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ABSTRACT

The 2iectron beam fluoreascence technique waa used to measura the
vibrational temperature and number density of melecular nitrogen and
nitric oxide at the exit of the 7-inch conical nozzle of the Air Force
Flight Dynamics Laboratory 2-Foot Electrogasdynamics Tacility. Im
addition, the vibratioral temperature and species concentration of
nitric oxide were wmeasured at the exit of the 19-inch conlcal nogzele,
Tests were conducted at reservolr pressures of 250, 3530, and 500 -paia,;
with reservoir enthalpies varying from 2127 to 5931 Btu/lb. Theoveti-
cal results assuming fintte-rate chemical nonequilibrium were compared
with the experimental data. TFor the 7-inch nozzle tests, poor agree~
ment between the measured and predicted nitrogen concentrations was ob-
tained. The excitation-emission mechanisms for electron beam excitation
of the NU vy system in NO=air and NO-nitrogen mixtures were investlgated
and it is shown that the excitation is dominated by secondary electrons
resulting from beam-induced jlonization of molecular nitrogen. Applica-
tion of the electron beam technique to the measuremeunt of nitric oxide
nunber deasitlies showed that the nonequilibrium theory over=pradicts
the amount of nitric oxide present in the expanslon process. Raasons
for the discrepancies between the theorctical and experimental reeults
were exanined.
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I. INTRODUCTION

Arc-heated wind ‘tunnels are generally characterized by a high
degree of thermodynaric and chemical nonegquilibrium within the expansion
process. To predict test-section gas prop-rtics snd properly interpret
model data obteined with such facilities, an aceurate theoretical anely-
sis of the flow process employing finitve-rate chemical and thermodynamic
reactions is requ.red. The accuracy of the analysis depends directly on
the applicebility of the kinetic model (i.e., the set of reactions
employed) and the availabllity of the sppropriate rate constants.

While certain wind tumnel calibration date (i.e., pitot pressure,
fiow velocity, stagnation point heat transTer rate) are relatively
incependent of the detaied thermochemical processes, other calibrati.n
f. cbors such as the static temperature, Mach nmwmber, Reynolds number,
ate., are not. Since many of the guantitics which camnot be directly
neasured must be known to relate the wind tumnel data to equivalent
flight conditions, an accurate theoretical model must be available.

The accuracy of such a model can be determined if appropriate measure-
ments can be made which will allow comparison of the theoretical results
with experimental data.

The chemical species of interest for much of the operabing ranges
of typical arc-heated wind tummels consist of: Na, N, Og, O, NO, NOF,
and e~. While N, 0, and 0~ make up at least 95% of the gas mixbure,
nitric oxide can be extremely important in drbermining the gas composi-
tion. The nitric oxide shuffle reactions, Ny + 0 —= NO + N,

N+ Oz— NO + O, and Hg 4+ Op— NO + NO, are bimoiecular and hence, are
extremely rapid. In certain operating ranges, these shuffle reactions
control the rate of oxygen recombinabion in the noszzle expansion pro-
cess, and thereby heavily influence the resulbing gas properties at the
nozzle exit. Hence, measurement of the properties of nitric oxide can
be extremely useful in determining the accuracy of the shufflec reaction
rabes and their relative effects on the resulls of the theorctical pre-
dictions.

A series of experiments ht 5 been performed in the AFIFDL 2-Fool
Electrogasdynamios Tacility (EGF) in which the electron beam diagnostic
technique has been applled for the measurement of certain gas properties.
In Ref. 1, the technique was applied for the measurement of the vibra-
tional temperature, rotational temperature, and number density of
molecular nitrogen. In Ref. 2, the species concentrations of molecular
and atomic oxygen, and the vibrational temperature of molecular oxygen
were deteymined. Application of the electron beam iliagnostic technique
to the determination of the propertics of nitric oxide were investigseted
by Petrie and Komer.® The calibration experiments.of Ref. 3 have been
extended and the diagnostic technigques have been applied for measuring
the propertiestof nitric ox'de in the 2-foolt EGF operating at nominal
flow Mach numbers of 8 and 10, In addition, the vibrational lempersziure
and number density of molecular nitrogen have been measured at a flow
Mach number of 8 to extend the lower density measurements of Ref. 1.
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As in Refs. 1 and 2, the zlectron beam data are compared with
usual facility operating parameters and nozzle exilt pitot pressures to
determine the properties of the test gas at the measuring station. These
experimental results are compaxed with those from the theoretical analy-
sis to provide additional information useinl for assessing the applica-
bility of the theoretical mcdel,

The generel theory for electron-induced rediabion in nitric oxide
ils sumarized in Section II. Section IIT describes the experimental
technigues usged, and the results of certain calibration experiments,
The remaining sections describe the application of the diegnostic tech-
niques in the 2-foot EGF.

II. ELECTRON BEAM THEORY

A. GENERAL CONSIDERATIONS

Radiation intensities sufficient for accurate determination of gasg
properties in an arc-hested wind tunnel can be obtained with electron
beam currents near 20 mA at beam voltages fram 5 Lo 75 kV. The beam is
projected across the flow, and the interaction of electrons with gas
particles produces & column of radiation which is nearly coincident with
the beam of electrons. Profiles of gas properties are obbained by
exarining various points along the length of the beam. High-beawm volt-
ages are required to obtain good spatisl resolubtion in the measureanents;
at low-beam volbages and high gas densities elastic scattering of the
bean electrons is severe,

When an electron beam is passed through the fiow alb the nozzle
exit, radiation is observed due to bombardment or most species knowa to
exist in the flow field. The radiation resulting from excitation of
nolecular nitrogen and nibric oxide is of perbticulser interest.

The predominant radistion due to excitation of molecular nitiocgen
is the flrst negative system of the ilonized nitrogen molecule (No*),
"he most intense band is the (0,0) band at 3914 A. Much experimental
work (summarized in Ref. U4) has been done with the first negative system
in nitrogen and air to verify the applicability of the dismgnostie tech-

] . %] 23 datn P S, 3 ) ] A h_m
nigue. Debtails of the methods can be found in Refs. 1 and 4-7.

Electron beam excitation of nitric oxide results in obsgervaiion of
radiation in the ¥, Ogawa, and Feast systems.® In air flows, the ¥
system ‘is useful for vibrational temperature and number density measure-
ments at weavelengths below approximetely 304k A, At higher wevelengths,
the v bands are overlapped by bands from the N2+ gystems., The Fesat and
Ogawa systems sppear only weakly at wavelengths between 5600 and 6100 A
and relstively 1ittle is knowm of thelr sbtructuwre. The ungerta,inties
aggociated with these sysbems and their low radiation intengities makeg
them unsultablz now for electron beam diagnosgstics.
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The electronic transition comprising the NO y system is denoted by
NO(A®S™) - NO(X%I). Emission is excited by collisions between electrons
and nitric oxide molecules in the ground electronic energy state NO(X5I).
Detailed congiderations of the excitation-emission process in pure nitric
oxide are given by Petrie and Komer® and will not be repeated here. It
should be noted, however, that the transitions are resonant. That is,
the excitetion and emission processes connect the same electronic states
so that self-absorption of the radiation is possible. The analysis of
Ref. 3 indicates that self-absorpbion can be neglected for nitric oxide
number density-path length products at least up to L0'® am™®, for trane
sitions which do not involve the ground vibrationsal enerygy lsvel, In
the studies reported here, only those bands not involving the ground
vibrational energy state were used so that self-absorption effects can
be neglected.

For both molecular nitrogen and nitriec oxide, it is assumed that
excitation occurs with no perturbation in the rotational and vibrational
population distribubionsin the ground elsctronic energy abate. OSince
the Born approximation is assumed to epply, oniy those twsngitions which
are allowed by optical selection rules are considered, Hence, both the
excitacion and emission transitions are sssumwed to be governed by the
Franck-Condon princip?-.

The rotational stractur of the NO v bands iy quite complicated
since the emission is a 5T transition. Sepavation of the individual
robabional. lines reguires bobh high spectrsl resolution and very intense
radiation so that an ascepbable gignal-bo-noise ratio can be obtalned.
As discussed in kef, 2, for rotationsl tamperabture measuroament there is

little need to resolve the rotational s* tare of bands obhwer than
those in the No© first negative syste S vapid equilibration of the
rotational energy modes of all heavy - Lles with the tronglabions®
eneygy mode allows bhe rotational & cvtwre of each species to o

assumed equel to the translationsl -en  cabure of the gas. Hence, the
measurement of the rotational 1 gewatr of wolecular nitrogen will
suffice to describe the robetion ' ri? ~ malational temparatures of
all heavy specles.

B. VIDRATICNAL TEMPERATURE «BASUREMINT

The ratios of intensities of two vibrational dbands in both the Wt
first negative and KO y systems sre determined by assuming that tha
populations of the vibrational energy levels of both N and ¥O can be
described by Boltmmenn distridbutions witin vibrational tempsratures
which need not be equal to the tranglationel temperature nor sgual to
each other, The ratio of intensities of two vibrebtional bands is given

by
. ~G{v, he e,
7 X QJ.(Vl':Vo) e ;(vo)hc,hlv Z Vzgfi(v'e','\’e")
I (.‘il.) % Yo v (1)
PR b A Y o 1YY i
2/ 92 3y (vat o) e o oJne/ vifalvy',v ")
VO .v_"
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vhere ¢ and o are the Franck-Condon factors for the emission transls
tions, q{vy ',vo) 1s the Fraunck-Condon factor for the exelbation transi-
tion fram the vo vibrational energy level in the ground electronic shtate
to the vy ' vibrational level in the excited electronic energy atate,

and G{vy) is the vibratlonal term velue in the ground electronic energy
sbate. '

Frem Eg (1), the ratlo of intensities of two bands in the emission
ig a function-oniy of the vibrational bteaperature of “thie molecules in
the gromd elechbronic ensrgy state. The ratios of intensibties of warious
band cambinations for hoth molecnlar nitrogen and nibric oxide are shown
ag functions of vibrational teuperature in Figure 1. The Franck=-Condon
factors employed to construct Figure 1 are given in Refs., 1 and 3.

With the assunption of Qirect excitabion, the vibrational tempera~
tures sre determined by measuring the relative intensities of the vibra-
tional bands and conswlbing the curves of Figure 1. It is notable that
much grester sensitivity to vibrational temperature is obtained with
molecular nitrogen than it is with nitric oxide., The relatively small
varietion in inbtensity ratio with vibrational temperature for nitriec
oxide places severe requirements on the elesctro-opbical system employed
to make the bend intensity measurements.

C. NWUMBER DENSITY MEASUREMENT

It is a common practice to determine the number density by measuring
the intensity of one or more vibrational bands which appear in the beam-
excited emission. In order to interpret the band intensity in terms of
numper density, the excitation-emission mechanisms which lead to the
radiation must be known. It is well known that for molecular nitrogen,
the Not first negative system is excited primarily by beam electrons
and that secondary eluctrons have a negligible effect. However, because
of the low excitation energy of the NO v upper state (5.2 eV compared
1o 18 eV for the No'(BZL) state), secondary excitation mechanisms may
be important in producing the NO v system.

Ag deseribed in Ref. 8, the rate of excitation of gas molecules to
excited electronic energy states due to excitation by primery and
gecondary electrons can be given by

ay* NeveNjQ5e(Ve) 2, NiQkT(ve)
il NN (Ve ) + X
gt = NeveNjQo(ve

2
Y Mi@s(ve) + A% @)

{9

where the first bterm accounts for excitation by primexry electrons and
the second term allows for excitation by secondary electrons. N.¥

denotes the muber density of excited species, Ng is the electron
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number density within the beam, vy {8 the velocity of the primary
electrons, Ny is the number demsity of the species in the ground
electronic energy state, and Ag iuv related to the diffusion coefficlent
of the secondary electrons. The quantities Qp{ve) und st(vs) are the
cross sections for excitation of speciaes j by primarr alectrone and
secondary electrons and Qur(ve) and Gpga{vg) are the Lotal cross sentlons
for dlonizatlon of species k and excitetion of specles k by secondary
electrons. - S

Sinée the NO y system 1s vesonant, population of the upper electrondc
energy state as a result of absorption of resonant photons should be
included in the analysis. In addivion, excitatilon caumed by the colli-~
sion of ground state molecules with electronically exclted particles
can be Included. The rate of excitation due to these btwo medshanisms
is given by

dNy*
~r " TNk ?: ZiegNic 3
<

where f; is the fraction of the resonant photons absorbed, Ajy is the
transition probability for spontanecus emission, and Zy4 is the frequency
of collisions between groumd state molecules and excited particles of
specles k. Note that induced emission is ignored in Eq (3).

The collision frequency Zij is given in the same form as that for
usual binary encounters except that the cross section for exvitation
is employed instead of the simple kinetic cross section. Hence,

Ziy = WNjQley /T (4)

To allow explicit appearance of the number densitdies, the collision
frequency is rewritten as

Zyg = Zhg /Ny (5)

Dononulat
il

i 2T

1o
spontaneous radiative transitions and collision quenching. Hence,

ANy
-k - Nj*{(Aji + k,;i Ajk) + }1: Nkac} (6)

n of the excited state ig assumed to occur due to

. Wil RO ALE L2l [LLLELR S 98 ALl
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where Q. is a "quenching speed" with wnits of cross section times speed.®

In the steady state, Eqs (2)=(6) give the concentration of excited %
particles as %
3
* E
Nj = - l x Ai
N 3
(Agi + ,s) A'Jl L NR/NR] 3
Nevel 5Qs(Vs) 2, Nilpr(ve) 4
k ] ?
NgVelNjQo(ve) + : Y TNy (7) i
..12 NpQke(ve) + Ag® k

<

ol o

where M = (Aji + A)/Qre is considered a quenching number density®

and A = Z Asxs
KFy O

)i

The intensity of the radiation is given by

Iji = Nj*hCVjiAji (8)

vhere h is Planck's constant, ¢ is the speed of light and v 5 is the
wavenumber of the j — i transition., The output of a phobomulitiplier
viewing the radiation is related to the inbensity by various sensitivity
factors which arise because of absorption by opbtical components, the
instrument function of the device used for spectral rescliution, the
photomultiplier gain, ete. These factors are cambined into a single
caldibration constant, ¢;, which also includes the multiplicative con- ]
sbant which relates Ng, ve, and the electron beam cross-sectional area ;
to vhe beaw current, J. Hence, the ratio of photomultiplier signal-to-
beam current is given by

]
]

[T

i‘
i- A:Jl + Z Nl\/Nk

S(VS)NJ > N1 (ve)

T
2.; NyQxs (Vs) + 7\52 ~1‘:
k

e 5 :
Qo (velly + ":';'Q' NJNI{}\L (9)



The constant ¢j muat be determined by calibrating the entire
electro~optical system., This Is usually dome undexr room-temparature
conditions. However, the intensity of a vibrattional band depends upon
the various factors of Eq (9) and the vibrational temperature. To
account for the vibrational temperature effects, the photomultiplilier
current can be given byls»8

3= las@ >1[s (T‘”] et
A C T At . 3
J 5(Te) l-i%%%+ T N/Ng
- k
QS ("B) Z: NkaT (Ve) Z zi{j
b — L o+ —_— N 10
QO (Ve) % NkaS (VS) e }‘82 k J Nk‘ ( )
where
-G(vo)hc/k'l‘v
vytq (v, v g; Avo.v) e
1 .
S(TV) = j "I‘__,\ 0‘_‘ YL LT, ) (ll)
R AN -,:"_;" MAY Y l“.\,! Ll

and S(T¢) 1s S(Ty = 300 K). The functlous S(Ty)/S(T,) for the v' = 0
and 1 progressions for the No* first negative and NO Y systems are
given in Figure 2.

In a strict sense, the correction for wvibrational temperature
effects applies ouly to that portlon of the excltatlon due to primary
electrons (a similar form can be written for the resonant abgorption
tetm). Collisional excitation by secondary electrons and excited parti-
cles may be accompanied by perturbation in the vibrational population
distribution so that Bq (11) no longer applies to the entire excitation
process. In addition, preferential colldision quenching of various
excited vibrational energy levels may occur. These effects must be
evaluated in specific applications before the excitatlon-emisaion
analysis can be applied with confildence.
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ITI. CALIBWATION EXPERIMENTS

A, GENERAL APPROACH

A series of calilbration experiments was conducted to evaluwate the
relablve importance of the various excitation mechanisms accompanying
electron exeibation of nitric oxide. The variations of the rediaotive
intensities of the (0,2) and (1,5) bands of the NO y system were jnvege
tlgated over a range of gas denally in puwre unllric oxide, nitrle oxide-
alr, and nitric oxide-nitrogen mixbures. The experiments extend those
of Ref. 3 which were condueted only in pure nitrie oxide. The resulis
are interpretad in tewms of the excitetion-smisslion analysis of Ref. 3
and Section IX.

B, ELECTRON DEAM GENERATOR

The electron beam generator used for the callbratlon experliments
is shown schamatically in Flgure 3. The system differs from that
degeribed in Refs, 2 and 3 and uged 1n the previovs EGF experiments.
The present electron beam generator allows accelerating potentlals up
to 75 kV, while the older version was limited to voltages up to aboub
20 kV.

The electron besm generator conslgts of & duoplosmatron electron
SowWwree, & gan lens oy bean f@iﬁﬁﬁié‘i, and eledbrangnevic Deqm Sieei‘uxm
and focusing systems. The lens elements are mounted inside a G-inch
atandard steel bLee which is comected Lo a G-inch oil dlffusion pup.
A baifle 18 used bebween the dAlffusion punp and the beam chamber o
reduce backatreaming of diffusion pump oll. The electrong exlt fyoam
Lhe beam chamber through a 0,03=inch=dlaweter, 0.,30=inch-long exit
chaunel.

The maximum accelaration potentlal is 75,000 V with a naximunm Lemn
current of 60 mA. To minimize defocusing of the beam as it traverses
the drdlft tube and passes through the exit orlifice, the electrons are
accelexrated from high potentisls toward ground potential. An clectrical
schematic of the beam generator system is glven in Mgure k.

C. INSTRUMENTATION

The main optlcal Instrumentation system employed in the calibyration
ghudies is shown schematleally in Pigure 5 and ig desoribed "in debtall in
Ref. 3. 8pectral resolution was accomplished with a Jarrell-Ash 0,5.n
Bbert scamning spectrometer, The grating was rwled with 30,000 linoe/:i.n.
yielding a diaperaion of 16 /mm and a maximun resolution of 0.2 A, An
EME 62568 photomulibiplier was used with the spectrometer., %The photo-
currents vwere messuraed and amplified with & Keithlcy Model ML7 picosmmeter.
The beam current was monlbored by measuring the voltage drop across bhe
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beam curraent ammeter. The ocutputs fram the picoammeter and beam current
sppneter entered an on=line annlog computer where the ralios of the photo-
meiiiplier and beam current algnals were lommed, and the resulia wera
dizplayed on X-Y plettera, Bince tha photenultiplier sutput verles
iinearly with bHeawm current, the rabiso of signale ie a true goassure of
the relative intensity of the reglon of the spectrum under Inveatigation
with the apectrumeter,

For the callbration experiments, the electron beam was prejected
into an 18-inch-diometer, lB-inch-long cedmium-plated ateel test chamber,
The olaciron beounm generator wos electrically lsolated fpam the test
chamber go that the entirs chamber served as a Fornday onge for tha
neaduwrsnént of beam current. The elsolron beam was captured in a water-
cooled 90° elbow to sliminate back-soattering of “ow energy slectrong.
Previous teste have demonatrated Lhat this configuration virtually
eliminates radiation due to excitation by secondery electrons resuliting
from bombardment of the chamber walls by beaw electrons.

Mixtures of nitric oxide-nitrogan end nitrlic oxide-alr were supplied
through two separate flow meteving aystems. Witrle oxide was supplled
by one metering aystem, while either alr or nltrogen was suppllad by
the othar. The gases veres mived dmamienlly 1n the test chember,

Dynamic wixing was chosen over the simpler procedure of using pre-mixed
gageog Lo reduce the chemical reactions which ocouwr betwsan albtrle oxide
and molacuwlar oxygen in No=alr mlxtures.

The teste were conducted by evecuating the Leost chawber L0 & pres-
gure less th.~ 1 un Hg and pumping on the syatem for et laesat 30 minutes.
The desired flow rates of nitric oxide and the second gas were then
egbablishod wlth the [ow maters. At that tlme ths valve between the
vacuum mump and the Leat ochamber was closad and the output of the photo-
maltiplier divided by beum curvent wvad plotted versus the chamber pres-
aure on an X-Y plobter. Rav photomulbilplier and bveam current signals
wara aleo plobted versus pressure. The rate of presgure rise vas low
anough Lo asgure that all electrical components responded to the change
in signela aceonpanying the pressure increases,

The presgure In the test chamber wus messured with e varlable
raluctance pressure transducer. The electrical output of the transducer
was aent o the annlog coapuber whare varlous callibratlon conatanta were
aphlied to obieln corrected pressure. The raesulting presaure vas re-
coirded on Y ploltevs.

D, CALIDRATION RESULIS

The intenwsities of the NO » {0,2) and (1,5) bands ara plotted
versus NO partial pressure in Figures 6 and 7. Tt 1s clear that the
band Intenslties do not correlate with the NO partlsl pressure, which
would indleata the presence ol axecitabion mechaniams in addltiew to
di veel excitation by Leam dlecirions.
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To determine if the varistions of tand intensities versug pressure
in NOo=-airy and NO-No mixtures result from overlap of some other electronic
transition, every known transition listed by Peerse and Gaydon® in No,
Not, 0s, and 0% was investigeted. The following bsnds of nitrogen
could overiap the NO y (0,2) band: the (1%,25) band of the Lymon-Birge-
Hopfield system, at 248L.7 A, and the (0.") band of the Herman-RKaplan
system &t 24714 A, The NO v (1,5) band - y be overlappsd by the (1L,7)
band of the nitrogen Fifth Positive system at 2681.2 &, and the (0,4)
band of Gaydon's T system at 2678.7 A,

A spectral scan of the (0,2) band obbained with electron beam
excitation of a gas mixture with an NOwair number density ratio of
approximately 2 1is shown in Figure 8. The band profile is the same
as that observed in pure NO (Ref. 3).

No evidence of bawd overlap can be detected in any of the WO
band profiles, ITn addition, the systems L.ated above have never been
reported in excitetion of No by an electron beam. It is concluded that
band overlap is not a likely cause for the otserved inhensities of the
NG v bands in NO-air and NO-No mixtures.

It is particularly noteworthy that the intensity variabions with
pressure in NG-alr and NO-Nz nmixtures are nearly identical when the
dete are examived at equal No partial pressures. It is thus concluded

defamd A Annn ek aacabaad laade o sl aead B2 qnadbTar den bbby Alvaansarad wan Ad aded Aan

VAU Vi UUED MWL LU UL AU VT DAL L L UL WLY U uiig OUSEvelu Fadiaviint
. +

imtensities.

The intensity variations can be explained in terms of the excitation-
enission analysis of Section II. The intensity divided by besm ourrent
for room-tempersture mixtures is given by Eq (9), repeated below for
convenience,

X

L
J

Qg (V)N 2}; K@i (ve)

7'
Q (Vo lNy + == ' v 3 2 gt &
O s (va) + Rt }E g Ik (&

& J

As previously discussed, the influences of absorption can be
neglected for the vibrational bands of interest here; hence, :t‘j is set
equal to zero.

If collisions between ground state NO molecules and excibed speciss
conbribute significantly to the ob=erved radiation, then the intensities
should very quadratically with the gas pressure, especially at low
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pregsures where collision quenching can be ignored. Such a quadratic
variation is not observed (Figures 6 and 7); hence, excitation by
excited molecular and atomic species is ignored.

It is known that Np hag a lerge total cross section for ionization®
so that it can be assumed that Ny dominates the production of secondary
electrons, In addition, because of the low excitetion energy of the
NO(A®Z) state, it is assumed that secondary electrons are lost primerily
because of their oollisions with ground stabe NO wolecules. It is con=
sistent with the latter assumption to assume that the range of secondary
electrons is short in mixtures containing NO so that the secondary ,
electron diffusion term in the denominator of the second term in Eq (9)
can be neglected. Hence, Eq (9) becomes

L. [ W .
TETTS, Ny/Me {Qo(ve)NNO + QNQ,T(Ve)NNQ} (12)
or
I Ay, mVe) Ny o
fro- = l + Qo Ve N—No-a (J..S)

where Ip is the intensity whilch would be observed if there were no
contribution due to excitation by secondary electrons. Note that this

analysis ignores all effects of collisions of particles with the con-
tainer walls,

To test the validity of BEq (13), the data of Figures 6 and 7 are
presented in Figure 9 as I/I} versus NNQ/NNO for several total pressures.
Good agreement with Eq (13) is noted; the slope of the variation of
I/Io yields a ratio of cross sections, Qy, p/Qo, of 3.28. The two date
points obtained with air at a NNQ/NNO ratio of 1.67 do not correlate
with the other data. This may be due 1o the presence of quenching
mechanisms involving molecular oxygen which would not be present in a
flowing system. For example, the reaction NO 4+ 0. NOp + hv may occur

with sufficient frequency to reduce the number of NO molecules available
for excitation by the priwary electrons.

The calibrabion results are significant since they indicate that
secondary electrons provide the predominant excitation of NO in mixtures
containing No. This is not observed in puwre NO because the yield of
secondary electrons is much greater in collisions between beam electrons
and No molecules than it is in collisions between electrons and NO
molecules, However, since the intensities of both the (0,2) and (1,5)
bands very in the same menner with Ny,/Nyo (Figure 9), there is no
noticeable influence of the secondary excitation on the band intensity
ratio. Hence, valid vibrational temperature data should be obtained by
reducing the band intensity deta with Eq (1).
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IV. APPARATUS AND PROCEDURES

A, WIND TUNNEL SYSTEM AND INSTRUMENTATION

The experimental studies were conducted in the 2-foot Electrogas-
dynamics Facility of the Air Forxce Flight Dynamics Laboratory. The
facility conslsts of a direct current arc heater, a conical convergent-
divergeat nozzle exhausting to a free~jet cabin, and a pressure recovery
system, For the experiments discussed here, nozzles with exit dlameters
of 7.0 and 19.4 inches were used. Further detalls of the facility may

be found in Ref. 10, The typlcal tunnel run time in these studies was
five minutes.

BON TN LIRS PO

|
4

_w&%u

e

el

A pitot pressure-mass flow probe and a stagnation point calorimeter
were amployed in these tests. The pltot pressure-mass flow probe was
mounted on a survey strut which allowed the probe to traverse the flow
in a plane through the nozzle centerline. Piltot pressures were measured
in 2-inch increments at three points below the centerline, on the center-
line, and at four points above the centerline, Mass flow per unit srea
(ou) was measured ouly on the centerline.

sy

The stagnation point calorimeter was a water-cooled Gardon~-type
cylindrical probe with a hemigpherical noge. Ancther Garden-typs

.......... A ATy N

calorimeter permanently installed on the tunnel centerline was used to

obtain a continuous record of staghation heating rate during the electron
beam experxinents.

ek a8 g A s .

The location of the various probes used with the 19-inch and
7~inch nozzles are summarized in Table I,

L e et

o

TABLE I. PROBE LOCATIONS IN INCHES DOWNSTREAM OF NOZZLE EXIT

i e g s R

Probe o

Nozzle Electron Pitot
Dia. (in.) Bean Pressure - : E
19 4,06 6.96 1.75 23.81 :
7 3.06 1.56 - 0.69 , 6.06 :

o e

FAITPI TSP

L~

A portion of the tests included radial pitot pressure surveys at various
axjal stations in the 7-inch nozzle.

In addition to the flow fleld dnstrumentation, facility operating
parameters were recorded during esch run, These parameters included

arc voltages, arc current, mass flow rate, water flow rates, and 3
temperature vises. :

21
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The facility data were recorddd through the on-line analog-digital
data processgor. Analog daba aignals from the tumel inatrumentation
were entered through signal conditioning equipment, fed inbo the wro-
cessor and compubed, and the regulbs stored in ddgital foim o magnetic
tape. Run identiflcation and tlue reference dabts also were recorded
with each data scan. AL a specific test point, the data chammels were
recorded at a rete of 16 samples per second a» a tlme luberval of about
10 seconds, TImmediately after the conclusicn of & ran, the individual
scans for each data point were time averaged %o give the final dabta wb
a test point.

B. ELECTRON BEAM SYSTEM Y

The electron beam system employed in the 2-~fool BEGF is identical
to that described in Section II (Figure 3). The entire assewbly is
mounted inside the wind tunnel test cabin so that the slectron beam was
projected downward through the nozzle centerline at distances downatrean
of the nowrzle exlts as given in Table I. The electron beam power sup-
plies and vacuum control console are located in a control panel adjacent
to the tumnel. The beam generabtor is electricelly isolated from the
test cabin so that no speciel beam collecting device ils required; that
13, the tunnel tegt cabin aarves as the heam receiver,

Blectron beams with currents of approximaiely 20 md ab voliages
near B0 kV were used for the tests. The beam currents were detemrined
by measuring the voltage drop across a 570-0 resistor in serlies with
the beam current ammeter, The beam currents were monitored continuvously
during the wind tumnel run by displaying the voltage drop acrcss the
resigstor on a X-Y plotter,

The optical system for collection of the vibratiocnal. temperature
and number density date is shown schematically in Figure 10 and is ;
degerlbed in detail. in Ref, 2. Spectral resolution was accomplished B
with two 0.25-m Jarrell-Ash scanning spectrometers., The spectrometer
gratings were ruled with 1180 liues/mn yielding a Linear dispersion of
33 4/ and a meximum resolution near 1 4.

The gpectrometers and imsging optics were mounted on a traversing
table which was atbached to the tunnel test cabin. The bable was moved
in the vertical plane by a variable speed motor with a total traversing N
capability of 12 inches. A preclsion potenticmeter was attiached to the
traversing table to provide an electrical signal proportional to the
location of the field of view in the electron beam,

_ Both chamnel I and chamnel II inteusities were measured with EMT
62568 photomultipliers. Various load resistors were employed in the
anode circuitry of the photamultipliers and the resulting voltages were
nessured with PAR Model 124 lock-in amplifiers. The chopping frequency
was 167 Hz, The signals from the lock-in amplifiers were dlsplayed
directly on two X-Y plotters.
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C. TEST PROCEDURES

Prior to 2 wind tunnel test, the spectral locations of tho gpectrom-

aters ware get, a2 hollow-cathode digscharge lawp which ylelds radiation
in the NO v bande was turned on, and the chopping wheel was started.

The lock=in ampllifiers were phase locked to the incoming sipgnal and the
light intensity wag adjusted to provide photomultlplier outputs approxi-
mataly aqual to those axpected durdng the yun, The phetomultlipliers
wera allowed to fatigue under this condition for at least 30 wminuvtes
prior to the start of the wind tunnel run, This procadure was nacessary
to stabllize the gains of the photomultipliers and lock=in amplifiers,
thus eliminating drifts in the relatdve sonsitdvitioes of the two
chamels during the course of the run.

Iumediately before the stari of a run, the tunnel vacvun gysten
wae started and a pressure of approximately 0.2 Torr was walutalued fu
the test cabin reglon by leaking rvoom alr inte the vacuum pumps. The
alaectron boam was turned on and was scoonad over the entira travel of
tha optiteal systen. The gignals from both channels ware racorded on
i-~Y plottars to provide the calibration of the relative menaitlvities
of the two channels. During this scan, the test cabin pressure and
elactron beam current also were recorded., The beam was extinguished
and the tunnel was started. The time lapse batween the calibration
exposure and the atart of the run typically was less than one mipute.

Afrayr thn are hastar had anhiovaed ptandy otaobs ponditianc o

Dy A v A b pEESE LR Pttty )

pitot pressure survey wag taken and the centerline heat transfer rate
was measured. At the concluslion .of the probing, the electron beam was
gscanned in one direction. The spectrometers were then reset to measure
the zere-reference algnals and the beam was acannad in the opposite
directfon,

Run records typlcal of those obtained with the NO y bande ars
shown in Figure 1l1.

D. DATA REDUGTION TECHNIQUES

To convert data such as that of Figure 1l to temperature and
density, the sensitivitles of bLoth chennels at each pelnt along the
baam muat be obtained. Points at one inch intervals along the beam in
tha test flows weve arbltrarily salected for data reduction.

To calibrate the sensitivities of the two data channals for nitric
oxide measurements, n small test chamber was attached to the end of the
drift tube of tha electron beam generator, The chamber was evacuated
with o mechanical vacuum pump and nivric oxide was continuously supplied
to the chamber through 2z preclsion needle valve., The pressure in the
chamber was megsured with a vaviable reluctance pressure transducer.

The electron beam was projectad thvough the test chamber and capturaed
in & water-cooled 90° elbow, The entire chawber was lsolated
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@lectelcally from the dvdft tubs 50 that 1t served as the beam current
measuring device. The electro=optical system used for the calibration
axpoeriments duplicnted that used fn the wind tuanel runa. A photograph
of the taest chamber lnstollation in the EGF s shown in Plgure 12,

the tntenoiuies of the NO y €0,2) and (1,5) bande at 2478 A and
2680 A woro measured with channels I and II, reopectively. The calibra-

tien coustante, ¢, of Bq (12) were determined from the messured inten-
altiea, beam cvrvent, and pressure as

(}‘./J}(l -rZ‘,ukm{;)
k

L " Byo (L + 3.28 Ty, /Myg) 4)

The ratio of nlivogen and nlirvie oxide number densitles was
determined by closing the valve which connected the vacuum pump to the
test chamber and messuring the rate of increass of the chambar pressure
both with NO flowing at the rate used during the calibrations and with
no NO flow. The latter data were used to ostablish the rate of alr
logkage into the chamber.

To allow the calibration results to be propsrly applied to the
wind tummel experiments and to provide a continual cheek of the sensi-
tjvjtjeﬂ of the two chasnels, the intensicvy of the {1,3) band of the
Not first negotive gyatom at 4652 A wae messured with both chammels
during all pre-run and sthailc tast chasber calibrationa. This band was
chogen alnce 1ts intensity under static condlitions waa nearly equal to
thord obtalned from the (0,2) and (1,Y) bands of nitric oxide.

The NO number densities were obtained from the intensities of the
(0,2) and (1,3) bands with Bq (12) writien in the following form:

1 +}1:Nk/Nfc
NNO " T, Y78 ey Tor (L + .28 Ny /Mo

(I/DJ>sc (31_) (15)

where (I/pJ}sc and (I/pNIN2 donote the Interalties of the (1,3) Land of
the Mot firvst negative gsystem obtailned during the statlc Ch&mbbl and
pra-run calibrations, respectively. The quenchiog denelty foy No i,
NNO was obtained from Ref. 1l and those for Hz and 07 ware frowm “eh.
The guenching densitlos ave summarlzed In Table IT. The quenching
factor was caleulated employing gpecies numbaer densitles resulting from
the nonequilibrium calculations. Since the quenching factor was nesrly
unity for both the 19=inch and 7-inch nozzle tests, no itervation on the
apecies concentrations was neceseary. The vibrational tewperasture
factor, S(Iy)/8(Y:) was determined from the measuved vibratfonal tewper~
atures and Figure 2.

f.
]




Flgure 12, Test Chamber Inatallotion
in the 2«Foot EGF

TABLE II., QUENCHING CONSTANTS

Quenching Speclesn

gpecies ' WO Na Oa
p (Forr)  N'(ew™)  p'(Torr) N'{a™') p'(torr) N'(wm"h)

NG 2.35 7.56 x 10t 1a30% 3,64 x 10%° 0.8% 2,79 x 20
No - - 1,90 6.11 x 10* 1.7 5,70 x 10%°

shverage velue for ¥v' = 0 and v' = 1 levels of HD(A®YL)

et vadlat e




The nitric oxide vibratlionol temporatures were determined froam the
ratio of mamsurad (1,%) snd (0,2) band intensitles. ‘n account for the
relative sensitivities of the two channels, tha measurad rotlios wars
ascaled accorddng to the ratlo measwred b the statle teet chamber.
Hence, the intenglty ratlio ves determined es

Las - ggégggz 1 16
T,z /007 h,e/To,2l5e (16)

where the subsoripte I and II denote the intenaltles of channels I and
II, respectively, and 0,765 is the room~temperature vibrational band
intengity ratio for chammels with equel sensitivities (Figure 1).

The numbar denaitlen of molecular nitrogen were determined from
the measured intensities of the (0,1) end (1,2) bends of the Nat firet
nogative system at 4278 & and 4236 R, rospectively. Ths (0,1) band
intensity wus moasured with channel I, while that for the (1,2) band
wag meaqured with chamel IT. Sinee a pre-run calibration for asch
channel was casily poassible by pasalng the electron beam tihnough the
tunnel tast ocabin under static punp-down conditionas, the data reducltion
prosedures for the No meoswrements were simpler than those for the NU
measuraments,

™h

23, - 3 ol N i\,
N, mmnbay danaibtles wers cobbnined

rm tha m
™ mnasea waTd QOLLRL X P VES L

-2 wsured band

intensities with the procedura described In Ref. Ll; that 1s,

Loy N/
k . 179
o = ToTE,TES] (e AT, an

whove (NNa)C 13 the Mp nunber dansliy of the pro-run callbrailona. The

quanching factor was determined from the apeclas concentrationa oblained
from the nonegquilibrdum ealoulation with no lteratlion on the individual
spacies concentrabions. The quenching denaities, Wy, for Np were
obtalned from Ref. b and are summarized in Teble LT.

Tha Ms vibretional temperatures were deberadned frow Lhe measured

band intensities with the formila

L (3/9) 7.85
i . L o2 18
I, (/) U /h,elg (+8)

where 7.85 is the bangd intensity ratio for channels having equol
sensitivities (PMlgure 1),
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To minimize the influences of run-to-run variations in the data
correlations, the measured number densities were nondimensionalized by
the corresponding reservoir number densities. The reservoir values
[NO]o and [Nz]) were determined from the reservoir composition obtained

from the avvragc resayvoir enthalpy during the scan of the electron
beam.,

V. RESULTS AND DISCUSSIONS

&, THEORETICAL ANALYSES

Tor ccmparison with the experimental results, the inviscid {low
Troperties at various stations in the EGF nozzles were obtained with a
nozzle-flow computer progream which is deacribed in Ref, 2, The program
computes the numerical expansion of a reacting gas mixture starting

from an equilibriwm reservoir through a streamtube of arbitrary geometry.

The rcbtational and translational degrees of freedsm are assumed to be
equilibrated throughout the expansion, The vibrational energy mode can
be assumed to be either in eguilibrium with the translational energy
mode or frozen at the reservoir condition. The electronic energy mode
is assumed to be egquilibrated with the vibrational energy mode., The

chemistry may be assumed to be frozen at the reservolir statve, remain in

equilibrium, oxr to proceed in a nonequilibrium fashion through the

expansion. Corrections for the growth of the nozzle boundary layer are
included in the analysis.

B, NOMINAL RUN CONDITIONS

Wind tunnel data were obtained at three nominal run conditions.
The nozzle throat diameter was 0.4375 inch. For conditiong 2 and 3,
the heater was operated at reservoir pressures of 3506 and 500 psia
and nominal enthalpies of 3500 and 2500 Btu/lb, respectively. For
condition 1, another arc heater was employed which supplied a nominal
enthalpy of 6000 Btu/lb with a reservolir pressure of 250 psia.

The naminal regervoir conditions are summarized in Teble ITI. The
range of enthalpies (in Btu/lb) employed were 5599 to 5931 for condition

1, 2885 to 3480 for condilion 2, and two enthalpy ranges for condition 3,

2127-9301 and 36343936,

C. PROBE DATA

The pitoh pressure data are swmarized in Figures i3-17. It should
be noted that little run-to-run variation in the pitot pressure was
obtained.
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TABLE IIT., NOMINAL RESERVOIR
CONDITION SUMMARY

Run

Condition (pgga) (Btﬁ?lb) (x)

1 20
2 350
3 500

6000
3500
2500

6564
W7y
3973

2.0

1.6 - SOLID SYMBOLS ~BELOW ¢
RUN  Ho(Btu/lb)
o a6 2885
o 12l 0 47 2020
O .
X ® ® o
> @ " °0 % 0
\l""'« - ) . -]

OPEN SYMBOLS ~ABOVE §

| A ! !

Figure 13,

2. 4 6 e
INCHES FROM TUNNEL ¢

Pitot Pressure Surveys at Run Condition 23
19-Inch Nozzle; pp = 350 psia
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Figure 14, Pitot Pressure Surveys at Rux Condition 3;
19-Inch Nozzlei 1o = 500 psia
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Pitot Pressure Surveys at Run Condition 2
7-Inch Nozzle; po = 350 psia
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Figure 17. Pitobt Pressure Surveys at Run Condition 33
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Axial swrveys of the pitot pressures were taken o determine the
pitot pressure gradients throughout the region of megsurement in the
T-inch nozzle. The data are summarized in Figures 18~2L. The axial
variationg of pitot pressure shown in Figure 21 were used to determine
the pitot pressures at the electron beam location to allow accurate

comparisons of the experimental dats with the results of the theoretical
predictions.

Similar axial surveys of pitot pressure in the l9-inch nozzle are
reported in Ref. 1, where it is shown that the axial variations are
negligible for all run conditions in the 19-inch nozzle,

D, VIBRATIONAL TEMPERATURES

The measured vibrational tempergbures of molecular nitrogen non-
dimensionalized by the reservoir temperature are sumpaxized for the

T-inch nozzle in Figure 22. Excellent run-to-run repeatability was
obtained and little data scatter was observed.

The vibrational temperature ratio of approximately O.4 obtained at
run conditions 1 end 3 is in asgreement with vibrational bemperature
data obtained in the 19-inch nozzle as reported in Ref. 1.

imd s [ N TN Tolp TS VN
The hehavior of the nitrogen vibrational bamperature distiribution

near the boundary layer edge is =xpected and indicates the Hendency for
a greater degree of vibrauvional relaxation to oceur in the low-speed
portions of the flow field. Jimilar effects were observed in the
19-inch nozzle,* Note, however, st all run conditions there is a
sizable degree of vibrational nonequilibrium.

The measured vioralional temperatrires of nitric oxide nondimen~
sionalized by the reservoiy temperstuwres sre suwmarized for the T-inch
and 19-inch nozzles in Figures <3 and 24,

Vibrational temperetire data could not be obtained for nitric oxide
at rum eondition 1, for either nozzle, because of the combination of an
extremely iow nitric oxide concembration and a sizable background signal,
This result is expected, however., since estimates of the nitric oxide
concentrations at these run conditions show that the nitric oxide partial
presgurae is less than 0,000L Torr. Since the low density limit for the
measurenent technique is near 0,001 Torr, the nitric oxide concentra-
tions at these run conditions are more than an order of magnitude below
the detectable limit. The measurement problem at rn condition 1 is

compounded by the background radietion which is spproximately twice as
intense as those at run conditions 2 and 3.

The sensitivities of the ratios of band intensities in the NO »
sysbem place extreme requirements on the accwracy of the intensity
neasurenent system (Figure 1). For example, for the (1,5)/(0,2) band
combination, an error in bthe messwred ratio of #10% will vield an error
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in vibrational temperature of 25%. Hence, the accuracy of the NO
vibrational temperatures is estimated to be +20%.

The scatter in the data of Figures 23 and 24 is generally within
the 1209 accuracy expected for these measurements. The averages of the
nitric oxide vibrational temperatures fall into two general categories:
a vibrational temperature ratio near O.4, and a ratio near 0.25. A
close coupling between the wvibrational energy modes of the variocus
species is expected due to the extremely rapid vibration-vibration
energy exchanges which occur. However, an interesting trend in the
higner vibrational temperature data obtained in the 19-inch nozzle is
evident in Figure 24. These higher temperature data show a definite
tendency for the vibrational temperatures to decrease near the edge of
the boundary layer. These variations may be related to the mechanisms
which lead to chemiluminescence caused by the reaction NO + O~ NOz + hv.
Relatively strong radiation due to chemiluminescence has been observed
at variocus run conditions,l2 and it is likely that the associgted
chemical reaction will perturb the nitric oxide wviltrational population
distribubtion.

The behavicr of the niuvric oxide vibrational temperature near the
boundery layer edge is in agreement with that obtained for the moleculaxr
oxygen vibrational tempersture variations.? However, the changes in
both the molecular oxygen and nitric oxide vibrationsl temperatures
near the boundary layer edge are opposite to those changes oblained for
the N, vibrational temperature. It is expected that a greater degres
of vibrational relaxation will occur within the lower-speed portions
of ‘the boundary layer. Although the amount of relaxation in the boundary
layer is small., decreases in the vihraticnal temperatnres are expected
rather than increases noted in Figures 23 and 24. As discussed in Ref.
2, these vibrational temperature variations might result from a coupling
between the vibrational relaxation and the fast nitric oxide shuffle
reactions.

E, XNUMBER DENSITIES

The measured molecular nitrogen concentration profiles for the
7-inch nozzle are given in Figures 25 and 26, The theoretically pre-
dicted concentrations are also included. :

The run-to-yun repeatability and scatter within a given run are
within the *10% accuracy expected for these measurements.

The nitrogen number density date obtained at run condition 1 with

the 7-inch nozzle are in good agreement with the results of the theo-
rebical predictions.

The ni' men number density data obtained at run condition 3 is in

poor agreement with the results of the theoretical predictions. It
ghould be noted that there is little scatter in the run-to-run veriations

43

33
23]
o
=
Es

Lty

ETNIIRRer

"
S

ol

|
bttt

e bt i Lt e e )

Lo,

Estsbaiocon



[Nzl /[N216

-4
10

-5
10

10

H !1[“”!

LR Illlﬂl

1 ||l|Tﬂr

s T

s

RUN  Ho(Btu/ib) [N2]g(cm™)

A T4 503 | 1.068x10'°
O 75 5599 LI30x 10'°

FLAGGED SYMBOLS~BELOW (.

UNFLAGGED SYMBOLS-ABOVE ¢
THEORETICAL RESULTS FOR
Ho= 5700 Btu/lb py=250 psia

== FROZEN
NONEQUILIBRIUM
~—n = EQUILIBRIUM
! | - !

llillll‘ ]t jrtsit

- llHJI!

NI

! 2 3 4
INCHES FROM TUNNEL ¢

Pigure 25, N> Nuwber Densities at Run Condition 13

T-Inch Nozzle

bl

O,

Ei]
2
i
3
i
r
E
E:
2
3
5
E|
=
3
E
3
E]
34,

|
il



3 _ _ k-
- B e s = — . oy
? -
3 3
1

4 1188

;

" RUN  Ho(Btu/lb [N2]y(em™) ]

C 64 2129 4.99x10'° . -

@)

o !
Z gL D oes 3008 3.11x10" ] ;
~ F FLAGGED SYMBOLS - BELOW ¢ = i
Z [ UNFLAGGED SYMBOLS-ABOVE ¢ 3 3
" THEORY AT Ho=3000 Btu/ih, po=500 psia i

5| ====e= FROZEN .

0 g - NONEQUIL IBRIUM E [

C s EQUILIBRIUM .

.~ | | | |
10 0 | ' 2 3 4 5

INCHES FROM TUNNEL ¢ -

Figure 26, N2 Number Densities at Run Condition 3; ) :.' "
7-Inch Nozzle -

15




: and that the differences between the theoreticel and experimental re-
- sults are well outside the #10% error band expected for the data,

The experimental techniques give redundancy in the number density
measurements. The number densities can be obtained either from the
intensities of the (0,1) or the (1,2) vibrational bands. The numbher
densities obtained from these two bands are coupled only through the
density correction factor, S(Ty), which must be obtained from the vibra-
tional temperature measurement. As seen in Figure 2, this coupling is
relatively weak, In all cases, the nitrogen number densities obbained
from the two vibrational bands agreed with an error less than 2%,
Hence, it is concluded that the differences between the theoretical. and
experimentel. predictions of the nitrogen mmber densities are not a
result of systematic errors in the measurement of the nitrogen cuncen-
tration. '

Many factors enter into the comparisons of the theoretical and
experimental results. The data are nondimensionalized by the reservoir
nitrogen number densities, which are determined from thermochemical
calculations assuming complete equilibrium in the reservoir, In addi-
tion, the theoretical predictions are vased on the centerline pitot
pressure values, while both axial and radial pitot pressure variations
exist. The differences between the theoretical and experimental nitro-
gen number densities may result from cumulebive errors in these factors.
Note that there is little wvaristion in the predicted nitrogen mmber
densities due to changes in the assumed chemical model, since molecular
nitrogen behaves almost as an inert chemical species in the temperature
ronge of these tests.

WU T

TR B e P i R e

The measured nitric oxide species concentrations are compared with
the results of the theoretical predictions in Figures 27-30. Except
for the data obtained with the 19-inch nozzle at run condition 3
(Figure 30), the measured mumber densities are consistently below the
predicted values, indicating a greater degree of chemical recombination
then predicted by theory. Nitric oxide concentrations resulting frou
assuming chemically frozen and chemical nonequilibrium only are included
in Pigures 27-30. The theoretical results assuming chemical equilibrium
in the nozzle expansion give nitric oxide concentrations less than
2 x 1075 vol %.

Generally, good run-to-run repeatability and iittle data scatter
i within a given run were experienced with the nitric oxide mumber density
75 measurements. The number densities shown in Figures 27-30 are those
S obtained from the intensity of the NO 7 (0,2) band. The number densities
obtained from the NO v (1,5) band generally agreed with those from the
(0,2) band to within 8%.

The factors which affect the comparisons of the theoretical and
experimental nitrogen densiibies also influence the comparisons for the
# nitric oxide number densities., However, the consistency of the differ-
ences between the measured and predicted nitric oxide concentrations
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suggests that the reaction rates of one or more of the nitric oxide
shuffle reactions should be changed to give an ilncerease in the rate of
dizappearance of nitric oxlde. HNumeriesl expevimentation with the non-
equilibrium flow canputer program is required to establish the approvris
ate shuffle reaction rates. As dlscussed in Section I, changes in the
shuffle reactlon rate constants may have importent influences on the
theoretical predictions of the overall properties of the lteat gas at
the nozzle exit.

Both the moiecular nitrogen and nitric oxlde species concentrations
measured with the electron besm are influenced by the rate of collision
quenching, The gquenching densitles wpplied in these studies to relete
band intensities to number densdties were obtained from room=temperature
experiments and no ‘tranglational and/or v:l.brationa.’l. influences were
included. The collision quenching of the No first negative system at
the run conditions for the 7-lnch nozzle res,uil.b in quenching factors,

1 + INi/Ni, near l.5. Hence, collision quenching iz an ilmportant
de~excitation mechanism for the Nzt first negative system, and errors

in the quenching cross sections could be responsible, in part, for the
discrepancles between the theoretical and experimental number densities.

Quenching of the NO 7 system is much less severe than it iy for
the Npt first negative system. For the conditions of the T-inch nozuzle
tegts, the quenching fector was less than L.17. Hence, collision
ouenclung of the NO v radistion was not a particularly important factor
in converting vend intensities o jwmber density. However, the acouracy
of the nitric oxide number densily measurements depends directly on the
applicability of the excitation model proposed here. The relative
importance of excitation by secondary and primery electrons must be
determined to obitain accurate nitric oxide number density data. The
intensities of the NO 7y radiation, as a result of excitation by second-
ary and primary electrons, were determined from roon-temperature experi-
ments, and it is possible that different excitation croags sections exist
at elevated translaticnal and vidvrational temperatures.




VI. CONCLUSIONS

A. BLECTRON BEAM TECHNIQUES

These studles have substantiated the applicability ¢f the hilgh
voltage veralon of the electron beam generator for the 2.Foot Fleabtrow
gasdynsmidcs Facllity. In addition, the applicabillity of the diagnostic
tachniques for the measurement of the vibrational temperature and specles
concentrationa of nitrle oxide have veen demcnstrated. Operablon of the
beam generator at high voltages (MO kV) leads to an increase In the
spatial. regolutlon in the measuremente because of the assoclated de-
cresse in elastic scattering of beam elesctrong, The performence of the
beem generator during these tests indicates that it could easlly be
used ot flow densities greatexr than that correaponding to pressure of
10 Torr at a temparature of 300 X.

The uncertaintles asgoclated with the excitation-emlsslon procasses
for Nu, 0, Oz, and NO at high gas densities ghould be investigated in
detall., The relative influences of excitablon by secondary and primary
electrons should be examined under controlled conditions of elevated
translatlional and vibrational temperatures. The appropriate quenching
crogs seatlons for these species must also be known ag functions of
translational. temperature, vibrational temperature, and number densgity
before accurate electron beam data can be obtained at high densities.

Determination of the upper density Linit for applicatiop of the
alectron beam technique i3 requlred before the full potential of the
technique can be realized, From a mechanical point of view, no partiocu-~
lar difficulties in generating electron beams sultable for higher density
flows are anticlpated with the present beam generator configuration.

B, THRORETICAL~EXPERIMENTAL COMPARISONS

The discrepancies between the theoretical and experimental nitrogen
number densities experienced in these studies were not expected. It is
unlikely that they result fiom deficiencles in the noneguilibrium theory
since the chemical activity of molecular nitrogen in these studies is
quite Low., The discrepancies probably result from & combination of
facility-related effects and unknown errors in the collision quenching
cross sections neecded to convert band intensities to number density,

Comparisons between the theoretical and experimental nitric oxide
nunber densities indicate that the theory wnder~predicts the rate of
dlsappearance of nitric oxide within the nozzle expeansion process,
Numerical experimenta with the nonequilibrium flow compuber program ave
required to establish shuffle reaction rates which lead to better sgree-
nent between the theorebical and experimental results,
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Addditional experimental studies should be conductod to obbaln
temperaturs and concentration data at enthalpy levels lntermediate be-
tween bthoge of run condition 1 and run conditions 2 and 3. The resulls
of these studles could then be employed effectively with those from the
numerical experiments to Lsolate the apporent recombination rates appli-
cable to the expansion process. In adddtion, the concentretion and
vibrational temperature of molecular oxygen and the concentration of
atamde oxygen should be determined at high dengities to allow o more
complete comparison of the theoretical and experimental results. In
all ceses, these studics should be perfommed with the intent of develop-
ing & theoretical model for the expansion process which is usefud for
predicting tunnel salibration deta that cannot be measured diveotly.
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