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SUMMARY R
An electrcn bean probe was used to obtairn measurements of rote~-

tional temperature anéd ges density in supersonic nitrcgen jets expanding from
room temperature. 7The parameter Pod (wnere P, is the stagnation pressure in
torr, end d is the orifice exit diezeter in mm) was veried from 15 to LBO
torr-em. This cortesponds to & sonic Reynolds muzber range of 230 to 9,320.
Density reesurezents were riede using a photcmultiplier with an interference
filter centered at 3900 A° apd heving a heif-width of 100 A°. The experizentel
density datz follow the axial isentropic demsity distribution in ragions ef
rotationzl poneguilibrium. Eotationsl terperzture reasurezents were obtaired

rom rotaticnel spectrz of the M, first negative 0-O band at 3914 A° using 2
nigh dispersion spectrigraph. The experimentally deternined rotational tem-
perature values foilov cthe axial isentropic terperature distributica in a free
jet down to approxirs.ely 85 9K for Pod = 15 torr-mm, and 50 % for P,d = 460
torr-mn, with g scatter of sbout I 3%. Below these tesperatures, the Ty date
depert from the isentropic curve and fresze at & constant temperature, which
is depepdent on the value cf P d.

A shock holder was inserted in the jet end 2 nuzber of shock
waves in the range M = b to M = 15 wers investigated. Dernsity profiles through
the shock waves were obtained. Rotational spectrz indicafe 2 large deperiure
frcm a Belizzann distribution in the rofationel levels in the center of a2 shock
front. This effect is small at M = 4, but very promounced at ¥ = 15. An
opperent non-Boitzmenn rotatiornzl distribution in the jet expansior flow was
also odbgerved.
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I, INTRODUCTORY DISCUSSION ) ] -

-

The unconfined expansion from 8 gonic orifice intc a low pressure
chamber (referred to as an underexpended or free jet) has proven to be .a very
popwlar and useful source of a high veloeity, low density gas flow,

As outlinsd in the recent review paper by French (Ref, 1), this
basic expension flow is especielly useful for faeilities baving a limited pump-
ing capzcity, since the overexpansion in the jet brings the flow to exceedingly
high local Mach numbers. The availebility of theoretical treatments based on
isentropic assumptions enables flow properties to be computed which are applic<
able over a wide range of conditions of experimentel interest. -

A number of authors in recent years have investigated theorztically
the flow field of an underexpanded jet. Owen and Thornhill [Ref. 2) were the
first to consider the problem and used a method of characteristics solution for
2 gas expanding into a2 vacuum. When the jet expands into & region of finite

ressureé, however, a complicated flow pettern, such as diagrammed in Fig, 1
deveiops. A wethod of characteristics solution will be valiéd up to the first
Mach disc, since the flcw within the barrel shock is uninfluenced by pressure
changes along the jet boundary. Iavestigations at NASA by Love and Associabes
(Re?. 3) and Vick et al (Ref. 4) have dealt with botk theoretical and experi-
mental studies of free jets, where the positiocn of the barrel shock, jet
boundary and Mech disc wes computed for a variety of conditions.

Extended method-of-cheracteristics caleculations by Woolf for
high stagnaticn to ambient pressure raiios are presented in Ref. 5. The center~
line Mach number distributions obtained from these calculations are shown in
Fig. 2 for two values of specific heat ratios (7). Recent theoretical and
experimental free jet studies are swrmarized ir the excellent reference peper
by Ashkenzs and Sherman (Ref. 6), who have shown good agreement between experi-
rent and theorw.

Relaxation processes in expanding gas flows; particularly flows
occurring in rocket ard shock tunnel nozzles, have been studied both thecretically
and experimentally for some time. Chemiczlly reacting expansions, for example,
heve been investigated by Hall, et al (Ref. 7), while the problem of relexation
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 f{Ref. 10) have shown thae possibility of a departure from &
Boltzmann population distribution in the vibrational levels of a diatomie
moiecule quring a rapid expansion. Recent experimental investigations such as
those of Hurle, Russo and Hall (Ref. 1l), and Nagamatsu and Sheer (Ref. 12),
for example, have developed techniques to study relaxing expanding gas flows.

A1l of the above~-mentioned studies have been at elevated stagna-
tion temperatures, greater than 2000°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 invelved (i.e. the rather
large number of collisions needed, 1000-10,000 to maintain equilibrium among
the vibrational and translabional degrees of freedom), the slower vibrational
modes are unabie to follow translation, and depart from equilibrium in the ex~
pansion. If the population ir the vibrational levels remains Boltzmann, then
the results show that the vibrational temperature, Ty, peels away from the
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translational temperature, Tp. Finally, sufficiently far downstream, collisions
becone so rere that the vibrational temperature change is very small, and it is
said to be nearly frozen at 2 velue higher than the local translational tempera-
ture. : o i

Since most free jets urder siudy are at room temperature stagnas
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 itemperature (ground level} population.
However, in the expansion extremely low témperatures are reached, as can be
seen from Fig. 3, where the temperaiure distribution is plotted corresponding
to the Mach number distributior of Fig. 2, and at sufficiently low density one
may expect the rotational degreec of freedom to go out of equilibrium with the
translational degrees of freedom. Aithough the number of collisions npeeded
to equilibrate rotation with translation are small (approx. 5 to 10), the low
densities encountered in such flows may lead to conditions where the nuxber of
collisiops are nol sufficient to mairtain even this fast internal degree of
freedor in equilibriur with translation. A recent theoretical approach to this
problem is that of Knuth (Ref. 13), in which the axial distance from the orifice
vhere rotational freezing may occur is predicted, based on a room temperature
(3009K) cellision number.

In this type of caleculation, the rotational temperature is
assumed to be in equilibrium with the translational temperature until a
sufficiently low temperature and density (a function of stagnation conditions)
are reached in ihe expanding jev. At thie point, the rctational temperature
is agsumed to depart immediately and remain frozen at a constant value, while the
trarslational temperature continves to decrease in the expansion. This approach
is, at besi, only approximate for {wo reasons: the rotational collision number
at the low temperatures (~ 209X) encountered in free jets is unknown, and
secondly, the rotational degree of freedcm dces not suddenly freeze at a con-
stant temperature Ty, buf may depart gradually from the trapslational degree of
freedom. However, an analysis ot this type given by Xnuth (Ref. 13) does serwve
to delineate operating regimes of stagnaticn pressure (Po) and orifice exit
diameter (d) under which rotaticnal nonequilibrium may occur in an underexpanded
jet.

Experimental determination of rotational nonequilivrium in an
under-expanded jet has proven to be gquite elusive. Impact probe measurements
such as *hose reported by Ashkenas and Sherman (Ref. 6), for example, will not
define this departure from equilibrium for most jets under study. The impact
probe respends essentially to “he quantity (p u®). where p is the density znd
u is the velocity in the jet. The Tflow velocity in an underexpgnded jet
approaches the limiting velocity in an expansion, (y + 1fy - 1)2 a*, (where a¥
is the somic velocity at M = 1). The densiiy then, falls off approximately as
(x/d)‘2, sinze the jet can be approximated as a radial expansion from a source
near the orifice (Ref. 6). 1In 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 Mach number downstream of the orifice.

There is, however, a technigue which may be used to investigate
the rotationel temperature distribution in an underexpanded jet, to determine
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the depearture, if any, of the rotational degree of freedom frum eéu:l:.bnum.
This is the electron beam fluorescence technique described originally by Muntz
{Ref. 14). Its usefulness has been further demorstrated by Muntz and Marsden
(Ref. 15), Marsden (Ref. 16), Muntz, Abel and Maguire (Bef. 17), -2nd Sebacher
(Ref. 18). Recently, tbis technique has been used by a rpumber of investigators
to measure rotational temperatures in expanding flows. Sebacher 2and: Duckett
(Ref. 19) and Petrie (Ref. 20), for example, have cbtained messurements in
high temperature expansions with an arc-tunnel nozzle. In addition, Robbén
and Tzlbot (Ref. 21) have investigated underexpanded mtrogen 'xets -expanding
from room temperature.

The predominant contribution to the fluorescence observed in
nitrogen at low densities arises from the first negative system vwhich repre-
sents radiztion from excited molecular rnitrogen ions. Muntz presented 2 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 distributior in the various rotational energy
levels) of the nitrogen molecule before electron excitation could be obtained
by using this theory. If is this electron beam fluorescénce techaique that
has been used in the present investigation to study departures from rotational
equilibrium in an underexpanded 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 Meach
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 thickhess, 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 beenr obtained by a variety of technigues 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-Gruncw 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 equilibrium 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 thais is in fact so.

The present investigation, utilized the electron beam fiuorescence
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.




II. ROTATIONAL TEMPERATURE MRASUREMENTS USING AN SLECTRON BEAM

A beam of epergetic electrons when passing through a Aow density
gas excites a fiuorescence that can be used to obtein information concerning
the gas moiecules prior o their excitation. The iwo properties of interest
in the present investigation are the rotational ten;aerature, TR, of the nitro-
gen molecule before excitation, and the density .of the gas. If ihe electron
beam is well collimated, the fluorescence is mam‘tamed in a eylinérical region
around the beam. With a carefuily des:;gned optical system, it is possible to
select a small elemental volume or “point" anywhere along the beam length ‘to
obtain emission deta. As pointed out by Muntz, et al (Ref. 17), for this
technigue to be useful, at least one relatively strong emission line must be
observed when the gas is bombarded by energétic €lectrons. For nitrogen
at low pressure (i.e. less,than 1 om Hg.), the predominant radiation is.emitted
from transitions of the lﬁ"v mélecular ion (the 1st negative system) sith the
0-C vibrational transi%ion “,be,m.g 4he strongest emitter (see Ref. 15). As tke
pressure is increased. thé main contribution to the fluorescence arises from
the No secord positive system. This effect was exhibited in fthe results of
Davidsor and O'Neil (Ref. 28), vwhere the spectral intensity of the beam fluore-
scence was observed at pressuresrenging from 5 mm Hg. uwp to approximately one
atmosphere.

In addition, the excited state lifetime should be less than 10-7
seconds, to eliminate the possibility of the fluorescence being carried down-
stream in g high welocity gas flow. For the nitrogen first negati-e systeg,
end in particular the 0-0 transition, the lifetime is approximately 8 x 10~
seconds, Nicholls (Ref. 29). Thus, at a flow velceity of 20,000 feet per second,
an emitting particle would be carried downstream approximately 0.4 mm., For a
beam width of ope mm, this drift would make good resolution of the beam cenmber-~
line very diffieult. However, the limiting velocity obtained in a free jet
expansion from room temperature is approximately 2,500 feet per second for a
7 = 1.4 gas. The drift in this case is zbout 0.05 mm, and it is possible to
obtain better spatial resclution 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 ccllisional gquenching (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 guenching de-
excitation is very severe. The region of acceptable linearity extends only
up to a few hundred microns pressure at ropm temperature.

A detailed analysis of the beam-excited emission in nitrogen
has been presented by Muntz (Ref. 14) and will only be outlined here. The
excitation - emission path is indicated schewatically as follows:
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The detailed potential energy curves can be :obtained from Gilmore (Ref. 31).
The energetic electrons excite and ionize the ground state mitrogen molecule
(NX'Z), up to the doublet excited state of the molecular ion (No"B3Z). The
subseguent emission to the ground state ion (N %2%) then -comprises the first
negative system. It is fhe ©-0 wibration -~ rotation band dthat is wused in the
present investigation, having a ibandhead at 3914A0.

For a gas in thermal equilibrium, the population (Nj) in any 42
rotationsgl level is proportiomal to (following Herzberg, Ref. 32)

- a(aa) e

Ny o (23 + 1) e s (1)

where B is the molecular rotational constant, h is Planck®s constant, k is
Boltzmann's constant and ¢ is the welocity of light. ‘The combination ?th/»k
has dimensions of %K and is called the characteristic rotational temperature
of the molecule, By. For the nitrogen molecule, -8y =~ 2.89 %K. Since the
factor (2 J+1) increases linearly with J, the number of molecules in the
different rotational levels goes through -a maximum as J is increased. This
maximum occurs at

-3 (2)

Thus, as the temperature decreases, the population maximum moves toward the
lower rotation levels.
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For ik R branch, the wave lergih of emitted light decreases
with 3ncreasing X° {i.e, tke linss are spaced toward the violet end of the
spacirun) acd spating na*'ksen lines _J.creasas with ¥'. The T branch lires are
zozecd Loward the red upiii this brauwch doubies back on itsel? forming 2 band

For ite C-O "‘-*auca—rol.atiozz band studied here, the baud origin
(£* = 5) is a2 3002 20 (Ref. 33), and the band head due to the F branch folding
bax:k lies a?t 3912; £0_ The part of the R Dranch used ir tke investigation coa-
ke reason baing that the rotational band head of
5 n oceurs 2t sbout 388: A%, thus the total uncbstruct-
ed wave lengih inhervel invdived in the R branch has a spar of abouit 25 £9.
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If the assumption is made that the grouné state nitrogen mole-
cule before excitation by beam-electrons has a thermal equilibrium distribution
of rotational energy (see Eg. 1) at a rotational temperature TR, and that the
electronic tramsitions are governed by optical selection rules, it is possible
to predict the line intensities in the 1lst negative system. Muntz's (Ref.1ll)
relation for this, valid for temperatures below about 800°%K, (to preclude any
appreciable population in all but the iowest vibra.ional level) is given as

b ~K'(K'+1)6g;/T
(IKI ,K")-V;V"= (K'+ "'*‘1) Xh [G’] ‘;6 e LR (-'-I»)

Here, X), is a constant, one prime indicates the upper electronic suate

(N,* 822 ), two primes indicate the lower electronic state (No* X 2% ), and
theé subscript one indicates the ground state molecule (N X'E ). The factor
[6] , which includes the HBnl-London rotaticnal tran51t;on probabilities is

\ Ry . Ry
18] = Ll = . (5)
2K +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

(Ix(t K") ) R
log 2 VLV =_“7F¥ K'(K'+1) + const. (6)
R

(k1) (6X ;)"

Plottlng the left side versus K'(K'+1) will yield a straight line, with slope
- eql/TR » from which Tp = eRl/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 stimlate
emission in a non-radiating gas. It should be noted that the procedure is
itecative, in that a guessed value of Ty has to be used to compute [G] , before
a Ty velue can be obtained from Eq. 6. This value is then used to compute [G]
again, ete. For temperatures not far different from room tempersture (i.e.

TR > 150°K) one iteration usually suffices, since [G] is not a strong function
of TR in this range, and only & 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 T (i.e. as TR approaches O in the ﬁxponéntials),
and 2 complete iteration is necessary. Yalues of log [G] ( v/vo * are given
by Muntz (Ref. 14) for Ty > 75 ©K, and this compilation has been extended for
the present study to TR = 8 K. Trese values are given in Table I (where the
factor (v/vo)h‘is ~ 1, due to the small wave length range involved).

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

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

scale, then .
[log (height)-log (K'+K'+1) - log (G)]

was plotted versus K'(K'+1). The slope of the resalting straight

line enabled the rotational temperature to bé computed.

At low iemperatures, care would be taken to be sure that the TR guesses (%o
compute [G] ) would be above and below the actual Ty, and a linear extrapola-
tvicn between the two was used to obtain the final value of Ty (i.e. guesses

of T = 10 %K and Iz =15 OK, ware used %o obtain the actual TR value of 13 %K,
for example).

As can be seen from Egs. 1 and 2, the population of the higher
rotational levels falls off rapidly as the temperature is decreased. The
position of meximum intensity, for example, shifts from K' = 7 at 300 ©K, to
about K' = 2 at 20 “K. Thus, the number of intense lines obtained in a
spectra decreases with temperature, from 21 lines &t 300°K, to approximately
7 lines at 20 9K, 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
specirum, etc., can be more fully appreciated when examining the spectral data
presented in Section IV,




I1T. EXPERIMENTAL APPARATUS

3.1 Low Density Wind Tunnel

A1] experiments were performed in the UTIAS low density wind
tunnel, & facility that has been in operation for a2 number of years. The
orlglnal design and operation study of this Tacility 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 & 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 downstresm and three inches
radielly outward from the tunnel centerline).

The tunnel itself is a continuous rurning facility having a
primary pumping system of nine large booster type oil diffusion pumps. Each
of these boosters 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 iz a cylinder 4l 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 discussed 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 eiectron gun assembly (Ref. 35) mounted atop
the tuanel test section is the primary disgnostic tocl in the present experi-
menv. For a schematic representation of the gun chenuer and 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 wgter baffle) maintains the pressure in
this tube between 2 x 107~ and & x 10 7 mm Hg. An Edwards liquid air cold
tra~ is placed between the water baffle and the gun chamber. 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 ﬁnd cold trap system is used to maintain the pressure in
this chamber at 10~* 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
irto 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

9




through both nozzles. Tkis alignment is achieved with 2 set of eight eleciro-
static deflection plates wichin the inner chember. Independent cortrols are
provided for shifting or tiiting the Deam in twe perpendicular planes. _
The cathode potential is suppiied by an NSE high-voliage reguleled
DC power supply and may be varied bejween O and 30 kilovolts (for all experi-
ments described ir this report, the cathode potential wes 17.5 kllovo1ts),
and the beam current was nom.nal;y keld between 100 ard 200 microamperes. The
anode is kept a2t ground pctential vwhile the grid and lens vo‘tages are obteined
from a voltage divider circuit. A separate, reguiated Loo volt DC vower supply
furnishes the deflection plate voitages. A schematic of the gun snd associated
circuitry is shown in Fig. 6. ) .

3«3 The Spectrometer

‘The success of an experiment of this type depends upon the
availabiiity of a semsitive £*equ1red because of the low light outpu‘ at low
gas dens1t1es), high dispersion spectrograph (enough dispersion to séparate
21l of the lines in the roiational spectrum, 2 total range of about 25. ).

The instrument was originally designed by Marsden to fulfil} the above mentiored

requirements, and is described in detail in Ref. 16. It is an Ebert type scamn- -

ing spectrometer, using a Bausch and Lomb replica grating 102 mm square with
1200 rulings per zm blazed for 3500 AC in secend order. The spherieal mirror
has a focal length of 750 mm:, This, together with the size of the grating,
gives the instrument an optical f number (f equals focal lepgth divided by

the effective grating diameter) ¢f 6.6. The instrument was use. . second
order, with a dispersion of 4.7 X.per m. The slits are curved to provide
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 resclved light from the grating is then focused by the mirror on the
plane ¢f 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 photorultiplier placed behind the slit.
For the experiments discussed in tkis report, the entrance slit width was
¢.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 inese slit di-
mensions, all lines with K' > 3 should be rescvlved 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 EMI type 9502 S, having an S-11 spectral response {a peak at 4000 X)
The dark current as recorded on a Keithley 414 micro-microameter vwas found to
be 1.5 = 2.0 x 10710 amperes at 1500 volts.

Careful alignment of the grating and slits was accomplished using
light souvrces of mercury, hydrogen and nitrogen. Proper slit aligament 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,
AN for K' =1 to K' = 2 is only 0.67 2. Thus, the entrance and exit slits
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rust te csrefully =1ligred to minimize the a2mount of line gverlsr el low veives

of X'. This was acccorplished by rexovirg the rostouliiplier et the exit slii,
and visuslly waiching verious 3ipes from the 1ight sources pass by the slit as
the grating was rotated by hand usiag the micrcheter drive., Any rop-alfgrent

of entrance azd exit slits could De cbserved dy a "rolling" of the exzission

line s it pess2d by the exdt slii. The exit siit was then rotafed umtil tke
exission lipe jurped sherply into azd cul of the s1it. Proper align—eni ssexs
to bave teen zchieved in This manmar, 25 can be seen from (ke spectral dzia

skown in Section IV.

3.4 ZExpariceniel Setw

The cozplsie experizernizl arrzng—enc is shown schemziically in
Pig. 8. which shovs 2 top view of the system. The flvorescence o the beem
is focused onto the enirance siit of fke specirooeier with a X-2% zerial cazera
lens. It should be hoted tThat tre entrence slit is parallel to tke besn {i.e.
bean vertical, slit verticzal). This fecusing lens, which hes a focel lengih of
7 inches, and 2a optical f purher cf 2.5, is atlacked on 2 bar support which is
vart of the electron gun assesdbly. Thus, the lens moves with the beza as it is
traversed axizily (or radizlly) in ihe free jet. Tke lens-fto-beas ani lens-ic-
siit distances were approxizmeiely 9 end 3% inches respeciively, giving & =—egni-
Tication of azbout k. Thus, the .00% ioch wide entravce slit, uwhen irsged on tke
1 == wide eleciron beez is caly .00l inch in widGth avd 2bout 2 mm in height.
This defipes the "poini” or =lex2nial volume in the peam fRuorescence whre the
oegsurements were rcade.

The spectrcmeter and gratipg drive rotor assecbly rested oz a
speciaily construcied fraversipg teble which rode on pall bushings. ‘fris table
2llowed the specirometer to "track™ the bean, i.e. to "track™ the bean irzge
formed by the focusing lens, to keep this imege on ihe spscircueter emtrarce
slit. Tpe lead screws for this tz2ble were similar to those for the eleciron
gun traversing mechanism atop the tunne)l test section, 8 fcre threads per inch.
Craduated diels on the lead screvs were xar¥ed in thousandibs of an inch for
both traversing asserblies.

Several photographic views of the experircentel apparatus caa te
seen in 7ig. 9(a) through 9(d). The first photo shows the electron gun and
associated vacuum system mounted on its traversing assembly atop the tumnel test
section. This assexbly moves on 2 slidirg O-ring seal preventing ieaks from
occurring in the test section. Also seen in fhe photo is the mechanical back-
ing pump for the diffusion pumps, also mounted aicp the low density tunnel. A
view of the specirometer and traversing iable in position at the test section
vindow is given in Fig. 9(b). The traversing table lead screws and be3l bush-
ing supports can be seen, 2long with the grating drive motor mountel directly
on the table. PFigure 9(c) shows a general view of the associated instrumenta-
tion, including the high voltage power supply, photo-muitiplier power supply,
micrc-microammeter, etc. The final photograph shows an internal view of the
tunnel test section, as viewed from the oppusite 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 mecdel mounted on the test section
traversing mechanism. The nozzle seen in the photograph is an orifice type with
an exit diameter of 5 mm.
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The cysiem was aligred optically in tke following ranper: ¢he
Traversizg tzble wzs rrogerly aligned with thke tupnel o assure parailel rmove-
==2at with tZe elecircn bezm. The specirGoster was mounted on itkhe teble ard
leveled. A tusgciexn lud was then used to tacklight tke spectroszter with the
exit siit removed. #n imege of the enirarce slit was Fformed (via the focusing
iens)cn a grouzd giass screen inmside (ke funnel fest seciion. A plwch line was
suspernded fros the awtornziic deor abt ke dotioz of the gun assesbly, in lipe
with the electron beax. The epiranCe silit imsge was then focused oz the grourd
giz=zs al the plu<h lipe, and the spectrograph keight was adjusted to issure
correct focusing and alignrent with trhe centerline of the Sunm=l, This was
zecomplisked by moving The plusd line close o the 2xit orifice of fhe nozzle
unger study, znd eyetail ceplering uas used. The gun assesbly was then Tra-
verzed ziong the centeriine of the tunnel, tracked bty the spectroxeter, to
insure proper Tocusing for tke fdl lengik of iravel. This procedure was
followed with the imstzilation of every rozzle, azd was felt to be accurate Yo.
lecs toan (030 inch. '

o

(]

The output of tke protocultiplier was zrplified by 2 Zeithley

3% miero-micrca—eter and fed into a Tekironix 51k storage oscillescore.
Bucirg ths evperirenizl runs the speciromszier was ezniered on the bean by
chserving the Gulnut cn the micro-micrcaszsier @izl. Usinog onz iine of the
specirus, the cuiput was mexirized a2s the entrance slit 3mege wes traversed
back and forih across the bezm fiucrescerce (i.e. traversing the specirozeter
with itz fraversing %zble). Sipce the beax width vas eboub 1 = fotzl. and ths
s13t 3=zge wE4ER only 001 1=mck, fhis geve 2 rather bread piatcau of intensity
of zbcut .020 inich. TEe maximam purt of this plaieau was considered as the
bezn canier and the sracirametier was 2ligned Witk this. Afier som= expsrience
7 this meximum was foud to be trackeble To within about .005

Tpe time constant, or response speed, of the Keithley ammiifier
varizsd with the scale racge beipg used. However, for most of the experiments
the range vas zbout 1077 ©o i6-7 emperes, ziving a2 time consiant of azbout ,07
seconds %o £3% of finel curreni. Several grating scanning speeds were employad
in the eaxrly experirenrts to determine the ophimuz speed pseded to obtain
zceurate specira, znd enough data peinis for any given free jeit or shock
wave sebup. The final spzed chosen gave a dwell time a%f the peak of each line
of cbout Z seconds, much larger than the time constant of the amplifier. These
resuits witi be Giscussed in Seciion IV.

Before acbual speciral dzata was taken during a run, a photograph
of the flow was taken using 2 Polzroid camera mounted on the opposite side of
the test section. In this way, a visual examination cf the flow field could be
mzde Lo insure proper flow conditions, ebtec. This beam visualization techrique
is describgéd by Rothe {Ref. 37), and consists in traversing the electron beam -
parallel %0 itself down the centerline of the jet. The camera shutter was left
open and the flow conditions then are "painted" on fast Polaroid film. Photo-
grapvns of underexpanded jets and shock waves are shown in Section IV,
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I¥. RXPERRMERTAL RESULTS

The experireatal progran consisted of a systematic survey of
under-expanded nitrogen j=is issuirng from & roca texperature source, using the
eleciron be2azm prebe to obtzain rotational terperature distributions. A number
of scnic orifices and stegnatiop rressures were used in the imvestigation to
eilow e iarge varietion in flow proverties. Several shock waves wer= investi.
geted,covering the Mach pusber renge from gboui M =L to i5. For ihese runs, 2
shock holder model was inserted in the free jet before the first Mach disc (Ref.
35). 1iIn addition to ierperature measurezents, dersity profiles were chbtained
for both free jets end shock waves usirg 2 photocultiplier optical system de-
signed by Rothe (Refs. 35, 3B). The results of the measuremenis are given in
the present Seciion of this report, it being aivicded into three separzie b~
sections. & discussion of the resulis and coaclusions will be presented in
Section V.

4,1 Calsbratica Runs

After ihe spectrozster was optically aligned witk the beam-lens
systen (as deseribed in Section ITX), 2 mu=ber of measurements were rade at
roox tecperature fo give an irdicatioa of the accuracy and scaiter of the
rotational texpersture data. Roox terperature botiled nitrogen (Linde) was
aémitted directly into the tunnel test section through a large diameter side
porc. One o0il booster pirp was used to raintein a guiescent nitroger arbient
condition in the checber ai a fixed pressure, P, . The terperature of tke
nitrogen in the test section was monitored with a2 copper-constapten thermocouple,
with the output rezd directly on °F on 2 Brown Instrurents potentioxmeter; The
electron bean was then turned on, and a roiatiopal spectra was obtained ~ the
thermocouple output being continuously monitored during the time interval re-
ouired for a spectral scan. As described previously, the grating speed was
such that the entire R-branck spectrun was obtained (for this room temperature
condition) in epproximetely 5 minutes. The electron beam current was aiso
monitored dquring this interval on a microampere meter measuring the collector
cup current. If the current varied by more than 5% during this time, the run
was discarded (this procefure was used throughout 21l experiments). A sweep
speed of about 10 seconds ver 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 speciral
trace. At the end of the each sweep. the grating drive motor was stepped mo~
mentarily vhile the scope was re-triggered, ther the spectral trace was resumeq,
etc. This momentary interruption in the grating scan did mot 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 mounted outside of the tunnel. The run con-
d:tions are summarized in the following <able:

13

L ot v S e N AR Aot ket A At 42 e cn A eih A rdenmnt . e A e e




e

Beam current g K] Ty K
Run Ho. y P p Hg. . uh ah 17.5 KV  § Thermocouple Spectrz

1 9.8 o390 ' 305 1 304
2 23 155 302 298
3 38 155 303 365
& 39 160 L 303 2
5 E8 155 32 3 390
6 iz8 ko 302 - 298

Figurs 10 shows 2 fypical spectrum obitained at rocm temperature confitions.
Bighteen rotational lines in the R branch are seen, witk the spacing between lices
increasing with increasing X', and K.~ being about K' = 7. Uwing {o the
ruclear spin properties of the nitrogen molecuie, the alierpzte line intensities
are predicted tc be in the ratio of 2.1 on the X'(X*#1) log plots a2t the szme
value of the ordinate (Ref. 32). These helf-intensity lines correspord to even
values of X' as skown in the figure. For all dava reduction,; the heighfs of
teese lines were multiplied by two for use in the slope technique, shavn, for
example, in Fig. 10 for the same spectruz indicating a IR = 208%K. Tt is

seen that the poinis are lirear with K*{X’+1) showing & Boltzmann dis$ribution
to exist ir the ground state molecule. In addition the evep XK' lires $211 im
line with the odéd K* lipes, indicating an zliernzting intemsi-yy ratic close to
the theoreticel Tigure of 2. There was soxe guestion about the value of this
ratio previously (ReZ. 15), but careful siit 2ligmrent mirimized lire overlap
+hai would have affected this ratio experimenteily, and the factur of 2 now
seexms to be correectly measursd. -

Pigure 11 shows the linear plot of log intensity vs. K'{¥X'+1)
used to cbtain the Ty vaiuves for the rcom temperature calibration rums. It can
be seen from the data thet a scatter of sbout - 2.5% exists in the present data
at 3009K, which is ir genera} agreement with Muniz's (Ref. 1Y) results. There
is some indication from the log plois that the first two points may be high.
This could be due o the overlap of neighboring lires at the Yow XK' values

this was menticned in Section III in the discussion of spectrometer slit 4i-
mensions). There is, hcwever, another source that may contribute to the apparent-
1v higher intensity of these lines. Since the P branch doubles back upon itself
(to form the bandhead at 391% %), it may be expected that a number of the
lightly populated higher K* lines of this dbranch 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 discyssed
by Marsden (Ref. 16) for conditions of 5009K, where the overlapping P branck
lines may contribute 20% of the measured R iantensities for the first 3 lines.
A similar calculation was performed for 300°K, and as shown below, the
intensity overlap at this temperature is exiremely small:
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R Brarch P Branch ‘o

- —~ ‘ I at 300 K
z X X R 25

1 3909.71 26 3909.82 ; L0313 B
2 3909.0% 27 | 3909.17 .016

3 3908.30 28 ~ 3908.L45 i .0028

y 3907.53 29 3907.67 .00L5

5 3906.70 30 - 3906.85 g .001

e

The P branch intensity contribution will be even less thaa the
above values at the low temperatures encountered in free jets, since the kigh
K' levels will have no appreciable population. Exemination of the straight
lire log plots for a large number of experimental runs at room temperature,
indicated that the measured infensities of the first two lines seemed to be
about si,high. Since this value is larger than P branch coftribution predicted
above, it can be taken as 2 possible indication of the amount of roftational
line cverlap due Lo s12T geomebry as discussed in Section III.

) Individaal rotational lines were scanped with a rapid sweep on
the oscilloscope to obiain Jipe profiles. Figure 12 shows such 2 trace for
the X' = 3 line. The sweep speed is ons second per division, indicating a
dwell time at the peak heighi of 2bout two seconds {see Section III). This
grating scan speed vas used throughout the experimental progran.

h.2 Pree Jet Studies .

A large pumber of nitrogen free jets were investigated using
the electron beam probe, aand botn temperature and density measurements wtre
obtained. The stagnation pressure and orifice exit diameter was varied %o
obtain ficw conditions where the rotational degree of freedom was expected to
depart from equilibrium in the expansicn on the basis of Xnuth's caiculations
{Ref. 13). The parameter (Pyd), where Py is the stegnatios pressure in torr,
and 4 is the orifice exit diameter in mm, was varied fram

(P,2) = 15 torr-ma %o (Pod) = 480 torr-mm .

Trese values correspond to Reynolds numbers based or the sonic exit conditioas
«t the orifice, of

Red* = 290 to 9,320 .

A large contoured nozzle, 47.5 mm in diameter was used for mea-
surenments in the very low x/d range. Several orifice type nozzles having much
smaller ex:ii diameters were machined, and were attached to the large contoured
nozzie inside the test section. This arrangement can be seen in Fig. 9(d),
which shcws the 5 mm diemster orifice in place. These smzll nozzles were
machined with a very thin wall at the end, thus the nozzles acted as orifices,
as follows:
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Diesmeter ‘ thickness t/d
& +
2 mp 7 -0025 inch .032
5 mm .0055 inch .0275
15 mm .013 inch .022

The data presented by Ashkenas and Shermen (Ref. 6) for orifices
having similar b/d ratios indicate an effective orifice discharge .c efficient
of about 1 for values of Regx greater than 100. Thus, the d value used in the
x/d correlation is the actuzl exit diameter of the orifice, given above.

The experiments were performed as follows (see Fig.8): bottled,
room temperature ritrogen was admitted through flow metering valves into the
stagnation chamber cf the tunnel after the c¢il booster pumps had evacuated the
test section to @bout 1 micron Hg. Sufficient time was allowed for the flow
to stabilize and both the stagnuiion pressure (Pb) and test section pressure
() were measured with the mercury McLeod geuge. The electron beam was turned
on, and a photograph of the flow field was obtained with a Polarcid camera as
described by Rothe (Ref. 37). The beam was then traversed down the centerline
of the jet, being trzcked by the spectrometer on its traversing table. At
numerous points along the jet centerline, rotational spectra were obtained as
described in Secticn 4.1. Again, the beam current was continually monitoréd
to insure 2z variation of less than 5% in the beau current during the grating
scan. Tkis proved to be an upper limit, since fer the majority of the data
roints, the beam current fluctuztions were only about 1%, and in most cases,
not discernable at all on the microampere meter. For ihe larger values of

(Pod), about 15 date points were taken along the jet centerline. 1In 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 whick was traversed backwards away from the tunnel
“o keep the beam focused on the entrance slit. The stagnaiion 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 = 200%K for example), and about 1-1/2 minutes to obtain a spectral
scan further down the jet at low temperatures (i.e. about 20 %K cr so), a com-
plete jet ceuterline survey could be completed in approximately 1-1/2 to 2 hours,
including flow wisualization.
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The

tabulated delow:

importent flow parameters of the nitrogen free jet runs are

Pa a P P
) "o o P /P x/a Re ¥ d
Torr-mnm mm torr ¢ Hz. i o/ ® lest d 3M/
15 5 3 2.2 | 1,365 | 7.5 290 25
15 1.05 5.2 202 5 9.5
ko 2 20.5 2.1 9,770 | 19 775 66
5 8 b 2,000 | 15 30
80 2 ko 3.4 | 11,780 | 22 1556 F 72
5 16 6.7 | 2,390 § 17.5 | I 33
250 2 128 9.8 | 13,080 | 32 1850 L 76
5 50 21 2,380 | 22.5 32
1480 2 2o 18.5 | 13,000 | 38 9320 76
5 b 52 1,810 { 20 28

where x,,/d is the theoretical distance to the first Mach disc, and.x/dlééi
is the positior where the last spectrzl data was taken for .each run.

The jels observed covered a wide range of prezssure ratios and in
all cases the last spectral data peint was tzken well before the occurrence of
the first Mack 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 densivies
equivalent to a pressure of about 5 microns Hg at room temperature. It may be
noted that the density measurements to be discussed later indicated that the
first Mach disc is quite diffuse for low values of(P,d).

It is of interest tv exawine the photogravhs of the flow field,
and these are shown in Fig. 13 for various values of (Pod). For small (P,d),
the entire flow field is quite diffuse and the free jets do not seem at =211
well defined. At the larger (P,d) values (and consequently higher pressure
ratios), the jets become very sharply defined and the barrel shock guite 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 quelity of the photos is
due to the fact that the electron beam traversing screw was turned by hand.

Examples of spectral reccrds from which the values of rotatioral
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 XK' values as the temperature decreases (Section 1I),
indicating the low population of the higher rotational levels. The number of
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gurn zssers s (i.e. mounied to the s2m2 bar used to kold the focusing leps in the

speciramR.Ler experimenis), so ihail it iraverses with the bezm. The enirance -
5237 10 tie bousipg was focussd perpepdicular to the beax (i.e. tean verticel,

slit zorizoatal) so that 211 of tke fiuvorescorce surrourding the beazm would be

gzthersa. Light fibres (fron the fzerican Optical Cozpany) were used to guide

tre rzdizticn Jrom the entramce siit o an interference filter direcily anead

of tke photomuliiplier fazce. An uncooled I 9502 & photemulitiplier was used

(sizilar to thet in ithe spectromeier;, in copjunciion with an inierference

7ilter of 100 & half-width centered zi 3900 8. The instrument was calibrated

in the iunnel test seciion at rcon temperziure in 2 quiescent nitrogen aimos-
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chere, to obizin 2 curve of lighi outpui versus nitrogen denmsity (pressure).
Tre thotameliiplier curreni was resd on the Keithley micro-microameter. Thig
calibraticn date is showr in Fig., 19 2nd is seen to be linear to at least 120
microms prassurs.

Using this instriment, 2 mzber of free jets were surveyed to obiaia
centeriine dersity distribuitions for the 5 =5 diameter orifice. This datis,
uwhich is shoun in Fig. 20, was obiainsd using the calibration curve of Fig, 19.
The scatter is sser %o be guile sm221) ard tke density distribution generaily
folicws the isenircpic curve. For low (P,4) veluss, the density lesves this
isemuronic curve acd beginms Lo increase well a2kead of the Theoretical Mach disc
lgeaticn. This is en indicetion ket this Mech disc is not at all well defined
(2s seen 3in Tig. 13) =t iow éemsities, but becomes sharper as the depsity is
ircreased et higher (P,4) values.

- By coogpering Figs. 16 amd 29, © hat the last speciral
G2tz Doinl was iz¥en pafore itz density begins to der.ri from the iseniropic
cxve. Xn Fati, im2 roizticnzl {esserziures show m2ried departures fron
ectilipriva whils the density stiil folicouws the iseriropic curve: (i.e. the
snsity @rops off approximately as (x/@)~2 (Ref. 6) ). This coparisca was
cerried gut fcr the mosi comserveiive cass, since The 2 =m diameter orifice,
beping muck larger pressure ratiogs, kes Mach disc loczticns Parther dounsirsem
(crer wiice as far Soumstrezm as the 5 o rozzie in most czses: see toble
Zor fwes jet ruos). Taws, the Mack disc éoes mot zppear to conbribute to the
crerall Zspzrivre of the roizticpzl iterperaturs from tke isentrooic curve.
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2 more compretensive disrassion of these resulis is presented in
Saotion V.

4.3 Stock ¥zve Stvdies

Droriag ke course of ke experimental vrogren, 2 skock helgder
¥2s ipseried in the fres jet zhsad of tke first ¥ach disc so that shoek struc-
ture dztz could b2 odbteized for a wide range of Mach muzhers, This stock heler

ccusists of 2 boligw, divergirg cone with & 2-inch dismsier opening =i the
frogmi, ses Bef. 35. A slidinz copicel Diug is used 0 partizily close the rear

cpening. procducicg a siacding sthock weve 2head of tke kolder. The leading edge
of tte bolder hes twe sets of slits, 3/8 irnch wide by 12 inck long. One set
of slits alicys Tre eliscirgn bezn Lo pess vercically down through the sheck
kolcder, 2xd ke oihsr sel emebles itz pezm fiuvorescence to be gethered by the
forusirg lems. TEe shock bolder, can b2 ssen movmted in the test section in
®iz_ G{d). Both rotziicnsl specire ard density measuremenis were obtairned
throrzh ihe skock waves a2t ciosely spaced intervals of xfd. The shock wave
runs are listed belcu:

P a P P - Shock-kolder 7=1.%
) a o «©
torr-— Facm forr p Hg. Leading Edge Mach Ho.
xfé
23 k7.5 0.% 19 2 3-9
3 5 59 22 7.5 i1
LZo 2 2k2 21.5 3%.8 15
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As in the free jet experimenis, flow visualization photos were teken at the
start of each run. These exe shown in Fig. 21. It can be s€en fram the photos
thal the shock wave is not plane. This is due to the fact that the free jet
flow is simiiar to flow from a source near the orifice, (Ref. 6) and the curved
shock then is ncrmal to the locel flow streamlines. being perperdicular to the
shock holder only near the jet centerline, where the shock profile data were
obtaineg.

Using the photomultiplier-interference filter asssmbly described in
the previous seciioan, 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
shaocks. The density drops off simiiar o the isentropic curve, then increases
through the shock front towards the poast shock value. Similer shock density
profiles have been reported by Robben znd Talbot (Ref. 39). When the electron
beam was near the shock holder, and et {imes behind the leading edge, the
ligznt geihered by the Tocusing lens whs diminished due to the presence of the
shock holder. To accouni for this, ar occulation calibration was cerried out
ir guiescent ritroger (no shock weve), the fluorescence being measured &s the
beam roved close to the shock hclder. This calibretion curve is shown in Fig.
23. The data sgrees extremely w211 with 2 point source theoretical curve
reporied by Rothe {Ref. 38). This calibration factor was used to obtain the
final density data shown in Fig. 22.

With the spectrometer setup as vreviously described, rotational
specira were obtained a2long ithe jet centerline through the shock front. The

log slope plovs are ron-lipear, irndiczting & non-Boltzmann distribution in popu~

lation of the rotabional levels existing in the nitrcgen molecule before ereita-
tion by beam electrons. This effact seems to be a direct function of shock
strength. The deviation from linearity is smzll for the M = 4 shock, but
exceedingly sirong for the M = 15 shock. Robben and Talbot {Ref. 40) report,
for exarple, essertially no deviatiun a2t M = 1.7, but a much stronger deviation
at M = 13. Figure 2k shows the log slope distribution through a shock wave

for tke three cases inwvestigated, M = k. 11 and 15. In all cases, the log slope
is pon-linear ip the center of the shock front, and becomes linear again in the
high ferperature region a% the tail of the shock wave. Thus, a Boltzmann dis-
tribuiion is regzined in the post shock conditions. This non-8oltzmann effect
would go undetected in density mesasurements alone.

Since the factor {G) is a fuaction of rotational temperature, Tg,
a2 difficulbty 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-Boltzmaon effect with in-
cressing shock strength, only one value of (G) (i.e. one value of assumed Tg)
was used for each siope. To obtain actual temperatures from different slopes
of the same log plot, detailed iterations using various assumed values of Ty
are peeded. This procedure will be discussed in Section V. Thus, for the log
plots in Fig. 2k, 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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M Point Numser Assuned T °K
for Log Plot

100
100
100
150
300

20
20 1-
100
100
150
200
225

20

30
125
125
200
200
200
250
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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 rotaticnal spectrum and
the rotationel energy distribution. Thus, from the plots in Fig. 2, it appears
that the lower rotational levels have a population reflecting the temperature
ahead of the shock, while the higher rotational levels are pcpulated according
to the temperature behind the shock wave. Rcbben 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 AND CORCLUSIONS

The rotational temperature measurements obtainegdyir underexpanded
jets indicate that the electron deamr fluorescencs probe can be used with some
degree of confiderce as a diagnostic tool at low temperatures. As noted in
Fig. 17, for example, the rotetional temparature valves obtained experimentally
agree with the predicted centerline isentropic distribution down to about 50 9K
for high vzlues of (Pod). For all of the experiments, the me2asured rotational
temperatures departed from equilibrium, the degree of departure depending on
the value of (Pod). However, as noted carlier, the trend of the rotational
tenperature measurements with incereasing (Pod) is such thai the experimental
resuits follow more closely the isentropic curve to lower temperatures. This
is tc be expected, since at higher densities (higher Pod values here), collisions
become more freguent and the rotational degree of freedom is more apt to follow
the translational degree to lower temperatures. ’

The appearance of the rotational temperzture versus x/d curves,
Fig. 16, (i.e. slow departure of rotation from equilibriua with subsequert tend-
ency to freezq) is typical of vibrational non-equilibrium in expansionr flows,
for example, and 2s noted, the trend with pressure, (P,d), is ecorrzct. In
addition, for each value of (P,d), two differert orifice diameters were used,
so that for a given Reynolds number, i.e. given (P,d), different flow densities
would be obtained {a factor of 2-1/2 ir 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 interferemce with the free jet rotatioral
temperature measurerents should be considered if measurements are made far
downstream. However, the density distributions shown in Fig. 20 se=m 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)~=.

t is of interest to compare the results of the present investi-
gat_on with the only other published rotational temperature measurements in
under-expanded jets, those of Robben and Talbot (Ref. 21). Their experimental
setup was somevwhat 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 (P,¢), but none were
carried out as extensively for a given (P.d) value as those reported here. In
addition, their electron beam probe was used at a high beam current (approxi-
mately 5 millismnperes) as compared to about 100 microamps in the present in-
vestigation. Figure 25 shows the University of Celifornia TR results cempared
with those obtained at Toronto. Thne compariscn for similar (Fyd) values is
quite good for the two different investigations, but in general it can be
said their measurements scmevhat are higher than those reported here. Robben
and Talbot report high Tp data for 211 of their experiments, even ti.ose 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 1is
in error at low temperatures since their measured rotational temperatures are
above the predicted isentropic values. For example, when tbe isentropic tempera-
ture is gredicted as 10 °K, their TR vaive obtained from spectral data is
about 13 “K, or 30% high. This is then referred %o 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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terperature can hzve npumerous values depexnding on the value of (?od), woen
the isentropic prediction is 10 %.

Robber =rd Talbot (Ref. 2i) do point out one possible source of
error associated witn the eleciron beam technique, this is the effect of
: secondary elecirons or the measured roteticnal temperature (i.e. the electrons
stripped frus Ns to yield No™ by collisions with the primzry beam electrons).
These secondzsry electrons will, in general, have rmrich lower energies than
those in the pricary beam (Ref.1k), but their actuzl energy distribution and
-3 direction are unknown.

Bxcitztion to thke excited ion state by secorndary electrons may
E arise from direct excitation of the ground state molecule (similar $0 prircery
‘ - excitetion) or excitation of the grcund stzie fon. The potentizl epergy
curves scherztically disgrar—ed in Section IT (ard given in detaii in Ref. 3i)
show thet eleciron energies inp excess of 18.7 eV are needed to excite the .
A ground state nitrogen molecule (H, X'Z) to the excifed ion state (Hp" B2Z)
while electrcns with energies in excess of 3.1 eV are pzeded to excite the
ground state ion (#Hp~ ¥2L) to the exciied ion state. Tius, as pointed ouat by
¥uniz (Ref. 1%4) for single collisiorns, seconderies with enrergies below 3.1 eV
2 ‘ cannot produce any excitation. In a2d4dition, Muntz calculated that the second-
- ary excitation of ground state icas (i.e. for electrons with energies in
excess of 3.1 eV) cay be neglected. For electrons with energies in excess cf
} 18.7 eV, say in the 100 eV range, Muntz indicated that there could be a large
contribution to th= observed emission owing o direct excitation of the
- ground state molecule by these elecirons. If this excitation is different in
nature then the primary excitztion (i.e. as suggested by Robben and Talbot
(Ref. 21) that these excitations mzy not obey the optical selection rules),
an error could be associated with the rotational temperaiure measurements.

Gtaa s .
SRR

3 The fluorescence excited by secondery elezirgic is confined to 2 1
3 halo surrounding the beam of primery electrons. Experiments _erformed by 4
2 Muntz, Abei and Maguire (Ref. 17) in heiijum indicate the presence of z large
E nuzber of secondary electrons, which appear to be concentrated near the center
3 of the beam. As pointed out in Ref. 17, the contribution of secondary electrons
g to the emission sxcitad by a2a 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 measuremernits may depend on how much of the halo is ob-
served. The University of Californie experiments, with the slit perpendicualr l
to the beam, would gather more of this halo emission. Robben and Talbot
3 report that their measurements seemed to show smaller errors when the spectiro-
meter slit length was reduced (i.e. less halo observed). For the experimental
3 deta reported nere, this "effective heating" due to possible secondary electrons
E is not apparent since the experimental temperatures agree with the isentropic i

. curve down to low temperatures. This could be due to the fact that the spectro-
meter slit is paraliel 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.

TN

b

. A study of the excitation processes due to secondary electrons is needed to
more fully understand the electron beam technique at low temperatures and
3 densities.

3 There is, however, another trend that can be observed in the pre-

2 sent rotational tTemperature data obtained in free jets. As seen in Fig. 15,

the log slope plots of rotatiocnal line intensities are linear, using the

E 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

o
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Robben ané Talbot (Ref. 21) in 2 nuzber of their published log plots. For &
given rotational temperature as obtained from the straight line slope, it is
always the higher rotational limes that show this apparent discrepancy of over
ropulation. Careful examination of all of the free jet spectral date obtained
in this investigation indicated that the higher rotation«l levels seemed %o
depart from a2 Boltzmarn equilibrium with the lower rotational levels in the
exapnsion. TEkis departure can be depicted in the following way: define a
rotztionzl "temperature" TRg: based on the slope for each rotatioral line X'
referred to the K' = 1 line as shoxn schematically

Y

K (X'+1)

For a linear plot, (i.e. Bolszmarn distribution in population of rotational
levels), all TRK' are equal and equal to the rotational temperature Tgp. Thus,
TRgs is an indication of the population of a particular level referred to the
lowest rotational level. These "temperatures" have been obtained from the
spectral log plots (similar to those sbown in Fig. 15) and plotted in Fig. 26.
Again, where possible for each (P,d) value, results from two different orifices
have been plotited, showing the same binary scaling as before. A general trend
for each {P_d) curve seems to he a gradual peeling away of the Tgy: values for
the higher levels during the expansion, The data indicates for example, that
TR. peels away at sbout 179K, and the TR, data peels away at approximately
koé . 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' = 7,5,3 points never depart, since the data does not
go below 4OOK (seemingly the TR, departure point). Again for Pod = 80 torr-mm
the X' = 5,3 curves never deparz since the data is higher than 179K (seemingly
the TRy departure point).

It may be surmised that there is no reason to expect that there
would not be a departure from a Boltzmann distribuiion in 2 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. Hcwever,
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. il. Further-
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more, in the electron beam measurements, a Boltzmenn distribution in vibration
is aszurmed in order to rslate the relative intersities of vibraticpnal band -
systems tc the vibrational temperature.

This aspect of the rotational temperature meoezsurements leads to
the possibility that the apparent xotational non-Boitzmanrn disiribution indiceted
during the expansion procesc m2y be produced by the electron beax itself, per-
haps by secondary electrons in scme way. The author has found no studies or
computations concerning the relaxation of imdividusl levels, This would,
of course, require the individusl transition probabilities of each level to
be known, so that a separate reate aquation could be zpplied to each level during
a relaxation process.

There is a possible way to determire experimentally whether or
not this departure from a2 Boliziztann 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 iow temperature nitrogen, in eqidlibrium, with its.
condensate st a very low temperature (say 30°K) and obtaining 'z rctaticnal
spectra. The log slope plot cf the line iatensities should reveal any non-
Boltzmann effects due to secondary electrons. In addition, the rotatiopal
temperature obtained can be compared to the known temperature as a calibration
check on the accuracy of this fechnique at low temperziures. An experiment of
this type has been reported by Willisms (Ref. 39) wheve an electron beam was
used in conjunction with 2 liquid mitrogen cooled chamber. Temperatures zs
low as 80%K were obtained, with the beam fluorescence being monitored by a set
of nerrow pass-band filters within a single-vibration-rotation bana, zs
originally described by Muntz and Abel (Ref. 40). Unfortunately, the reduction
of data with this technique utilizes an assumed Boltzmenn distribution in
rotation. However, it has been reported to the author that additioral experi-
ments using a high dispersion spectrograph to minitor the beam fluorescence
are being planned.

The shock wave profiles presented in Fig. 2 can also be repre-
sented by a Tpk: for each rotational lire. In order to meke 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 TRy-
values representing the higher rotational levels (i.e. K'> g), the Ty values
given in Section IV were used to compute (G). For the lower levels, complete
iterations using appropriate TR guesses yielded morz accurate results for these
Trg+ values. The results are shown in Fig. 27. The spread of "temperatures”
TRg' is smell for M = 4, since the departure from linearity in the lug plot is
small. However, as the Mach number increases, the spreading is readily &pparent
due to the highly non-linear log plots. For all three cases, a Boltzmann dis-
tribution (i.e. all TRgr are equal) is regained in tail of the shock wave.

Since the rotational energy distribution in the shock waves are
markediy non-Boltzmaun, one may suspect that this effect could be felt upstreanm
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 exsmple, have shown from their results that the average lccal
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 did 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 xM/d = 76 for
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P, = 94 torr azmd Py = 240 torr respectively. Tre &wo sets of results, however,
2gree very weil. In additicn, the presence of the ¥ = 15 shock caused by the
shock holder at x/d = 35 for the P, = 240 torr cese did not change the Tgys
distribution. Within the experirmenial scatier, the Tpys curves with the shock
wave vresent agree with the pure jet results. This seems to irdicate that the
preseace of a shock (either ths Mach disc or a shock caused by the shock holder)
did not influence this zupzrent mon-Bolizmapn distribvation in the expansion.

Another interesting aspect of the skock wave structure is ice
density profile data presented in Fig. 22, which indicates thet the beam
fluorescerce probe can be used to measure skock wave thickness. Te cospare
the shock Zi:ickmess obtainped for the ¥ = 3.9 apd M = 11.5 shock waves presented
in Fig 22, reference will be made o the procedure of Robben and Talbob (Ref.
42). 4 meximem slope thickness &, was obtained by drawing 2 straight iize
thecough the meximem slope of the density profile, and measuripg the distance
petweep the intersections of this line with the exirapolations of {be upstream
and downstreanm flow conditions, i.e.: ’

| -4_,_‘__ _
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This lengthk 5m was then normzlized with the length i® = p(T®)/pu, where T* is
the sonic temperature. As poinied out by Ro'ben <nd Talbokt, using T¥ aliows a2
more accurate computation of viscosity than when the local mean free patk is
used, which reguires & viscosity calculation at extremely low temperatures,
wher- it is not well kncwn. ZFor the computation of I*, the iseatrovic Math
numper av the shock holder leading edge was used as discussed in Section 3.3.

Using p(T*) = p {250 9K) = 15.45 x 1072 poise; I* was computed as:

d mm Po torr ¥ I* cm
47.5 0.4g0 3.9 0.0987
5 59 1.5 0.0865

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

M ’ A(x/4d) 8, ca- 1#/6
3.9 1.93 - 1.76 = .17 0.808 0.123
11.5 17.2 - 15.2 = 2.0 1,0 0.087

B R M sk = 4
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To cooware the velues of 2.*/5_,: ottained in the present study with other results,
¥Ig. 5 from Ref. 42 is presentsd below with the rew data added.

O Ruvben & Tlrvot
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At the lower Mach pucber, tke thickness seems to agree well with the other

data. However, at M = 31.5, the present I*/0, Gzta is about 1/2 of thai obtain-
ed by Robben aré Talbot, but very claose tc that of Camac (Ref. 27) ncrmalized
with I¥. As pointed out in Ref. 42, tte large discrepancy pefween Camzd's

data and that of Robben and Talbot is not clear. The indication here, however,
is that the present data follows that obtained by Camec, wko measured the
scattered electrons from an electroa beam probe in a shock tube.

Ore other possible source of error in tne free jet temperzture
measurexencs cculd be conéensztior effects at low temperatures - that is,
molecules coming together to form agglomerates comsisting of large numters of
molecules. These may be expected to form, since the corditions of low tem-
perature wmnd pressure that exist in a free jel expanding from room temperature
are well below the nitrogen triple point (i.e. 68 ©K and 96.4 mm Hg). However,
the pressures are so low in a free jet, that the expanmsior occurs such ithat
nitrogen rem2ins a gas to a2 much lower temperzture than the ¢riple point
temperature indgicated in the sketch.
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The vepor pressurs of nitrogen is 2 strong function of temperature
at these low temperatures,as shown in Fig. 28 (taken from Ref. 43). Using~
this figure, and the iseniropic (¥ = 1.4) termerature and density relations
for a free jet, possible condensation poirnits were obtained for various values
of stegnation rressure. These are shown in Fig. 29.

The condensation process involves three body coliisions in the
formative stages (i.e. the third particle carries away the heat of sublimation,
thus raising the ges temperature 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 Miine (Ref. L&), for exzmple, report observations
of polymeric species for a large mumrer of gases, including nitrogen, in a
supersonic molecular beam system expanding from room temperature. Small effects
were noted at 1 atm. stzgnaiion pressurs, with more pronounced polymeric action
at 5 2im. pressure. Addition=} skimeer experiments, performed by Bier and
Hagena (Ref. 45) indicate the cmset of condensation at higher stagnation pressures.
With 2 nozzle diameter of .05 mm, an upper limiting velue of (P d) = 500 torr-mm
for nitrogen was found to yield ron-condensed beams. This, however, means a
stegnation pressure (F,) of about 13 atm. Ashkenas and Shermen (Ref. €) re-
port that for stagnation pressures up to 1 aim. no condensation effect has
been seen on impact probe measurements. A compilation of condensation mea-
surecents 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 temperatures. -

Since the condensation process is a strong function of density, it
may be possi le to determine from the rotational temperature resalts if this
effect is y sent. Again, in general the trend of decreasing Tp with increas-
ing density seems counter to any condensation effect. A stronger point can be
made once sgain by referring to the scaling for birary 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 (Pod) value does not destroy the scaling.
It can be noticed from the data that for a given diameter, the (P,d) curves
get closer together as the pressure increases, and it may be expected that at
a high enough pressure, ihe trend may reverse itself. That is, at very high
values of (Pod), the curves would show an increasing rotational temperature
due to condenszt .on effects. For a quick check on this, & number of data
points were taken for (Pod) = 630 and 930 torr-mm, 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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(P,a) = 480 torr mm curve showe in Fig. 16. At "ower x/d values, the data in-
croased and rose sbove the (Pod) = 480 curve. It sheuld be noted thet at these
high pressures, the electron beam itself was scat ered, leading to & very wide
fluorescence. Spatial resolution was destroyed, especially witn the very smali
nozzle, snd par* of the barrel shock may -even have been observed at small x/d
vaiues because the size of the flow field was very small in that region. ""hi.s
tl/:e high pressure results are inconclusive, except possitly at large valuss of
x/d.

Thus, based on the discussion of pressure deperdence, and the fact
that the stagnation pressures reported for the presert data were less than .2k0
torr (i.e. 1/3 &tm.), it i3 felt that condensation rlays no role in the rotation-
2l temperature departure from equilibrium.

The experimental rotational temperature results can be comparsd 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

Dep . =R {7,
P

where ep is the rotational energy, andT is the rotational relaxation time.
If the rotational heat capacity can dbe con.,:.dered as constant, then Eg. 7 may
be rewriiten

T £ R
I 1= b {8)

-

If the magnitude of DT/D‘I: is either smellar or greater than T/ TR then the
rotational energy may be considered as in -equilibrium with transiation, or
frozen. The relaxation time 7R was estimated from viscosity calculations
using the Buckingham {6-Exp.) potential, and assuming a value for Zp , the
number of collisions required for rotational relaxation, i.e.

where Vv is the collision frequency. Using a value of Zg = 5.3 collisions
from room temperature measurements, and employing the isentropic free jet
reletions, Knuth has predicted rotetional free.ing conditions in free jets.

To compare the present experimental rofational temperature date with Knuth's
predicted frozen values, a TR freeze value is defined as the asymptote for each
sxperimental (Py,d) curve, i.e.
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) iy
7 ° P
—— :—-———
B S 5 oo Ti?reeve TR LRFreeze
x/d Preeze : x/dFreeze

This co—parison is shown in Fig, 30 for both the freeze point in the free jet
(x/d freeze), and the rotetional temperature at freezing (TR freeze) It is
seen thet the roiaiional temperature results at low values of (P,d), i.e.
Pol < 50 torr-rm, are in general agreerment with Knuth's predictions use a
coliision mumber of Zg = 5.3. However, at lovwer temperatures, typified by the
bigher (P d) data, 2 larger velue of Zp is reguired in ihe freezing criterion
6 zatch The experimental results. Using a value of Zg = 10 collisions,
Amuth's prediction of Ty freeze agrees more closely with the experimental
values for temperature below azbout 20 %K.

Sufficiently far downstream of the orifice for a given stagnation
presswre, ihe densiiy may become low enough that translational freezing may
occur, i.e. tne free jet undergoes a transition to a collisionless free mole-
cule fiow. 4s used in the present experiments, the electron beam probe will
a0t zeasure this directly, since it is the rotational energy distiribution
that is observed in the beam fluorescence. Computations were performed to
obtain 2 rough estimate of where tramslational freezing might occur for
scxe 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 2 7 = 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
obtzined for a given streamtube by matching conditions at the rotational freeze
point for a2 sudden change in 7 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 §€Erce Knudson number was given in Ref. L7
as a linear function of Kng ~ 7-1/7or 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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Pa Approx. fprrox ADPIOX.
el i 2 ¥y, freeze My, freeze x/d freezs
mETes Knuth Anderson, et al Kouth
i5 5 9 8.5 8
ko 5 32 i2 5
80 5 k5 R L 2k
2590 5 18 20 35

On the basis of these approximate calcuiztions, it czn be seen from referring -
to Fig. 16, that translational freezing mey be occurring for the final few
temperature points at. each Pd (reference shouldbemade to the data obfained

with the 5 mm orifice).

should be

The possibiiity of translational freezing, tken,
considered when anslyzing the rotational temperature data in Fig. 16.

Based on the experimental reswdts, and the preceding dis-

cussions concerning the data, the following conclusions are stated:

1.

Rotational nonequilibriwm has been observed in underexpeanded jets
of room temperature nitrogen. A systematic experimental survey
indicates thalt the rotationazl temperature follows the isentropic
temperature curve to lowexr values as the density is increased.

The elsctron beam fluorescence technique may be used at low tempera-
tures to obtain rotationel temperatures in nitrogen. The scatter
about the isentropic temperature down to about 7J°9K is comparable
to room temperature scatter, approximately ¥ 3%.

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

Possible effects of secondary electrons may contribute to the
apparent departure from a Boltzmenn distribution im rotational levels
measured during a rapid expansion. An experiment performed in a low
temperature, stagnant gas should contribute more information 9n this
phenomenon.

The population in rotational levels becomes highly non-Boltzmenn in
the center of shock waves. This effect becomes more pronounced as
the flow Mach number is increased.

'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.

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

31




REFERENCES '

1. French, J.B. Continmum-Source Molecular Beams.
ATAA Journal 3, 993-1001 {June 1855).

2. Owen, P.L. The Flow in an A.v:ialiy Symmetric Supersonic Jet from
Thornnill, G.XK. & Rearly Sonic Orifice intc Vacuum. Aercnautical

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

. 3. Love, E.S. Experimental and Theoretical Studies of Axisymmetric
Grigsby, C.E. Free Jets. HKEASA TR R-6 (1959).
Lee, L.P.
_ Weodling, M.J.
k. Viek, 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. Shermen, F.S. Self-Similar Development of Inviscid Hypersonic Free-
Jet Flows. Lockheed Rept. €6-G0-63-61 (1963).

6. Ashkenas, H. The Structure and Utilization of Superscnic 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 Hypersoric
Smith, J.E. Nozzle Flows. Jourral cf Fluid Mechanics, Vol.l3,
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, 196k4).

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
X Hall, J.G. Physics, Vol.40, No.8, P.2076 (15 April 196h).
12. Nagamatsu, H.T. Vibrational Relaxation and Recombination of Nitrogen
Sheer, R.E. Jr. and Air in Hypersonic Nozzle Flows. AIAA «ovurnal, 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




4

o mirLdy

14, Muntz, E.P. Measurement of Rotational Tempereture, Vibrational
. Temperature, and Molecule Concentration, in Non-
Radiating Flows of Low Density Nitrogen. Univ. of
Toronto, Inst. for Aerospace Studies, UTTA Report
No. 71 (1961). Also: Puys.Fluids, 5, 80 (1962}.

AN

Lot oniviy

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

3 Rarified Gas Dynamics Symposium. Academic Press,N.Y.

4 (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 Aerospacé Studies, ~
E UTIAS Report No. 101 (196l4).

: 17. Muntz, E.P. The Electron Beam Fiuorescence Probe in Experimental

: Abel, S.J. Gas Dynamics. General Electric Space Sciences Labora-

4 Maguire, B.L. tory, 1965. IEEE Conference on Aerospace. Houston,

E 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. tanford Univ. Press (1965)

21. Robben, F. Some Measurements of Rotational Temperatures in a Low
E Talbot, L. Density Wiand Tunnel Using Electron Beam Fluorescence.
3 Univ. of California (Berkeley) Report No. AS-65-5(1965).
22. Shermen, F.S. A Low Density Wind-Tynnel Study of Shock-Wave Structure
“Z and Relaxation Phenomena in Gases. NASA TN 3298 (1955).
3 23. Linzer, M. Structure of Shock Fronts in Argon and Nitrogen. Phys.
Hornig, D.F. Fluids, 6,1661-1668 (December 1963 ).
2k, Ballard, H.N. Shock-Front-Thickness Measurements by an Electron Beaa y
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

P R it S T SR R IS




TA5

Jigdodat)d

%
s
i
3
b

J:
<

26.

27.

28.

29.

30.

31,

32.

3.

35.

36.

37.

38.

Schultz-Grunow,?.
Frohn, A.

Camac, M.

Davidson, G.

0'Neil, R.

Hicholls, R.HW.

Gadamer, E.O.

Gilmore, F.R.

Herzberg, G.

Childs, W.H.J.

Enkenhus, K.R.

Rothe, D.E.
Marrone, P.V.

Fastie, W.G.
Rothe, D.E.

Rothe, D.E.

Williame, ¥W.D.

Density Distribution in Shock Waves Travelling in Rari-
fied Gases. Rarified Gas Dynsmics, Edited by J.H.
de Leeuw- (Academic Press, H.Y. to be Published).

Argon and Nitrogen Shock Thicknesses. ATAA Pzper No. 6h-
35. Aerospace Sciences Meeting, New York, Jan. 196%.

The Fluorescence of Air and Nitrogen Excited by 350 keV
Electrons. Americal Science and Engineering, Inc.
Report AFCRL-64-466 (May 1964).

Einstein A Coefficients; Oscillator Strepgths and Abso-
lute Band Strengths for the No Second Pesitive and No®
First Negative Systems. J. Atmos and Terr. Phys. 25,
218-221 (1963).

Measurement of the Density Distribution in a Rarified
Gas Flow Using the Fluorescence Induced by & Thin
Electron Beam. Inst. for Aerospace Studies, Univ. of
Toronto, UTIA Report No. 83 (1962).

Potential Energy Curves for Np, RO, 0o and Corresponding
Ions. Rand. Corporation Memorandum RM-4Q34-PR (196%).

Molecular Spectra and MHolecular Structure, I. Spectra
of Diatomic Molecules. D. Van Rostrand Co., Princeton

(1950} .

Perturbation and Roftation Constants of Some First

Negative Nitrogen Bands. Proc. Roy.Soc. Series &,
Vol. 137, No. A833, p. €41 (1932).

The Design, Instrumentation and Operation of the YTIA
Low Density Wind Tunnel. Univ. of Toronto, Institute
for Aerospace Studies, UTIA Report No. 4l (1957).

Shock Structure Determination With an Electron Beam
Probe. Univ. of Toronto, Inst. for Aerospace Stvdies,
Annual Progress Report, Oct. 1964.

Image Forming Properties of the Ebert Monochromater.
J. Opt. Soc. of America 42, 647-651 (1952).

Flow Visualization Using a Traversing Electron Beam.
ATAA Journal, Vol. 3, No. 10, p-1945 (Oct. 19¢5).

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

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

34



By,

k2.

L3,

46.

L7,

¥untz, E.P.
Abel, S.

Robben, F.
Talbot, L.

Robben, F.
Talbot, L.

French, J.B.
Muntz, E.F.

Greene, F.T,
HMilne, T.A.

Bier, X.
Hagena, O.

Cassanova, R.A.
Stephenson, W.B.

Anderson, J.B.
Andres, R.P,
Fenn, J.B.
Maise, G.

The Direct Measurement of Static Temperabtures in Shock
Tunnel Flows. Gensral Electric, Space Sciences Labora-
tory. Report Fo. R6USD25 {April 1964).

An Experiwental Study of the Rotational Distribution
Function of Hitrogen in a Shock Wave. Univ. of Caii-
fornia (Berkeley). Report No. AS-65-6 (1965).

Measurement of Shock Wave Thickress by tke Electron
Beam Fluorescence Method. Univ. of California (Berkeley).
Report No. AS-65-4 (1965).

Design Study of the UTIA Low Density Plasma Tunnel.
Univ. of Toronte, Inst. for Aerospace Studies.

UTIA Tech. Note No. 34 (1960). 1

HMass Specurometric Detection of Polymers in Super-
sopic Mplecular Beams. J. Chem. Phys. 39, 3150-3151
(December 1963).

Optimum Corditions for Generating Supersonic Molecu-
lar Beams. Rarified Gas Dynamics, Edited by J. H. i
de Leeuw (Academic Press, N.Y. to be published). ;

Expension of a Jet into Near Vacuum. Arncld Engineering ;
Development Cenber, Report No. AEDC-TR-65-151 (August
1965). :

Studies of Low Density Supersonic Jets. Presented at
Fourth International Symposium on Rarified Gas
Dynamics. Toronto, Ontario (July 196h4).

35



T K| 2 3 4 5 é 7
62 =037 ko295 | =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 .35 }|.204 |.279
20 -08651-016 | .078 | 186 |.301 {.422 }.551
15 -098 |.054 | 169 332 496
10 -.095 | .138 | 394 | 651 ] .91
8 -075 | 244} 574
TABLEI  VALUES OF LOGjg {G)AT LOW ROTATIONAL TEMPERATURES
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FIG. 9(a)

PHOTOGRAPH OF EL
TEST SECTION OF LOW DENSITY

ECTRON GUN ASSE

MBLY MOUNTED ON

TUNNEL
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FIG. 9(b)

~.

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

PHOTOGRAPH OF INSTRUMENTATION SHOWING HIGH
VOLTAGE SUPPLY FOR ELECTRON GUN, DEFLECTION

PLATE CONTROLS AND PHOTOMULTIPLIER POWER
SUPPLY.




FIG. 8(d)
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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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FIG, 13

FLOW VISUALIZATION PHOTOGRAPES OF UNDEREXPANDED

NITROGEN JETS
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FIG. 13 (continued) -
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FIG. 14 (continued)
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LOG PLOTS OF INTENSITY OF FREE JET SPECTRAL DATA
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