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ABSTRACT

The full exploitation of shock tube techniques in chemical
pPhysics research strongly depends on the development of a variety
of specific procedures for the rapid measurement of the temporal
shocked gas thermodynamic parameters in a nonequilibrium zone,
€.g. the temperature of density. The sensitivity of the method
utilized, the response time, the range of applications, and
the extent of interference with the phenomena under study
should be considered in comparing varlous available techniques
of measurement. Each of the methods should be characterized
also with respect to the adequate and suitable choice of the
gas parameters to be effectively detected in a shock tube flow.
In this paper, some of the recently developed experimental
techniques for obtaining fundamental shock tube data have been

summarized in the following particular aspects:

1. Evaluations of the limits of variation of pressures,
temperatures and densities in relaxation zones. Hydrodynamic
effects of chemical reactions in simplest shock tube flows.

i 2+ Advances in rapid photography and instrumentation.

Laser techniques and compensating methods. Electronics and
detectors of the high time resolution.

3+ Gas temperature me asurements. Spectoscopic techni-
ques, recent developments, and summary data. Hydrodynamic

me thods. Plasma physics experiments. X = ray spectroscopy,
Doppler broadening at high temperatures. Laser scattering

technique.
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Gas density measurements IL. Brief review on advances
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in quantitative schlieren and interferometer methods.
rometer = chronometers. Laser - interferometers. Microwave Te=

flection technique.
5« Gas density measurements II. Laser beam scattering
and spectral distribution of the scattered radiation.Electron,

ions and neutral particles beams. Advances in UV and IR absorp-

tion techniques.

g+ Conductivity me asurements in shock and detonation

waves. Coil impedance technigue for reflected wave studies.

Comparison with probe and microwave diagnostics..

7+ Pressure me asurements in complex shock tube experi-

ments. Expansion wave technique and recombination kinetic data.

Shock tube experiments in exothermal systems. Igni-
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tion kinetic data. Nonstationary reaction zones and role
combined measurements. Illustrations.

g Tables of systematics in e xperimental techniques.
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a nonequilibrium zone behind a shock front essentially depends
on the amount of the absorbed or released energy. Therefore, a
choice of a suitable variable to be determined behind shock
waves is of particular interest to the method of measurement.
For example, it is easy to show that pressure measurement cannot
be the suitable method in vibrational relaxation studies because
the pressure deviations are very small compared to density or
temperature changes whereas in detonations and in exothermal
reactions determination of pressure appears to be quite
effective and appropriate.

To evaluate the pressure and density variations in a

mia:ation zone, a strong shock approximation can be considered:

e p * 1%
%' (1=5p2) (\I""‘:'Ti'p' 1)
]
Close to the shock front, pressure and density change in a

reaction zone can be estimated as

vk 2 ==& 2

where AQ 1is the energy released (or absorbed) and & is
the internal energy of the shocked gas. Thus, for vibrational
relaxation in a diatomic gas Ap/p ~ 0.3 whereas Ap/p ~ 0.05
only. The same proportions would be valid in highly diluted
exothermal systems ignited behind incident shock waves though

in detonation regimes both pressure and density variations across

the reaction zone appear to be quite significant. It should be
noted however that a thermodynamic gas state behind an incident
shock wave propagating in a gas system of small AQ closely
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corresponds to isobar conditions.

As an example, typical simultaneous registrations of the
density and pressure variations within an induction zone behind
a shock wave propagated in oxy = hydrogen mixture diluted
with argon are shown in Fig. 1. The density change is quite
remarkable in the interferogrem whereas the pressure fall in
the course of the reaction is negligible © .,

Generally, the extent of a change of the measured va -
riable in the course of the process under study should be
considered in comparing various experimental methods together
with their time resolution, sensitivity, range of applications,
reproducibility and accuracy, ets. A comparison with plasma
physics methods seems to be quite instructive bearing in mind
the similar purposes of these methods and their possible ap-
plications to shock tube studies at moderate temperatures.

2« ADVANCES IN RAPID PHOTOGRAPHY AND INSTRUME NTATIONS

Different methods for rapid photography, oscillography,
and fast electronics are available for shock tube studies. But
significant and noteworthy improvements of these methods as
well as new advances have been developed in a number of recent
experimental works. The use of a pulsed solid - state laser as
a light source in high speed stroboscopic photography made it
possible to obtain very clean schlieren records and interfero-
grams 2712 with exposures of 10 © sec and with an interval
between flashes of 10 ©sec . Monochromatic laser light illumi-
nator is of particular importance for interferometer methods

and it may be nicely synchronized with the process investigated
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using a Kerr - cell in Q - spoiled laser generation regimes.
A laser light pulse may be used also as a spark gep trigger with
a response time of 10 Ssec 12 .

A simple technique which uses an ordinary flash lamp as
a light source still seems to be quite advantageous in obtaining
the "frame" photographs of quasi - stationary shock tube flows
in a compensating registration regime ©.73 , The process which
is wisualized by some standard methods is recorded by a streak
camera through a narrow slit placed normal to the direction of
movement, providing that the film velocity is equal to the image
velocity of the process. A typical record of a shock tube flow
is shown in Fig. 2. Quite lengthy gas flow patterns might be
registered using this technique and only narrow wall windows

are required in the observation chamber.

An ordinary framing camera should be recommended for use
in studies of quasi-stationary two-dimensional shock tube flows
because it is possible to select a suitable stationary stage
of the process. As an example, a series of interferograms of
the shock wave expansion flow of dissociated oxygen obtained
by a zero-fringe interferometer 14 i3 shown in Pig. 3.
Constant density lines in the interferogram are used for a time
resolved measurement of the density field distributions in this

non-steady supersonic flow.

Spark photography was shown to be useful in ballistic-

type shock tube experiments 15 , Typical schlieren records of
a shock wave diffracted around a cylinder are shown in Fig. 4.

Although shock velocity measurement techniques have been

widely described, a number of new advances in this field should
be mentioned. Schlieren or shadow light beam detectors hawe been
utilized 76.77 . A simple photomultiplier system might be
adopted in luminous shock front registrations using a number of
Shock wvelocities

ranging from 20 to 100 km/sec have been measured employing this

wall slits focused to the same p.m. cathode.

technique. Microwave Doppler techniques have also been applied
to shock velocity measurements 18,19 In addition mention
is made of a simple electronic trigger device <U in which
shock velocity data are utilized to provide an automatic change

of the time delay.

Hall « effect methods for shocked gas velocity measure-~
ments in the presence of magnetic field have been shown to be
a sultable technique in shock tube studies at moderate tempe-
ratures <1 22 ., No remarkable force irteractions between a
gas flow and magnetic field occured in this case and electric
fields of about 10 wvolts per cm are induced at flow wvelocities
of 1 km/sec in a magnetic field of 10 kilogauss. In gaseous
detonation studies <2 an accuracy of 2 to 5 per cent has been
obtained using this technique. Precise flow velocity measure =
ments are essential for hydrodynamic methods of gas tempera-

ture measurements which are to be discussed later.

Various electronic scanning systems have been applied' in
rapid spectroscupic methods. Image converter technique has been
employed in a device shown in Fig.sa, which can provide rapid
scans of spectral line profiles © . An electron beam is

transmitted through a narrow slit-diaphragm and detected

—

It is interesting to note the flow velocity measurements by

combining the Doppler principle w;'gg the schlieren method
and with the use of laser light.




directly by a photomultiplier system. The image of a spectral high temperatures.
line on the cathode is converted from the cathode plane into the Spectrum~line reversal measurements behind incident shock
diaphragm plane while being magnified 10“=10° times. Scanning waves have been performed successfully in various gaseous sy =
stems. Pioneering attempts made with sodium line emission and
absorption measurements 5,25,26 yYielded quite acceptable shocksd
gas temperatures in air and in nitrogen whereas the measured

temperatures in argon were significantly lower than the calcu-
spectrum line profile by scanning Fabry = Perot interferometer lated values 27.28,

fringes through an annular slit.

regimes and suitable time resolutions are provided by an electri-
cal deflection of the converted line image across the slit. Line
recording times of 5.10 “sec might be easily achieved by employing
this method. Similar principles may be developed to record a

The difference observed was about g00% at
T, = 2900 K and gas pressure of one atm °8 this result was

A different method has been proposed for the same purpose also obtained in experiments '® where Ba II- line reversal
on the basis of a fiber optic techniques 24 gee Fig. sbe An temperatures have been measured in argon ( A T ~ 20009k at
image of a spectrum line is focused on a number of fiber-optic Ty= 60C0°%). The difference vanished only at shock pressures
guides connected with a p.m. system. The light intensity distri- higher than 12 atm.

bution is then determined using a fast electronic commutator with This problem stimulated a number of interesting investi-

seven independent information channels which provide the suc- gations on electronic excitation and radiative equilibrium

cesive detection of light intensity p.m. signals reproducing the of sodium atoms and barium ions in the shock-heated argon and

line profile. A system of 350 light guides was shown to be suf- in molecular gases 16,28, It was suggested that collisions

ficient to obtain a record of a spectral interval of 0.5 R with argon atoms could not maintain the thermal equilibrium

with a time resolution less than one microsecond. in the system due to their small cross-sections. Comparing

me asured and equilibrium temperatures one could estimate col=-

3. GAS TEMFERATURE MEASUREMENTS lision resonance quenching rates from the ratio of the col-

Numerous techniques have been developed for gas temperature lisional transition probability to the classical probability

me asurements in shock waves and quite detailed surveys are avai- of radiative escape (approximately 105sec™ ).

lable now in this area 3,4,6,16, It appears to be reasonable to The effective quenching cross-section of sodium atom=

restrict our considerction here only to some of the recent re-
sults in applications of line reversal and relative line intensity
me thods: a brief summary will be made of hydrodynamic temperature

me asurements as well as of plasma physics techniques applied at

=argon collisions was evaluated 28 o be lower than

b 20

10 - 10 em® whereas for Ba'= Ar collisions o = n.qo'"cm‘

was obtained '©, Thus, non-equilibrium radiation will be
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observed during periods of the order of T ~ (anu)"’ ~ 10"5&:
(n~ 10"%m" ) if excited lewels are depopulated by sponte =
neous radiative transitions. Vibrationally excited molecules

of oxygen or nitrogen were found to be much more effective than
neutral atoms in the thermal excitation of Na in shock waves28730
For example, only (.5 = 1 per cent of nitrogen or carbon mono-
xide added to argon was found to be sufficient to reach equili-
brium gas temperatures within a rise time of the order of vibrati-
on relaxation periods of the impurity gas molecules 23, The
effectiwe cross-section for the excitation of Na by energy
transfer from the nitrogen molecules vibrational mode was found
to be greater than 40 ' em® 29. Spectrum-line reversal tempe-
ratures currently measured within a vibrational relaxation

zone appear to be a quite suitable source of data on instanta-
neous vibrational temperatures and relaxation times in high
temperature gases. In addition, nonequilibrium expansion shock
tube flows have been examined using similar methods of N, vibra-
tional temperature measurements in a Hz - Ar mixture 7° .

Though spectrum-line reversal technique provides an overall
accuracy of 1 = 2 per cent of a measured temperature some spe-
cific difficulties and limitations exist owing to an influence
of the added emissive species. In particular, long delays in
the radiative material evaporation and excitation are undesi-
rable. The utilization of chromium lines 271733 egsentially
improves the method. Observations with emission bands of the
shocked gas itse.if 74736 made it possible to measure electronic
tunparltunt of excited radicals ( C,, CN ) with a high time

resolution.

n
Note the use of :I.n!rmq 802 bands for spectrum-line
reversal measurements. '+

-q-l

Spectrum~line reversal techniques have been applied to
study the temperature distributions behind reflected shock waves
37739, Equilibrium temperatures have been observed in nitrogen,
air, oxygen and carbon dioxide in a temperature range between
1500° and 7000 OK , temperature deviations being within 40 per
cent, probably, owing to boundary layer - reflected wave hydro-
dynamic interactions. Again, nonequilibrium temperatures have
been observed in argon using the sodium line method at pres-
sures lower than 10 atm >3 whereas equilibrium temperatures have
been measured in argon containing 0 5 per cent of carbon mono-

xide -_rith an accuracy of 1550 at 2500°K 29,

Me asurements of relative intensities of selected lines
for which trensition probabilities are known provide a quite
reliable method which is applicable at temperatures higher than
#000%¢ 1+40746, Hydrogen, helium, carbon, argon and other lines
might be used in measurements and guite high concentrations of
free electrons are reguired in order to provide equilibrium
emission of the heated gas. The higher the temperature of the
gas under test the larger should be the energy difference bet -
ween the upper levels of lines selected for measurements in
order to obtain an appropriate accuracy. The following rough esti-
mate of the accuracy of the method can be made:

aT ¥ AX

=
T E,=€y X

where X = I*/I., is the measured ratio of the line intensities.
There fore, vacuum ultraviolet lines have been utilized in ele~-
ctromagnetic shock tube experiments 47 where temperatures of

1,5~4 ev were measured in a hydrogen plasma using C IV ion




lines ( 419 § and 1549 A ).

The absolute line intensity technique as well as the
method based on co;llpnrison of the line intensity in relation to
the continuum intensity in the same spectral region will not be
discussed here since these methods have been adequately descri-
bed in the literature 1+49,

Spectroscopic methods of temperature measurements are based
on the thermal equilibrium of radiative species with the gas
under test and mainly electron temperatures are being determined
using these techniques. Therefore, an independent verification
of the data obtained which might be made by "hydrodynamic" met =
hods seems to be an important tool in shock tube experiments“5749,
In these methods, flow Mach numbers are determined by means of
detached shock distance measurements, & blunt obstacle being pla-
ced into the supersonic flow existing behind an incident shock
wave. The gas (or ion ) temperature is then determined from the
sound velocity of the shocked gas.

As it was shown in “®, +the measured temperatures coincide
within the limits of experimental errors when three independent
techniques are employed: the relative line intensity method,
hydrodynamic measurements, and line broadening estimations. Sho-
cked gas temperatures of q1-2 ev and initial pressures of
0,05=1 torr in air and argon have been tested in the experiments.
As an example, the temperature profile behind a shock wave propa-
gated in argon is shown in Fig.g. The separation between  the-
rmalized and dis charge (driver) plasmas is clearly detected by
both spectroscopic and hydrodynamic methods in this run while

mixing between these plasmas occures at lower pressures and at

higher shock Mach numbers.

New advantages in measurements of high temperatures have
been developed in plasma I-Jhysics experiments. Note first that
me asurements of the Doppler width of a spectrum line have beco-
me a quite reliable method ylelding ion temperatures with an
accuracy of about 10 per cent in a temperature region of 10° ev
and densities of 10" = 10"® em™’. The half - width of a 1line
is aA o 7-16:10“(%}% where |1 1is the atomic weight

—
and temperature is in °E. therefore, A\ might be a few 2 at

temperatures of 10%ev. This method is restricted to moderate
densities < 10"“em™> because of Stark effect at higher densi-
ties.

At temperatures higher tham 100 ev the technique of soft
X - ray spectroscopy ( 2-50 { ) are particularly valuable?.50.51,
Special crystal spectroscopy techniques and detectors have been
developed in these experiments. Continuum soft X-ray emission
records have also been used for plasma temperature measurements.
Electron temperatures of laser 52 and tﬂetn-pinch 53,54 plasmas
have been derived from relative intensities of X-ray flux trans-
mitted through a number of metal foils of different thicknesses.

The time delay between the onset of simple kinetic proces-
ses (ionizations, nuclear reactions, etc) which occur at high
temperatures with different temperature dependent sross-sections
can be employed in plasma temperature evaluations 55. Time
delays in the appearance of impurity lines emission in various
stages of carbon and oxygen ionization as well as relative rates
of proton and neutron production in deuterium and helium - 3

plasmas have been used in these me asurements which also require




knowledge of the plasma density.

Scattering of a ruby laser beam from plasmas and spectro-
scopic analysis of scattered light has proved to be an extre =
mely effective method for measurements of ion and electron te-
mperatures and densities 762, gsee summary in Ref. » . The
spectral distributinP of the scattered light 1is a function of
o %)-1 where Ap is the Debye
length, © is the angle of observation. For a € 9 the elect~-
ron temperature may be determined from a line width of Thomson

the parameter o0 = x> (4% Sin
D

scattering spectrum (electron Doppler broadening) whereas the
ion temperature distribution is mainly reflected by the scat-
tered radiation spectrum in a case « > 1 . A pair of line
satellites displaced from the wavelength of the incident beam
by plasma frequency appears in the latter case owing to the
collective effect of ions and electrons, see Figs n. The
distance of these lines from the ion mode is determined by
longitudinal plasma fluctuations:

!
A 2 T e 2
=2 [op + 2 G st §7)

where W is the plasma frequency. The shape of the central

p
ion line of the scattered spectrum yields information on the

difference between the electron and ion temperatures 56,

When considering laser beam scattering methods one should
take into account the low cross - sections of the Thomson light
& -25__2
scattering, Op = ;ﬂ. (a%ﬂ' = 6.7x10 ““em®, which requires
both very high light intensity and high detection sensitivity
(107"% = 107"°  of the incident beam radiation). Neverthe less,

satisfactory results from this method with a responce time of °
the order of 10 ’sec.

monochromators are usually used to resolwe a scattered radiation
spectrum 56,62, The yse of an image converter camera 59 with
an electronic shutter (10-20 nsec) and multistage light amplie
fication made it possible to obtain a suitable photographic

film image of the relevant Spectral region. From accurate quanti-
tative measurements of the exposed film quite precise informa-
tion on the line profiles was cbtained.

4+ GAS IENSITY MEASUREMENTS I (WAVE OPTICS)

Schlieren and interferometer techniques have been widely
applied to density me asurements in gasdynamics and plasma
physics research. Though interferometer methods seem to be
preferable in quantitative investigations, a brief summary of
Quantitative schlieren techniques developed in shock tube stu=-
dies should be given.6.63766 The uge of a suitable light
source in a schlieren system (flash lamp, laser, etc.) and
elimination of the self - luminosity of the process make pos~
8ible photomultiplier mzasurements of the intensity of light
passing a knife edge which yield information on the density
gradient distribution bochind a shock front. The sensitivity
of the method may be increased by using a gas laser light sour-
ce and by placind the knife edge a long distance from the object
(in one case 7 m 65 ). Detection sensitivities of about
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dng/dx ~ 10" 7em™™ and a time resolution of 0.2 usec have tals ). This technique which was developed for laser = induced
been achieved in these experiments. spark interferometry 71 has been applied to shock tube studies
The density ratio across a shock front can be determined of ionization relaxation in hydrogen. °°

from measurements of the refraction of a schlieren light beam A general note might be made on the use of the zero-fri-
by the shock front if the angle between the light beam and nge interferometer technique. Constant density lines yield very
the wave front is acute. 5% TFor example, the oscilloscope useful information on two-dimensional density field distribu-
record of the schlieren light output is shown in Fig. 8 where tions and it should be noted that the zero-fringe record is
density jumps were detected for incident and reflected shock more easily interpeted than the parallel - fringe record. As
waves in air. & sample, two streak interferograms of the same detonation

Detection sensitivities of quantitative schlieren methods expansion process in a shock tube are shown in Fig. g. The

may be evaluated as follows: zero-fringe interferogram technique has also been applieda to

me asure the gas density distribution in quasi-stationary shock

-1 ?ﬁ (4.46::'10"7‘”3) (pl a) tube flows of recombining gases 14 , Bee Fig.3.
dn
e=L
YRS a = Complete three-aimensional records of the interterence
+ L 3z (3x10 Ra) (neutral gas)
pattern with complicated geometry have been obtained Dby

where ¢ is a total angle of the beam deflection snd L is mesns of the laser holographic technique 69.70. Interferogr-

extent of an object. For suitable conditions particle density rams are reconstructed from a hologram which is made by means

gradients of 101' and 1017“."*' respectively, for electrons of a double exposure on the same photographic plate using a

or neutral atoms and molecules may be detected. pulsed ruby laser ( time-lapse interferometry ), the first

exposure being made with the subject absent. The resulting

lications of optical interferometry to shock tubes
Y . interferogram look quite similar to zero-fringe records and

asma studies have been reviewed by R.A. Alpher and
<k permit post-exposure examinations of the flow patterns from

. . 7 Therefore, on some of recent results should
e . 2 various directions of observation.

be mentioned here. The double frequency technique 67 was
improved by use of a Q - spoiled ruby laser to make simulta-
neous measurements at both the fundamental wavelength ggu3 R

and its second harmonic 3472 K which was generated by passing
KDP or ADP crys = is placed in the optical path of an interferometer which is

The increasing availability of laser techniques has
stimulated the wide use of optical interferometer-chronometer
arrangements. The shock tube ( or other object to be studied)

the beam through a nonlinear optical medium (
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11luminated with monochromatic (laser) light and the rapid
shifts of parallel fringes are detected by a photomultiplier.
Quite small fringe shifts may be recorded because of the high
monochromaticity of laser light which also minimizes the ef-
fects of self-luminosity of the test gas or plasma 14,71,

This technigue provides electrical signals which are quite conve~-
nient since the changes in other gas parameters may be recorded
gsimultaneously using a multiple beam oscilloscope. A typical
record of the pressure and density change in an expanding sample
of a dissociated gas heated by a reflected wave is shown in Fig.
10« This technique has been used in experiments on direct measu-

rements of oxygen-atom recombination rates '4 where a partial

reflection of the shock tube flow provided an expansion re gime
gimilar to that provided by single pulse shock tube techniques.

A simple evaluation of the detection sensitivity of the

method can be made as follows :

-1
- 4.5x10 'D.ng
Hf = (n=1) % ~ 7% or
+ 10" P’ n /A ng ~ 10*°em™’

n, ~ 10"%a™

where Ng is a number of shifted fringes, A\ ~ 5.10"‘" cm,

L ~ 10cm, na and ng are respectively neutral gas particle

and electron densities, and the accuracy of determining of ‘the

fringe shifts is 2.10 '« A Q - spoiled CO, infrared laser 72

seems to be suitable for this technique since electron densities

higher than 10" em™’ can be measured using a wavelength of

10 microns.
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In recent years there have been a number of lassr-interfe-
rometer studies of the electron density behaviour in ionizing
shock waves and discharge plmu.?'73'?6 A scheme which uti-
lizes three mirrors was shown to be very promising, see Fig.11.

A helium-neon laser is utilizea in a two wavelength regime in
which the intensities of the 0.3 and 3,39 microns laser beams
are coupled and the first beam is used to follow interference in
the infrared. Interference occurs between the beam reflected
from M, and the optical cavity oscillations in the M,~ M, re~
gion, and modulation in the 3,30 microns laser beam intensity
produces a supplementary modulation in the 0,63 4 beam radiati-

on. Thus intensity modulation of the output besm of the laser
itself is used to detect the fringe shifts arising because of

time variations of indices of retraction of a gas under investi-
gation. The time resolution of this method was found to be limi-

3
hi‘bo 310 fringes per second and electron densities of 3.10“
em  have been measured. 7The sensitivity of the interferometer

has been improved by using a spherical mirror tor M, rather than
a planar mirror 7> and also employing a multipass mirror system
which increases the sensitivity by at least a ractor of oo 77 .

Faraday rotation of polarized laser radiation in a plasma
which has a superimposed axial magnetic field, was used to measu-
re the line integral of the alactm;:t aensity along some axial
path in a theta-pinch. 77" 79 The angle of rotation of the

* Infrared radiation has been directly moni
t
itk o ions in ke i Tama { experiments 76
variations in the re
being recorded. am (0.63 W) usually




2
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‘plane of polarization is = -3_3.__ = 2 6x10 De , the=-
w

refore, the infrared region of the spectrum is usea to measure
electron densities ot 10'®cm™’. Far infrared technique 80 geems
to be promising at lower densities measurements.

Generally, electron densities inthe range irom 10“ ©O

 are not easily accessible to suitable measuring te-

10" %cm”
chniques since this region lies pelow the range ot the optical
spectroscopy or interterometry and above the userul range of
microwave systems. Even with 3 mm wave the maximum measurable
density is of 10"%cn~?. Nevertheless, a microwave reflection
method has been developed 81,82 o measure electron densities
whose plasma frequency exceeds the probing one. In this method,
the electron density is determined from the phase angle of the
reflection coefficient at the sharp boundary of the plasma, for
example, at the end of a shock tube .52 Electron densities up
to 10'® cm~? have been measured using this technique though a
discrepancy of one order of magnitude was observed compared to

calculated equilibrium data on shock wave electron concentra=

tions.

5. GAS DENSITY MEASUREMENTS II ( RADIATION
SCATTERING, EMISSION, AND ABSORPTION TECHNIQUES )

Laser beam scattering techniques have been utilized to
me asure the neutral gas densities amd electron concentrations
in dense plasmas by means of measurements of absolute intensi-
ties of the scattered radiation,%-ﬁa Rayleigh scattering
from molecular gases whose cross-section is kncwn was found to

be a suitable standard of calibration for the method. Thomson

- 1g =
scattering computations for various laboratory plasmas have
also been praaunted.f’o Density measurements of shock tube or
laser produced plasmas of 10'° =10'7 em~® have been carried
out in detail with a time resolution of 10" sec. It is possible
to obtain additional intormation on electron concentrations
from spectral characteristics of the scattered radiation as it

was mentioned earlier.

Electron beam transmission techniques have been widely
applied for neutral gas density measurements in the range of
10'7=10'* em™? in shock tube studies. 35755 The exponential
attenuation of a beam due to electron elastic scattering, exci=-
tation and ionization processes yield accurate gas density pro-

files behind shock waves. Electron guns with energies of 10"=10°
ev and appropriate scintillator and photomultiplier systems

are employed to measure instantaneous beam attenuation coeffi-

clents.

A rough evaluation of the appropriate range of the beanm
absorption technique applications can be made using the follo-
wing approximation for cross-sections of ionization and elect-
ron impact excitation processes at energies higher than -10’ ev:
Oi,0 = A/e , where the beam energy ¢ is in electron volts

and A 1is in a range of (1-5).10-“

for the simplest atomic
and molecular gases. Thus, the absorption coefficient of the
beam attenuation at pressure of q torr and beam energy of 10 ev

1s about no ~ O.1em .

The large angle ( Rutherford ) scattering of an electron

beam has also been employed to investigate shock front structu-

re in rarefied systems at initial pressures lower than 10" torr
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in order to measure density profiles within the viscous or mole-
cular relaxation transient zone.56 The beam absorption techni-
que is not applicable at these densities because only a small
fraction of the beam is absorbed.

The transmission of ion and neutral particle beam across
a shock tube can be also applied to density me asurements in
gases and plasmas. '+©:97789  Magnetized plasmas are particu=-
larly suitable since any changes in the electric charge of the
peutral beam may be easily detected due to the effect of the
magnetic field on charged particle trajectories. Three types
of particle interactions appear to determine the value of the
atomic beam absorption coefficients, namely, elastic scatte -
ring, lonization of a gas, and charge transfer between a posi-
tive ion and a neutral atom followed by any kind of deflection
in electric and magnetic fields.

Cross-sections for elastic scattering of neutral particles
have been measured, 90 for example, tor He = H, the follo =
wing approximation may be used at energies of 0,5-1.9 kev:

log 0 = = 0,329 log € + 1,896, Where 0 is in 10 '€ cm?, and
¢ 4is in ev. Thus the scattering cross-sections are of the
order of 5.10'” cm?® at ensrgies of 10' ev. Jlonization cross-
-sections at beam energies of 10 ev and T¢ ~ 10® ev appear
to be lower than 10-" cm?. Quite large cross—-sections  are
opserved for the resonant charge exchange process in which the
cnarge transfer between a positive ion and an atom of equal
nuclear charge results in no change 1in the electronic state.
Cross-sections for symmetric resonant charge transfer between

-18
protons and atomic hydrogen vary almost linearly from 2 . 10

-2q =

to 35.10 '‘cm® on a semi-logarithmic scale of energies between
100 kev and 10 ev respectively. 27 At energies of 10 kev,
eross-sections are 10 1% or 7.10'”cn’. respectively, for
change exchange between hydrogen atom and B* or 0%. Provided
that only neutral beam particles which have passed through the

sample under test are detected, an absorption coefficient of

1

0.1 em ' will correspond to plasma densities of 10” em ° at

beam energies of 10 kev. Plasma and neutral gas densities of
1015- 10“ em ’ can be determined on the basis of the ioni=-

zation energy losses of a particle or ion beam provided that
it is not affected by deflecting fields.

An apparatus for neutral atomic beam density measure -
ments 89,92 is shown schematically in Fig.12. A multicomponent
ion besm which may consist of light particles (H, ", He', ) G 7 )
is transformed into neutral particles beam using a gas target
for the charge transfer neutralization. The neutral beam which
has traversed the plasma is detected by means of separate mass-
-spectrometry of the different ions obtained after the partial
recharging of the neutral beam in a "strip-chamber". Elect-
rostatic cleaning of the beam is used twice, before and af-
ter the beam passes through the plasma. A typical record of
HO=~ absorption when a beam passed through a discharge plasma
of 101~cl-! density is shown in Fig.13. The He-beam attenuation
profile is recorded simultaneously. He-beam absorption coef-
ficients yield additionel information on plasma electron tempe-
ratures due to the temperature dependence of the electron impact

ionizat!on cross-sections of helium atoms ( 10" ' °em? )

Ne ar-uv and vacuum-uv light emission and absorption




techniques are very significant diagnostic methods in shock tube
studies of vibrational relaxation, dissociation and ionization
kinetics in oxygen, nitrogen, air, carbon dioxidz and other
systems. As it is summarized in Fig.q4, the molecular bands have
large photo-absorption cross-sections in this spectral region
since electronic excitations are involved, as for example, in
the Schumann-Runge band of molecular oxygen. #.97778  Note that
the vacuum ultraviolet absorption coefficients at 1470 H are
decreased at high temperatures while in the '"quartz" region at
2245 £ only temperatures higher than 1500° are accessible for
me asurenents since the vibrationally excited molecules are respo-
nsible for the light absorption in this region. This techniques
allow the use of quite low gas densities in the range of 10“ to
1{}1 ®-m’., It is necessary to slow down the relaxation processes

to improve a time resolution of the method. The detailed studies

of the vibrational relaxation times of oxygen molecules 93.700

as well as dissociation rates of oxygen 2777 and nitrogen 101

have been carried out using uv absorption techniques over the
temper~ture range between 1500 and 20 000 9.

The absorption oscillator strength for the hydroxyl elect=-
ronic band system at 3050=%150 £ has been evaluated 102 py
using measurements of the dissociation of HIO vapours behind
reflected shock waves. In the course of the wave reflection, the
l1inear rate of increase of the absolute spectral intensity ob=-
served axially in the increasing transparent gas region was de=-
tected by monitoring the uv emission of the shocked gas layer at
the end of the shock tube. From the absolute intensity data the

=
oscillator strength (f -number) was found to be (3.9:0.9)+10 "

Ultraviolet emission techniques have been used for equib~
rium radiation measurements in air at temperatures of 8000 =
14000°K. 103 turgsten photoelectric cell has been used to
make photometric measurements at wavelengths shorter than
2000 K in incident shock waves. Equilibrium air radiation
me asurements have been performed in a shock tube combined with
a projectile gun, 104 a system in which total shock velocities
of 11.3 km/sec have been achieved. This technique was applied
to obcain high speed recording of a wide spectral region. As
the projectile flies by in the focal plane of the light col=~
lecting mirror, the luminous shock layer acts as a moving
entrance slit providing the swept spectrum in the exit slit
plane. The spectral region of 3000-4000 £ has been measured for
air. 104 The spectrum sweeping techniques have been also uti-
lized to yield f - numbers for the CN violet system at high
temperatures in a ballistic device.'05

The absolute emission-intensity in the wavelength range
between 2700 R and 4511 & was found to be proportional to
the square of the oxygen atom concentration in shocked ozone=
=argon mixtures at temperatures of ggooﬂ-g,aooon.ws As 1t
was shown earlier 707,708 ¢he emission intensity which is
directly proportional to the oxywzen atom concentra:ion was
obsarved in the presence of 0O and CO at wavelengths be-
low 4500 £ . Thus the emission-intensity records might be
employed for instantaneous measurements of concentrations of
the components of shock heated gases. In addition, note the
possibility of the application of the lewis-Rayleigh afterg-




Low to stom concentration measurements in shock waves. 109

The afterglow intensity of a shocked gas or of nitrogen
molecules which were predissociated by a pulsed electric dis~
charge was found to be proportional to the rate of recombina~-
tion of atoms at temperatures in the range between 2000° and
18600°K

Emission and absorption measurements in the infra-red
region of the spectrum have become important experimental
methods for shock tube kinetic studies. The instantaneous rate
of change of a molecular gas concentration behind a shock front
can be reliably derived from emission or absorption profiles
obtained by the use of a rapid response time infrared detector.
Some of the specific shock tube instrumentations for the infra-
red studies have been described. 2 The nossibility of using
liquid-nitrogen cooled gold-doped germanium or In Sb photo =

conductive detectors should be particularly mentioned.

As an example, two records of the infrared emission
around 4, 5 microns from a shocked N,0 = Ar mixture are shown
in Pig.15, The emission is fairly constant in the equilibrium
vibrational temperature region at rather low temperatures whe -
reas & drop is seen at higher temperatures due to a re laxation

process of the N,0 thermal decomposition. Thus both the vibra-

tion relaxation times (the emission rise time), and decomposi-

tion rates can be determined from the ir emission records. Infra
red light absorption records in pure N,0 (Fige.q15 ¢) show a behs

viour similar to that of the shocked gas system. Ba F, infrared
optics have been employed in these experiment together with a
gold-doped germanium ir detector.

The infrared emission yields a direct measurement of the
instantaneous vibrational erergy of a shocked gas in the case
of an optically thin molecular gas B:ratal_% Carbon monoxids
and CO, vibration relaxation times as well as '.:)u:)t and HF

dissociation rates 86,1107112 have been determined by obser

vations of infrared emission behind incident shock waves.
Water vapour absorption coefficients in the vicinity of 2.9
microns and H,0 Jecomposition rates have been measured in

113,11
incident and reflected shock waves at high temperatures. ks,

In addition, jonization rates have been measured from

the infrared emission of air around ¢ microns. ''5 Far-
-infrared radiation from a high-temperature air plasma was
shown '°3 to be predominantly that produced by free-free
transitions of electrons (bremsstrahlung), therefore, the

electron density behind the shock front might be determined
by using this technique.

6. EIECTRICAL CONDUCTIVITY MEASUREMENTS IN SHOCK WAVES

Measurements of the electrical conductivity in a partial-
ly ionized gas can yield information on electron concentrations

as well as on electron-atom collision frequencies:

where x 1s the electrical conductivity, n, and n,, respe-
ctively, electron and the other particles densities, and o

is the electron-particle collisional cross-section.

In addition to the well-known method of Lin 776 which is
based upon the dynamic interaction of the shock tube flow
and magnetic field, different probe techniques developed for
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me asurements in slightly ionized gases should be mentioned.
Coil impedance and Q-factor probes have been used to measure

the electric conductivity behind incident and reflected shock

waves in air argon and in argon seeded with alkali metals’177119.

The principles of the methods are based on a the reactance or
resistance change of a radiofrequency tuned cirquit in  the
presence of a plasma sample inside or around the probe coil.
A ministure conductivity probe which was calibrated in a shock

tube was employed 178 in plasma jet conductivity measurenents

in the range of 0,1-10 (ohm.cm) .

The simplest d.c. probe resistance measurements yield
reasonable values for the average gas conductivity between
probe and wall or for samples in a gap probe in the case of
gaseous detonation studies 23.1207122, whereas the Langmuir
probe technique when used in shock tube measurements 123 does
not yield a meaningful voltage=-current relation. Meanwhile, a
double probe method with a high frequency multistep pulse vol=-
tage has been effectively applied to conductivity me asurements
study
in a

in detonation waves. 124 Tn addition, some attempts to
electric conduction mechanisms between cold electrodes
high-velocity, shock ionized air plasma at temperatures above

£000% and electron densities of the order of 10" em™? 125,126

should be mentioned.

The conductivity data obtained by the d.c. gap probe and
122
3 cm microwave absorption in detonation waves inC,H +0,

are in close agreement and are seen to be slightly higher than
the calculated equilibrium values. Similar results were obtai~-

—'r'ﬂ-—-q-q

- 2?-

ned in our experiments where electron densities of 10'? cp™>

were detected in CzH=+ 0: at initial pressures (o 1 atm while

using an 3 mm wavelength microwave interferometer.

Conductivity and microwave absorption measurements in
shock tube flows with well-known equilibrium gas parameters may
be used to determine the value of the electron collisional
cross-sections at high temperatures for a variety of molecular
and atomic systems. This method is very suitable for electron
collision studies since purely thermal heating is employed as
a plasma source,; strong electric fields are absent; and elect-
ron densities are high enough to ensure equilibration by elect-
ron impacts in sufficiently short times. Effective electron-
~particle collisional cross-sections for the oxygen, nitrogen
and other species have been determined in the temperature range
between 3000° and 5000% by employing the microwave absorption
technique in shock tube experiments. 127 For example, 520

' iy

the nitrogen molecule varies from 0.3 to 3.10" '"cm® in  the

range between 2200° and 5000°K,

7+ PRESSURE MEASUREMENTS AND APPLICATIONS

Various methods of construction of pressure tranducers

have been developed for shock tube studies and the most succes-
sful types of piezoelectric gauges now provide pressure data in

comple x shock tube studies with microsecond time resolutions.

An accuracy of » = 5 per cent and detection sensitivities

up to a few volts per atm have been achieved. The use of an

acoustic absorbing rod with the acoustic impedance closely mat-

ched to the impedance of the sensing element was shown to be



the important detail of a device with microsecond time resolu-
tions. 6,128"134 RBarium titanate-zinc, quartz-duralumin and

lead metaniobate=tin pairs seem to be the most suitable combi=-

nations.

An advantage of this design is the small size of the
sensing elements, for example, piezoceramic discs 1 mm in diame-
ter may be easily utilized without serious losses in sensiti-
vity. We have found also that by placing the sensing element
directly on the front face of an absorbing rod we avoid the
stress wave dispersion arising due to coupling of longitudinal
and radial elastic waves produced in the system when a step
jncrease in pressure is applied. The rod assembly should be pot-
ted in beeswax or in silicon rubber 132 in order to provide

electrical and mechanical isolation. Direct contact of the sensing

element face with the shocked gas sample is very much recom=-

mended.

The role of pressure measurements is quite substantial
in complex shock tube experiments since is the most appropriate
dynamic characteristic to be me asured with high time resolu-
tions in complicated non-steady gas flows behind shock waves.
For example, pressure records obtained in electromagnetic
shock tubes 48 yielded important information on the onset of
mixing between discharge and thermalized plasmas behind a shock
front. Pressure measurements are particularly important in
single-pulse shock tubes and in expansion wave techniques deve-
loped to study nonequilibrium processes in a shocked gas sample

subjected to a negative temperature pulse. 135 137.14

‘29-

Cooling rates ranging from 10"' to 10‘ °%/sec might be
achieved in an ordinary single-pulse shock tube depending on
its length. Therefore, rate constants of relatively slow pro-
cesses, for example, of carbon monoxyde-atomic oxygen recombi-

nation ( kp~ 2:.10"> = 10'"* cn® mole™ ne_c"" ) have been deter-

mined using this technique. 138 C¥lindrical diaphragms at the
end of the shock tube have been used to get higher cooling ra-

tes in direct measurements of clorine-atom recombination ra=-
tes., 29 Quite steep megative temperature pulses have been

obtained using the reflected wave interaction at the contact
surface provided that the reflected wave will be an expansion

‘wave. 177 Pressure records were used in this case in order

to find an appropriate wave generation regime by removing se-

condary compression waves.

The highest cooling rates of (0.5-5)10° °K/sec have been
obtained in direct measurements of oxygen-atom recombination
rates using shock tube end expansion flows 140,741 ang a
special expansion wave technique 4 mentioned also in 137,
Pressure traces were taken together with laser-chronometer re-
gords to follow the course of a recombination process in a
cooled gas sample (Fig. 10). A summary of data on recombination
rate constants derived from direct shock tube measurements in
various systems is shown in Fig. 1. These data are of special
interest in high temperature dissociation kinetic studies since
the common method for determining the recombination rate con-
stant from the dissociation rate constant and the equilibrium
constant should be applied with caution in studes of fast pro-

cesses or of complicated reacting systems.



8. SHOCK TUEE STUDIES OF E XOTHERMAL SYSTEMS

Shock tube flow patterns associated with a positive ener-
gy release might also be investigated by combining pressure
me asurements with schlieren or interferometer observations.
Figure 17 shows typical pressure records and streak interfero-
grams taken of the doubleheaded detonation waves proceeding in-
to a 20 + 0, mixture. The pressure profiles and density
distribution fields closely correspond to each together clearly
indicating the secondary compression of the shocked gas in
transverse waves propagating behind a primary shock in a shock
tube of square cross-section. Note the nonsteady induction zones
which arose behind the curved primary shock wave; the trans -
verse wave structure; and the behaviour of the attenuating
compression "tail". The purpose of this experiment was to deter-
mine a sequence of three-dimensional wave processes occuring
in spinning-type detonations in a relatively slowly-reacting
system. Since single-spin and multiheaded detonation studies
have been summarized in numerous survey papers and monographs,
only one-dimensional shock tube flows with regular e xothe rmal
reaction zones should be considered here in order %o analyze re=
cent data on ignition kinetics in a set of complex reactive

systems. In addition to studies of oxy-hydrogen "42.743 and

oxy~me thane 144,145 gystems, shock tube ignition experiments
have been carried out recently in NH, - O, and H!O - H;
exothermal systems. Induction period data for oxy-ammonia sys-
tems are shown in Fig. 18 146,747 for the temperature range
from 1500° to 5000%K. A typical interferogram and a hydroxyl
uv emission record obtained simultapeously in a NHy - O,

- 37 -
mixture diluted with argon are shown in Fig. 19 with the same
time scale. The induction period and the narrow zone of heat
release are clearly apparent. It is also seen that over a lai'ga :
range of 1/T, the activation energy of a rate-controlling
reaction may be fixmd at 42 kcal/mole, although different
experimental techniques have been applied at low and high
temperatures. It is interesting to note that the reaction rate
essentially depends on N; and NH, concentrations (Fig.q3).

The ignition kinetic scheme was found to be significantly.
different in a nitrous oxide~hydrogen system. 148 1In the tempe-
rature range below 2500°K, the overall activation energy cor-
responds to 22 kcal/mole, while at temperatures higher than
2500°K the apparent activation enmergy is about go kcal/mole.
These data have been explained in terms of a chain branched
reaction mechanism in which the initiation process of the N.O
decomposition appears to be the rate-controlling stade at hig=-
her temperatures.

Infrared emission traces of N20 around 4.5 microns taken
together with OH ultraviolet emission records (Fig.pp) are
quite descriptive in illustrating the reaction course behind
incident shock waves. If a highly diluted mixture is taken,
energy deposition effects on pressure and density are negli-
gible, thus, a classical one-~dimensional reaction zone would
easily be obtained. Spectroscopic measurements of selective
absorption or emission appear to be more useful in these expe-

riments than schlieren, interferometer, and pressure measurements.



9, CONCLUSIONS

In order to summarize in a brief and descriptive form
the variety of procedures and available me asurement techniques
which have been developed recently in shock tube studies, typi-
cal methods are listed in Teble I together with recommendations
and ranges of appropriate applications. Some of the most impor-
tant experimental data on molecular and chemical kinetics obtal-
ned in shock tube studies are presented in Table II. These sy=-
stematics will not cover all the numerous basic results obtai-
ned in shock tube experiments and serve maily as illustrations
of various applications of specific diagnostic techniques 1in
nonequilibrium gasdynamics. Based on the work of the last few
years, we can expect that further developments of shock tube
operations and techniques of experimental measurements will
lead to rapid progress in shock wave physics and chemistry.
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Fig- 10

Fig.11

Fig.12

Fig-13

Pige.1y

F13¢15

Streak interferograms of expanding detonations in
csz+ 02. P1 = 0,08 atm: a) zero-fringe regime,
b) ordinary multifringe regime.

Pressure (upper trace) and density (lower trace) records
of the behavior of the expanding gas sample in oxygen
atom recombination experiments. A scheme for producing
partial reflection of the shock tube flow is also pre-
sented.

Schemes of the three-mirror laser-interferometers :
(1) beam pem. detector, (2) red light filter,

(3) helium-neon laser tube, (4) infrared filter,
(5) shock tube, (g) infrared beam detector.

Neutral beam diagnostic technique: (1) ion source,

(2) electrode, (3) charge transfer neutralization
chamber, (4.,6) electrostatic cleaning plates, (r5) gas
sample, (7) "stripping-chamber", (3 o) masspectrometer-
-type beams separation device, (1C) ion detection
system.

Oscillogram showing absorption of hydrogen and helium
atomic beams in a discharge in hydrogen, p1 = 3.10"1:0:':',
U=3 kv, I =g ka; time marks » psec apart.

Photo~absorption cross-sections of molecular gases in
the uv region: a) temperature dependence: (1) oxyren,
A = 2245 Rt (2) carbon dioxide, A = 2380 R, (z)oxy-
gen, A = 1470 R: v spectral distribution of absorp-
tion coefficients: (1) oxygen, atmospheric conditions,
(2) nitrogen, T = 10000°K.

Infrared emission and absorption measurements, A = 4 ¢ u3
a) emission 0.1 NO + 0.9 Ar, T = 1150°K b) emis-
sion, 0.1 HzO + 0.9 Ar, T, = 17950%, c) absorption,
pure N0, T, = 1100%K-

-of data for recombination rate constants in
3 atomic gas systems: (1 H +H +H, (2) H +H + H 2
+ 0 + 0 o (4) CO + 0 + Ar.

1

rrerograms and pressure profiles of shock
tions in 2C0 + O, at p1 =0.08 atm.

:l.'t data on ignition delays in zm 0 systems:
'f-: _I,- irements in reflected waves 1“5 (a) our measu-
‘hnidont waves in a atnichimtric mixture di-
. argon, (3) mixture 9!IH,+ 0 i 4% mixture

4 ._,i'" 0N, .

1
onia ignition in a shock wave: (1) interferogram,
ssure, and (3) OH = emission profiles;

'"03,_)* 0.9 Ar, p1 =0.05 atm.

: reaction zone behind a shock wave in

@* ) +0.97 Ar ¢ (1) interferogram, (2) OH
350'?5 R, (3,5) pressure records, and
ﬂnission at 4.51, 'I‘- = 1870°K, P1:0.05atm.

tube de-
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