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SPECTRUM-LINE~-REVERSAL TEMPERATURE MEASUREMENTS THROUGH UNSTEADY
RAREFACTION WAVES IN VIBRATIONALLY-RELAXING CXYGEN

by
T. A, Holbeche

SUMMARY

Pressure and spectrum-line-reversal temperature measurements have been
made of the structure of an unsteady expansion wave initiated in a vibrationally-
excited gas in a shock tube by the rupture of a second diaphragm.

With oxygen initially at about 2500°K and 0°75 atmospheres pressure
(Ms ~ 69, P, ™ 10 torr), the vibrational temperature was observed to fall

from its initial (fully-frozen) value at the tail of the wave to a minimum
before rising again to the original equilibrium value at the head of the wave.

This agrees broadly with Appleton's calculations! based on a linear rate
law and Landau~Teller theory for Ty although the temperature minimum was
slightly higher and occurred later than he predicted; it has also been predicted
qualitatively by Stulovl7,

More detailed studies with, for example, nitrogen would be desirable for
seeking a full explanation of the small differences with theory revealed by
these preliminary tests.
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1 INTRODUCTION

As part of a programme to investigate non-equilibrium and chemical
kinetic phenomena in the flow of high-temperature gases, some shock-tube studies
are being made of the structure of unsteady expansion waves in vibrationally=-
relaxing gases.

The purpose of this interim Note is to summarize the results of some
preliminary tests done in oxygen; it is hoped to report more detailed measure-
ments in nitrogen and in mixtures with other gases (for instance argon) at a
later date.

Whenever rapid changes of translational energy occur in molecular gases
(for example from passage through strong shock waves, combustion and detonation
waves, or expansion waves), adjustment of their internal vibrational energy
tends to lag behind on account of the relatively large number of collisions
needed to excite or de-excite this mode. In high-speed flows, the particle
residence time may be insufficient to allow & complete energy re-distribution
between the vibrationsl and translaticnal degrees of freedom and a 'non-
equilibrium' flow results.

Experimental studies of vibrational relaxation effects in steady expansive
flows have been made by several investigators. For example, Feldman' and more
recently Cleaver? have employed wedges to generate Prandtl-Meyer expansions in
air and in 002 respectively. Spectrum-line~reversal temperature measurements

in expanded nozzle flows have been reported by Stolleny5, Stollery &
Townsend“, and recently by Hurle, Russo & Halls, in which direct evidence of
vibrational energy ‘'freezing' in air and in nitrogen was obtained. The work
of Hurle et al is particularly interesting in that it suggests that de-
activation of vibrational energy states mgy proceeed much faster than inferred
from shock-wave activation studies. Bray® has recently reviewed theoretical
and experimental studies of non~equilibrium phenomena in hypersonic nozzle
flows including vibrational relaxation. Numerical computations of hypersonic
nozzle flows with allowance for vibrationgl relaxation have been given by
Stollery & Smith7, and by Stollery & Park®.

It is believed that the present work may be the first recorded attempt to
omploy an unsteady expansive flow to investigate a non-equilibrium phenomenon,
in this case the vibrational relaxation of slightly-dissocictod oxygen. In
principle a much higher degree of expansion is possible than in the corresponding
steady Prandtl-Meyer configuration, thus allowing tests over a wider temperature
range.

The experiments were done in the same shock tube as used for carlier
work9s1°, now modified by insertion of a second fragile diaphragm across the
low-pressure section to form a constant areas duct downstream. The unsteady flow
pattern resulting from rupture of the second diaphragm by the shock-heated test
gas is illustrated in the idealized x-t diagram of Fig.1. A backward-facing
rarefaction wave, centred at the diaphragm station, propagates into the relaxing
gas flowing into the expansion section; the temperature variation through this
wave is measured at & fixed point using the spectrum-line-reversal method -
there is much evidence for believing this indicates vibrational temperature

-‘3-
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directly5v21. A simultaneous measurement of statio pressure serves to check
the flow geometry since it is insensitive to relaxation effects. Oxygen was
chesen for the test gas in the first phase of the work since its vibrational
relaxation time was short enough to allow observation of the expansion wave
structure within the shock=tube running time.

In physical terms, the first particles to be observed behind the second
contact surface have undergone a very repid expansion to a low density and to
low translational temperature and consequently there are insufficient
collisions to transfer the excess internal vibraticnal energy they carry to
the translational mode, 1.e., the vibrational temperature is 'frozen' at the
equilibrium value reached behind the primary shock. The subsequent increase
in local density and translational temperature then causes a fall in vibra-
tional temperature due to the rising collision rate and the increased time
available for vibrational adjustment. Molecules observed in the region of
the wave heed will consegquently be almost fully relaxed, and at the wave
head itself the vibrational and translational temperatures will have finally
become equal at equilibrium.

These experiments are complementary to some earlier numerical celcula-
tions by Appleton?!. Fig.2 is a typical result based on his paper, showing
the expected time variations of vibrational and translational temperature,
and of static pressure measured at a fixed point., The distinctive profile
of vibrational temperature will be noted and this has been confirmed in the
experimental studies described below,

Although for simplicity these studies invelved frozen chemistry
(1.e. dissociation) extension to reacting gases with a view to measuring
the temperature dependence of recombination rates is feasible and might
incidentally show whsther coupling between the rates of vibrational and
chemical relaxation'? is significant,

In the next section experimental arrangements for determining the
structure of the expansion wave in terms of its profiles of spectrum=-line-
reversal temperature and of pressure are outlined, with only brief reference
to the actual meaagring techniques as these have been fully described in
some previous work »10,  In Section 3 the results of a typical run are
compared with computed profiles based on a conventional model of the internal
relaxation process with no chemical reactions taking place11»13. Finally, in
Section 4 the significance of the broad agreement found betwsen the experi-
mental and theoretical profiles is discussed and some suggestions made
regarding further experimental studies.

2 EXPERIMENTAL ARRANGEMENTS
2¢1 The shock tube

A schematic diagram of the arrangement of the shock tube for the
expansion wave experiments is shown in Fig.3.

The driver and low-pressure sections were of 2-inch internal diameter
and of lengths 5 ft and 15 ft respectively, selected to maximize running
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time and minimize the shock attenuation as far as possible. For protection
against corrosion the tubes were Kanigen nickel plated.

The constant-areas expansion section was in the form of a brass tube
about 2 £t long and 2-inch bore and with its inner surface lapped smooth.

A dump chamber 8 £t 6 in, long by 1 £t 6 in., diameter was used to avoid
reflected disturbances in the expansion section.

2,2 The second diaphragm

Tdeally this should open instantaneously without causing reflecticn of
the primary shock, as suggested by the sketch of Fig.1., However, opening times
of between 30 and 60 microseconds were indicated for the 0°0076 millimetre
aluminium diaphragms used in these experiments. Fig.4 shows the results of
some simple tests of aluminium foil and 0°013 millimetre Melinex diaphragms
which gave opening delsgys of about 30 us. Wilson's1l4 calcnlated value for the
aluminium foil was about 4 microseconds.

2.3 Test conditions

In the present work, hydrogen at room temperature was used as the driver
gas and, in conjunction with 24 SWG scribed copper diaphragms bursting at
220 psi *5%, gave primary shock Mach numbers measured at the second diaphragm
position of about 7¢0 in oxygen for an initial pressure of 10 torr (mm Hg).
In the absence of attenuation effects and diaphragm opening delays, this would
provide an initial equilibrium state of the oxygen with T2 ~ 2500°K,

Py, ™ 600 torr, a degree of dissociation 22 ~ 1%, (assumed frozen during the

experiment), and about 14% of the total static enthalpy residing in the
vibrational mode (the meximum possible).

The shock tube proportions must be so chosen that the reflected head of
the rarefaction wave in the driver gas will not overtake the primary contact
surface before the 'end point' equilibrium temperature of region 2 is observed
at the head of the second expansion wave. At the same time, it is necessary
to choose initial conditions that will make the time scale of the relaxation
process less than the available running time.

In these experiments the duration of the unexpanded flow at the second
diaphragm position was about 160 microseconds, and this was usually just
sufficient to allow complete observation of the expansion wave profile.

For ease of comparison between theory and experiment it was desirable to
reproduce the initial conditions closely in successive runs. The high- and low-
pressure sections were therefore evacuated before being filled with the driver
and test gases respectively. Even so, the primary shock speeds were reproducible
only to about %3 probably due partly to diaphragm opening and to attenuation,
particularly when ignition had occurred at the hydrogen/oxygen interface.

A further result of attenuation of the primary shock is that the initial
conditions of the experiment cannot be defined by a single measured shock speed
since particles entering the expansion wave at successively later times carry
increasing enthalples.

- 5=
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Consequently, in these tests the primary shock speed was monitored
along the channel so that the effect of attenuation could be subsequenily
estimated by the method of Ref.10.

2.4  Temperature measurement

The temperature measurements were made by means of the double-h?gm
spectrum~line-reversal method developed by Clouston, Gaydon and Hurle'”,
As the experimental details have been given previously9:1°, only brief
remarks are made here.

In the present work, the Pointolite background temperatures were set
at about 2000°K and 2400°K to bracket the expected variation of vibrational
temperature, This resulted in an emission signal on one beam and an
absorption signal on the other, and enabled the temperature variation through
the expansion to be followed with better accuracy than by extrapolation from
dual emission or dual absorption records.

As in the earlier work, the sodium D=lines were used and the same
method for introduction of the sodium iodide smoke; reasonably controlled
amounts (0°:1% to 0+2% by particle number) and good dispersion of sodium in
the shock-heated gas resulted.

The windows, of plane opticael quartz %" in diameter, were flush-mounted
and wore cleaned thoroughly before each run., The time resolution was about
5 microseconds as befora, being limited electronically to reduce the photo-
multiplier noise to an acceptable level.

2.5 Pressure measurements

The static pressure variation was measured with a miniature lead
zirconate pieszo-electrio transducer having a nominal sensitivity of
2, mV/(1b in~2) and a rise time of about 10 microseconds - this was the
'top hat' gauge developed by Stevens and described in Ref.16.

Since the instant of opening of the second diaphragm could not be
determined precisely, some form of alternative event marker was needed to
indicate the 'start' of the pressure and temperature traces. On the latter
traces the.secondary shock precursor usually caused a smell emission 'spike'
which served this purpose; a corresponding pressure 'spike' however did not
appear, possibly being masked by the rather long rise time of the transducer.

However, a detectable signal was given by a flush-mounted thin-film resistance

thermometer when the secondary shock passed, and in conjunction with the
pressure signel on a dual-beam oscilloscope display enabled the 'start' of
the pressure trace to be estimated.

2.6 YVacuum system

To obtain a 'full' expansion (i.e. to the low pressure behind the
secondary sgook), working section and dump chamber were evacuated te
between 10”7 and 1 torr by means of a 9 in. oil diffusion pump backed
with a 900 litres per minute rotary pump.
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The rest of the vacuum system, sketched in Fig.3, was the same as that
used previously; connections to vacuum gauges, pumps etc., were positioned well
away from the second diaphragm region.

3 RESULTS

About twelve runs in oxygen were recorded, the initial conditions being
held as nearly as possible the same for all. Figs.5 and 6 show, respectively,
typical results of & simultaneous measurement of line-reversal temperature and
of static pressure in a gingle run.

Fige5 shows an experimental oscillogram of the time variation of sodium
D-line radiation intensity ageinst background brightness temperatures of
2005°K and 2390°K on the upper and lower beams respectively, recorded at a
distance of 15¢5 in. from the second diaphragm station. BEmission causes a
downward deflection and absorption an upward deflection. The upper trace
shows a gradually increasing emission signal commencing from the 'spike' due
to the secondary shock marking the start or 'tail' of the expansion. The
lower trace shows an gbsorption signal increasing to a maximum from this point
and then falling. Both traces show a discontinuity with passage of the primary
contact surface.

In the temperaturc analysis of Fig.5(b) a compariscn is made between the
experimental temperature history (open symbols) derived from Fig.5(a) and a
theoretical vibrational temperature profile calculated by Appleton's method?1,13
for comparable initial conditions. For the purpose of this comparison, the
time origin of the temperature oscillogram was taken to be the instant when
the primary shock reached the second diaphragm, determined by extrapolation of
the shock speed versus distance data.

Thore is a striking similarity between the profiles, suggesting that the
observed spectrum-line-reversal temperature is essentially the same as the
vibrational temperature of the oxygen molecules for ths present experimental
conditions. The experimental temperature minimum occurs, however, some 20-25
microseconds later *than expected, and the temperature itself is about 250°K
higher than the theoretical value; morsover, the time scale of the observed
temperature variation is shorter than thet of the theoretical. The significance
of these small discrepancies is discussed later, but they may in part arise from
the delay in rupture of the weak diaphragm, with a consequent modification of
tho flow geometry; this might be expected to affect the pressure variation as
well,

Fig.6(a) is the corresponding oscillogram of the pressure and thin-film
gauge signals at a point on the wall 42°5 in, from the second diaphragm. The
pressure signal is plotted in Fig.6(b) (using the same time origin as previously)
against the theoretical pressure variation!3 for very similar initial conditions.
Here it is seen that the experimental prossure signal is also delayed, and its
rate of rise greater than predicted and with a time scale again less than that
calculated by Appleton.

- o —
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L DISCUSSION

The 'breakaway' and subsequent rise of the spectrum-line-reversal
temperature towards a 'frozen' value observed in these experiments shows that
whilst the olectronic excitation temperature of the sodium is not coupled to
the molecular translational temperature, its velue is consistent with the
supposition that it is the vibrational temperaturs of the relaxing oxygen
that is being measured by this means.

The existence of & minimum velue of the vibrational temperature beyond
which it agein increases, (first demonstrated theoretically by Stulovl7 for
dissociational relaxation), is a characteristic feature of the wave structure,
and therefore the present results lend at loast qualitative support to the
calculations of Appleton and Stulov.

A comparative simultaneous measurement of spectrum-line-reversal and
vibrational temperatures under non-squilibrium conditions has not so far been
attempted, but use might be made of heteronuclear molecules (e.g. CO or NO)
in a shock tube and time-resolved absorption/emission spectroscopy.

On account of the low density, there was insufficient sodium radiation
present in these experiments to permit accurate measurement of temperature
as far back in the flow as the fully-frozen region, although the observed
temperature began to climb towards it. Runs at higher initial pressure,
which would have made this possible were, however, not attempted with oxygen
because of the risk of ignition st the driving interface. Comparable runs
in nitrogen at initial pressures of up to 100 torr should overccme this
limitation since the D-line radiancy (¢pf) would then be greater by a factor
of roughly v10. Together with the use of interforence filters of incroased
trensmission (factor of 3) and more sensitive photo-multipliers, now available,
the overall signal-to-noise ratio could be improved by a factor of at least
10. This should not only enable detection of the 'frozen' vibrational
temperature, but will incidentally extend the measurable temperature range
to below 1800°K.

A further important experimental reason for raising the density is
that the sodium radiation may be collision-limited in the 'frogen' region of
the expansion loading in this case to spuriously high observed temparatures.
This may arise if the excited vibrational levels of the oxygen molecules are
depopulated by transfer of crergy to the electronic lovels of the sodium
atoms which then radiate, rather than by the binary collisions assumed in
the theoretical description. Here again, nitrogen is to be preforred to
oxygen as a test gas aincg spectroscopic data for collisions between nitrogen
and excited sodium exist!S.

Evidently Kirchoff's law will not apply in this region and an experi-
mental indication of this was that meaningful gas temporatures could not be
derived from the ratio of the double-beam signals. This small region, around
the tail of the expansion wave, corresponds to the dashed portion of the
experimental temperature profile in Fig.5(b).
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Allowing for the diaphragm-opening delay already referred to, the general
agreement between theoretical and experimental profiles obteined shows that the
plcture of the flow pattern derived from theory is broadly correct, though the
degree to which the wave is centered has not been investigated; it is hoped to
check this in later work in which measurements will be taken at two downstream
positions simultenecusly. To avoid spurious distortion of the temperature and
pressure profiles due to shock attenuation use of a larger diameter shock tube
would be desirable.

The observed shock attenuation would have led one to expect temperatures
in the region of the contact surface above the equilibrium value, based on the
shock speed at the second diaphragm position. In fact however, in all rums,
values less than equilibrium were recorded (Fig.S(b)).

This may indicate that the running time was not quite sufficient for
equilibrium to be reached, but may also be a further illustration of an effect
peculiar to spectrum-line-reversal measurements employin§ sodium in hot oxygen
observed in some earlier work end not yet explained9:10: 9. It was found that
whilst changes of temperature were accurately followed the temperature values
were low by constant systematic amounts ranging up to nearly LO0°K in some
cases, This effect was not present with sodium in nitrogen.

Reference has been made earlier to the results of Hurle et a15 wherein
it was necessary to postulnte n relaxation timo for de=cxcitatien of N2 in a

nozzle expansion fifteen times shorter than that derived from vibrational-
excitation studies behind strong normal shock waves. From this thoy suggest
that the Landau-Teller description of vibrational de-excitation may be
inepplicable in non-equilibrium situations where the difference between
vibrational and translational oncrgy is large, and that the shorter relaxation
timo indicates that the probability of de-excitation may depend on the
vibrational as well as on thc translational onergy of the colliding molecules.

The present results, howover, suggest that for the oxygen relaxation
observed in these experiments such assumptions arc unnecessary. The general
agroement seen with Appleton's calculations implies that his descripticn of
the relaxation process was adoquate; he used a lincar rate equation, Camac's
experimental data (from shock=wave studieszo), and Landau-Teller theory.

The consequences of large changes of the effoctive relaxation time on the
temperaturc profiles of unstoa%y expansion waves in nitrogen have been looked
into thecoretically by Wbodley1 and some resvlts are illustrated in Fig.7.

A substantial increase in the rate of vibrational de-excitation (of the order
of that mentioned by Hurle et al) will shift the tomperature minimum to earlier
times end roduce its valuc considerably, as might be qualitatively expected.

This effecct was not observed in the present oxperiments with oxygen, the results

of which are consistent with a normal value for the effective relaxation time
within a factor of about two. In fact, the experimental observation of vibra=-
tional temperatures above theoretical (Fig.5) might, on the contrary, suggest
that de-excitation ¥roceeods more slowly than was assumed. According te

Appleton's argument 1, the assumption of frogen chemistry in these experiments
is justified, so that the enthalpy of recombination of the oxygen atoms in the
wave cannot contribute to the vibrational temperature. A possibility that was

-9 -
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considercd was that these higher temperatures were due to reflected sodium
light entering the photo-multipliers. However this seems unlikely since
the aperture of the optical system was small, and earlier work!0 involving
tomperature measurements of the incident shock never at any time revealed
a sodium radiation signal preceding the shock.

5 CONCLUS IONS

(1)  Spectrum=line=-reversal temperature measurements through an unsteedy
expansion wave in vibrationally-excited oxygen have demonstrated that the
vibrational temperature falls from its iritial fully-frozen value at the
tail of the wave to a minimum, and then subsequently rises to the original
equilibrium valus at the hoad of the wave.

(2) ‘This agrees broadly with Appleton'i calculations and shows that a
linear rate law and Landau-Teller thoory can adequately describe the
vibrational de-excitation even with large dopartures from equilibrium.
The valus of the effective relaxation time inferred from the experiments
agree with accepted values within a factor of two.

(3) The small differences with theory revealed by these preliminary tests
are thought to arise mainly from the time-delay in rupture of the second
diaphragm. Temperature differences slso arisc from the use of Na in hot
oxygen and from the observed shock attenuation., To reduce these effects,
further tests will be made in nitrogen at higher initial pressures and with
Cr instead of Na resonance radiation.

At the same timc this will also avoid the possibility of collision-
limiting of the radiation from the lsw-density, fully-frozen region of the
expansion wave.

ACKNOWLEDGEMENTS

The author is indebted to Mr. J. G. Woodley for carrying out the
numerical calculations of the tomperature and pressure profiles shown in
Figs.2 and 7.

REFERENCES
No. Author Title, ote
"1 Peldman, S. The chemical kinetios of air at high temperature:

o problem in hypersonic aerodynamics.
Avco Research Laboratory, Research Report 4,
February 1957.

2 Cleaver, J. Private communication.
Thesis, College of Aeronautics, Cranfield. 1964.

3 Stollery, J. L. Stagnation temperature measurement in a hypersonic

wind tunnel using the sodium line reverscl method.
Nature 190, No. 4778. No. 778-779. ~9%1.



No.

10

1

12

13

14

Author

Stollery, J. L.
Townsend, J. E. G,

Hurle, I. R.,
Russo, A. L.,
Hell, J. G.

Bray, K. N, C.

Stollery, J. L.,
Smith, J. E.

Stollery, J. L.,
Park, C.

Spence, D. A.,
Holbeche, T. A.

Holbeche, T. A.,
Spence, D. A,

Appleton, J. P.

Camac, M.,
Vaughan, A,

Woodley, J. G.

Wilson, J.

Teshnical Note No. Aero 2969

REFERENCES (Contd)

Title, etc

Temperature, pressure and heat transfer measurements
in the two=-dimensional nozzle of a reflected shock
tunnel.

NPL Aero Rep. 1042. ARC 24,159. September 1962,

Experimentel studies of vibrational and dissociative
non-equilibrium in expanded gas flows.

ATAA Corf. on Physics of Entry into Flanetry /itmospheres.
Aug. 26-28, 1963. Paper No. 63=439.

J. Chem Phys. Vol.40, No.8, p 2076, 1964.

Chemical reactions in supersonic nozzle flows.
9th Int. Symp. on combustion.
Academic Press Inc. New York, pp 770-784, 1963.

A note on the variation of vibrational temperature
along a nozzle.

ARC 22,854, June 1961,

J.F.M. 13, pp 225-236, 1962,

Computer solutions to the problem of vibrational
rolaxation in hypersonic nozzle flows.

Imperiel College Aeronautics Dept. Report No. 115.
January 1963.

Temperature measurements behind an attenuating
shock wave.
Tech Note Aero 2883, ARC 24,723. March 1963.

A theoretical and experimental investigation of
temperature variation behind attenuating shock waves.
Proc. Roy. Soc. A279, pp 111-128, 1%L.

Calculations of the structure of unsteady rarefaction
waves in oxygen/argon mixtures, allowing for
vibrational relaxation.

Tech Note Aero 2873. ARC 24,933, CP No. 720.
Fobruary 193,

Dissociation rates in Oz-Ar mixtures.
J. Chem, Phys. 34 No.2, pp 460-470, 19%61.

Private communication.
M.0.A. Report (to be published).

A rough calculation of shock-tube diaphragm opening

times.
Tech Memo Aero 778. January 1963.

-1 -



Technical Note No. Aero 2969

REFERENCES (Contd)
No. Author Title, otc

15 Clouston, J. G., Proc. Roy. Soc. A252, pp 143-155, 1959.
Gaydon, A. G.,
Hurle, I. R.

16 Stevens, D. R. The evaluation of some commercial and development
pressure gauges in e laboratory type shock tube
with a view to their suitability for use in shock
tunnels.

R.A,E. Tech Note Aero No,2814. ARC 23,803.
March 1962,

17 Stulov, V. P, The flow of an ideal dissoclating gas about a
convex angle corner with non-equilibrium taken
into account.

R.A.E. Library Translation No. 1012. October 1962.
(Izvestiya Akademii Nauk S.S.S.R. Otdelenie
Tekhnicheskikh Nauk Mekhanika I Mashinostroenie
No.3, pp 4=10, 1962.)

18 Laidler, K. J. The chemical kinetics of excited states.
Clarendon Press, Oxford (1955).

19 Wilson, J. Discrepancles betweon theoretical and experimental
values of temperature behind a shock wave.
Tech Note Aero 2877. ARC 24,772, CP No. 712.

March 193,
20 Camac, M. O2 vibration relaexation in oxygen-argon mixtures.
J. Chem. Phys. 34, pp 4u8-459, 1961.
21 Gaydon, A. G., The shock tube in high~tomporature chemical physics.
Hurle, I. R. p 198, London: Chapman and Hall, 1963.

ATTACHED: -

Drg Nos. 456643~45670s
Detachable abstract cards

ADVANCE DISTRIBUTION:=-

ADAR
ADSR(A)

NGTE

NPL (Aero Div) 2
TIL 240
Secretary, ARC

- 12 -



436649

FIG.L

TN ALRO 28069

INVId 1 — X NI AYL3INO039 MOT14 G32V3Al 40 WVYOVIA DILVINIHOS I 'Old

h BIBWVYHD IWNC

NOILD3S
NOISNVYd X3
—

NOILD3IS IVNSE NI - MO

NOILO3S ¥IANQ

-b O

& -

Xﬂr

}

'S

X - - 1 @
" W 09&0 @ \ @
i
- 41 ¥I0HS .ﬂu«ﬂb.\urﬂ: 22 B oo $ ®
F = AN _ Q
v/ \%
EL LN Rl . %
NOLLOWL 3V &.v«»
AQVILSNN DNIDVJ ry A
OUWMNOVS Ay \v&@
\




T.N. AERO,

(o]
ool
A
007
2
[y
2
)
m
@ 00x
e
R
m
-
200+
3
00¢
009

Aevxu._.un_an..q Y3L4VY) N3IOAXO 38Nd NI IAVM NOISNVdX 3
AGQVILSNN NV NI NOLLVIYVA 33NSS3Ud ANV 3¥NLVI3IdNIL Q31vINDIIVD 2Old

(938 )  WOVHHAVIO dv3IM 4O JNNLANN ¥3ILIv IWIL

(o], 4 oo0¢ ~ 00¢ OOY oo
03¢ = H /
Mo 364+2 = U
do3 O = 4
= 000!
269 - W N §:SieX 1y RINLVEIINIL .
SNOILIONO?D “WILINI IWVNOILLY SNVAIL _m
) >
_/ ‘ a
C
n
Ni 6-21 =X 1V um:mmwan/ . \I/ 3
: x
\/
k ) V/ 000°¢
) A ) [l
NI SSI=X LV
\ FVNLVIISINIL TVNOLLVASIA

1.




45666 S

FIG 3

ANMNd ATVLOY
IDvis -3ONIS

Q_—>°

TN AERO. 29689

"SININIY3IIX3 3IAVM  NOISNVAX3
dO4 38NL MOOHS ¥3LINVIQ Z dJO LINOAVT JILVINWVYOVIQ ‘€ OIid

‘SAILNNOD DINOVLIITE ODEV

SN
‘GNOILISOd 3OViS OML
ONINNGYIW 3¥NIVYIINIL

e ~ ONV  3unssIdd = "

[ R Q 2 m ) 4

000 P S S
| $35nVD I0NVH
WNSVA JuNSSaud
$39NvH S¥OLY3L30
WNRAOWA NOOHS WId -NIHL
WOVaHdVIQ ION + WEVAHIYIO



TN. AEROC 2969

FIG. 4
800 " + . |
t
(uoecs) INITIAL PRESSURES (N,
7/
700 — P CHANNEL ~ 10 TORR, ! /
5 P EXPANSION ~ | TORR. l /{
< SECTION ‘ /
I g
ool ¢ yd
K it
" ©-O13mm MELINEX O { i
| "3‘ / } 0-0076mm. Al FOIL
800 -9 Vi
Y 7
o 3
o /.
] ‘
I |
400} 9 /
I / :
w
o i/ |
v /) |
3005 |
|,. |
o
3
M i
200} E |
< |
W !
2
[eYo) ol
POSITION OF SECOND
DIAPHRAGM
i 1
o | @ 3 4 $x(FT) 6

DISTANCE DOWNSTRECAM OF HIQH ~ PRESSURE
DIAPHRAGM STATION.

FIG. 4. DERIVATION OF SECOND DIAPHRAGM OPENING TIMES,



48668 ¢

1 BACKGROUND

TN. AERC 29829

FIG.5.(asb)

. INITIAL
2005 “K—=Ruy CONDITIONS
ABSORPTION
EMISSION Mg # &'88

SODIUM - LINE -REVERSAL TEMPERATURE (°K)

l BACKGROUND _

2600

2400

oo

£000

1800

2390 °K

Te (equ) 7 2449 °k
P, (equ) : 8559 torr

_’1 |-_5°/.L s

(@) TYPICAL DOUBLE-BEAM RECORD.

SECONDARY SHOCK CONTACT SURFACE._

_____ oy e A e L

EQUILIBRIUM TEMPERATURE

\ i
\ /</
: \ " "] THEORETICAL T\ FOR SUGHTLY
x=15-8 IN “”’ DIFFERENT INITIAL. CONDITIONS|
[M= 686 7, 2e02 'ﬂT

100 200 300

TIME AFTER SHOCK REACHES WEAK DIAPHRAGM (M SECS.)

(b) TEMPERATURE ANALYSIS.

FIG.5.(asb) OBSERVED S.L.R. TEMPERATURE VARIATION
THROUGH AN UNSTEADY EXPANSION WAVE IN

SHOCK- HEATED OXYGEN.



TN AERO. 2969

INITIAL
CONDITIONS

My = 6:86

STATIC PRESSURE =
AT WALL

RESISTANCE THERMOMETER
IN WALL

- |~ sous

@ TYPICAL OSCILLOGRAM.

SECON’DARY SHOCK

FIG. 6 (asb)

T, (equ.) = 2449
B (zqu) = 559.58 torr.

&00 -
[ ] D
I I EQULIBRIUM PRESSIRE | __ I/
B | 7
500 7~
THEORETICAL PRESSURE FOR SLlﬁHTL\[w
400 DIFFERENT INITIAL CONDITIONS

[ Mg= 690 P, =585 torr |

PRESSURE (torr)
¢
(o]

200

-
Ve
/

100 7

’

IX = 126 IN.l

L

TIME OF ARRIVAL OF
SECONDARY Q\HOCK

0 100 200 300
TIME AFTER SHOCK REACHES WEAK DIAPHRAGM (u SECS)

(b) PRESSURE ANALYSIS

FIG. 6(asb) OBSERVED PRESSURE VARIATION

THROUGH AN UNSTEADY EXPANSION WAVE
IN SHOCK - HEATED OXYGEN,



|

TN AERO 2969

48670 8

FIG.Z

. ('l 438 WOU4)
) .mrmui_._. NOILVXVTI38 TTVNOILVYEIA JAILD3443 SNOIIVA HOd4d NIOOHULIN 38Nd NI JAVM
NOISNVAX3 AQV3ILSNN NV HONOYHL 3JHNLVYHIIANIL 40 NOILVINVA TIVIILINOIHL 294
o . (so3s ) 3L
Od ) _Q%n OO_‘ osSe (oL} ) - Ol 0.0— ) OM) °
N S-Sl = x
hed sos = X »t
¥,8%42 = U /
M S$62 ='1 7
Ho3 05 = d , .
09.9 %W /
SNOILIGNO D “WILNI [ ‘ ‘ 7' TYNOILVISNVY L moo.
. n
T c
2 WioLvEEIA "
i =
S \ do0z
- j
|\-\|“\\ . AN
‘ i PN |
- ] B 0083
3O B NOGAVD 40 VIVQ Q3LD3770D oL Q3L
1 4. 4 -
(02 a3y au».._(w TA& um&a [ 9= nfb AMV< f
) . B e b L 1. .




These abstract cards are inserted {n Reports and Technical Notes for the convenience

of Librarians and others who need to maintain an Information Index,

(2940) — GEIJISS VIO
‘AT
%1 JO PYSY X3 1V INTEA WNIQFTINbS TRYILI0 Y1 01 UTER® BUISTJd 840Jaq

WWUIR B 07 SAWM 1 JO T1®1 Y1 1V M[RA (UaTOIJ-ATINJ) TEIITUl S1] WOIJ

TT8J) 03 PIAJIISQO SWM umRiadme) WIOTIRIGIA Y7 * (4102 Ol A ' ‘6°9 ~ ns
aunssaad saaaqdsom® G/ 0 pus },005¢ IMOQE 18 ATTRIAIUT UeBAXO YIIM

~ *wBeapup

Pucdas ® Jo amyng aqy £q 3qna NOOUS ® ul $¥3 PN JOX=ATTROIIRIqIA

® U] p7NUIIJU] AW wisuedxe LpEISUN UB JO UNIONIIE #[1 JO IPWE UIQ
AW SIUERINSEA aINjsladEa) [EEJAA-IT-WNIZI3IS pus amSTald

961 aunp Y L ‘HIIQIOH  "NIDAXD

ONIXVTIU-XTTIVNOILVYEIA NI SIAVM NOILOVJIYVY IQVALSNNL

12°9YS  HANOWHI SINIHEMASYEH SUMLVEEJMEL TVSEEATH=3NI'T-HLIAdS
: G°9¢%

LI 14 94 14
¢ 8°H0°9°¢ES

TUINSTTqUIST 21JBINMTY TEAOY
6962 OJIY "ON 310N [®ITK[I3]

Qal4ISSVIONN

.fﬁe GILJISSVIONN
caawm
A3 JO PRI 1 I INTVA WNSQETInda [wulBtao 2 01 upelv Buis]J AI0JAq

WMEUIH B 07 3AUM 33 JO TI¥] 31 18 anTEa (UISOXI-ATINJ) TVIITul 2% WOiJ

1T®) 07 PIAIINQ0 SW AINIBINIES] TMIOTIRIGIA 3yl © (2107 Ol -~ 4 ‘6°9 ~ n8
ansgaxd g3ueqdsomiv G/ °0 puB Y,00GC IN0QY 1¥ ATTEIIIUT usBhxo NITM

“wBenyierp

puodes ® Jo amidng xj3 £q aqny Y20US ® uy S8 pojjoxa-LrTeuojIRIqIA

® UT PawIjTul aAws uoysuedxs Apweigun UB JO AMIIMNJIIS A3 JO IPWE URQ
AT SIUMBINSEIE NI 1AW THSIAMSIU]T-WNI038 pus aunssald

P61 sunp

ONIIVIS¥-ATIVNOILWNEIA NI SEAVM NOILDVERVY IQVAlal

12°9%G  HOOOWAL SLNBEUSYIH TUUVEIEL TVETIAR-N F-HILIGS

2 6°9¢5

3 £BCCUGeS
2 8°110°9°¢cS

°Y ] ‘oqodqIoH  NEALID

WIMBITqeISE 3J8INTY [ekoy
6962 OJIV¥ *ON 0N TEITUIIDL

q3ldIssvINn

‘..B.s Qa4 1SSYIONN

‘gAm
1 Jo pwey ¥ 1¥® anlEA wnpaqirrnbe TwuldiJo A3 01 uyede Buisid ar0j)aq
WWIUIE © 07 3AWM 32 JO [1®] Y1 18 ITuA (UITOIJ-ATINJ) Teraful 817 WJJ

) s
11%] 03 PIAJIIEQ0 SWM AIMBIAAWI] TBUOJIRIGIA 32 * (LI0O2 Ol ~ Y 6°9 ~ W
amgsaxd seaadsome G/ °0 Pue ¥,005¢ IN0QR 18 ATTBIIFUT uadLxo YIM

: “wlwuyderp

puoods ® Jo aumdnd &3 £q IGn YOOUS ¥ UT $EE PITIXIA[[WOIVIGTA

® Ul PFAVIIJUT Ak uorsuudxo Apeajsun UR JO 3JNJONIS ] JO IPWE uddq
AW STUGEIINEBMW aMIviadEe] [E8Jakal-aulT-wnijdads pus aunssaid

“ig6lL unpr  °y °l ‘&OqIOH  *NIOLXO
ONIXVIIU-ATIVNOILVEEIA NI SIAWM NOILOVAIUW AQVilsNn

i2°9'%  HONOMHI SLNGNRNSVIH TUNILVYIIEL TVIHIATY-INIT=HINLIEdS
$ GU9¢S
LIRS 1140 11 JPMBTTARIST 1 JeIa]Y Teioy

2 9°110°9°C55 6962 OJ3Y¥ *ON 910N TWOIUYD3Y,

@141ISSYIONN

(a940) a1 I86vENN -

a7 JO PRI X7 1% MTRA WNIQITINDa T340 A3 01 upede BulslJd A0JAQ
WETUTW B 07 JABM 302 JO T§e3 a3 7% In[w (UeEoJJ-ATINY) TeIIFUT ST WOIJ

]
ﬂ&ouumﬁﬂ%uiﬁ:uﬁ&lua!o.ulaubﬂu;.toao-( —a .mool-e

smssax sassudsom®e G/ °0 pue X005 INOQER 1¥ LTTEIITUT uedLxo WIIA

*wexdezp

puodde v Jo umidns a1 £q aqny YIOUs B Ul S8 POI[OXI-LITWOFIRIQIA

B U] PaleBIajul aAwW uorsuwdxs Apedisin UR JO AINQINIIE AN JO JPWE uNq
AW SIUMMNSTIM MWW [SIAII-II[-WNI09d8 DU AINSSAld

‘g6l sung  °y °L ‘SqOaqIOoH  “KEOAXD

ONIXYTU=XTIVNOLIVNEIA NI SEAVM NDILOVENNWY IQWIlenn

12°9%S  HONOWHI SINSHEWNSYIH TWMIVESSAL TVRNIATE-NI'T-HNLISS

2 §%9¢5

3 £°BEESCS
1 8°110°9°¢¢CS

JUNRITTIQeINY IRV WMoY
6962 OI8Y °ON 90N IWURIAL

GILJ1I8SVIOND




Q3] 4] SSYIONN

*$3897 Arsupmyraad ogayl £q
POTEaASI AJO3Y" QiTM S8dUBIRJJID TIBNS oyl jJO uorieuerdxa [In] ® Supyass JoJ
9[qBIISSP 8Q PINOM UdBoJ] U *aTdurexa JOJ *Yi[M SIIPNIS PITIRIIP SIOKH

*aoTnig Aq Araariesrenb pajorpesd
ussq OfTe S®Y 1] {palofpald Iy uwyq IR PALINIOO PUB JIYSTY ATIHIITS Sem

WHMTUIW 3anjeladwen a1 ySnoylIm .>..r J0J LIO™M) JOT131-NEPUT] pu®B MET 38l
JB3UIT ® UO DISEBQ SUOTIBTNOTED §,unqyatddy yiim ATPBUOJdq S3aude syl

@I AISSYIOND

@ 14ISSYIONN

*g189, Aaqeurupraad aeayy £q
PITHAAI £I2-U'L Y1IM SHOUSIIJIIP [TWS AY; JO uopieuerdx? TINJ © SUIN8IsS J0J
I[ARIISHP 3Q PINOM Uadodzyu ©HTdWexs J0J “‘UY,IM SoIPNIS PITIBAISY SION

*AnTmg £q L1aAp,eajrenb pagorpaad
Ualq SSTR SBY 11 {prs0Ipaad A uey; J»18[ Poddnddo pue JBTY ATWYSITS s

mnmpuin eJanedsduws ; Yl yEnoyhre .>u a0 RIO[3 JOTT9]~-NEPUT] PUR MEBT 31BJ
JEB3UJT ® U0 pase] SuoINBIndred s,uoqi-1ddy yarym AIpeOIq Savude STyl

QITA1SSYIONN

QI14ISSYIOND

*g183) Arsutmiraad asayy £q
PaTERASI AJ0A: YIIM SLIUIIJJTP [TWEB 3y JO uojjeusrdxa TINJ © Bupyase Joj
TQRI]Sap 3q pTnak u3adouqfu ¢ 37dWIXd JOJ ‘Y Pk SIIPNRIS PALTELaP AJION

*A0TIaS AQ Ataaraeairenb pajorpand

U23q OSTB SW 1] {peldipaud ay uel] J1B[ PALINO0 pue JaYITY ATIUBILS sem

WU suniedadmea Jya ydnoqate “Aa, sojy Luosyn JeTral-nepuey pu® Mer 9Bl
JEUIT B UC psseq SUO3BINOTED §,u073Tddy Y M ATprOUq S3auBe STYL

Q314 ISSVYIONN

Q31 JISSVIOND

*8189] Lasupmiraxd asay, £q
paTeasad Aoy YoM SAOUKIRIJIP ITEWS oyl JO uojjeuerdxa TN} © Juyaes J0j
S[qRITS3p o9q PINoM uaBodytu ‘oTduexs JOJ *YiIM SITPNIS DPITILIAD IO

*A0TN3g Aq AT3A71®1iTEnb pajorpaud
u-+9q OST® S8y ] (pa1dipasd By UBY; JI97BT PaJIndd0 pue JayBty LTIYSITS Sam

WWIUTW amyeiadlio] 9 Ygnoyqre .>P J0) £JOA1 JAT[3]-NEPUET PUB MET I1RI
JBUIT ® UO Paseq SuopiBINOTED §,u0qa1ddy Yiim ATPBOJY Saeude STyl

Q3T4ISEVIOND



Defense Technical information Center (DTIC)

8725 John J. Kingman Road, Suit 0944

Fort Belvoir, VA 22060-6218

US.A. .

AD#. AD453252
Date of Search: 2 July 2008

Record Summary: DSIR 23/32129
Title: Spectrum-Line-Reversal Temperature Measurements through Unsteady Rarefaction
Waves in Vibrationally-Relaxing Oxygen (RAE TN Aero 2969)
Availability Open Document, Open Description, Normal Closure before FOI Act: 30 years
Former reference (Department) ARC 26292
Held by The National Archives, Kew

This document is now available at the National Archives, Kew, Surrey, United
Kingdom.

DTIC has checked the National Archives Catalogue website
(http://www .nationalarchives.gov.uk) and found the document is available and
releasable to the public.

Access to UK public records is governed by statute, namely the Public
Records Act, 1958, and the Public Records Act, 1967.

The document has been released under the 30 year rule.

(The vast majority of records selected for permanent preservation are made
available to the public when they are 30 years old. This is commonly referred
to as the 30 year rule and was established by the Public Records Act of
1967).

This document may be treated as UNLIMITED.



