicle at an altitude of 200, 000 feet and a hypersonic tunnel
configuration are presented, using the same air model employed in the normal
shock solution.

It is known that viscous phenomena may effect the flow field around a

re-entry body in a rarefied atmosphere. However, the viscous effect is not

important at the outer portion of the shock layer for altitudes of approximately
200, 000 feet and below. The ratio of boundary-layer thickness to shock-layer

thickness at the stagnation region of hypersonic vehicles is about one-tenth at

this upper altitude. Thus, the inviscid computation can be used with some

degree of confidence to predict the chemistry of the shock layer at an altitude

of 200, 000 feet.
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SECTION I - RADIATION MEASUREMENTS PHASE

uniquely with changes in the temperatute and density of the gas, a prediction

of the radiation from the composite gas under arbitrary conditions requires a
knowledge of the detailed radiative behavior of each ¢cOmponent. Therefore, our
purpose has been to assemble the necessary apparatus and to perform detailed
measurements of the radiation spectra in arder to enable the transition
probabilities for the components to be deduced,

The use of the shock tube as a2 means for heating gases for quantitative
spectroscopic studies has become widespreade’ 9, and stems from the distinct
advantage that gases =0 treated are orougls to the rmodynamic equilibrium at
conditions otherwige unattainable in the laboratory. The price for this advan-
tage lies in the cxtremely short testing times during which the heated gas can
be studied; hence, there is imposed the requirement for high-speed spectro-
scopic equipment,

Complete discussions of the criteria to be met by both shock tubes and
spectrographs for the cxperiments of this research pProgram have been presented
in Refercnces | through 3. In thesec reports the details of the completed shock
tube and the twelve-channel infrareq spectrometer have been presented, as
well as the wse of this combination in somme preliminary measurements of the

N& first positive band system,
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A, THE NO-0 RECOMBINATION RADIATION MEASUREMENTS

The history of the problem, some exploratory measurements, and pre-
liminary data were presented in Reference 1, the last Semi-Annual Report.
For general completeness some portions of that report will be included in
the present discussion.

One of the radiative reactions of interest in moderately heated ajr (3000-
4000°K) is that of the radiative Yecombination

k
NO +O0 —2 NO, + h/

generated O combining with NO in a flow tube at room temperature. The
Teported rate js ka =1.5x 107 cm3 mole_1 sec-1 with an estimated Precision

of a factor of five. Another recently reported Mmeasurement by Fontijn and

greater precision. In addition, the lemperature dependence of the rate constant

might be deduced.
General Discussion of the Experiments
T ————————— 1€ tXperiments

A description of the general features of the continuum resulting from
NOZ formation has been given recently by Garvin, Gwyn, and Moeskowitz 6.
They report a ¢ ontinuum which begins at about 3600A, remains fairiy flat

between 5500 ang 6000A, and drope off toward the infrared. They recorded the
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spectrum out to 1 micron, although no intensity measurements were made.
Stewart 4 has published a profile of the ultraviolet end of this continuum in arbi-
trary units. The first quantitative results on the intensity were obtained by
Kaufmans, and more recently by Fontijn and Schiff7, who measured the spec-
trum only to 6200A. The sharp cutoff of the continuum radiation at about 3600A
from the radiative recombination of NO and O at room temperature has been
shown by Stewart * to verify Gaydon's analysis of the energy of separation

of the NO- O unbound system from the ground state of the NOZ molecule. In
measurements with heated gases it would be expected that the additional kinetic
energy of the reactant species would cause a slight shift in the cutoff wavelength
into the ultraviolet,

The feasibility of making a quantitative study of this system was inves-
tigated. Since these experiments were performed with air, mear-maximum
radiation should occur at the greatest value of the NO-O concentration produgt,
For air at these conditions, the NO2 concentration is small (ar | part in lO4 at
3000°K), and is maintained at its equilibrium values chiefly by the three-body

reaction

%

NO +0 + M £=—> No, +M
kl
b

. . 1 ;
The rate constant for this reaction, mecasured at room temperature O, is

kb 2.7 x 1016 cm6 mole "2 sec-l.

5. 7 = E .
ture” is 1.5 x 10 <:m3 mole i sec 1. With these two values, the approximate

The value of ka measured at room tempera-
rate of formation of NOZ by each of the two reactions can be calculated. Using

the equilibrium values11 for the concentrations of NO and O in high-temperature

air, one obtains, at 3000°K

OM-1373-A-4
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d ) -5 / 3/2
Radiative tecombination . Fy [NOJ =1.3x10 (TDPC,,)

-3 -1
moles cm sec

Three-body recombination -d%— E\IOZ] = 1.3 (70/79> Pie
°

- -1
moles cm sec

At 4000°K each of the production Fates is about ten times faster., Thus, in all
Cases the three—body rate is aboyt !05 times faster than the radiative recom-
bination The three -hody réaction keeps the NOZ concentration in equilibrium
with the NO and O concentration even though the radiatjon deasity is far below

the blackbody valye.

ExEr]c.-irm ory Ex!u: Fimenta

A Bausch and Lomb large Littrow spectrograph wag equipped with an
adaplerIZ which allows foyr photomultipliers to be positioned in the focal plane
of the Sbectrograph. The radiation intensity in each channe] wae displayed
and photographed with a Conventigna] oacilloscope-camera System. The wave-
lengths which were maonitored in these tests were at 3630, 4000, 4320, and 5380
Angstroms. Theae wavelengths inclyde the ultraviolet edge of the NOZ continuum,
The shift of the cutoff wavelength into the ultraviojat should have becen readily

disu’rned.

SPEClrum was in fact recorded in the four thannels from the #hock-heated air.
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The wavelength distribution corresponded to the profile that had been reported.
However, the use of this ultraviolet-to-green region of the spectrum for
quantitative measurements was shown to be impractical in a shock tube analysis.
This is due to the fact that at these wavelengths the emission from the Schumann-
Runge system of the heated O2 which is present in the equilibrium sample of
heated air in the tube has a sizable contribution. This was determined by making
géeparate runs in pure oxygen under cconditions which duplicated the oxXygen
content in the heated air run. The intengities representing the difference between
thoge gf air and pure oxygen had the proper distribution as reported for the NO2
continuum. It wag apparent, however, that the errors involved in such a sub-
tractive procedure »recluded exact measurements and also obscured any effect
such as shift of cutoff wavelength. Experiments in pure nitrogen revealed a
total absence of radiation, thereby eliminating any band system of N2 or any impuri-
ties as contributors to the measured radiation in the air experiments,

Several other eéxperimental schemes were used in further experiments
to establish the nature of the spectrum from the heated air. One of these was
the use of a Dumont K-1430 phototube and a Wratten cutoff filter without a
dispersing element. With this system the total radiation between 0, 6 and
1.1 microns was recorded, and the resultant intensity was correlated with the
Teactant concentrations. It became apparent that to analyze the radiation guan-
titatively, the intensity would have to be obtained spectrally; i. e., as a {unction
of wavelength. Further, with the entire spectrum mapped for a given set of
the rmodynamic conditions, an accurate value of the rate constant conuld be obtained.
The infrared (W micron) portion of the continuum had never been reported,
and since the determination of the rate constant requires the imeasuremeant of the

total radiation, it was felt that this portion of the spectrum spould he examined.
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This was conveniently done by making use of the multichannel infrared
spectrometer which had already been used in the early NZ worl A series of
experiments showed a slow drop in the intensity of the light at . nger wavelengths,
whiich between 1.5 and 1. 8 microns decreased to about 10% of its value at 1 micron
It was, however, impractical to proceed with the overall spectrum measurement
with this instrument because of its low detector response at 0. 6 microns, and
because the twelve channels could not be made to subtend more than 0.3 microns
at any given setting. It was decided to avoid the procedure of shifting the
instrument across the 0. 5 to 1. 5 micron range, while trying to repeat the shock
tube conditions identically for at least three runs. The system to be described

was therefore designed and used.

Instrumentation for Total Spectrum Measurement

The windows on both sides of the shock tube were used. One side had
the multichannel infrared spectrometier deployed in exactly the same manner as
shown in Figures 3 and 5 of Reference 3. The spectrometer was used in first
order, and the twelve channels sonn d thoe wavelonoth r e fregni 6.9t ] 2

microns Five of the twelve channels were used in the ¢ Nperiments.

The window on the other side of the tube was viewed by tive Dumont K-

1430 infrared-sensitive phole rnultiplier tubes, each of which was cquipped with
a Bausch and Lomb interference [ilter and an approwviate Wratten cutofi filter
s0 that cach tube responded th a vers 1rrow wayelenoth band The half-

4

widths of the filters ranged between 108 and 240 An stroms.  The filter-photormultipler
combinations wer laced hat cach ot them saw almost the same volume of
®4s5. Each tube subtended a viewing cone defined by an aperture of leinch diameter

at a distance of about I® inches rrogn the shock tube wandow Ahe five overlapping
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cones were contained in an aperture of 2 inches at a distance of 12 inches.
This was accomplished by means of a five-sided pyramidal mirror assembly
which reflects the total beam into five directions in a radial manner (see Figuve 1}
The filter-photomultiplier assemblies are mounted on a 14-inch diameter
circle. The calibration of this system was accomplished in the same manner
as that of the multichannel spectrometer, namely by effectively replacing the
image of the shock tube window with that of a calibrated tungsten ribbon-
filament.
The five wavelengths chosen for gtudy are given in the following table in

addition to those covered by the multichannel spectrometes

Instrument Waveleng th (Microns)

. 542

. 598

Photomultiplier Ensemble 695
7986

. 906

. 906

255

Multichannel Infrared Spectrometer 1. 005
i 085

1 190

The . 906 micron wavelength was recorded by both systems and scived
a¢ a crosscheck on the overall calibration accuracy and system Te&SpPONns
Each shock tube sum constituted a coverage of the continuum at the nine

wavelengtha shown. The radiation intersities we re digsplayed as a function of

ti M- 1373 1




time at a sweep rate of 20 microseconds/cm. In addition, the dual beam
oscilloscope which recorded the . 906 micron channel using the two systems was
also coupled to another oscilloscope which recorded at a slower rate (200
microseconds/cm) and served to monitor the long-time radiative behavior of the
shocked gas. Reflected shock Pressures were alse recorded to monitor shock
tube performance for cach run,

The general features of the radiation records inciuded a ¥ige of radiation
as the reflected shock wave swept by the cone of gas viewed by the respective
channels, followed by a reasonably constant radiation plateau. This constant
level of radiation in each channel indicated the rmodynamic equiiibrium, and
constituted the datum for the intensity at that wavelength. After each experiment,
the calibration lamp radiation at the Prescribed current values was passed
through choppers and presented to the detectors. These intensities were also
displayed and photographed. Thus, a comparison of the signals from shock
tube and lamp yielded abasolute values for the intensity of the radiation from the
shock-heated gas.

The results of the first eéxperiments with this apparatus were presented
and discussed in Reference 1. The experiments were in progress at that tirme
and the results were presented as preliminary. They wili be summarized at this
point,

Scveral spectra were obtained which showed in general the form of the

NO

, recombination radiation spectrum. The intensity in the nine cnannciks wazsg

<

. -3 " -1 5 -
Teported in watts cm ste radian nmicron
[he probable error 1n the data points due to the readability of the records

was about 29, Inp addition, the largest difference 1n the radiation intensity at

12 QM-1373-A-4




:906 micron as recorded by the two separate detecting systems was 7%, while
for most runs the agreement wae within 3%. This difference was an indication
of the precision of the calibration procedure, since both tungsten lamps were
calibrated against the same NBS standard lamp. The largest gsource of ersor

in the results arose from the problem of determining the best time (measured
{rom shock wave reflection) at which to measure the radiation intensity level.
Variations between 5% and 10% were sometimes recorded over the testing time
interval, and hence gave rise to an uncertainty in the absolute spectral inteasity.
The general procedure was to record the level of intensity at about 120 to 140
microseconds from the time of shock wave reflection. The reflected shock wave
required some 30 microseconds to move through the gas in the fie!d of view, and
an additional 100 microseconds was ample time for complete equilibration in the
tube. The total testing time, measured by both pressure and radiation chanaels,
ranged between 150 and 300 mic roseconds.

There were several indications that the origin of the radiation was the NOz

rec - mbination. Primarily, over a broad range of conditions the radiation

intensity could be normalized by the product of the NO and O concentrations.

In addition, check runs were made in pure N2 and OZ' For nitrogen at T-4240°K

at 4. 25 times normal density, no radiation was recorded in any channel. This
indicated that the source of the radiation must be linked with the presence of
oxygen, and further, that no radiation shock-tube impurities such as CN are present
in these experiments. The air used in the present studies was procured as ''dry
air'' from the Matheson Company. One check on the resits at high temperatures
was made by performing a run using am air mixed from reagent grade N, and OZ

The results were egsentially the same, and indicated no noticeable impurities n

the dsy-air container,
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Experiments in which pure oxygen was brought to the same conditions as
those of the high-temperature air runs yielded only a very small amount of
radiation. It was almost immeasurable, due to the low signal - to - noise ratio.

It should be noted that experiments in air and various O2 - ‘\12 mixtures have been

included in the schedule of studies to be performed directly after the measure-
ments on the N2 first-positive band system.

Preliminary estimates of the rate constant were made from the data,
and revealed that the rate at about 3500°K was somme ¢0 times lower than the
room-temperature rate reported by Kaufmans. It was noticed in the spectra,
however, that at 0. 6 microns a large spike of radiation was recorded, for experi-
ments in excess of 4000°K. Because of the ' kelihood of radiation from sodium
at this wavelength it was decided to place the interference filters (which determinc
the bandpass of the photomultiplier detector channels) at wavelengths which
would be free of radiation from such unavoidable impurities as sodium, calcium,
and putassium.

The final placement of the filters was determined after first photographing
as much of the continuum spectrum as possible. A medium quartz spectrograph
(f:10) was used together with Kodak 103-F and 1-N spectrographic plates to
obtain the spectra shown in Figure 2. The first spectrum is that for air at
about 4500°K and 3 times normal density, in which the plate was exposed to the
total shock tabe radiation phenomenon. This includes not only the radiation from
the gas during the '"clean’ testing time, but also the subscquent radiation, largely

from impurities and from the interaction of the hydrogen-driver gas with the

heated test air.  The prominent OH band at 3064 Angstroms is clearly seen
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The use of a capping shutter13 which limits the plate exposure only to
the radiation from the gas after processing by the reflected shock permitted the
second spectrum of Figure 2 to be obtained. The radiation from the Schumann-
Runge band system of oxygen can be clearly seen on the plate. The radiation
of interest to the present problem extends from about 4000 Angstroms into the
infrared. The prominent lines in this region are those of potassium, calcium,
and sodium. The unexposed region between 5000 and 5500 Angstroms results
from a decrease in the sensitivity of the emulsion. The type F plates were
used to examine this region in detail. The last spectrum, together with the
other results, show that this radiation does not appear in the spectra of either
pure oxygen or nitrogen,

The interference filters were placed in the cleanest portions of this
continuum, and were now at the wavelengths: 4750, 5100, 6700, 8100, and
S060A. With this configuration, another series of experiments were performed
with air at temperatures between 2800 and 4500°K, and densities between 2

and 20 times normal.
Results

The data from a series of experiments near 3700°K are shown in Figure
3. In this graph the measured intensities at the various wavelengths are
plotted against wavelength, The intensity was normalized by the product of the NO

and O concentrations:

2

2%, X o | )0/8

whexre 7 i the compressibility factor, )P is the air density, and the X's are

’2

mole fractions, obtained from Reference 11. The smooth curve of the graph
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between 0.4 and 0. 62 microns was taken from the detailed spectrum by
Fontijn and Schiff 7, which was reported during the course of the present work.
The spectrum was fitted to the data at ©. 51 microns.

| As can be seen, the agreement with the intensity distribution verifies
the recombination radiation ag the chief contributor to the recorded spectrum.
The experiments covered a range of 3 in the factor ZZXNOXO ( )0/)8 )2 and
the intensities are proportional ta it to within 20%.

The rate constant derived from these data at 3750°K for the reaction

k
a

NO +O —— N02+h1/

is equal to 4.4 x 105 crn3 mo].e-l sec_1 +25%. This is about 20 times smaller
than the room-temperature value.

The reaction rate measured at 3750°K is lower than that reported for
300°K by a factor of about (3750/300)-1' 2, which is reasonable for the temperature
variation of recombination reactions. However, between 3000 and 3750°K the
values show a T-3' 2 dependence. This variation cannot reasonably be attributed
to a change in the reaction rate constant, but rather, iﬁdicates a contribution of
radiation from another source at these lower temperatures,

In contrast with the roomstemperature work, for air in equilibrium at
these conditions, radiation ¢an arise both from the NO-O recombination and
from excited states of equilibrated NO2 molecules. The density dependence of
the radiation from these two sources is the same. However, the equilibrium
population of the NO: falls rapidly to a negligible value by 3750°K14. Further,
subtraction of the NO-0O recombination intensity at the lower temperatures (hased

-1.5 . . . . . .
ona T dependence) leaves a residue which is consilétent with the radiation
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from NO2 based on estimates made from the absorptiaon coefficient of the

NO2 molecule. A yecent papet by Broida and Schiff and Sugden © shows a
structured spectrum at the cutoif of the room temperature NO-O recombination
continuum which suggests the presence of excited NO2 molecules in their
experiments. The precision of our data does not warrant further analysis of
the NO2 contributicn.

One experiment was performed at 2800°K. At these temperatures the
radiation was seen to rise gradually in time to an equilibrium value (for higher
temperatures the rate of rise was due only to the transit time of the reflected
shock wave across the viewing port). The rate was strongly suggestive of the
relaxation time ta chemical equilibrium. A check was made on the kinetics
of this shock tube run by using the normal shock program discussed in Section I7
of this vreport. These results gave good agreement between the measured rise
of the radiation and the formation of NO molecules which is ratexdetermining
for NOz formation. This experiment, coupled with the absence of radiaticn
in pure N2 or OZ experiments serve to confirm the source of the radiation

and the validity of the results.

B. THE NITROGEN INFRARED MEASUREMENTS

One of the principal radiating species in heated air is the nitrogen molecule
whose first positive band system extends {rom the visible to about two micrans
in the infrared. The only reported transition probahilities for this system
were deduced from a few broad-band measurements made in heated air 9. The
need for a detailed study of this system was clear, and thus it became a pramarvy

aim of the present research program.
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Description of the Experiment

The apparatus for these experiments consists basically of the shock tube,
used to process the gas, and the twelve -channel infrared spectrometer, with
which the absolute intensity of the spectrum of the gas was measured. The
criteria leading to the design of these components together with the details of
construction and calibration have been reparted in References 2 and 3. Briefly,
the shock tube has a test section 30 feet long, of 3-inch inside diameter, It
is equipped with contoured, sapphire windows near the reflecting wall, [t is
designed for operation at high driver-gas pressures (30, 000 pei) and at good
purity levels (total rate of rise at vacuum ~ 2 microns/hr.). Combustion drive
was not used because of the inherent difficulties of performance and cleanliness
with combustion-driven shock tubes.

The twelve-channel infrared spectrometer was designed to span the
range from 0.7 to 2. 4 microns. It is an f/3. 5 Ebert-type grating instrument
and the twelve channels subtend about 0. 3 microns in first order, with a bandpass
of 0. 01 microns per channel, each of which has a lead selenide detector with
about 10 microgecond response time.

The use of this system and some Preliminary measurements of the nitrogen
systein has been reported in Reference 3. Since that time the system hac been
modified and refined, particularly in regard to the radiation calibration tech-
niques and to actual shock tube opexration. These will be described in the next .
subsection.

Expesrimental Procedure

The shock tube was thoroughly scrubbed with alcohol &nd hard-pumped

between runs, Prepurified nitrogen from the Matheson Company was used for the
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experiments. The following mass-spectrometer analysis of the nitrogen was
obtained from the Matheson Company:

O2 5 ppm
HZO 3 ppm

Hydrocarbons less than 0.5 ppm ,

CO2 non-detectable
Cco non-detectable
H2 non-detectable

The gas was used with no further processing. Initial test gas pressures
were read on a manifold of Wallace and Tiernan absolute pressure gauges, which
were calibrated and cross-checked with each other. The speed of the incident
shock wave was measured with thin-film ionization gauges at four intervals in
the last six feet of the shock tube. The intervals are 18 inches apart and the
elapsed time was nzasured with a digitalized output unit to the nearest micro-
second,

in order to traverse a spectrum from 6.7 to 1.2 microns in the second
aorder {(which was done in these experiments), the conditions of the gas must be
reproduced exactly for five to six shock tube runs. Using only pressure breaks
on the diaphragms at the 2500 P91 level makes this almost impossible, due to the
unavoidable variations in the diaphragms. This problem was overcome through
the use of a double-diaphragm technique. The double diaphragm unit consists
of two diaphragms separated by a 3-inch spacer. During the loading process,
this small chamber is automatically maintained at one-half the driver-gas
pressuxe. For desired operation at 2500 pai, the chamber contains 1250 psi.

Since the driven section is at a comparative vacuum (10-200 mm Hg), the diaphragms
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support a pressure differential of 1250 psi. Upon venting the chamber, the full
2500 psi bears first upon the diaphragm closest to the driver, and, when it
ruptures, upon the second. Thus, the only requirement upon the diaphragms
is that they support 1250 psi, and break at less than 2500 psi. This is easily
accomplished, since normal variations in the rupture pressure of the diaphragms
are less than + 200 psi. With this System a series of runs can be made, in
which the wave speed in any of the timing intervals is duplicated to within 1
microsecond out of 150. This reproducibility is within the error in the determina-
tion of the density and temperature behind the reflected shock. Thus the data
require no corrective normalization between successive experiments in a given
series at constant reflected-shock condition~

The absolute intensity calibration of the spectrometer was carried
out in the following manner. During the shock tube run, the entrance slit (1 x
12 mm) of the spectrometer is focused on the sapphire window of the shock
tube. After the run, it is focused onto the tungsten ribbon filament of a
standard lamp. This is done without changing the optical geometry. A fast
chopper is employed to produce a square wave output which is recorded by each
channel. Thus the primary data consist of two records which are the ratio of
the radiation from the gas and from the tungsten lamp.

The voltage output of a typical channel is shown in the following sketch:

¢

MICROSECONDS
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The sharp rise of the signal corresponds to the transit time of the

reflected shock wave through the subtended volume of the test gas. A rather
linear rise in signal follows, and corresponds to a radiation increase which is
felt to be due to a small rise in the temperature of the gas in the tube. The
radiation is highly temperatyre dependent, and the temperature rise needed for
this increase is too small tg be correlated with the reflected shock pressure,
whose output over the total interval remained constant. The datum for each
channel was taken to be the intercept of the linearly extrapolated slope at

t = 0, where the temperature would be that calculated by simple shock tube theory,

microns by alternately passing the radiation from the NBS lamp and the working
standard lamps into a Gaertner monachromator. The current in the NBS lamp
was provided by a stabilized power supply which was operated {rom an 0. 01% line
regulator. The current was set at the NBS value with an 0. 25% Weston 370
ammeter. Storage batteries were used to power the working standard lamp. and
an 0. 5% ammeter was used both for the calibration and subsequent operation of the
lamp in the experiments. Thus, the accuracy of this meter did not enter into

the calibration. Botn lead sulphide and infrared=-sensititve photomultiplier tubes
Wexe used in the calibration to fnaintain the highest signal-to-noise ratios and to
minimize the reading ervror in the comparison of output signals from the lamps
Overall-systern linearity was checked by Comparing the recadings for the NBS
lamp radiance at 25 and 30 amperes, since the NBS lamp was calibrated at both

durrent values. The effect of aging of the YQmpl was studied, and the determina-
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tion of the usable working areas of the filaments was made by measuring the
radiance gradients along the filaments.

The accuracy of the overall calibration of the working standard is felt
to be better than 5%. The largest error in the absolute values used in the experi-
ments is that reported for the NBS lamp itse}flé.

The spectrometer was checked out to insure that no radiation from
unwanted orders or wavelengths were overlapping the detectors at any given
setting. Use was made of silicon windows, water cells, Kodak infrared filters
and several organic liquid cells in these checkouts and in the runs where necessary
In general, only the radiation gsubtended by the detector array was perrnitted to
enter the spectrometer. The intensity calibr-tions were always made with the
order-sorting filters in the system.

The linearity of the detecting system was also checked by separately
verifying the linearity of the electronic system of amplifiers and by an inverse-
square experiment, where the response of the detectors was measured as a
function of the distance from a point source. No deviation from linearity was
noted for values of detector output which greatly exceeded thase obtained in the

experiments.
Results

An exploratory series of runs using the multichannel spectrometer in first
order revealed that the prominent features of the spectrum lay between the low
wavelength limit of 0. 7 microns and about 1.5 microns. This region of the
spectrum was then carefully surveyed in second order, by making a series of
runs at conditions of constant temperature and density. The resultant spectrum

; . . - . . - o=
1s shown in Figure 4, where the radiation is plotted in watts cm 3 steradian
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micron-l. The twelve data points from a single run are shown as separate
symbols, and the Precision in the data can be determined by examining the spread
in intensity at a given wavelength for a number of overlapping runs. Also plotted
along the abscissa are the pertinent band-head positions according to Dieke and
Heathl7, with the heights of the markers scaled to the values of the overlap
integrals after Jarmain and Nichollsls. The vibrational band sequences can be
clearly seen, and indicate the advantages of the multichannel approach, in that
all radiation corresponding to a given symbol on the plot was recorded from the
same sample of gas.

The radiation from the standard lamp is given in units of watts c:m.Z
steradian” ! micron” !, Conversion to the units plotted is accomplished by
dividing by the path length through the radiating gas, equal to the inside diameter
of the shock tube (7.60 cm was used). The sapphire window-transmission correc-
tion was taken to be 0.9, and finally, the data were Corrected by a factor of
1.4 to account for the effect of reflections inside the shock tube, This factor
was obtained hy experiments described in the Appendix. Thus, the intensity

plotted in Figure 4 was directly obtained from the data by the relation

] -
Watts I watts

I I } (7.6)(. 9)(1. 4) ( 2_st_er— micron !

cm - ster-micron cm

In Figure 5 are presented several spectra spanning one of the vibrational
band sequences (vt =1, v''=0) of this first positive system (B3’IT — A3Z )
between 0. 78 and 0.91 microns. These spectra were obtained by varying the
density and temperature of the nitrogen in experiments with a constant wavelength

setting of the spectrometer, The essential features of the spectrum are the same,
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and the variation in intensity results from the change in the population of the
upper energy level involved in the transitions. This effect is more clearly
seen in Figure 6, which givesthe temperature dependence of the radiation. Con-

sidering the radiation to arise from an upper level of energy E , the intensity

is proportional with the population in this level:

where n is the number of N2 molecules per cm3, L., the Loschmidt number,

and c¢ 1is a constant. QN is the internal partition function for nitrogen. It is

2
plotted in Figure 7, and was obtained from Reference 11. Dividing and taking

the logarithm, one obtains

(ray)

(’“/L - TI? (Tl_) # s

Thus, a plot of the left side vs. 1/T should yield a straight line, whose
slope is - E/k, and whose intercept permits the constant c to be evaluated.
Eight temperatures between 6000 and 7200°K are plotted for each of two wave-
lengths, chosen at each edge of the recorded band sequence. It can be seen
that a good straight line can be passed through the points. The slope of the line
at 0. 887 microns which contains the head of the (1, 0) band corresponds to

E = 58800 cm-l. This is in very good agreement with the best reported value

9

of 61700 cm 1, and substantiates the radiation origin to be N Keck et al

>
have reported the { number for this band system in nitrogen to be 0, 025.

The results of the present work are a factor of five below their value. This
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discrepancy is sigpificant and is illustrated in Figure 8. Because their results
were deduced from radiation data taken in shock-heated air, the discrepancy
may be due to a prominent radiator preseat in air but not in nitrogen. This
point was checked by repeating the 0. 78 and 0. 91 micron expexriment with air
at T = 5400°K and a density of 0. 9 times normal. The resultant radiation was
normalized to the amount of molecular nitregen present in the air at these
conditions. At 0.8 microns the radiation intensity was equal to that predicted
by the present pure-nitrogen work, indicating the absence of other radiation
species in this wavelength region, at ieast for temperatures below 6000°K.
Thus it is felt that the lower intensity values for the nitrogen spectrum measured
in these studies are valid.

The spectral resolution of the data ajlows the transition probabilities
to be determined with good precision. Because this dnalysis is presently
being made, it could not be included in this report, but will be submitted for
publication shortly. Based on the calculations aof Keck, et al, the f number

should be about 0. 005, one-fifth of their reported value.

@ SUMMARY AND CONCLUDING REMARKS - RADIATION PHASE
1. The reaction rate constant for the NO-O radiative recombination
ka
NO + O —=o NO2 + hy

has been measured to be 4.4 x 105 cm3 molc-l sec°l +25% at temperatures of
3750°K. This rate is 20 times smaller than that reported for this reaction at

rYoom temperature.
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2. At lower temperatures (2800-3100°K) additional radiatior was recorded
and is attributed to the bound states of thermally equilibrated NOE.

an The detailed and intensity-calibrated spectrum of the first positive band
system of nitrogen has been obtained between 0. 74 and 1.2 microns for a range

of temperatures between 5800 and 7200°K. The observed temperature dependence
of the radiation is in good agreement with equilibrium-radiation theo ry and clearly
identifies nitrogen as the radiating gas,

4. The intensity of the radiation from pure nitrogen is lower than previously

9

reported values ’ by a factor of five.

The scope of the continuing research in this area includes the experimental
determination of the other contributors to the radiation from heated air, These
are presently felt to be the continuum radiation 5 arising from the interaction
of electrons with the atoms and molecules of the heated air. It is planned to study
the radiation for a broad range of N2 -O2 ratios, from which the effectiveness

of the various scatterers may be deduced.
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SECTION II - RE-ENTRY BODY FLOW FIELD ANALYSIS PHASE

The solution of the inviscid nonequilibrium blunt-body prablem (which has
been discussed pPreviously in References I, 2 and 3) is needed to predict the time
history of radiation from the hot gas surrounding a re-entry vehicle. The present
analysis is based on the inverse method of solution (i. e. the shock shape and size
is prescribed) and employs coupled vibration-dissociation reactions to describe
the thermochemical state of the gas behind the bow shock wave. Thig general
bow shock problem has been programmed for an IBM- 704 tomputer. In additicn,
2 similar finite-rate solution has been programmed for normal shock waves
to assess the variation of rate constants on the over-all relaxation zone. A gencral
description of both bPrograms and pertinent results obtained to date will be
discussed

It is known that the flow field around a Te-entry vehicle in a rarefied
atmosphere may be influenced by viscous effects. Cheng20 defines a flow regime
where boundary layer or vorticity interaction theorijes may apply as 0(/)58/\/2(0"
where & is the inverse density ratio over the shock. K'2 can be approximated
by

K Zz ;.
Ao

where A is the body nose radius and X is the mean free path upstream of t/ ¢
shock. For a typical re-entry vehicle (i. e. one foot nose diameter), at an altitud«
of 200, 000 feet, 61{'2 = 500. However, this parameter is about 50, or appreacn
o) at 250, 000 feet. Sc¢ ala'321 similar results show the ratio of boundary laver

thickness to shock layer thickness in the stagnation region of hypersonic vehicles
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is about 1/10 at 200, 000 feet, and increases to #/2 at 250, 000 feet altitude. The
inviscid solution can be used with some degree of confidence to predict the chemistry

of the shock layer at 200, 000 feet.

A, NORMAL SHOCK SOLUTION

General Discussion

The normal shock program is similar to the bow shock problem in the
numerical aspects of the solution, and is identical with respect to the thermodynamics
and chemistry. Since it is a much less complex program than the bow shock
solution, the general characteristics of relaxation phenomena behind shock waves
can most easily be discussed in terms of the normal-shock solution. Consider

the sketch:

SHOCK

—
—>{ oy
+HHH

{ ]
LI T

-

In shock coordinates, the fiow is advancing into the shock wave at velocity U1 and
leaving at velocity U . When the air passes through the shock wave, it is
compressed and most of the kinetic energy available in the free stream is con-
verted to thermal ene rgy. The active (i.e. translation, rotation) contributions

to the internal energy of the gas axe very quickly adjusted ¢o the equilibrium values

in the timme of a few molecular collisions. However, the monactive degrees of
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freedom {i.e. vibratios, dlissociation and ionization) adjust much more slowly.
Duffzz has investigated the chemica? disseciation-recombination process behind |
norwmal shocks in air considering wibrational equilibrium of the diatomic species,
The addition of vib§atienally nonequilibrated diatomic species and the coupling of
this vibrational relaxation process with the chemistry has been studied by
Teare, 23

The mathematical description of this relaxation process used in the
CAL program is cbtained from the scluticr of a set of simultaneous differential
equations to obtain the density { £ ). pressurc (.,'1.‘)’ ). flow velocity ({/}, con-
centration of theJ th species { P{/] } and vibrational energy of the Jth species
(6‘/' } at any distance ( ﬁd’) behind the shock wave. (Detailed analyses of the
normal and bow shock problems can be found in References 2 and 3 and will
not be presented here.) The conditions immediately bekind the shock wave can
be determined in a number of ways, depending on the the rmochemical descrip-
tion of the problem. In gencral, each species | MJ ) is described thermodyna-
micaily with translation, rotaticn, vibration (described. by harmcenic oscillator
relations for diatomic species), and excited electronic states contributing to
the internal cnergy. The trarsiatioral, rotationa! and clectronic states are
assumed to equilibrate immediately behind the shock and determane the 1nitial
ronequilibrium temperature. In flow regimes where the vibrational relaxation
time for the diatomic species is much less than the chemical or ionirzation
relaxation times, the diatomic spccies can be assumed to be equilibrated vibrationall
with the three prec eding degrees of {recdom. However, for low-density regimes,
vibrational relaxation times become long, and the diatomic species will be in

a state of vibrational nonequilibrium immediate ly behind the shock. This is
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desceibed through a system of hgzmonic escillators that rekax fo equilibrium

conditions while maintaining a Boltetann distribution ahout a vibrational termpera-
ture ( TVJ ).

Since dissociation can proceed from any vibrational level, the assumption
of vibrational equilibrium immediately behind the shock leads to a greater
population of higher energy levels, and to a higher rate of dissociatjon. For
the flow conditions where vibrational nonequilibrium ig important, eonly the
lowest vibratienal levels of the molecules are populated, so that dissociation

!l proceed more slowly than if vibrational equilibrium were established. In
e regimes, coupling the dissociation rate constant to the degree of vibrational
excitationis a moreaccurate description of the reilaxation phenomenon. This
slows down the dissociation process and a higher temperature is maintained
during the period of vibrational relaxation than if the vibration and dissociation

proceeded independently.

Discussion of Program and Resulte

The normal shock program has been completed for the IBM-704 computer,
and has been used to investigate relaxation phenomena in a variety of gases. A
capacity of 20 species and 40 chemical reactione has been included in the program.
In addition, the thermodynamic description of each species has been improved
over that discussed in Reference 1. Higher electronic states are now included,
with a capacity of eight electronic levels for geach species, adding considerably
to the accuracy of the solution. A wariable &"a" interval is employed in the
step-by-step integration procedure away from the shock. In this process, the
interval is doubled after a specified number of successful steps (provided
certain tests are passed, i.e. per cent change in T, change in species concentration,

®
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ett. are within given bounds) until a maximum specified interval size is reached.

If changes in an interva} are too large, the interval size is decreased unti} all

tests are passed. Small intervals are then used in regions of rapidly changing
variables (i. e. near the shock front), while progres sively larger intervals are
used as the variables asymptotically approach equilibrium values.

The results of a typical normal shock computation are shown in Figures

vibrational equilibrium imme diately

10 through 12. For this particular case,

behind the shock was assumed. The initial conditions of p = 1 mm Hg and shock
Mach number of 12.3 are from a typical shock tube test, Figure 10 shows the
species distribution as a function of distance behind the shock wave. Seven
species (OZ’ NZ’ O, N, NO, NO+, e ) were taken to define the air kinetic model
and the following six reactions were used: { ’éﬁ,‘oo denotes the forward rate

at vibrational equilibrium, in cm3/mole-sec):

/

A -59380
1 O, +M ==='204+M Ao =1.1x10%° (T)‘Z“Scxp[;——__
[£-"] T
i”ae : 23, .-2 115129
2, N, +M === 2N+M LF = 6.3 x10°7(T) “ expf——21c?
200 T
e, : =
3. NO+M == N+0O +M . =l.5xIOZl(T)-i'Sexp[—71‘§ij
Jo0 T
Aree 11,...0.5 -36245
4. O+N, ——= NO +N ,E,’_;OO:S.SXIO (T) exp f——p—
Rp
5, N+0, =—= nNo +0 A 1 x 101 (1)0 5 oxp [23121
%-o T
’A"eoo ]
6. N+O ———em-a- NO+ <+ e. &Féeo = 5x 1013 (T)'O 3 exp "—_'ll—l?—l—c)—
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The formation of atomic species (U and N} ig seen, with the subsequent decygease

in concentration of the original molecular species (03 and NZ) as the distance
from the shock wave increases. The avershoot in NO conceatration, which is
typical of chemigal relaxation zones in air, seaches a maximum approximately
one centimeter behind the shock. A positive gradient in electron concentration
exists until 1. 5 cm behind the shock, where the maximum electron concentration
is reached. At this point, there is a 20% overshoatl in the electron concentration
over the final equilibrium value. The magnitude of this electron overshoot is
dependent on shock Mach number and density, and is as high as a fagtor of two
at the higher shock velocities. It should be noted that equilibrium concentrations
are not reached until some 20 ¢cm behind the shock, indicating a long relaxation
zone,

It is of interest to note the role each reaction plays in this relaxation
process. An insight to this can be seen from Figure 11, where the ratio of
total forward rates to reverse rates are given as a function of distance behind
the shock. Immediately behind the shock, this ratio is infinite for the dissocia-
tion reactions, since the reverse reaction is zero, and the whole process proceeds
in the forward direction. At final equilibrium, this ratio would be one The
two-body NO exchange reactions and the ionization reaction reaches local
equilibrium much closer to the shock than do the slower dissociation reactions
It is the exchange reactions that produce the NO overshoot, since they tend
to put the NO in equilibrium with the molecular OZ and N, early in the relaxation

2

zone. A slight undershoot in the ratio is seen for these reaetions indicating

that the reverse rate twhich deletes NO) is dominant in that regime, and the

decvecase from the overshoot maximum is aided, Figure 12 shows the effect

of the chewmical system on the gasdynamic properties of temperature and density,

®
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lznmédib.tely behind the shock, the temiperature, as deternvined £1o:y translation,
rotation, vibretion and electronic excitation, is epproximately 7206°K. The
temperature dacreases monotonically through the relaxation region towards the
equilibrium value of 4400°K. An increase of approximately 50% is seen in the
density ratio during the chemical process. Thus, the early part of the nonequili-
brium zone consists of molecular species at extremely high translational tempera-
tures. For very high altitude re-entry, this early part of the relaxation zone
may fill the entire shock layer, giving - substantially different flow field than
that computed from equilibrium conditions.

Conditions of vibrational nonequilibrivm have also beep investigated
using the normal shock program. In this analygis, the forward rate constant
at vibrational equilibrium for the '™ reaction { K o ) is modified by the

vibrational coupling factor \6’ through

ALJ’ €an be I or ¢, denoting that vibrational equilibration will proceed coupled
to or independently of the chemical reaction. Since the vibrationally relaxing
species are considered to be a system of harmonic oscillators in a Boltzmann
distribution about a vibrationai temperatage, TVJ , this TVJ will start
at the original ambient temperature immediately behind the shock, In general
then, at Adr = 0, WJ' << T. this vibrational f#elaxation can be seen in Figure 13,
which shows the temperature Aistribution behind a Mach 19 shock wave into 100
microns of air. Fox thjs case, the degreec of vibrational nonequilibrium was

coupled to the dissociation Teactions, and the same kipetic air medel described
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Previously was usead, The temperature (Tz) as determined from trar'i’s.lation R
rotation and exciteg electronic levels is approximately 19, 000°K at /\dr =0,

and decreases towavrds the equilibrium value of 6000°K. Both the molecular
oxygen and nitrogen vibratjonal temperaturesare 300°K at Adr =0 (the original
ambient value) and increase towards the translational temperatyre. Since the
oXygen equilibrates more rapidly than the nitragen, the 7:/02 reaches local
equilibrism saoner (i, e. ﬁﬁ'e%‘ =.26 e¢m for TVoz as compared to Af%h=2. 5 cm for
TVNz, ). Since the translationa] temperature is decreasing at this point, the
vibrational temperature overshoots the local equilibrium value, and approaches
the final equilibrium result from akove. This phenomencn is more pronounced
for T’o,_ than for T"Nz since it occurs earlier in the relaxation zone where
T is decreasing ve ry rapdily. When 'R:,{T \ \5 <1 and the forward rate
constant is reduced, slowing down the rate of formation of the atomic 8pecies.
However, during the overshoot Tegime, \{‘,‘ > 1 , and the rate constants are
enhanced. Siace the atomic species O and N are delayed early in the relaxation
region, the formation of electrons is also delayed, since it ig the recowmbination
of O and N through the sixth reaction that gives rise {9 the electrans. However,
the point of maximum electron concentration is relatively unaffecteq by this
coupling. It is the initial gradient in the electron concentration which is rnost
sensitive to the effect of VJ - In general then, the vibrational coupling
phenomenon tends to decrease the dissociation process caxly in the welaxation

zone, keeping the translationa} temperature high.
Conclusions
Zeesesions

The normal shock solytion gives a clear picture of the thermochemical

phenomena oc curring behind shock waves. This solution can be used o gain an
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insight inte the chemistry of aetual shock layers surrounding re-entry vehicles,
singe it closely resembles the stagnation stycamiine solution. However, near

the body, the actual flow velgcity approaches zero aleng the stagnation streamline.
Thus, the ratio of chemical time to particle residence tizhe becomes small, and
the process approaches equilibrium much more rapidly near the body than
indicated by the normal shock golution.

The normal shock program, thea, yields a description of the relaxation
zone, showing the species distribution with the typical NO and electron over-
shoots, the decrease in temperature, increase in density, and the effect of the
coupling of vibration with dissociation. This normal-shock solution is now
complete for any multicomponent gas mixture of atomic and diatomic molecules
and will be used to determine the importance of various rate constants, to aid in
the interpretation of shock tube data and give an insigh* into the nenequilibrium
shock layer in the stagnation region of hypervelocity vehicles. The computational
time is very short for this program, in that approximately 45 seconds are
required to compute the relaxation zone for a single diatomic gas (i.e. pure
oxygen), and about 6 minutes to obtain a soluticn for air using the air model

previously discussed.

B. BOW-SHOCK SOLUTION

General Discussion

The thermodynamics and chemistry of this program are ideatical to those
of the normal shoek, and the greater complexity arises {*om a wmose difficult flow
situation. A shock-wave size and shape is specifie® #n ¢he invetse method 4,

and the body ebtained {frowm mass conservatian considetations im the systern of

equatioms. Consider the sketch

L) Q@M-1379-A-4




gobYy’

where X is the distance along the shack and Ad— is the coordinate normal to it,
The shock is divided into M values of AX as shown, and the conditions imme-
diately behind the shock at each point are determined from the local normal-
shock considerations discussed in the previous section. Once these starting
values have been obtained, the entire Qolution advances forward one intervai
normal to the shock wave. The solution cannot proceed forward one ray at a
time, since the derivatives in the X direction parallel to the shock are needed.
These represent the flow swept by a point on any given ray, since the rays

do not follow streamlines, but cross them., Accuracy depends on the accuracy
with which the ¢ de rivatives are known, the size of the mesh intervalsg, the

method of numerical integration, etc,

Discussion of Program and Results

Since the last Semi-Annual Report ! was completed, the high-speed core
storage unit has been installed in the computer, and the bow shock solution has
been reprogrammed to take advantage of the larger capacity. At the present
time, this solution has a capability for 10 species and 20 chemical veactions,

with the yrmodynamic descriptions identical with those of the normal ehack program,
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A variable A’a—'in’terval has also been incorporated in the bo- shock program,

eliminating the need for an accurate knowledge of the initial NH-— step to be used.
Subject to the various tests included in the solution, the program selects an
initial step size that will satisfy all requirements. Thus, small steps can be
taken both near the shock wave and near the body. For the test cases discussed
in this report, a three-point fit has been used for the X derivatives, Upon

final refinement and completion of the program, a more accurate five- or seven-
point fit will be used. The method of computing these derivatives is incorporated
in a separate program subroutine that can be easily changed. The programming
of the solution is essentially completed, and a number of test cases have been

run, both with a diatomic gas (i. e, OZ) and with air,

1. Re-Entry Case
A typical re-entry condition was chosen as the first air-test case,
using the same air model Previously discussed, with vibrational equilibrium
assumed immediately behind the shock wave. A velocity of 23, 000 ft/sec at
200, 000 ft. altitude was chosen. Using the 1959 ARDC atmosphere, the ambient
conditions are
T =249, 44°K ¥ =3.1782 x 1077 gm/cc
P =2.2281 2107 % atm MW, = 28.962 gm/mole
Figure 14 shows the nose region of the re-entry vehicle, with a catenary shock
wave having an approximate 6-inch sadius at the centerline specified. The body
shape as computed froem mass-flow considerations is shown in the shock coordinates
in Figure l4a. This plot actually shows how the body px'llls away from the shock,
A slight waviness can be seen in the body shape, with more pronounced

inaccuracies on the ene rays. This 4s due t@ the fact that a linear fit is presentty
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uised for the X derivatives on the end rays. These outermost points should be
disregarded for the test cases. At the present time, a program stop ccecurs when
the first ray reaches the body (i.e. ray closest to centerline), and the solution is
not carried into the body to obtain a more accurate determination of the body
shape on the outermost rays. Thus, it is not presently known whether the slight
Waviness is due to the 3 point X derivative fit, or to possible inaccuracies in the
Mass conservation criterion as the distance away from the centerline increases,
The entire X derivative subroutine is now being refined, and this refinement
will lead to a more accurate determination of body shapes. In the results presented
here, a total of 24 rays (i.e, AKX divisions) were used in the computation. As
shown in the axisymmetric coordiné.te system in Figure 14b, the body shape
closely resembles a circle., The shock standoff distance is seen to lie between
the computed equilibrium and frozen values, which were obtained using the
relation of Li and Geigerzs. The present solution was carried to approximately
60° off the centerline, requiring a computing time of one hour and fifteen

minutes,

Figure 15 shows the temperature distribution in the shock layer along 4
rays labeled in Figure 14b. The temperature immediately behind the shock as
determined from translation, rotation, vibrational ex¢itation and higher electronic
levels is approximately 17, 500°K along a ray near the centerline {i.e. X = .06
is about 3° off the centerline). However, the temperature atld'r 0 at approximately
50° off the centerline (i.e. x . B6Y is much less, 11,000°K. The mast pro-
nounced changes in the temperature occur near the stagmation region { X = . Q6)
since the reactions progress rapidly here due to the high temperature and density

and because the local flow velocity is low. It is se®n that the entire shock layer
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is in a state of nonequilibrium, at temperatures greatly in excess of the equilibrium
- normal-shock result ( ~~ 6200°K).

Figures 16, 17, and ]8 show the species distributions in the shock layer
around the nose cap of the vehicle, The é':’quil-i;brium normal shock results are
given as a reference on each figure. These figurés shouid be interpreted as
giving the species conecentration along a ray from the shock (Adf =0) to the body,
i.e. walking along the ray normal to the shack until the body i§ reached. The
electron concentration (Figure 16) shows an extreme g;'ad;ent from the shock
to the body, with an aovershoot of some 70% over the equilibrium value for
the vay closest to the centerline. However, along an outer ray ( X =.86) the
electron concentration is an order of magnitude less than the vailue near the
stagnation region. The electron Concentration gradient will have a strong influence
not only on gaseous radiation calculaticns, but algo in the determination of radar
Cross-sections.

The chemical species distribution is shown in Figures 17 and i8, and it
is interesting to note extreme overshoot in NO concentration above the equilibrium
normal shock selution (approximately two orders of magnitude). This overshoot
occurs on all rays, denoting that the entize shock layer has an extremely high
concentration of nitric oxide at the high nonequilibrium lemperaturcs discussed
previously. The oxygen and nitrogen atomic species are seen to appiroach
equilibrium values within the shock layer. However, the small oxygen molecular
specien concentration is still an order of magnitude above the normal shock valae
when the body is reached. Thus, for this typical re-entry case, the front pottion
of the whock layer is in a state of nonequilibrium with laxge amounis of NO and OZ
at cxtremely high tempe ratures. This will give a conside rably different radiation
picture than than computed fram equilibrium conditioms (i.e. T 2 6Q00° K, with

small amounis of NO ard OZ)/.
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2. Hypersonic Tunnel Case

The rapid expansion of the flow from a high temperature reservoir
in hypersonic test facilities may introduce nonequilibrium phenomena in the
expansion nozzle, These effects wiil, in turn, have an influence on the shock
layer around a model in the expanded flow. 'i;hus, it is necessary to obtain
a4 complete flow sqlution for the tunnel=model configuration. Using conditions
similar to those encountered in hypersoni¢ tunnel inve stigations (i.e. reservoir
pressure= 100 atm., reservoir temperature = 6600°K), the finite-rate expansion
Wwas camputed uging a program recently deveioped at Corne1126. The resultant
nonequilibrium flow conditions Were used as inputs to the bow shock program,

The results chosen 85 test section canditions were:

T, = 132°K {0} = . 158 moles/orig. mole (M) = . 689

B o=2.5x10"° aesn [8)=1.5x 10719 (No] = . 06

An* = 18, 190 {0.)= . 084 (Ar) =8.6 x10 -3
Y -42x10° cm/sec,

Thus, the ambient conditions @nsisted of Yarge amounts of O and NO indicating
irecezing of these species early in the expansion process. Again, a catenary
shock shape was assumed, having a radius at the centerline of approximately
6 inclice. This would presume, then, a six-inch nose radius model in the nozzle
test section. As in the previous test case, the rmodael shape closely resembiled
a circle.

Figure 19 shows the temperatuge distribution in the shock Yayer. Thege
is a marked difference in this distribution from that ca¥culated for the 2G0, GOD

ft. re-enfry case. Thigs is duc to the jow density ie the test seciion . e, typical
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of approximately 250, 900 ft.altitude) giving longer relaxation times, and to

the presence of large amounts of O and NO in the flow. For the innermost

(% =

ray
. 12§ the temperature stays practically constant and does not start to decrease

toward an equilibrium value until the vicinity of the body. Along the outer rays,

the temperature increases slightly, similar to an isentropic compression for

the ideal gas case, before the echemistry begins to decrease it. For the

outermost ray, this latter effect is unnoticeable up to the point where the body

is reached.

This pronounced effect is illustrated in Figures 20,21, and 22, which

show the species distribution in the shock layer. The ambient oxygen atom

concentration, which is about a factor of three below the final equilibrium normal

shock value existg along all rays well into the shock layer, before an Increase in

this concentration occurs,

first along the ray nearest the centerline. However,

the body is reached well before the equilibrium value is attained. The initial NO

concentration fills the entire shock layer, and begins to increase in the typical

overshoot manner. It is seen that the body is reached well before the maximum

in this overshoot occurs, leaving the shock layer with an NO concentration some

two orders of magnitude greater than the equilibrium normal shock value. The

N atom concentration resembles the previous case, since the ambient value of

N is practically zero (i. e. (N)Q’lﬁ_lo moles/orig. mole). Figure 22 shows the

electron distribution araund the madel nose cap. It is seem that the body is

reached we?l before the overshoot in electron concentration would accur, The

electron concentration at ihe body s approximately one ortter of magnitude helow

®
the equilibrium normal shock value. Thus the enti®e shock layer SUrsounging

the nose cap is in a atate of extreme nenequilibriugn, at tethpe rgtuges mgch higher
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than equilibrium values. None of the chemical species have r« - :hed their equili-
brium values at the point where the model surface is reached. The r lecular
oxygen concentration, for example, is some three orders of magnitude greater
than the equilibrium normal shock solution in the entire gaseous envelope. From
these computations, the impotrtance of obtaining realistic flow solutions, both
in the expansion nozzle and araund 2 model, 1s apparent for any gaseous radiation
experiments, R

It is interesting to note the effect of nonequilibrium species in front of
the shock on the electron formation behingd it. Normal shock solutions were
carried out for the test section conditions, and these resulis are shown in
Figure 23. Curve A indicates the electron concentration behind a normal shock
in the actual finite rate nozzle test section (i.e. with O, N, NO, 02, NZ, Ar
in front of shock), Curve Cl has the same initial conditipns as Curve A, with
the exception that € were inciuded in the finite rate expansion. In front of the

shock, a frozen concentzation of 6 % 109

electrons/cc was computed. It is
seen that the electrons start at the ambient value, and asymptotically approach
Curve A as the distance behind the ghock increases. The initial conditions for
Curve C consisted of the same flow velacity, temperatute and pressure as the
preceding curves, but only the original @ir composition was assumed (i. e. OZ’
N,, Ar). In this way, only the effect of ambient nonequilibrium species on
electron formation could be determined. The production of electrons is delayed
considerably, the concentration being some two orders of magnitude lower

at corresponding distances behind the shock, for this case as compared with

Curve A. Since electrons are formed through the rcaction requiring the recom-

bination of an oxygen atom with a nitrogen atom, the availability of these species
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immediately behind the shock enables the electrons to be formed at a much faster

ratg (Curve A).

C. SUMMARY - ANALYSIS PHASE

The finite-rate, normaleshock program for a multicomponent gas has
been completed for the IBM-704 computer, and has proven to be an extremely
helpful tool in the evaluation of relaxation zones behind the shock waves. A great
variety of cages have been run to determine the effects of rate constants, shock
velocity, density, etc. on the species formation. This program will coatinue
to be used as a starting point for the more ¢omplex bow shock solution.

The genera} blunt-body problem (i. e, the inviscid, nonequilibrium flow
over a blunt axisymmetric body) has been programmed, and subject to final
refinements, will be completed in the near future. A number of test cases have
been discussed, showing the workability of the program for both re-eatry and
hypersonic-tunnel test configurations, A higher order fit for the X derivatives
is being incorporated into the program to eliminate inaccyracies in the comnputed
body shapes. In addition, more efficient numerical techaiques are being

incorporated in the Program in order to decrease the computing time.
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APPENDIX -- DETERMINA TION OF THE EFFECTS OF

INTERNAL REFLECTION IN THE SHOCK TUBE

The low emissivities of the ¥adigting gases malking them optically thin,
requires that the effect of reflections ingidg the shock tube e taken into account,
The shock tube i3 Karigen plated internally and thie chzemically-deposited nickel-
phosphorous plating renders the tube very shiny to thg eye, and suggests a
reflection coefficient greater than . 5 .,

it has been mentioned in the report that the elfective aperture into the
shock tube is a rectangular } x 12 mm image of the detector on the shock tube
window. Because the inside of the window ip contoured to the 3-inch inside
: diameter of the tube, it behaves like a cylindrical lens. Figure 9 ig 3 sketch
of the cross section of the shack tube at the windowr, showing the accepted field
of view. Qpposite this window i another window port, which, for thesge studies,
was plugged with a window which was '"potted' into its frame with an epoxy
¥esin doped with carbon black. Thus, the reflection coefficient of this part of
the wall was decreased to that of the 2ir-sapphire interface. It'was measured
to be 0.05, It should be mentioned that for reasons of Spectroscopic cleanliness
no simple coating of paint, plastic, tape, etc., could be tolerated im an effort
to decrease the wall reflectance. From the figure it can be seen that the wall
of the shock tube Opposite the window is now & composite of plated rneta] and
the sapphire window,

Shock tube runs were made such that the conditions of the gas withan the
tube were identic al. I one case the fuil viewing Optics were wsed (} 12 mm slit)

and in the second the slj¢ Wwas masked to 1 x | mm. With an aperture of this size
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the solid angle subtended by the spectrometer Was such as to limit the field

of view on the other side of the tube to an area completely bounded by the

sapphire window. This is also shown in Figure 9.  For these €xXperiments,

which were performed at | 9 microns, a Dumont K-1430 infrared-sensitive
photomultiplier was used to obtain a better signal-to-noise ratio than could

be obtained with the PbSe cells,

the ratio of the two recorded Intensities were directly related to the averaged

reflections within the shock tube. The effects of varying angles of incidence

inside the tube, asg well as multiple reflections are thus automatically compensa-

ted. This average value of the reflection coefficient from the walls was measured

to be 0.4 + 0. 05,
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