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An electron beam probe was used to obtain measurementz of rota-
tional te oerature and gas density in supersonic nitrcgen jets exparding from
room teterature. The parameter Pod (where Po is the stagnation pressure in
torr, and d is the orifice exit diam--eter in r-n) was varied from 15 to 483
torr-=m. This corresponds to a sonic Reynolds nuzbEr range of 290 to 9,320.
Density reaisure-ents were made using a photomaftilier with an interference
filter centered at 3900 A? and having a half-width of 100 A. The experizenta!.
density data follo the axial isent.-opic density distribtion in regions of
rotational noneauilibrium. Rotational temperature measurements were obtained
from rotational spectra of the + first negative 0-0 band at 3914 A? using a
high dispersion spectrigraph. The experi'entally determnn-ed rotational tem-
perature values follod 'he axial isentropic temerature distribution in a free
jet dowm to atproximFely 85 04 for Pod = 15 torr-=, and 50 0K for P0d = 480
torr-rin, with a scatter of about + 35%. Below tbese tep--peratures, the ITR data
deuart from the isentropic curve and freeze at a ccustant te-_erature, which
is dependent on the value of Pod.

A shock holder was inserted in the jet and a number of shock
waves in the range M = 4 to M = 15 were investigated. Density profiles through
the shock waves were obtained. Rotatonal spectra indicate a large departure
frcm a Bolt -7zrenn distribution in the rotational levels in the center of a shock
front. This effect is small at M = 4, but very pronounced at 14 = 15. An
apparent non-Boitzmann rotational distribution in the jet expansio- flow was
also observed.
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I. iNTRODUCTORY DISCUSSION

The unconfined expansion from a, sonic orifice into a low pressure
chamber (referred to as an underexpanded or free Jet) has proven to be -a very
popular and useful source of a high velocity, low density gas flow.

As outlined in the recent review paper by French (Ref. i). this
basic expansion flow is especially useful for facilities having a limited pump-
ing capacity, since the overexpansion in the jet brings the flow to exceedingly
high local Mach numbers. The availability of theoretical treatments based on
isentropic assumptions enables flow properties to be computed which are applic.-
able over a wide range of conditions of experimental interest .

A number of authors in recent years have investigated zheoretically
the flow field of an underexpanded jet. Owen and Thornill fRef. ?) were the
first to consider the problem and used a method of characteristics solution for
a gas expanding into a vacuum. When the jet expands into a region of finite
pressure, hoever, a complicated flow pattern, such as diagrammed in Fig. 1
develops. A method of characteristics solution will be valid up to the first
Mach disc, since the flow within the barrel shock is uninfluenced by pressure
changes along the jet boundary. Investigations at NASA by Love and Associates
(Ref. 3) and Vick et al (Ref. 4) have dealt with both theoretical and experi-
mental studies of free jets, where the position of the barrel shock, jet
boundary and Mach disc was computed for a variety of conditions.

Extended method-of-chaacteristics calculations by Woolf for
high stagnation to ambient pressure ratios are presented in Ref. 5. The center-
line M4ach number distributions Jbtained from these calculations are shown in-
Fig. 2 for two values of specific heat ratios (7). Recent theoretical and
experimental free jet studies are summarized in the excellent reference paper
by Ashkenas and Sherman (Ref. 6), who have shown good agreement between experi-
ment and theory.

Relaxation processes in expanding gas flows, particularly flows
occurring in rocket and shock tunnel nozzles, have been studied both theoretically
and experimentally for some time. Chemically reacting expansions, for example,
have been investigated by Hall, et al (Ref. 7), while the problem of relaxation
of the vibrational degrees of freedom of diatomic molecules has been studied
theoretically by Stollery and Smith (Ref. 8), and Bray (Ref. 9). The calcula-
tions of Treanor ,JNef. 10) have shown the possibility of a departure from a
Boltzmann population distribution in the vibrational levels of a diatomic
molecule during a rapid expansion. Recent experimental investigations such as
those Qf Hurle, Russo and Hall (Ref. 11), and Nagamatsu and Sheer (Ref. 12),
for example, have developed techniques to study relaxing expanding gas flows.

All of the above-mentioned studies have been at elevated stagna-
tion temperatures, greater than 20000 K, where there is sufficient excitation of
the internal vibrational degrees of freedom. The results of all indicate a
departure from equilibrium as a vibrating diatomic gas undergoes a sufficiently
rapid expansion. Due to the finite reaction rates involved (i.e. the rather
large number of collisions needed, 1000-10,000 to maintain equilibrium among
the vibrational and translational degrees of freedom), the slower vibrational
modes are unable to follow translation, and depart from equilibrium in the ex-
pansion. If the population in the vibrational levels remains Boltzmann, then
the results show that the vibrational temperature, TV, peels away from the
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translational temperature, TT. Finally, sufficiently far downstream, collisions
become so rare that the vibrational temperature change is very small, and it is
said to be nearly frozen at a value higher than the local translational tempera-
ture.

Since most free jets under study are at room temperature stagna-
tion conditions, there is no vibrational excitation of importance in the case of
nitrogen. Also, owing to the extreme rates of expansion, the vibrational modes
are frozen immediately at their room temperature (ground level) population.
However, in th. expansion extremely low temperatures are reached, as can be
seen from Fig. 3, where the temperature distribution is plotted corresponding
to the Mach number distribution of Fig. 2, and at sufficiently low density one
may expect the rotational degree of freedom to go out of equilibrium with the
translational degrees of freedom. Although the number of collisions needed
to equilibrate rotation with translation are small (approx. 5 to 10), the low
densities encountered in such flows may lead to conditions where the number of
collisions are not sufficient to maintain even this fast internal degree of
freedom in equilibrium with translation. A recent theoretical approach to this
problem is that of Knuth (Ref. 13), in which the axial distance from the orifice
where rotational freezing may occur is predicted, based on a room temperature
(300OK) collision number.

In this type of calculation, the rotational temperature is
assumed to be in equilibrium with the translational temperature ufitil a
sufficiently lou temperature and density (a fuilction of stagnation conditions)
are reached in the expanding jet. At this point, the rotational temperature
is assumed to depart immediately and remain frozen at a constant value, while the
trarslational temperature contirues to decrease in the expansion. This approach
is, at best, only approximate for two reasons: the rotational collision number
at the low tetaperatures (- 20°K) encountered in free jets is uniknown, and
secondly, the rotational degree of freedcm does not suddenly freeze at a con-
stant temperature T, but may depart gradually from the translational degree of
freedom. However, an analysis ot this type given by Knuth (Ref. 13) does serve
to delineate operating regimes of stagnation pressure (Po) and orifice exit
diameter (d) under which rotational nonequilibrium may occur in an underexpanded
jet.

Experimental determination of rotational nonequilibrium in an
underexpanded jet has proven to be qulte elusive. Impact probe measurements
such as those reported by Ashkenas and Sherman (Ref. 6), for example, will not
define this departure from equilibrium for most jets under study. The impact
probe responds essentially to the quantity (p u2), where p is the density and
u is the velocity in the jet. The flow velocity in an underexpinded jet
approaches the limiting velocity in an expansion, (y +° 1/7 - 1) - a*, (where a*
is the sonic velocity at M = 1). The densie1y then, falls off approximately as
(x/d) - , sinie the jet can be approximated as a radial expansion from a source
near the orifice (Ref. 6). In addition, for the usual experimental conditions,
the rotational energy may be excited in the shock wave ahead of the impact
probe, further adding to the complications. As pointed out by Knuth (Ref. 13),
the difference in impact pressure at a given x/d is only about 20% for the cases
cf immediate rotational freezing upstream of the orifice, and the freezing of
rotational degrees of freedom at a high Macb, number downstream of the orifice.

There is, however, a technique which may be used to investigate
the rotational temperature distribution in an underexpanded jet, to determine
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the departure, if any, of the rotational degree of freedom from equilibrium.
This is the electron beam fluorescence technique described originally by Muntz
(Ref. 14). its usefulness has been further demonstrated by ltntZ and Marsden
(Ref. 15), Marsden (Ref. 16), lMuntz, -bel and Maguixe (Eef. 17), exd Sebacier
(Ref. 18). Recently, this technique has been used y a numer of investigators

to measure rotational temperatures in expanding flows. Sebacher and Duckett
(Ref. 19) and Petrie (Ref. 20), for' example, bha-Ve obtained measurements in
high temperatur. expansions with an arc-tunnel nozzle. In additirn. Robbe-
and Talbot (Ref. 21) have investigated underekpanded nitrogen jets expanding
from room temperature.

The predominant contribution to the fluorescence observed in
nitrogen at low densities arises from the first negative system which xeprepr-
sents radiation from excited molecular nitrogen ions. Muntz presented a theo-
retical analysis of the rotational intensities in the bands of this system,
and found experimentally that the rotational temperature, TR, (and in more
detail the relative population distribution in the various xotational energy
levels) of the nitrogen molecule before electron excitation could be obtained
by using this theory. It is this electron beam flu6rescence technique that
has been used in the preset investigation to study departures 'rom rotational

equilibrium in an underepanded jet.

Since a free jet represents a convenient source of high Mach
number flow, it may be used in the study of the structure of strong shock waves
by inserting a shock holder in the high velocity flow ahead of the first Mach
disc. The electron beam technique in this system will yield data on the
rotational distribution within a shock wave. In addition, by measuring the
intensity of the total fluorescence due to the beam, the density distribution in
a shock wave, and thus a measure of the shock thickness, can be obtained.
Earlier studies of shock waves have utilized low density wind tunnels, such as
that used by Sherman (Ref. 22) in his heated wire experiment, and shock tubes.
Shock thickness measurements have been obtained by a variety of techniques in
shock tubes, for example, the optical refractivity method employed at Princeton
by Linzer and Hornig (Ref. 23). The attenuation of an electron beam was used
by Ballard and Venable (Ref. 24), Russell (Ref. 25), Schultz-Grunow and Frohn
(Ref. 26), while the comprehensive measurements of shock thickness of Camac
(Ref. 27) utilized the electrons scattered from the primary beam. Camac's
technique yields directly a density trace through the shock wave. All of the
above mentioned methods depend on the. ratio of the density behind the shock
to the density ahead of the shock to determine if rotational equilibration has
taken place within the shock front. However, by observing the rotational spectra
arising from beam fluorescence, it can be determined whether or not there is
a departure from rotational equitlibrium within the shock front itself. It may
be expected, for example, that non-Boltzmann rotational populations may occur
in the centre of shock waves. The electron beam technique will indicate
whether or-not this is in fact so.

The present investigation, utilized the electron beam fluorescence
to study the state of the rotational degrees of freedom in underexpanded jets
and shock waves. Section II of this report discusses the theory of rotational
temperature measurements with the electron beam and the experimental apparatus
is described in Section III. The final results and discussions are presented
in Sections IV and V.

3



II. ROTATIORAL TMMPER A-TRE FASUREMEWS USING AN '-LECON BEAM
A beam of energetic electrons when pas singthrough a low .density

gas excites a fluorescence that can be used to obtain information- concerning
the gas molecules prior to their excitation. The two properties of interest
in the present investigation are the rotational tomperature, Tj, of the nitro-
gen molecule before excitation, and the density of the gas. If the electron
beam is well collimated. the fluorescence is man:vtained in a gylindrical region
around the beam. ith a carefully -designed optical system, i is possible to
select a small elemental volume or "point" anywhere along the leam length to
obtain emission data. As pointed oui by Juantz, et al (ief. 27), for this
technique to be use-ful, at least one reiative3y strong emission line must be
observed -when the gas is bombarded by ehergtic electrons, Yor mitrogen
at low pressure (i.e. less than I mm I.), the predomiqant radiation is-emitted
from transitions of he i2W mo61-cular ion (the Ist negative system) vith the
0-0 vibrational transition Cbei rg the strongest emitter (see Ref. 15) As the
pressure is increased. thd main contribution to the fluorescence arises from
the N2 second positive system. This effect was exhibited in the results of
Davidson and 0'Neil (Ref. 28), where the spectral intensity of the beam fluore-
scence was observed at pressuresmnging from 5 mm Jg. up to approximately one
atmosphere.

In addition, the excited state lifetime should be less than 1o-7
seconds, to eliminate the possibility of the fluorescence being carried down-
stream in a high velocity gas flow. Yor the nitrogen firzt negat- :e system-
and in particular the 0-0 transition, the lifetime is a!proximately 8 x 20 "

seconds, Nicholls (Ref. 29). Thus, at a flow velocity of 20,000 feet per second,
an emitting particle would be carried downstream alproximately D.4 nm. For z
beam width of one mm, this drift wout.d make good resolution of the beam center-
line very difficult. Zowever, the limiting velocity obtained in a free jet
expansion from room temperature is approximately 2,500 feet per second for a

- 1.4 gas. The drift in this case is .-about 0.05 mm, and it is possible to
obtain better spatial resolution by observing the center portion of the beam.

Since the beam fluorescence arises from a direct excitation -

spontaneous emission sequence, there is an upper bound in gas .density which
indicates the onset of collisional quenching (i.e. the emission increases with
density less than with a linear dependence). As noted by Gadamer (Ref.30), at
approximately 5 mm Hg. pressure for room temperature air, the quenching de-
excitation is very severe. The region of acceptable linearity extendz only
up to a few hundred microns pressure at room temperature.

A detailed analysis of the beam-excited emission in nitrogen
has been presented by Muntz (Ref. i4) and will only be outlined here. The
excitation - emission path is indicated schematically as follows.
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The detailed potential energy ,curves can be bbtained from Gilmore ,(Ref. 311)..
The ,energetic electrons ,excite and ionize the ground state nitrgen molecule

u 0 to the doublet excited .state aof the nolecular !on PC12 B2;) o The

-subsequent ,emission ,to the ground ,sate ion 2 2),then com-DrIses the fjxst

negative ystem. It is ,the D-0: ibation- -,otation 'band that is used In the

Tresent :investigation, hawving :a bandhead zat 39A4Ao.

Yor a gas In -,hermal equi-abriiink the Touto n '(W ayZ h

rotational level Is proportional to (-fdUlowing J erzberg_, 'ef. 32.')

.1-

where 3 is the molecular rotational ,contant: h is Tlanckl[s kconstant, it is

Bltzmann's constant and c is the elocitY.of light. 'The combination Bhc/k

has dimensions of oK and is ,caled ,the characteristic rottiona'l temperature

of themolcul R.8. For the nitrogen molecule, -% RO. ic h
factor (2J+l) increases linearly with ,J, the number of molecules -n ,the

different rotational levels goes througha maximum as J is increased. Ths

maximum occurs at

T I

max = .2qR 2

0)T

Thus, as the temperature decreases, the pobpulation aximum moves toward the

lower rotation levels.
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- ariaticin of the intensity of the lines in a vibration-
-o ~ a ftc~c --d J is given essentially by the thermalI distribu-

Azor u~f the rot-atir-al levels. In ezmissicm, the Intensity depends, on the mean
valu:- of ('2 Jall for te =ur~ and lower statues, as indcated.

.. j-V-~i R

, (3)

whee Cis a ConStanxt, n- ista'ta-1-onal state smm, and J' denotes the upper
c-awte, j' denmotes the ierstate. Therefore, the intensi-ty distribution

* res-±les c-y the p stsidi.stribu-tion of zhe rotational levels, 'a Pzxi-

f i-aess shnsit occurraigatll JM ih J.~ decreasing as the temipsrature

As mointed ot by iftntz (Ref 1&,for the is-%, negative system
* of ir itrzge., tahe blcrnsi op nte 1j2 B state is veryS weak,

and I tre-z-:: tlmms betwoeen electronic seuTs are govern ed by EundW s case (b).
_f- the doublets (i.e.. for the R 32Z state) are unresolved, the transitions

be~e~ intto IZ --j ILE t~ansitiolls -Aith rotational levels desigmated by
&he r: sic acant-n muer am.r mrc spin J = II (see Ref. 32). The

se-leeniUL rule anpl: Azg to Farris case Wb for a'z -,i tE transition is AK = + 1.
KTis se-Ietio ruie xesm--ts in the fo-mr-pti-Ca of the two fLa-iliar P anct R branches
in- the- ratation e=raszi.on snectrunMI.

?br the- 3 bram-ch, the wave length of e-mitted ig ht decreases

hinvrr-asing K-' (i.e. the 7lines are soaced towiaxrd the violet, end of the
setrz)aud sa--ing betueaen lines i'.creases with V. The P branchn lines are

zr.an-ci toward the red mntilthis branch doubles back on itself forming a band
head. ?:or the C-4) vibzation-rotation band studied here., the band origin
(-K'= 5) i~s a- 39O9 -A0 (-Ref. 33), amd the band head due~ to the P branchn folding

back lies at 3,nil A O. The p~art of the R branch used in the investigation comn-
sists of abcut 21 lines -the reason being -that. the rotational band head of
the 1-1 vcrasi-cm tra.nsiIcn OCCIWs at about, 3884 AO0, thus the total unabstruct-
edi vare le.-Zth inter-ial involved in -the R branch has a s-oan of about 25 A.
This is shoim sche--sics.-ly in the sketch below.I
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If the assumtion is made that the ground state nitrogen mole-

cule before excitation by beam-electrons has a thermal eouilibrium distribution
of rotational energy (see Eq. 1) at a rotational temperature TR, and that the
electronic transitions are governed by ogtical selection rules, it is possible
to Dredict the line intensities in the 1st negative system. Muntz's (Ref.14)
relation for this, valid for temperatures below about 8000K, (to preclude any
appreciable population in all but the lowest vibraoional level) is given as

,4-K'(K'+!)G!ITR
( ,K,,v~v,=(K'+V"+I) X{4 [G] -o e(4

Here, Xh is a constant, one prime indicates the upper electronic state
(N2

+ B2Z ), two primes indicate the lower electronic state (N2+ X
2Z ), and

the subscript one indicates the ground state molecule (N2 X'Z ). The factor
[G] , which includes the Hbnl-London rotational transition probabilities is

-2(K'+l) ORL 2K' eR1

L] _ (K+'l)e + K'e (5)

2 K' + 1

It is seen that the factor [G] is itself a function of TR.

From the measured rotational line intensities, the slope tech-
nique (Ref. 32) can be used to obtain the value of TR. This is seen by re-
writing Eq. (4) as

(IMK ,K")v, v"
log K! , =--4 K'(K'+l) + const. (6)

Plotting the left side versus K'(K'+l) will yield a straight line, with slope

-I/TR , from which TR = Rl/Slope. This technique is often used to obtain
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temperatures in high temperature, self-radiating gas flows (Ref. 32), and in
the electron beam experiments, the energetic electrons are used to stimulate
emission in a non-radiating gas. It should be noted that the procedure is
ite:ative, in that a guessed value of TR has to be used to compute [G] , before
a TR value can be obtained from Eq. 6. This value i.5 then used to compute [G]
again, etc. For temperatures not far different from room temperature (i.e.
TR > 150°K) one iteration usually suffices, since [G] is not a stron& function
of TR in this range, and only a small error will arise if only the first guess
on [G] is used. However, at the low temperatures reached in free jets, [G]
becomes a strong function of TR (i.e. as TR approaches eR- in the yxponentials),
and a complete iteration is necessary. Values of log [G] ( v/vo) are given
by Muntz (Ref. 14) for TR > 75 OK, and this compilation has been extended for
the present study to TR = 8 OK. Tiese values are given in Table I (where the
factor (v/vo)4 is - 1, due to the small wave length range involved).

The reduction of the spectral data obtained in the experimental
program went as follows:

the heights (intensity of the rotational lines)were measured with a
scale, then

[log (height)-log (K'+1V+l) - log (G)]
was plotted versus K' (K'+l). The slope of the resalting straight
line enabled the rotational temperature to be computed.

At low temperatures, care would be taken to be sure that the TR guesses (to
compute [G] ) would be above and below the actual TR, and a linear extrapola-

tion between the two uas used to obtain the final value of TR (i.e. guesses
of TR = 10 OK and TR = 15 OK, were used to obtain the actual TR value of 13 OK,
for example).

As can be seen from Eqs. 1 and 2, the population of the higher
rotational levels falls off rapidly as the temperature is decreased. The
position of maximum intensity, for example, shifts from K' - 7 at 300 OK, to
about K' - 2 at 20 OK. Thus, the number of intense lines obtained in a
spectra decreases with temperature, from 21 lines tt 3000K, to approximately
7 lines at 20 OK, for example.

The technique described above has been used to obtain rotational
temperatures in free jets and shock waves. The various comments concerning
position of the maximum intensity line and number of lines obtained in a
spectrum, etc., can be more fully appreciated when examining the spectral data
presented in Section IV.
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Iii. EXPERIMEI TAL APPARATUS

3.1 Low Density Wind Tunnel

All experiments were performed in the UTIAS low density wind
tunnel, a facility that has been in operation for a number of years. The
original design and operation study of this facility was reported by Enkenhus
(Ref. 34) in 1957, and since then, the capability of the facility has been in-
creased with additional instrumentation. An example of this is the electron
gun chamber mounted on the top of the test section on a traversing assembly.
This allows a beam of energetic electrons to be directed vertically downward
in the test section, with this beam capable of traversing in a square of
approximately six inches a side (i.e. six inches downstream and three inches
radially outward from the tunnel centerline).

The tunnel itself is a continuous running facility having a
primary pumping system of nine large booster type oil diffusion pumps. Each
of these booster s has a pumping capacity of approximately 1,000 liters per
second at tunnel test section pressures from 1 to 60 microns Hg. The booster
pumps are connected to a second stage of pumping consisting of two large
positive displacement mechanical pumps of 485 cubic feet per minute capacity.
The test section is a cylinder 44 inches in diameter, with its axis at right
angles to the rest of the tunnel. A schematic of the tunnel can be seen in
Fig. 4. A remotely controlled traversing assembly inside of the test section
was used in the present experiments to support and align the shock holder in
the shock wave studies. The operating conditions for the free jet experiments
to be disdussed later covered the following ranges:

stagnation pressures (Po) from .5 to 250 mm Hg
and test section or ambient pressures from about 10 to 30 microns Hg.

3.2 Electron Gun Chamber

The traversing electron gun assembly (Ref. 35) mounted atop
the tunnel test section is the primary diagnostic toc2 in the present experi-
menr. For a schematic representation of the gun cha.Ler arid vacuum system,
see Fig. 5.

A Phillips TV-tube is mounted in the inner of the two concentric
tubes shown in the figure. An oil vapor diffusion pump (Edwards model 203 B,
rated at 50 liters per segond with a w.ter baffle) maintains the pressure in
this tube between 2 x 10- and 5 x 10- mm Hg. An Edwards liquid air cold
tra- is placed between the water baffle and the gun chsifoer. The outer tube
shown in Fig. 5 forms an intermediate pressure chamber separating the inner gun
chamber from the test section of the low density tunnel. A similar diffusion
pump, water baffle and cold trap system is used to maintain the pressure in
this chamber at l- to 10-3 mm Hg, while the test section pressure may be
typically in the range from 1 - 100 microns Hg. The inner and outer chambers
can be isolated from the diffusion pumps by gravity-operated butterfly valves
in the event of a power failure.

The electron beam passes through a 2 mm diameter nozzle, which
is 12.5 mm long, into the intermediate chamber, and from there the beam exits
into the test section through a 15 mm long nozzle with a 1 mm diameter hole.
Careful alignment and focusing of the beam is necessary to allow it to pass
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through both nozzles. This alignment is achieved with a set of eight electro-
static deflection plates wichin the inner chamber. Independent controls are
provided for shifting or tilting the beam in two perpenicular _Dlanez.

The cathode potential. is supplied by an &BE-high-voltage regulated
DO power supply and may be varied betweem 0 and 30 kilovolts (for all experi-
ments described in this report, the cathode potential was 17.5 kilovolts),
and the beam current was nominally held between 100 and 200 microamperes. The
anode is kept at ground potential while the grid and lens voltages are obtained
from a voltage divider circuit. A separate, regulated 400 volt DC power supply
furnishes the deflection plate voltages. A schematic of the gun and associated
circuitry is shown in Fig. 6.

3.3 The Spectrometer

The success of an exueriment of this type depends upon the
availability of a sensitive (required because of the- low light output at low
gas densities), high dispersion spectrograph (enough dispersion to searate
all of the lines in the rotational spectrum, a total range of about
The instrument was originally designed by Marsden to fulfill the above mehtioned
requirements, and is described in detail in Ref. 16. it is an Ebert type scann-
ing spectrometer, using a Bausch and Lomb replica grating 102 m square with
1200 rulings per m blazed for 3500 Ac in second order. The spherical mirror
has a focal length of 750 m°. This, together with the size of the grating,
gives the instrument an optical f number (f equals focal length divided by
the effective grating diameter) 6f 6.6. The instrument was use-. second
order, with a dispersion of 4.7 3- per m. The slits are curved to Drovide
sharp resolution over the full slit length, see Fastie (Ref. 36). A schematic
of the instrument is given in Fig. 7.

The light passing through the entrance slit is focussed by the
spherical mirror into a parallel beam of light incident on the grating.
Spectrally resolved light from the grating is then focused by the mirror on the
plane of the exit slit. Rotation of the grating (via the grating drive motor
and lever arm) causes the resolved spectrum to move past the exit slit and the
intensity of the lines is measured by a photomultiplier placed behind the slit.
For the experiments discussed in this report, the entrance slit width was
0.004 inches (100 microns) and height was 0.300 inches, while the exit slit
width was .006 inches. As discussed by Marsden (Ref. 16), with thiese slit di-
mensions, all lines with K' > 3 should be resolved with no contribution (or
rotational line overlap) from neighboring lines. Lines K' = 1, 2, however, may
be affected by the presence of its neighbor (since line spacing decreases with
decreasing K'). The experimental results presented in Section IV seem to bear
out this conclusion.

The photomultiplier used to measure the line intensities is an
uncooled F14I type 9502 S, having an S-11 spectral response (a peak at 4000 R).
The dark current as recorded on a Keithley 414 micro-microameter was found to
be 1.5 -*2.0 x 10-10 amperes at 1500 volts.

Careful alignment of the grating and slits was accomplished using
light sources of mercury, hydrogen and nitrogen. Proper slit alignment is
critical for experiments at low temperatures where only a few spectral lines
are recorded. These lines have low K' values and small spacing, for example,
A? for K' = 1 to K' = 2 is only 0.67 X. Thus, the entrance and exit slits
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rust be caref uly igned to _ niimnze the enout of lime over!s at low values
of K'. This was acco=Dished by renmvirg the ea~cr-"tiplier at the exit slit,
and vis uay watching varlous lines from the light sources Sass by the slit as
the grating was rotated by hand using the plrcro -ter drive. AiW non-aiVgrmezi
of entrance and exit s its could be observed by a "rolling" of the emission
line as it passed by the exit slit. T- exit slt was then rotated u til the
emission line ju:ped sharply into and cu t of te slit. Proper a i-li. seems
to have been achieved in this _ n-, as can be seen frcri the spectral data
shwin in Section IV.

3.4 Exoerimental Seturi

The cc=:lete exor_--iental arrg-r is shown scmtica1 y in
Fig. 8, which sbows a top view qf tb .  system. The fluorescence f"oi th bean
is focused onto the entrance slit of the suectro=eter wit a K-24 aerial &a--a
lens. It should be fioted that t:e entrance slit is paalel to the beam (fi.e.
bea- vertical, slit vertical). This focusing lens, hicLh has a focal length Of

_ inches, and an outical f number of 2.5, is attached on a bar s-puorft whih is
part of the electron gun assetbly. Thus, the lens moves with the be= as % is
traversed axially (or radially) in the free jet. -he lens-to-beam and lens-tc-
slit distan-ces vere anproxirateiy 9 and 34 inches respectively, giVMng a m-gni-
fication of about 4. ns, the .004 Imeh wide endtrance slit, =hen *--ed on tte
i- wide electron bea-2 is only .001 inch in idth and about 2 in height.

This defines the "point" or elemental vol-m- im U beam fluorescence "=3ere the
=easurements were made.

The specturcreter and grating drive motor assbly rested on a
sDecially construeted traversing table which rode on ball bushings. This table
allowed the spect ometer to "tracle' the beam, i.e. to "tr-atk" the beam i=age
formed by the focusing lens, to keep this image on the spectrometer entrance
slit. The lead screws for this table we're smilar to those for the electron
gun traversing - chanism atop the tunnel test section, 8 fAcxe threads per inch.
Graduated dials on the lead screws were mrkrd in thousandths of an inch for
both traversing assemblies.

Several photographic views of the expe--mental apparatus can be
seen in Fig. 9(a) through 9(d). The first photo shows the electron gun and
associated vacuum system mounted on its traversing assembly atop the tunnel zesD
section. This assembly -moves on a sliding O-ring seal preventing leaks from
occurring in the test section. Also seen in the photo is the mechanical back-
ing pump for the diffusion pumps, also mounted atop the low density tunnel. A
view of the spectrometer and traversing table in position at the test section
window is given in Fig. 9(b). The traversiag table lead screws and ba31J bush-
ing supports can be seen, along with the grating drive motor mounted directly
on the table. Figure 9(c) shows a general view of the associated instrumenta-
tion, including the high voltage power supply, photo-multiplier power supply,
micro-microammeter, etc. The final photograph shows an internal view of the
tunnel test section, as viewed from the opposite side of the tunnel from the
spectrometer. The bottom of the electron gun chamber with the automatic door
and the beam collector cup are clearly seen. In position are the focusing
lens described above, and the shock holder model mounted on the test section
traversng mechanism. The nozzle seen in the photograph is an orifice type with
an exit diameter of 5 mm.
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T he zyt-= a.s aligted optica-l=y in the fol'oi ng munner: the
tr=,ersizg t-ble was :rCer~y aligned with the tunnel to assure pa a 1e_ move-
=r.nt with the eectrcn beam. The svectreter was =unted on the table and

leveled. A tugztei !~m s as then used to backliglgh the spectro=ter with the
exix slit --e e.d. AM image of the entrance slit a-s f-ormed (via the focusidig
lens)cn a grman glass screen inside the t'-e test section. A plumb _ine was
-suspeded fra- the augc.atic dcor at thE bettax of the gun assebly, in line
vih the electron bep--. Mae ent.ande slit iage was then focused on the groucd
glass at the _l=zb line, and the sp"__trograph heig t vas adjusted to in-sure
correct focusi ad aiigna-ent wish th center'_ine of the t,-el. This -as
acc=plished by =oing the r!ob lie close to the exit oriffice of the nozzle
' 'e stuy, am -eyetal! centeing w-as used. The gun asaebly was then tra-
7erreI aclg the center!4.ne of the tunnel, tracked by the spectrometer, to
insrLe urnper f using for the ful length of travel. Thds procedure -das
flowed with tLhe installa ion of every nozzle, and was felt to be accurate to.
less than .010 inch.

T he oupc of the woastilier as a=lified by a Keithley
4.14-'cro-z rc-.-_eter and fed into a Tetronix 514 storage osc'il-!oscoe.
D _ring the exeri _.-al runs the spectrometer was centered on the beam by
cbser-i.tg the cutut n '-the r-icro-microannter dial. Using one line of the
sPectrum, the Cutput was im__='cmized as the entrance slit image was traversed
back and forth across the beam fluorescence (i.e. traversing the spectrometer
with its eravezsing table). Since the bea= width vas about 1 - total. and the
slit izrae wLeidth only .001 neh-, tids gave a rath-er broad plateau of in-tensity
of abcuxt .0M0 rich. we. a__ r _ "-' of this vlateau was considered es the
beam center and the srectrcmter :as aligned -ith this. fter some experience
;ith rz cus rns, t.his maxi"zum was fo;-d to be trackable to vithin about .005
inch.

The tis co-.-tant, or resjonse speed, of the Keithley amlifier
varied with the scale racge being used. Hoever, for most of the experiments
the range was abo*t 1C-9 to 10- ampres, giving a t .e constant of about ,07
seconds to 63% of final current. Several grating scanning speeds were employed
in the eP'ly experiments to determine the optimus speed needed to obtain
accurate spectra, and eno-ah data points for any given free jet or shock
-ave setim. The final soea chosen gave a dwell time at the peak of each line
of about 2 seconds, much larger tban the time constant of the amlifier. These
results wi._-t be discussed in Section IV.

Before actual spectral data was taken during a run, a photograph
of the flow was taken using a Polaroid camera mounted on the opOosite side of
the test section. In this way, a visual examination of the flow field could be
made to insure proper flow conditions, etc. This beam visualization technique
is describdd by Rothe (Ref. 37), and consists in traversing the electron beam
parallel to itself down the centerline of the jet. The camera shutter w -s left
oen rnd the flow conditions then are "painted" on fast Polaroid film. Photo-
graphs of underexpanded jets and shock waves are shown in Section IV.
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Tne experimental prograPm consisted of a systematic survey of
under-expanded nitrogen jets issuing from a room temperature source, using the
electron bea probe to obtain rotational te=-erature distributions. A number
of sonic orifices and stagnation pressures were used in the investigation to
al-ow a large variation in flow properties. Several shock waves we.- investi-
gated,crering the .ach a icb u r range from about M - 4 to i5. For these runs, a
shock holder model was inserted in the free jet before the first Mach disc (Ref.
35). in addition to te__erature measurements, density profiles were cbtained

for both free Jets and shock waves using a photoultiplier opDtical system de-
signed by Rothe (Refs. 35, 38). The results of the =measurements are given in
the nresent Section of this report, it being divided into three separate :ml-
sections. A discussion of the results and conclusions will be _resented in
Section V.

4.1 Calibration Runs

fter he spectrometer vas optically aligned with the beam-lens
system (as described in Section iMx), a nm=3er of measurements were '--ae at
room te=merature to give an indicatio i of the accuracy and scatter of the
rotational te=--nerature data. Room temerature bottled nitrogen (Linde) was
ad-itted directly into the tunnel test section through a large diameter side
port. One oil booster rnvro was used to aintain a quiescent nitrogen arient
condition in the chamber at a fixed pressure, Pa . The temperature of the
nitrogen in the test section was monitored with a comper-constantan thermocouple,

with the output read directly on c? on a Brown instruments potentiometer. The
electron beam was then turned on, and a, rotational spectra was obtained - the
thermocouple output being continuously mognitored during the time inte-al re-
quired f-r a spectral scan. As described previously, the grating speed was
such that the entire R-branch spectrum was obtained (for this room temerature
condition) in ap-proxi -aely 5 minutes. The electron beam current was also
monitored during this interval on a microampere meter measuring the collector
cup current. If the current varied b.y more than 5% during this tire, the r
was discarded (this proceeare was used throughout all experi ents). A sweep
speed of about 10 seconds per division was used on the oscilloscope, giving
sufficient resolution such that all the line heights could be measured accurately.
Thus, about 3 photographs of the scope face were needed for a given spectral
trace. At the end of the each sweep, the grating drive motor was stopped mo-
mentarily while the scope was re-triggered then the spectral trace was resumed,
etc. This momentary interruption in the grating scan did not affect the data,
as will be seen from both the actual spectral photographs and the line heights

used in the straight line slope technique.

These calibration runs were performed at test section pressures
ranging from about 10 to 125 microns Hg. The pressures were measured with a
cold trapped mercury McLeod gauge molnted outside of the tunnel. The run con-
ditions are summarized in the following table:
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Uk
j Beam currkent JT 9 T j

Run No. P ji Hg. UA at 17.5 KeV Thermocouple Sbectr.

1 9.8 190 305 304
2 23 155 302 12-
3 38 5 303 305
. 39 160 303 295

5 48 155 301 300
6 !28 140 3W 298

Figure 10 shows a tyical spectrum obtained at room temperature conditions.
Eighteen rotational lines in the R branch are seen, vith the spacing between lines
increasing with increasing K, and K'.being about K = 7. Owing to the
nuclear spin pronerties of the nitrbgen molecule, the alternate line intensities
are -redicted to be in the ratio of 2.7 on the K'(K'+l) log plots at the same
value of the ordinate (Ref. 32). these half-intensity lines correspond to even
values of K' as sho-w in the figure. For a - data reduction, the heigbts of
these lines were multiplied by two for use in- the slope tec-bniue, shgn, for
ex z ale, in Fig. 10 for the same spectrUM indicating a TjR = 298PK. It is
seen that the points are limear with K' (K2+l) showing a Boltzmann distribution
to exist in the ground state molecule. In addition the even K' lines ±Lll in
line -ith the odd K' lines, indicating an alternating intensi-. ratio close to
the theoreticel figure of 2. There %as 5q=- question about tue value of thas
ratio pre-iously (Ref. 16), but careful slit alient m!nimized line overla_
that would have affectled this ratio eaerimentelly, and the lactor of 2 now
seems to be correctly measured.

Figure 11 shows the linear plot of log intensity vs. K'(K'+I)
used to obtain the TR values for the room tenmerature calibration runs. it can
be seen from the data that a scatter of eaboutf? 2.- exists in the present data
at 300c%, which is in general agreement with Muntz's (Ref. 14) results. There
is some indication from the log plots that the first two points may be high.
This could be due to the overlap of neighboring lines at the low K values
(this was menticned in Section iil in the discussion of spectrometer slit di-
mensions). There is, hewever, another source that may contribute to the apparent-
ly higher intensity of these lines. Since the P branch doubles back ,4on itself
(to form the bandhead at 3914 X); it may be expected that a number of the
lightly populated higher K: lines of this branch may be in the approximate wave
length region of the low K' lines of the R branch under study. These would
contribute to the measured intensity of the R branch lines. This was discussed
by Marsden (Ref. 16) for conditions of 5000K, where the overlapping P branch
lines may contribute 20% of the measured R intensities for the first 3 lines.
A similar calculation was performed for 300°K, and as shown below, the
intensity overlap at this temperature is extremely small:
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R Branch P Branch -

__________1A IV~t 300'K

1 3909.71 26 3909.82 o1
2 3909.04 27 3909.17 .016
3 3908.30 28 3908.45 .oo28
4 3907.53 29 3907.67 .oo45
5 3906.70 30 3906.85 .00!

The P branch intensity contribution vilI be even less than- the
abo-e values at the low temeratures encountered in free jets, since the high
K' levels will have no appreciable population. Examination of the straight
line log plots for a large number of experimental runs at room temoerature,
indicated that the measured intensitles of the first two lines seemed to -be
about 5% high. Sin-e this value is larger than P branch contribution predicted
above, it can be taken as a possible indication of the amount of rotational
line cverlap due to slit geometry as discussed in Section III.

Individaal rotational lines were scanned with a rapid sweeD on
the oscilloscope to obtain line profiles. Figure 12 shows such a trace for
the K' = 3 line. The sweep speed is one second per division, indicating a
dwell time at the peak height of about two seconds (see Section III). This
grating scan speed vas used throughout the experiiental program.

4 .2 Free Jet Studies

A large number of nitrogen free jets were investigated using
the electron beam probe, and both tenierature and density measurements V.re
obtained. The stagnation pressure and orifice exit diameter was varied to
obtain f-os conditions where the rotational degree of freedom was expected to
dep-art from eqilibrium in the expansion on the basis of 'Knuth's calculations
(Ref. 13). The p~x ameter (Pod), where Po is the staghation pressure in torr,
and d is the orifize exit diameter in rm, was varied from

(P 0d) = 15 torr-mi to (Pod) = 480 torr-mm

These values correspond to Reynolds numbers based on the sonic exit conditions
at the orifice, of

Red* = 290 to 9,320

A large contoured nozzle, 47.5 mm in diameter was used for mea-
surements in the very low x/d range. Several orifice type nozzles having much
smaller ext diameters were machined, and were attached to the large contoured
nozzle inside the test section. This arrangement can be seen in Fig. 9(d),
which shows the 5 mm diameter orifice in place. These small nozzles were
macbined with a very thin wall at the end, thus the nozzles acted as orifices,
as follows:

.5
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Diameter thickness t/d
a- t

2 mm .0025 inch .032
5 mm .0055 inch .0275

15 mm .013 inch .022

The data presented by Ashkenas and Sherman (Ref. 6) for orifices

having similar t/d ratios indicate an effective orifice discharge c iefficient
of about 1 for values of Red* greater than 100. Thus, the d value used in the
x/d correlation is the actual exit diameter of the orifice,, given above.

The experiments were performed as follows (see Yig. 8): bottled,
room temperature nitrogen was admitted through flow metering valves into the
stagnation chamber cf the turnel after the oil booster pimps had evacuated the
test section to about 1 micron Hg. Sufficient time was allowed for the flow
to stabilize and both the stagnation pressure (Po) and test section pressure
(1) were measured with the mercury McLeod gauge. The electron beam was turned
on, and a photograph of the flow field was obtained with a Polaroid camera as
described by Rothe (Ref. 37). The beam was then traversed down the centerline
of the jet, being tracked by the spectrometer on its traversing table. At
numerous points along the jet centerline, rotational spectra were obtained as
described in Section 4.1. Again, the beam current was continually monitored
to insure a variation of less than 5% in the bem current during the grating
scan. This proved to be an upper limit, since fcr the majority of the data
points, the beam current fluctuations were only about 1%, and in most cases,
not discernable at all on the microampere meter. For the larger values of

(Pod), about 15 data points were taken along the jet centerline. In addition,
several radial temperature distributions were obtained in the jet by traversing
the electron gun radially outward from the centerline. Again, the beam was
tracked by the spectrometer which was traversed backwards away from the tunnel
to keep the beam focused on the entrance slit. The stagnation temperature was
monitored by a copper-constantan thermocouple during the run. Since it took
about 3 minutes to obtain a complete spectral scan near the nozzle orifice
(i.e. Tp - 2000K for example), and about 1-1/2 minutes to obtain a spectral
scan further down the jet at low temperatures (i.e. about 20 OK or so), a com-
plete jet centerline survey could be completed in approximately 1-1/2 to 2 hours,
including flow visualization.
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The important flow parameters of the nitrogpn free jet runs are
tabulated below:

P J d d P0  CO x/d R d
torr-rmm mm torr jig. last

15 5 3 2.2 1,365 70 290 25
15 L05 5.2 202 5 9.5

40 2 20.5 2.1 9%770 19 775 66
5 8 4 2,000 15 30

80 2 40 3.4 1,780 22 1550 72
5 16 6.7 2,390- 17-5 33

250 2 128 9.8 13,080 32 14850 : 76
5 50 21 22,380 22.5 1 32

\48o 2 240 18.5 23 000 38 9320 76
5 94 52 I,810 20 28

where x /d is the theoretical distance to the first Madh disc, and x/dias
is the osition where the last spectrea -data vas taken for each run.

The jets observed covered -a wide range of pressure ratios and in
all cases the last spectral data point wa- tAken well before the occurrence of
the first Mach disc as predicted theoretically (Ref- 6). Actually the last
data point for each run was determined by the local density in the jet, the
optical system becoming light limited at low densities (i.e. the spectral trace
became quite noisy, since the photomultiplier output was nearing the dark
current level). In general, this light limiting point occurred at densiulies

equivalent to a pressiure of about 5 microns hg at room temperature. It may be
noted that the density measurements to be discassed later indicated that the
first Mach disc is quite diffuse for low values of(Pod).

It is of interest to examine the photographs of the flow field,
and these are shown in Fig. 13 for various values of (Pod). For small (Pod),
the entire flow field is quite diffuse and the free jets do not seem at all
well defined. At the larger (Pod ) values (and consequently higher pressure
ratios), the jets become very sharply defined and the barrel shock quite clear.
The complete travel of the beam is about six inches giving an indication of the
first Mach cell size. The slight uneveness in the quality of the photos is
due to the fact that the electron beam traversing screw was turned by hand.

Examples of spectral records from which the values of rotational
temperature were obtained are presented in Fig. 14 for a large number of tem-
peratures (i.e. positions along the free jet centerline, for example) and indi-
cate the quality of the data. In all records, the oscilloscope sweep speed is
about 10 seconds per division. Readily apparent in the data is the intensity
maximum shift to lower K' values as the temperature decreases (Section II),
indicating the low population of the higher rotational levels. The number of
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s 'inc to c- honusing was focused per-p'endivcrlar to the 1beam i~.e. beam verticzal,
sltnrtma)SO th-a!-' of the fluoresce-nce surrounding the -oe=- -cou].d be

gathereii. Light ffibres (from Una Ame-rican Optical Co-mpany) were used to guide
Lhe radiazim from the entrance slit to, an interference filter directly ahead
of the ptot~altiolier face. An uncooled EMI 9502 S photcm~ltinlier was used
(sim-iar to that in the sDec'troneseri, in ccn-junction wvith an interferen~ce
filter of 100'R half-width -entered at 39030 2. The instrment was calibrated
in the turnel test secti--on at. room teomei ature in a qui-escent. nitrogen atmos-
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phere, to ob-tain a ctrve of light output versus nitrogen density (pi-esstLre) .
The o phzt,,imlier current -was reed on the Keithley ricro-rnicroane-ter. Thi's

calibration dta is sbown in Fig. 19 and is seen to be li-5near to at least 120
Zcon ressmure.

Uzi-.6 this i!Itrl=ent, a n'.ber of free 'Jets were surveyed to obtaini
~.eti'- .4 -_ey distributionz for the 5 m. cianmeter orifice. hi s dama,

u-hich is shoin in Fig. 20, -was obtaind using the calibration curve of Fig.19
She scatter is seer. -t- be qsite ~ ,and the density distribution general v
follaws the isenatrooic cur-ve- For low (PO4) values-. the density leaves this
isent-re4c creand. be'ins to increase ve l ahemad of the theoretical Mach disc
location. This is an indication thnat this Mach disc is not at &U well defined
(as seen in Fig- 13)-aat b-i densities, but becomes shaxroer as the densIty is
increased at ihigi:er (Po(1) values.

-3y cai Figs. 16 are- 20, it is seen that the last spectral'
data poizat was taken~ before th 'en'sity begins to deni-rt from the isentropic

c~re..In act the rotational teneratures _'oaw -_mked denarturmes from
ecui ibrim whibe- the d-e-sity stil-I follows the isetronic curve: (i.e. the
censity drs off. appro- atl as( -2 (Ref6)) Jh~ cn arice was
car-mried CoUt for the Mast c0=5s'rtvati we case, since the 2 = di:ane-er- orifiEce,
havL.. m'c- p~1re resst.re ratios9 ha YMach disc locticns farther downstream-
(c~'er t-icce as fardwsra as t:he 5 -11 nozz-le iJn =ost cases: see table
fo±- fre et runs). ?:--,s, the Mac Cisc does not appear to contribute to the

c-~eral doarreof the ratational. ze=-raz,=re from the msemt.'troac curxve.

A nare ccmrnrehensivie discussion of these resualts is mresented in

"T3  M~or-- Waye Stmudies

D-rig the course of the exper!=nentPal_ program, a shock holder
uss inerred iz the free jet ahtead of the first Mac-h disc so thtshock str-uc-
Lure daacould be cbtainzed for a wide ramnge of Mach n=inbzl-s. Tis shnock holder
consists of a baLW diwerging cz.e Vith a 2-inCh diameter opening at the

frouct, see Ref. 35. A s3I ding conical plu& is used to partial ly close thme rear
_enng~ pmh= a s~-, shock. wave ahead of the holder. The leading edge

of the holder ha two sets of S!Lits, I/8 inch -wide by 1/2 inch long. One set
of slits a'1 lcns zh eljectron bea= to cass vertically down tbrougn the shock-.
holder, azd thc othFer set enables the~ beam fluorescence to be gathered b0-y the
foeusing lens. M-- shot--' holdez-, can be seen nounted nthe test section in
Pig. 9(d) . BothZ- rotatc.nald spectra and density m~easurements were drita'ied
throa the s1r-.i waves at closely spacd in'terval-s of x/d. Thne shock wave
r-ns are listed belc's:

Pod d p 0 p Shock-holder 7 = 1.4

COr er g Leadi ng Edge Mach No.

S 3 47.5 0.01 2 3.9
2,;5 59 22 17.5 U1

4 -o2 242 215 34.8
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As in the free jet experiments, flw visualization photos were taken at the
start of each run. These -re shown in Fig. 21. It can be seen from the photos
that the shock wave is not plane. This is due to the fact that the free jet
flow is similar to flow from a source near the orifice, (Ref. 6) and the curved
shock then is normal to the local flow streamlines. being perpendicular to the
shock holder only near the jet centerline, where the shock profile data were
obtained.

Using the photon utiplDier-interfeence filter assembly described in
* the previous section, density profiles were obtained along the jet centerline

and through the shock wave. These are given in Fig. 22 for the M = 4 and 11
shocks. The density drops off similar to the isentropic curve, teen increases
through the shock front towards the post shock value. Similar shock density
profiles have been reported by Robben and Talbot (Ref. 39). When the electron
beam was near the shock holder, and at times behind the leading edge, the
light gathered by the focusing lens -_s diminished due to the presence of the
si-ock holder. To account for tbis. an occulation calibration was carried out
in quiescent nitrogen (no shock wave), the fluorescence being meashured as the
bean =oved close to the shock hcLder. This calibration curve is shown in Fig.
23. The data agrees extremely well with a point source theoretical curve
repoeted by Rothe (Ref. 38). This calibration factor was used to obtain the
final density data sho.m in Fig. 22.

With the spectrometer setup as previously described, rotational
spectra were obtained along the jet center1_lne through the shock front. The
log slon e plots are non- 1 ar, i_ dicating a non-Boltzmann distribution in popu-
lation of the rotational levels existing in the nitrogen molecule before ercita-
tion by beam electrons. This effect seems to be a direct function of shock
strengVh. The deviation from linearity is small for the M = 4 shock, but
exceedingly strong for the M = 15 shock. Robben and Talbot (Ref. 40) report,
for eyale, essentialy no deviatiun at M = 1.7, but a much stronger deviation
at M = 13. Figure 24 shows the log slope distribution through a shock wave
for the three cases investigated, M = 4, 1 and 15. In all cases, the log slope
is non-linear in the center of the shock front, and becomes linear again in the
high tererature region at the tail of the shock wave. Thus, a Boltzmann dis-
tribution is regained in the post shock conditions. This non-Boltzmann effect
would go undetected in density measurements alone.

Since the factor (G) is a function of rotational temperature, T,
a difficulty arises when a non-linear log slope plot is obtained as to what
value of TR should be used for the calculation of (G). Since the plots given
in Fig. 24 are meant to be representative of the non-Bol.tzmann effect with in-
creasing shock strength, only one value of (G) (i.e. one value of assumed TR)
was used for each slope. To obtain actual temperatures from different slopes
of the same log plot, detailed iterations using various assumed values of TR
are needed. This procedure will be discussed in Section V. Thus, for the log
plots in Fig. 24, the following values of assumed TR (i.e. to compute (G))
were used: (the circled points denote positions in front of the shock, ( , to
positions behind the shock, i.e. ® , see Fig. 27).
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As pointed out by Marsden (Ref. 16), there is an approximate one-
to-one relationship between the line intensities in the rotational spectrum and

the rotational energy distribution. Thus, from the plots in Fig. 24, it appears
that the lower rotational levels have a population reflecting the temperature

anead of the shock, while the higher rotational levels are populated according
to the temperature behind the shock wave. Robben and Talbot (Ref. 40), for
example, found it was possible to represent their results approximately by the

merging of two rotational distribution functions corresponding to temperatures
upstream and downstream of the shock wave.
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V. DISCUSSION .AD CONCLUSIONS

The rotational temperature measurements obtaineiin underexpanded
jets indicate that the electron beam fluorescence probe can be used with some
degree of confidence as a diagnostic tool at low temperatures. As noted in
Fig. 17, for example, the rotational temperature values obtained experimenta lly
agree with the predicted centerline isentropic distribution down to about 50 OK
for high values of (Pod). For all of the experiments, the measured rotational
temperatures departed from equilibrium, the degree of departure depending on
the value of (Pod). However, as noted earlier, the trend of the rotational
temperature measurements with increasing (P d) is such that the experimental
results follow more closely the isentropic curve to lower temperatures. This
is to be expected, since at higher densities (higher Pod values here), collisions
become more frequent and the rotational degree of freedom is more apt to follow
the translational degree to lower temperatures.

The appearance of the rotational temperature versus x/d curves,
Fig. 16, (i.e. slow departure of rotation from equilibrium with subsequent tend-
ency to freeze) is typical of vibrational non-equilibrium in expansion flows,
for example, and as noted, the trend with pressure, (Pod), is correct. In
addition, for each value of (P0d), two different orifice diameters were used,
so that for a given Reynolds number, i.e. given (Pod), different flow densities
would be obtained (a factor of 2-1/2 in the densities). As can be seen from
the small scatter for each (-Pod) value, the data scales in a binary fashion.
The possibility of Mach disc interference with the free jet rotational
temperature measurements should be considered if measurements are made far
downstream. However, the density distributions shown in Fig. 20 seem to rule
out this possibility for the present results. Even at distances (x/d) where
there are large departures of rotational temperature from equilibrium, the
density continues to follow the isentropic curve, decreasing approximately as
(x/d -L.

It is of interest to compare the results of the present investi-
*gation with the only other published rotational temperature measurements in

under-expanded jets, those of Robben and Talbot (Ref. 21). Their experimental
setup was somewhat similar to that shown in Fig. 8, with their electron beam
vertical, but their spectrometer slit horizontal (i.e. across the beam). A
number of measurements were made at several values of (Pod), but none were
carried out as extensively for a given (Pod) value as those reported here. In
addition, their electron beam probe was used at a high beam current (approxi-
mately 5 millianmeres) as compared to about 100 microamps in the present in-
vestigation. Figure 25 shows the University of California TR results compared
with those obtained at Toronto. The comparison for similar (Pod) values is
quite good for the two different investigations, but in general it can be
said their measurements somewhat are higher than those reported here. Robben
and Talbot report high TR data for all of their experiments, even tiose per-
formed at subsonic Mach numbers. The reason for this is not clearly brought out
in the reference. It is seen that all of their data lies fairly close to the
isentropic curve, and they have concluded that the electron beam technique is

in error at low temperatures since their measured rotational temperatures are
above the predicted isentropic values. For example, when the isentropic tempera-
ture is Eredicted as 10 OK, their TR value obtained from spectral data is
about 13 K, or 30% high. This is then referred to as a calibration point,
i.e. TR data must be multiplied by 0.70 to obtain correct values in this
temperature range. However, the present data shows that the measured rotational
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te=_erature can have n=merous values de-ending on the value of (Pod), when
the isenetroic prediction is 10 °X.

Robben nd Talbot (Ref. 21) do point out one possible source of
error associated witn the electron beam technique, this is the effect of
secondarj electrons on the measured rotational tezzDerature (i.e. the electrons
stripped frm N2 to yield NP_ by collisions with the primary beam electrons).
These secondary electrons Wll'. in general, have much lower energies than
those in the priary beam (Ref.14), but their actual energy distribution and
d-irection are unknoin.

Excitation to the excited ion state by secondary electrons may
arise from direct excitazion of the ground state molecule (similar to primary
excitation) or excitation of the ground state Ion. The potential energy
curves sche=atical-y diagraed in Section il (and given in detail in Ref. 31)
shco that elec ron energies in excess of 18.7 eV are needed to excite the
ground state nitrogen molecule (H2 X'Z) to the excited ion state (H2 + B Z)
while electrons with energies in excess of 3.1 eV are needed to excite the
ground state ion (N2 + X) to the excited ion state. Thus, as pointed out by
Muntz (Ref. 1:4) for si.ngle collisions, secondaries with energies below 3.1 eV
cannot produce any ecitation. in addition, Muntz calculated that the second-
ary excitation of ground state ions (i.e. for electrons with energies in
excess of 3.1 eV) may be neglected. For electrons with energies in excess of
18.7 eV, say in the 100 eV range, Muntz indicated that there could be a large
contribution to the observed emission oMing to direct excitation of the
ground state molecule by these electrons. if this excitation is different in
nature thian the Drimay excitation (i.e. as suggested by Robben and Talbot
(Ref. 21) that these excitations may not obey the optical selection rules),
an error could be associated with the rotational temoerature measurements.

The fluorescence excited by secondary elest:;:z is confined to a
halo surrounding the beam of primary electrons. Experiments _ erformed by
Muntz, Abel and Maguire (Ref. 17) in helium indicate the presence of a large
number of secondary electrons, which appear to be concentrated near the center
of the beam. s pointed out in Ref. 17, the contribution of secondary electrons

to the emission excited by an electron beam must be determined as a function of
radial distance from the beam axis for each gas. Thus, the magnitude of a
possible error in the measurements may depend on how much of the halo is ob-
served. The University of California experiments, with the slit perpendicualr
to the beam, would gather more of this halo emission. Robben and Talbot
report that their measurements seemed to show smaller errors when the spectro-
meter slit length was reduced (i.e. less halo observed). For the experimental
data reported here, this "effective heating" due to possible secondary electrons
is not apparent since the experimental temperatures agree with the isentropic
curve down to low temperatures. This could be due to the fact that the spectro-
meter slit is parallel to the beam (i.e. views a narrow slice along the beam
axis) and only a small portion of the halo within the optical cone is observed.
A study of the excitation processes due to secondary electrons is needed to
more fully understand the electron beam technique at low temperatures and
densities.

There is, however, another trend, that can be observed in the pre-
sent rotational temperature data obtained in free jets. As seen in Fig. 15,
the log slope plots of rotational line intensities are linear, using the
majority of observed rotational lines at each data point. However, the higher
K' rotational lines (thcse lightly populated) always indicated a higher intensity
than was consistent with this straight line. This effect was also noted by
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Robben and Talbot (Ref. 21) in a number of their published log plots. For a
given rotational temperature as obtained from the straight line slope, it is
always the higher rotational lines that show this apparent discrepancy of over
population. Careful examination of a I of the free jet spectral data obtained
in this investigation indicated that the higher rotational levels seemed to
depart from a Boltzmann equilibrium with the lower rotational levels in the
exapnsion. Thi's deDarture can be depicted in the following way: define a
rotational "temerature" TRK, based on the slope for each rotational line K'
referred to the K' = 1 line as shown schematically
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For a linear plot, (i.e. Boltzmann distribution in population of rotational
levels), all TRK, are equal and equal to the rotational temperature TR . Thus,
TRK, is an indication of the population of a particular level referred to the
lowest rotational level. These "temvezatures" have been obtained from the
spectral log plots (similar to those shown in Fig. 15) and plotted in Fig. 26.
Agai:-, where possible for each (Pod) value, results from two different orifices
have been plotted, showing the same binary scaling as before. A general trend
for each (Pod) curve seems to be a gradual peeling away of the TRKI values for
the higher levels during the expansion. The data indicates for example, that
TR Deels away at about 170K, and the TR7 data peels away at approximately
40K Above this peeling away point for each K', these rotational lines lie
on the linear portion of the log plot. It can be seen for example, that for
Pod = 15 torr-mm, the K' = 7, ,3 points never depart, since the data does not
go below 400K (seemingly the TR departure point). Again for Pod = 80 torr-mm
the K' = 5,3 curves never depart since the data is higher than 170K (seemingly
the TR5 departure point).

It may be surmised that there is no reason to expect that there
would not be a departure from a Boltzmann distribution in a rapid expansion.
A greater amount of theoretical and experimental work has been devoted to this
problem for the case of vibrationally relaxing flows. The calculations of
Treanor (Ref. 10), for example, indicate the possibility of a non-Boltzmann
population distribution in vibrational levels during expansion. However,
experimental results of vibrational relaxation, such as those of Hurle, Russo
and Hall (Ref. 11), have as yet not confirmed this. In addition, the electron
beam measurements of vibrational relaxation in arc-tunnel nozzles reported by
Sebacher and Duckett (Ref. 19) and Petrie (Ref. 20) seem to agree with the
results obtained using a line-reversal technique employed in Ref. 11. Further-
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more, in the electron beam measuremnts, a Boltzrmnn distribution in vibration
is assumed in order to relate the relative intensities of vibrational band
systems to the vibrational temperature.

This aspect of the rotational temperature measurements leads to
the possibility that the apparent rotational non-Boltzmann disturibution indicated
during the expansion process may be produced by the electron beam itself, per-
haps by secondary electrons in some way. The author has found no studies or
computations concerning the relaxation of individual levels. This would,
of course, require the individual transition probabi ities of each level to
be known, so that a separate rate equati6n could be applied to each level during
a relaxation process.

There is a possible way to determine experiiTentally whether or
not this departure from a Boltzaann distribution is caused by the beam or is
due to the expansion process. -This would constitute shooting an electron beam
into a chamber of stagnant low temperature nitrogen, in eoydlibrium,, with its
condensate at a very low temerature (say 30oK) and obtaining a rotational
spectra. The log slope plot of the line intensities should reveal any non-
Boltzmann effects due to secondary electrons. In addition, the rotational
temerature obtained can be comared to the known temerature as a calibration
check on the accuracy of this technique at low temeratures. An experiment of
this type has been reported by Williams (Ref. 39) where an electron beam was
used in conjunction with a liquid nitrogen cooled chamber. Temperatures as
low as 800K were obtained, with the beam fluorescence being monitored by a set
of narrow pass-band filters within a single-vibration-rotation bana, as
originally described by Muntz and Abe4 (Ref 40). Unfortunately, the reduction
of data with this technique tilizes an assuhed Boltzmann distribution in
rotation. However, it has been reported to the author that additional exueri-
ments using a high dispersion spectrograph to mnitor the beam fluorescence
are being planned.

The shock wave profiles presented in Fig. 24 can also be repre-
sented by a TRKI for each rotational line. in order to make these more de-
tailed calculations of "temperatures" for a non-linear log plot, iterations
with (G), using various assumed values of TR were employed. For the TRK ,
values representing the higher rotational levels (i.e. K'> 9), the TR values
given in Section IV were used to compute (G). For the lower levels, complete
iterations using appropriate TR guesses yielded more accurate results for these

%RK, values. The results are shown in Fig. 27. The spread of "temperatures"
TRK' is small for M = 4, since the departure from linearity in the lug plot is
small. However, as the Mach number increases, the spreading is readily apparent
due to the highly non-linear log plots. For all three cases, a Boltzmann dis-
tribution (i.e. all TRK, are equal) is regained in tail of the shock wave.

Since the rotational energy distribution in the shock waves are
markedly non-Boltzmann, one may suspect that this effect could be felt upstream
of the shock and perturb the rotational distribution in the jet, possibly lead-
ing to the apparent non-Boltzmann effect discussed earlier. Robben and Talbot
(Ref. 41), for example, have shown from their results that the average local
temperature was found to precede the density profile through the shock wave by
an amount which increased with Mach number. However, the presence of a shock
wave in the flow aid not affect this apparent non-Boltzmann distribution in the
jet, as can be seen from Fig. 27(c). For the given (Pod) flow condition, the
position of the Mach disc is predicted to be at xM/d = 28 and xMd = 76 for

25



= 94 torr and o = 240 toi'r remectively. The t o sets of results, hoeer,

agree very well. In addition, the presence of the M. = 15 shock caused 'Ry the
shock holder at x/d = 35 for the P. = 240 torr case did not chaige the TRK,
distribution. Within the exxerimental scalter, the IR, c-rves -ith the sho

wave present agree with the pure jet results. This seems to indicate that tbe
presence of a shock (either -the lach disc or a shock caused by the shock halder)
did not influence this aparent non-Boltznann distribetion in the expansion.

Another interesting apect of the shock wave structure is the
density profile data presented in Fig. 22, which indicates that the beam
fluorescence probe can be used to measure shock wave thickness. To ca=we
the shock t~ickness obtained for the R = 3-9 and -4 = 11.5 shock waves presented
in Fig 22, reference will be -made to the procedure of Robben and Talbot (Ref.
42). A r=--mu m slope thickness E was obtained by drawing a straight jine
t.cough the maxi mum slope of the density profile, and masuring the distance
oetween the intersections of this line with the extraolations of the unstream
and. dmnstream flow co-itions. i.e.:

f
n/0

10

x/d

This length 6,6m was then nor malized with the length i' = P(g )/Pu, where T* is
*the sonic temerature. As pointed out by Ro'iben cand Talbot, using T* allows a

more accurate computation of viscosity than whe.n the local mean free path is
used, which reuires a viscosity calculation at extremely low temperatures,
wher it is not well known. For the computation of L*, the isentropic M-m-h
number at the shock holder leading edge was used as discussed in Section 3.3.

Using p(T*) = (250 OK) = 15.45 x 10- 5 poise; L* was computed as:

d 0mm torr M L* cm

47.5 0.490 3.9 0.0987

5 59 11.5 0.0865

Referring to Fig. 22, the maximum slope thickness was obtained as:

6cm.

3.9 1.93 - 1.76 = .17 0.808123

11.5 17.2 - 15.2 = 2.0 10 .087
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At the lower Mach number, the thickmess seems to agree well with the other-
data. Hiwever, at M = 11.5, the present L*/6m data is about 1/2 of thaa obtain-
ed by Robben and Talbot, but very close to that of Camac (Ref. 27) nc-maiized
with L*. As pointed out in Ref. 42, the large discrepancy between Camac's
data and that of Robben and Talbot is not clear. The indication here, however,
is that the present data follows that obtained by Camac, who measured the
scattered electrons from an electron beam probe in a shock tube.

One other possible source of error in the free jet temperature
measurements could be condensation effects at low temeratures - that is,
molecules coming together to form agglomerates consisting of large numbers of
molecules. These may be expected to form, since the conditions of low tem-
perature and pressure that exist in a free jet expanding from room temperature
are well below the nitrogen triple point (i.e. 68 OK and 96.4 MM Hg). However,
the pressures are so lw in a free jet, that the expansion occurs such that
nitrogen remains a gas to a much lower temperature than the triple point
tem erature indicated in the sketch,
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The vapor pressure of nitrogen is a strong function of temperature

at these low tea-peratures,as show n in Fig. 28 (taken from Ref. 43). Using
this figure, and the isentroic ( = 1..) tem _erature and density relations
for a free jet, possible condensation points were obtained for various values
of stagnation oressure. These are shown in Fig. 29-

The condensation process involves three body collisions in the
formative stages (i.e. the third Darticle carries away the beat of sublimation,
thus raising the cas temerature slightly), so will be a strong function of
density (i.e. a n). Thus, higher stagnation pressures will foster the onset

of condensation. Greene and Miiue (Ref. h), for eyample, report observations
of polymeric zpecies for a large number of gases, including nitrogen, in a
supersonic molecular beam system expanding from room temperature. Snall effects
were noted at 1 atm. stagnation pressure,, with more pronounced polymeric action
at 5 atm. pressure. Additional skim=_r experiments, performed by Bier and
Hagena (Ref. 4-5) indicate the onset of condensation at bigher stagnation pressures.
With a nozzle diameter of .Q/ =., an uzpper liting value of (PP = 500 t_rr-m
for nitrogen was found to yield non-condensed beams. This, however, means a
stagnation pressure (Fo) of about 13 atm. Ashkenas and Sherman (Ref. 6) re-
port that for stagnation pressures up to 1 atm. no condensation effect has
been seen on impact probe measurements. A compilation of condensation mea-
surements obtained in wind tunnels and arc heated nozzles is given by Cassanova
and Stephenson (Ref. 46), which indicates a high degree of super-saturation at
low temeratures.

Since the condensation process is a strong function of density, it
may be Dossi le to determine from the rotational temperature results if this
effect is I sent. Again, in general the trend of decreasing TR with increas-
ing density beems counter to any condensation effect. A stronger point can be
made once again by referring to the scaling for binary collisions existing for
two nozzle diameters used at the same (Pod) value. Increasing the stagnation
pressure by a factor of 2-1/2 at each (P d) value does not destroy the scaling.
It can be noticed from the data that for a given diameter, the (Pd) curves
get closer together as the pressure increases, and it may be expected that at
a high enough pressure, the trend may reverse itself. That is, at very high
values of (Pod), the curves would show an increasing rotational temperature
due to condensat-on effects. For a quick check on this, a number of data
points were taken for (Pod) = 630 and 930 torr-.rm, corresponding to stagnation
pressures of 815 and 1200 torr respectively (with a 0.75 mm diameter nozzle).
At x/d values greater than about 25, these data agreed approximately with the
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(Pod) = 480 torr mm curve shown in Fig. 16. At lower x/d values, the data in-
creased and rose above the (Pod) = 480 curve. It should be noted that at these
high pressures, the electron beam itself was scattered. leading to a very wide
fluorescence. Spatial resolution was destroyed, especially with the very small
nozzle, end par of the barrel shock may even have been observed at small x/d
values because the size of the flow field weas very small in that mrgioni -Thus,
the high pressure results are inconclusive, except possibly at large values of
x/d.

Thus, based on the discussion of pressure dependence, and the fact
that the stagnation pressures reported for the present data were less than 240
torr (i.e. 1/3 atm.), it is felt that condensation slays no role in the rotation-
al temperature departure from equilibrium.

The experimental rotational temperature results can be compared to
rotaticnal freezing values predicted by Knuth (Ref. 13), in which a freezing
criterion similar to that used in chemically reacting and vibrationally relax-
ing expansions was used- The freezing point for rotational energy is defined
as the point at which

,DeR _ R V).

t TR

where eR is the rotational energy, and- is the rotational relaxation time..
If the rotational heat capacity can be conzidered as constant, then Eq. 7 may
be rewritten

If the magnitude of DT/Dt is either smaller or greater than 1/TR, then the
rotational energy may be considered as in equilibrium with translation, or
frozen. The relaxation time TR vas estimated from viscosity calculations
using the Buckingham (6-Exp.) potential, and assuming a value for ZR , the
number of collisions required for rotational relaxation, i.e.

zR  T V (0)

where v is the collision frequency. Using a value of ZR = 5.3 collisions
from room temperature measurements, and employing the isentropic fret jet
relations, Knuth has predicted rotational freezing conditions in free jets.
To compare the present experimental rotational temperature data with Knoth's
predicted frozen values, a TR freeze value is defined as the asymptote for each
experimental (Pod) curve, i.e.
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This ca -arison is shoum in Fig. 30 for both the freeze point in the free 4et
(x/d freeze), and the rotational temperature at freezing (TR freeze) It is
seen that the rotat ional temerature results at low values of (Pod), i.e.
Pod < 50 torr-m, are in general agreement with Knuth's predictions use a
collision number of ZR = 5.3. However, at lower temperatures, typified by the
higher (Pod) data, a larger value of ZR is required in the freezing criterion
to =tch the exnerimental results. Using a value of ZR = 10 collisions,
3nuth's prediction of TR freeze agrees more closely with the experimental
va!ues for temperature belw about 20 OK.

Sufficiently far downstream of the orifice for a given stagnation
pressure, the density may become low enough that translational freezing may
occur, i.e. the free jet undergoes a transition to a collisionless free mole-
cule flow. P-s used in the present experiments, the electron beam probe will
not measure this directly, since it is the rotational energy distribution
that is observed in the beam fluorescence. Computations were performed to
obtain a rough estimate of where translational freezing might occur for
some of the present free jet experiments. Again, the procedure discussed by
Knuth (Ref. 13) was used. Using the predicted rotational freeze point as
calculated by Knuth, it was assumed that the expansion proceeded from this
point, now with a y = 5/3. The "effective" source conditions of pressure
and temperature, as well as "effective" source orifice diameter, were computed
for this expanding 7 = 5/3 gas using Knuth's relations. These equations were
obtained for a given streamtube by matching conditions at the rotational freeze
Doint for a sudden change in Y from 7/5 to 5/3. With this new expansion the
translational freeze point was predicted, see Ref. 13. In addition, the pre-
diction for terminal (i.e. freeze) Mach number for a monatomic gas was obtained
from the work of Anderson, Andres, Fenn and Maise (Re--. 47). A correlation
between terminal Mach number and qoprce Knudson numbf.r was given in Ref. 47
as a linear function of Knd -ti-±/7for argon free jets. Using the "effective"
source values to obtain (Kn )effective, the termina. Mach number was computed
for the new expanding 7 = 5/3 gas. The results of ";hese computations are
indicated below:
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id dprox. Anrox ADprox.
t P-o d . freeze ). freeze x/d freeze

Knuth And-rson, et al KMuuth

15 5 9 8.5 8

40 5 12 12 15

80 5 1'4.5 14 24

250 5 18 20 35

On the basis of these approximate calculations, it can be seen from referring
to Fig. 16, that translational freezing may be occurring for the final few
temperature points at. each Pod (reference shouldbe made to the data obtained
with the 5 mm orifice). The possibility of translational freezing, then,
should be considered when analyzing the rotational temperature data in Fig. 16.

Based on the experimental resLlts, and the preceding dis-
cussions concerning the data, the following conclusions are stated:

1. Rotational nonequilibrium has been observed in underexpanded jets
of room temperature nitrogen. A systematic experimental survey
indicates that the rotational temperatnre follows the isentropic
temperature curve to lower values as the density is increased.

2. The electron beam fluorescence technique may be used at low tempera-
tures to obtain rotational temperatures in nitrogen. The scatter
about the isentropic temperature down to about 730 K is comparable
to room temperature scatter, approximately + 3%.

3. Effects of secondary electrons in contributing to a systematic error
in the rotational temperature measurements (i.e. "effective heating")
were not observed in the present invesigation.

4. Possible effects of secondary electrons may contribute to the
apparent departure from a Boltzmann distribution in rotational levels
measured during a rapid expansion. An experiment performed in a low
temperature, stagnant gas should contribute more information on this
phenomenon.

5. The population in rotational levels becomes highly non-Boltzmann in
the center of sho)ck waves. This effect becomes more pronounced as
the flow Mach number is increased.

6. Measurements in free jets have shown the density to follow the isen-
tropic curve in rotational nonequilibrium flow, following a radial
source distribution. The Mach disc at low pressures was found to be
very diffuse.

7. The beam fluorescence technique can be used to obtain density pro-
files through shock waves. The shock thickness data obtained in the
present study agree quite well with the results obtained in shock
tubes.

31



1. French, J.B. ContinuumSource Molecilar Beams.
AIAA Journal 3, 993-1001 (June 1965).

2. Owen, P.L. The low in an A. ally Symetric Supersonic Jet from
Thornhill, G.K. a Nearly Sonic Orifice into Vacuum. Aeronautical

Research Councii, United Kingdom, R&M 2612 (1948).

3. Love, E.S. Experimental and Theoretical Studies of Axisymmetric
Grigsby, C.E. Free Jets. NASA TR R-6 (1959).
Lee, L.P.
Woodling, M.J.

4. Vick, A.R. Comparisons of Experimental Free-Jet Boundaries With
Andrews, E.H. Jr. Theoretical Results Obtained with the Method of
Dennard, J.S. Characteristics. NASA TN D-2327 (1964).
Craidon, C.B.

5. Sherman, F.S. Self-Similar Development of Inviscid Hypersonic Free-
Jet Flows. Lockheed Rept. 6-90-63-61 (1963).

6. Ashkenas, H. The Structure and Utilization of Supersonic Free Jets
Sherman, F.S. in Low Density Wind Tunnels. Rarified Gas Dynamics,

edited by J.H. deLeeuw (Academic Press, N.Y. tc be
published).

7. Hall, J.G. Inviscid Hypersonic Air Flows With Coupled Non-
Eschenroeder, A.Q. Equilibrium Processes. IAS preprint 62-67 (Jan. 1962).
Marrone, P.V.

8. Stollery, J.L. The Effects of Vibrational Relaxation on Hypersonic
Smith, J.E. Nozzle Flows. Journal of Fluid Mechanics, Vol.13,

p. 225 (1962).

9. Bray, K.N.C. Coupling Between Atomic Recombination and Vibrational
Relaxation in Expanding Gas Flows. Univ. of Southamp-
ton, Dept. of Aeronautics and Astronautics Report No.
260 (September, 1964).

10. Treanor, C.E. Coupling of Vibration and Dissociation in Gas Dynamic
Flows. AIAA Paper 65-29. 2nd Aerospace Sciences Meet-
ing, New York (January 1965)-

11. Hurle, I.R. Spectroscopic Studies of Vibrational Non-Equilibrium
Russo, A.L. in Supersonic Nozzle Flows. Journal of Chemical
Hall, J.G. Physics, Vol.40, No.8, P.2076 (15 April 1964).

12. Nagamatsu, H.T. Vibrational Relaxation and Recombination of Nitrogen
Sheer, R.E. Jr. and Air in Hypersonic Nozzle Flows. AIAA .ournal, 3,

1386-1391 (August 1965).

13. Knuth, E.L. Rotational and Translational Relaxation Effects in Low-
Density Hypersonic Free Jets. Univ. of California
(Los Angeles) Report No. 64-53 (1964).

32



14. muntz-, E.P. Measurement of Rotational Temperature, Vibrational
Temperature, and Molecule Concentration, in Non-
Radiating Flows of Low Density Nitrogen. Univ. of
Toronto, Inst. for Aerospace Studies, UTIA Report
No. 71 (196 !). Also: Phys.Fluids, 5, 80 (1962).

15. Muntz, E.P. Electron Excitation Applied to the Experimental
Marsden, D.J. Investigation of Rarified Gas Flows. 3rd Int'l

Rarified Gas Dynamics Symposium. Academic Press,N.Y.
(1963).

16. Marsden, D.J. The Measurement of Energy Transfer in Gas-Solid Surface
Interactions Using Electron Beam Excited Emissions of
Light. Univ. of Toronto, Inst. for Aerospace Studies,
UTIAS Report 10. 101 (1964).

17. Muntz, E.P. The Electron Beam Fluorescence Probe in ExperimentaJ
Abel, S.J. Gas Dynamics. General Electric Space Sciences Labora-
Maguire, B.L. tory, 1965. IEEE Conference on Aerospace. Houston,

July 1965.

18. Sebacher, D.I. Study of Collision Effects Between the Constituents of
a Mixture of Helium and Nitrogen Gases when Excited by
a 10-keV Electron Beam. J. Chem. Phys. 42, 1368-1372
(February 15, 1965).

19. Sebacher, D.I. A Spectrographic Analysis of a 1-Foot Hypersonic-Arc-
Duckett, R.J. Tunnel Airstream Using an Electron Beam Probe. NASA

TR R-214 (December 1964).

20. Petrie, S.L. Flow Field Analysis in a Low Density Arc-Heated Wind
Tunnel. Proceedings of the 1965 Heat Transfer and
Fluid Mechanics Institute. Stanford Univ. Press (1965)

21. Robben, F. Some Measurements of Rotational Temperatures in a Low
Talbot, L. Density Wind Tunnel Using Electron Beam Fluorescence.

Univ. of California (Berkeley) Report No. AS-65-5(1965).

22. Sherman, F.S. A Low Density Wind-Txunnel Study of Shock-Wave Structure
and Relaxation Phenomena in Gases. NASA TN 3298 (1955).

23. Linzer, M. Structure of Shock Fronts in Argon and Nitrogen. Phys.
Hornig, D.F. Fluids, 6,1061-1668 (December 1963 ).

24. Ballard, H.N. Shock-Front-Thickness Measurements by an Electron Beamt
Venable, D. Technique. Phys. Fluids, 1, (May-June 1958).

25. Russell, D.A. Shock-Thickness Measurements in the Galcit 17-Inch
Shock Tube. Rarified Gas Dynamics, Edited by J.H.

de Leeuw. (Academic Press, N.Y. To be published).

33



26. Schultz-Grunow,F. Density Distribution in Shock Waves Travelling in Rari-
Frohn, A. fled Gases. Ratified Gas Dynamics, Edited byJ.H.

de Leeuw-(Academic Press, N.Y. to be Published).

27. Camac, M. Argon and Nitrogen Shock Thicknesses. AIAA Paper No. 64-
35. Aerospace Sciences Meeting, New York, Jan. 196.

28. Davidson, G. The Fluorescence of Air and Nitrogen Excited by 50 key
O'Neil, R. Electrons. Americal Science and Engineering, Inc.

Reort AFC-64-466 (may 196k).

29. Nicholls, R.W. Einstein A Coefficients, Oscillator Strengths and Abso-
lute Band Strengths for the N2 Second Positive and N2+

First Negative Systems. J. Atmos and Tert. Phys. 253
218-221 (1,063).

30. Gadamer, E.O. Measurement of the Density Distribution in a Ratified
Gas Flow Using the Fluorescence Induced by a Thin
Electron Beam. Inst. for Aerospace Studies, Univ. of
Toronto, UTIA Report N. 83 (1962).

31. Gilmore, F.R. Potential Energy Curves for N2, NO, 02 and Corresponding
Ions. Rand. Corporation Memorandum RM-4034-PR (1964).

32. Herzberg, G. Molecular Spectra and Molecular Structure, I. Spectra
of Diatomic Molecules. D. Van Nostrand -Co., Princeton
(1950).

33. Childs, W.H.J. Perturbation and Rotation Constants of Some First

Negative Nitrogen Bands. Proc. Roy.Soc. Series A,

Vol. 137, No. A833, p. 641 (1932).

34. Enkenhus, K.R. The Design, Instrumentation and Operation off the T)fIA
Low Density Wind Tunnel. Univ. of Toronto, Institute
for Aerospace Studies, 1TIA Report No. 44 (1957).

35. Rothe, D.E. Shock Structure Determination With an Electron Beam
Marrone, P.V. Probe. Univ. of Toronto, Inst. for Aerospace Stuidies,

Annual Progress Report, Oct. 1964.

36. Fastie, W.G. Image Forming Properties of the Ebert Monochomater.
J. Opt. Soc. of America 42, 647-651 (1952).

37. Rothe, D.E. Flow Visualization Using a Traversing Electron Beam.
AIAA Journal, Vol. 3, No. 10, p-1945 (Oct. 1965).

38. Rothe, D.E. On the Diffusive Separation of Gas Mixtures in Free
Jets and Shock Waves. Presented at APS, Division of
Fluid Dynamics Meeting, Cleveland, Ohio (November 1965).
Also UTIAS (Toronto) Report to be published.

39. Williams, W.D. Status of Free Stream Rotational Temperature Measurements
in the Von Karman Facility. Presented at the 24th
Supersonic Tunnel Association Meeting, Hawthorne,
California (November 1965).

34



46. untz, E.P. The Direct Measurement of Static Temperatures in Shock
Abel, S. Tunnel Flows. General Electric, Space Sciences Labora-

tory. Report No. R64SD25 (April 1964).

41. Robben, F. An Experimental Study of the Rotational Distribution
Talbot, L. Function of Nitrogen in a Shock Wave. Univ. of Cali-

fornia (Berkeley). Report No. As-65-6 (1965).

42. Robben, F. Measurement of Shock Wave Thickness by the Electron
Talbot, L. Beam Fluorescence Method. Univ. of California (Berkeley).

Report no. as-65-4 (1965),

43. French, J.B. Design Study of the UfLA Low Density Plasma Tunnel.
Muntz, E.P. Univ. of Toronto, Inst. for Aerospace Studies.

UTIA Tech. Note No. 34 (1960).

44. Greene, F.T. Mass Spectrometric Detection of Polymers in Super-
M ilne, T.A. sonic Molecular Beams. J. Chem. Phys. 39, 3150-3151

(December 1963).

45. Bier, K. Optimum Conditions for Generating Supersonic Molecu-
Hagena, 0. lar Beams. Rarified Gas Dynamics, Edited by J. H.

de Leeuw (Academic Press, N.Y. to be published).

46. Cassanova, R.A. Expansion of a Jet into Near Vacuum. Arnold Engineering
Stephenson, W.B. Development Center, Report No. AEDC-TR-65-151 (August

1965).

47. -Anderson, J.B. Studies of Low Density Supersonic Jets. Presented at
Andres, R.P. Fourth International Symposium on Rarified Gas
Fenn, J.B. Dynamics. Toronto, Ontario (July 1964).
Maise, G.

35



I

TIK 2 3 4 5 6 7

62 ".037 -0295 -,017 0 .015 .0375 .061
50 -.043 -.033 -. 0145 .0078 .0334 .0665 .10

40 -. 053 -.034 -. 0078 .025 .064 .112 .156

30 -.0675 .0334 .0'28 .0682 .135 .204 .279

20 -. 0865 -.016 .078 .186 .301 .422 -. 551

15 -. 098 .054 .169 .332 .496

10 -. 095 .138 .394 .653 091

8 -,075 .244 .574

TABLE I VALUES OF LOG10 [G] AT LOW ROTATIONAL TEMPERATURES
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FIG. 9(a) PHOTOGAPH OF ELECTRON GUN ASSEMBLY MOUNTED ONTEST SECTION OF LOW DENSITY TUNNEL



I

FIG. 9(b) PHOTOGRAPH OF SPECTROMETER AND TRAVERSING TABLE
OUTSIDE OF TUNNEL TEST SECTION



FIG. 9(c) PHOTOGRAPH OF INSTRUMENTATION SHOWING HIGH
VOLTAGE SUPPLY FOR ELECTRON GUN, DEFLECTION
PLATE CONTROLS AND PHOTOMULTIPLIER POWER
SUPPLY.



--

FIG. 9(d) PHOTOGRAPH OF TUNNEL TEST SECTION SHOWING SHOCK
HOLDER, FOCUSSING LENS AND 5 mm. NOZZLE IN PLACE.
THE REMOTE CONTROLLED DOOR AND BEAM COLLECTOR
CUP ARE DIRECTLY ABOVE AND BELOW THE NOZZLE.
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