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INTRODUCTION

THE use of shock-wave methods in laboratory in-
vestigations of the physical and physico-chemical
properties of various gases at high temperatures
is constantly increasing., High gas temperatures
and pressures can be produced by such means and
the gasdynamical scheme of the process involved
is fairly simple. The effects of physico-chemical
transformations of the medium can thus be taken
into account, furnishing interesting information con-
cerning nonequilibrium thermodynamic processes
induced by the heating of a gas in a shock wave.

Shock waves can be used to study not only the
thermodynamic equilibrium states of a gas but
also the course of the establishment of equilibrium,
i.e., to investigate the kinetics of such non-equilib-
rium processes as dissociation, high-temperature
oxidation, relaxation processes of energy exchange
between internal degrees of freedom of molecules
and between electrons and positive ions.

For the purpose of obtaining the most exact in-
formation concerning gaseous states during short
time intervals (107® — 107 sec) new pulse tech-
niques are being developed for measuring tempera-
ture, density, pressure, degree of ionization, emis-
sivity, absorptivity, electrical conductivity and
other gas parameters by modern physical measur-
ing methods.

In the present article we shall consider only a
few of the numerous investigations of shock waves
in gases, limiting ourselves to the establishment
of thermodynamic equilibrium behind shock fronts
in various gases and touching on some of the most
interesting methodological work.

For the properties of strong shock waves and
the internal structure of shock fronts with emis-
sion and radiative heat exchange taken into account
we refer the reader to the extensive review by
Zel’dovich and Raizer,! who have written many
original papers on strong shock waves.

1. SELECTION OF A METHOD OF PRODUCING
AND UTILIZING SHOCK WAVES

The variation of the gas parameters behind a
shock front depends on the gas dynamics of the
process involved, i.e., the type and form of shock
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wave (one-dimensional density jump, detonation
wave, shock wave generated by a rapidly moving
body etc.) as well as on its strength and the phys-
ico-chemical properties of the medium in which
the wave is propagating. Unambiguous recording
of the physico-chemical transformations requires
exact determination of the process in the absence
of such transformations. We shall therefore not
analyze various methods involving techniques for
focusing shock waves as well as such two-dimen-
sional cases as the shock wave at the nose of a
projectile, and shall confine ourselves to methods
that produce a sufficiently extended and homogen-
eous region of gas with known parameters behind
the shock front. Most suitable for this purpose
are shock tubes and plates driven by the detona-
tion of explosives.

Upon rupture of a diaphragm separating two
gases at different pressures in a long duct of con-
stant cross section, a shock wave propagates at
constant velocity in the direction of the lower-
pressure gas.? The strength of this shock wave
depends principally on the initial pressure differ-
ence at the diaphragm and on the ratio of the sound
velocities in the two gases; for the production of
a high temperature behind the shock wave the ve-
locity of sound must be great in the higher-pres-
sure gas and small in the investigated lower-pres-
sure gas.

The schlieren photograph frames in Fig. 1 show
the propagation of a shock wave in an inert gas
within a shock tube of square cross section at
about two meters from the location of the ruptured

FIG. 1. Shock wave
propagation in carbon
dioxide. M ~ 6. 40,000

frames per second.
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FiIG. 2. Moving-film photograph of shock wave motion and oscillogram of pressure behind shock front. 10 usec time markings.

diaphragm.® A homogeneous gas region heated by
the shock wave is behind the plane shock front.

The extent of this region is determined mainly by
the strength of the shock and the distance traversed
by the wave starting from the diaphragm. The rear
boundary of this hot gas region is the contact sur-
face separating the heated gas from the cold gas
flowing out of the high-pressure section. The
homogeneity of the gas flow behind the shock wave
can be judged, for example, from the moving-film
photograph in Fig. 1 and from the oscillogram of
pressure behind the shock front recorded by a
piezoelectric pulse gauge! (Fig. 2). The velocity
of the shock wave is determined from the slope

of the first disturbance; the lines of smallest
slope, which are the traces of optical inhomoge-
neities that do not move with respect to gas par-
ticles, and the trace of the contact surface also
provide an independent determination of the gas
flow velocity behind the shock wave.

The practical upper limit of temperature be-
hind a shock front which can be produced in a
shock tube may be about 20,000°K.

The shock-tube method suffers from a number
of shortcomings and limitations resulting mainly
from the presence of walls. The gas layer form-
ing at the wall behind the shock wave disturbs the
one-dimensional flow pattern. The influence of
the boundary layer is shown especially clearly in
the propagation of a shock wave reflected from a
flat wall and moving against the flow produced by
the incident wave.® The resulting complex picture,
which is shown in Fig. 3 for a shock wave in argon,
essentially limits the use of reflected shock waves,
which can otherwise be useful because of the fact
that the gas behind the reflected wave is at rest
with respect to the tube wall." The study of lumi-
nosity and the degree of ionization behind a shock

wave is influenced by this wall effect through the
generation of easily excited impurities that strongly
influence the course of the process and the accu-
racy of measurement.

The use of explosive charges is less conven-
ient than the shock-tube method from the point of
view of accessibility and recording techniques.?
However, the former removes the wall-effect
limitation and can produce shock waves with veloc-
ities higher than 8 km/sec in gases initially at at-
mospheric pressure. The strength of the shock
wave is determined by using metal plates of differ-
ent thicknesses between the surface of the explo-
sive charge and the gas. Both the velocity U of
the shock wave generated in the gas and the veloc
ity u of the flow behind it, which is determined
from the velocity of the metal plate, are constant
over a considerable portion of the wave path. In-
dependent measurements of these quantities make
it possible to determine the pressure and density
ratios for the shock wave from the following sim-
ple relations:

FIG. 3. Schlieren photograph of
shock wave reflection in argon from
the end of a closed tube.




SHOCK WAVE STUDIES OF THE PHYSICAL PROPERTIES OF GASES

¥
z000

549

/

wes

FIG. 4. Temperature behind a plane shock

front in air at different initial pressures (in at-
mospheres) as a function of shock-wave velocity.
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2. THERMODYNAMIC PROPERTIES OF AIR AND
OTHER GASES AT HIGH TEMPERATURES

The thermodynamic equilibrium parameters of
a gas behind a shock wave in air and other gases
can be calculated using experimentally determined
constants. Rozhdestvenskii® has performed detailed
machine calculation for air up to T =12,000°K be-
hind a shock wave. Figure 4 shows the shock-ve-
locity dependence of the air temperature behind
the shock for different initial pressures ahead of
the shock.

Air under the given conditions is a mixture of
chemically reacting components (O, and N, dis-
sociate and NO is generated). The calculations
therefore require exact information concerning
the equilibrium constants of the reactions as well
as the dissociation energies. Interpretation of the
nitrogen spectrum leads to two different values
for the dissociation energy of the N, molecule:
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7.38 and 9.76 ev. Many experiments have been
performed to determine which value is correct;
measurements of detonation velocities in mixtures
with C,N, have been in agreement with the value
9.76 ev.1? The same results have been obtained by
Semenov!! from experiments with flow around
models in a shock tube through independent record-
ing of the shock wave velocity and angle of inclina-
tion of the associated compression discontinuity at
the nose of the model.

The data given in reference 12 also favor the
larger value of the dissociation energy, although
the experimental procedure unfortunately involves
the reflection of a shock wave from a solid wall.

The most convincing answer to the question of
the correct nitrogen dissociation energy has been
given in references 13 and 14. Here the above de-
scribed high-explosive method was used to plot
shock adiabats of air and other gases, which are
shown in Fig. 5; in 1 and 3 the experimental points
agree with a calculation using 9.76ev. The good
agreement of the experimental data with calcula-
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FIG. 5. Shock adiabats obtained with explosives: 1) for nitrogen ¢he lower curve corresponds to the dissociation energy
9.76 ev); 2) for argon; 3) for air (the continuous curve represents a calculation for an ideal gas; the dashed curve represents

a calculation with 9.76 ev nitrogen-dissociation energy).
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tions assuming thermodynamic equilibrium behind
the shock indicate that equilibrium is reached
quite rapidly. Thus for nitrogen at T = 9,000°K
equilibrium is reached in less than 10 " sec.B3

3. SHOCK WAVE PROPAGATION IN A RELAXING
GAS

Kantrowitz!®:1® showed experimentally that with
the rapid changes of the state of matter it is neces-
sary to take into account in gas dynamics the lag in
the excitation of molecular rotational and vibra-
tional degrees of freedom. Zel’dovich!’ and
D’yakov!® performed corresponding theoretical cal-
culations for two-dimensional shock waves.

The possible lag of the energy distribution be-
tween molecular degrees of freedom would result
in an irreversible energy exchange accompanied
by higher entropy and a corresponding change of
the gas parameters. Kantrowitz recorded these
changes using a total-head (Pitot) tube of small
diameter (about 0.1 mm) placed in a steady sub-
sonic gas stream. The gas stopping time, which
was determined by means of the flow velocity and
tube diameter, amounted to tenths of a microsec-
ond in the case of COy. The lag was observed
through the change in the difference between the
stagnation pressure and the static pressure in the
reservoir from which the gas flowed. Using the
relation

AS(t)=RlInLe_,
Pstag

where AS(7) depends on the specific heats of the
different gas-molecular degrees of freedom, the
outflow temperature, the tube diameter and the
flow velocity, the relaxation time 7 can be deter-
mined even when it is comparable with the stopping
time. The relaxation time obtained in this man-
ner!? is in good agreement with supersonic data;
under normal conditions for the vibrational modes
of CO, a value of 3 to 6 microseconds is found,
depending on moisture content; 1 or 2 X 1078 sec
is obtained for the rotational modes of Hj.

Nonequilibrium relaxation zones behind shocks
in such gases as CO, and Cl, were observed by
many investigators,2~2 who usually photographed
the density distribution behind shocks by means of
an interferometer, although it was difficult to reg-
ister zones narrower than 1 mm with this technique.

Narrow zones are observed more conveniently
by means of photometry using intense light pulses
passing through a Toepler optical system.? Fig-
ure 6 shows a sketch of this technique and a typi-
cal curve representing the density variation behind
a shock.
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A slit of width w, parallel to the passing
shock front, is located in a tube of rectangular
cross section. The intensity of the light passing
through the schlieren system with slit width w as
a function of the density change in the volume of
gas bounded by the slit is given by

w
To=K (200 =K [p @, 1) =0 (0, 1)
1]

Thus if the slit is wider than the nonequilibrium
zone, the light intensity recorded when the shock
wave enters and leaves the field of view bounded
by the slit will directly indicate the density distri-
bution behind the shock. If the slit is narrower
than the zone, the signal will correspond to the
density gradient behind the shock. The sensitivity
of this method is about 0.4% of the initial density;
the time resolution is limited principally by the
requirement of exact adjustment of the optical
apparatus and may amount to tenths of a micro-
second. The same technique cannot be used with
strong waves because of the intrinsic luminosity
of the gas behind the shock.

In experiments to determine the relaxation
time of CO a time record was obtained of the
infrared emission from the gas behind the shock.?
In these experiments the rise time of the recording
unit was of the order of 30 usec, which effectively
limited the possibility of recording small values of
the relaxation time. At an initial pressure of 0.24
atmos the relaxation time of CO was 77 u sec, cor-
responding to about 19 usec at normal pressure.

For investigating the nonequilibrium zone of
the chemical reaction in which a new product is
formed, extensive use is being made of optical
methods that provide a time record of the absorp-
tivity variation in the gas mixture behind the shock;
in a certain portion of the spectrum this depends
on the concentration of the new product. We shall
now discuss some characteristics of the chemical
reactions that occur behind the shock front.
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4. INVESTIGATION OF CHEMICAL REACTIONS
IN THE GAS BEHIND A SHOCK FRONT

The temperature, pressure, and other param-
eters of the gas behind a shock front can be deter-
mined by means of the gasdynamical equations
when the shock velocity is known or can be meas-
ured directly. Therefore the extremely rapid
adiabatic heating of the gas to a known homoge-
neous state at a high temperature can be used to
investigate the incipience and development of chem-
ical reactions in the given pressure and tempera-
ture intervals and during time intervals that are
so short that the usual chemical kinetic methods
cannot be utilized. Of practical interest, for ex-
ample, are studies of the kinetics of dissociation
and formation of NO behind a shock passing
through air at a velocity above 2km/sec, the dis-
sociation of water vapor and carbon dioxide etc.

The kinetics of chemical reactions in gases are
investigated most conveniently by means of shock
tubes. Exothermic chemical reactions are studied
in order to determine the features of detonation
combustion resulting from the different character
of the reaction behind a shock front; the kinetics
of dissociation, NO production etc. are studied
under different conditions.

4.1 Exothermic Chemical Reactions

The propagation of shock waves which are
strong enough to initiate an exothermic reaction
in a gas mixture results in a self-maintaining ex-
plosion — a detonation wave — in the majority of
combustible mixtures. The adiabatic heating and
combustion at the detonation wave front usually
occurs in a very narrow reaction zone a fraction
of a millimeter thick adjacent to the front.?® How-
ever in the case of a highly diluted mixture at low
initial pressure or generally in a gas with a low
chemical reaction rate (such as a mixture of car-
bon monoxide and oxygen) the ignition region of
the gas does not occupy the entire area of the shock
front, being localized near the tube wall and follow-
ing a spiral path during the progressive motion of
the detonation wave as a whole (spinning detona-
tion).

The suggestion by Shchelkin?’ and by Zel’dovich?8
that this effect results from a “break” (change of
direction) in the shock front has not been fully con-
firmed by experiments in which the structure of
the spinning detonation front was studied.??»* The
experiments of Voltsekhovskif have. indicated that
the combustion of the mixture in a spinning detona-
tion occurs in a transverse detonation wave follow-
ing the main shock front.
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FIG. 7. Gas luminosity at a spinning detonation front
(photographed at an angle of 45° to the tube axis, the wave
velocity being compensated by the film movement).

The photograph in Fig. 7 (obtained by VoYtse-
khovskii®!) represents a series of successive
sweeps of the luminosity at the inner surface of a
cylindrical tube. Figure 8 gives the configuration
of the disturbances at a spinning detonation front.
For the transverse wave AB, seen as a bright
luminous region in the photograph, the velocity
along a circular arc is close to the forward veloc-
ity of the detonation wave as a whole. Therefore,
in the coordinate system moving with the trans-
verse wave, fresh gas will flow through the front
of the main detonation wave AE at an angle of 45°.

FIG. 8

The combustion products expand behind the
transverse wave; this region is shaded in Fig. 8.
Fresh gas at the left of the transverse wave flows
around the combustion products producing a flow
pattern similar to that of supercritical supersonic
flow in a corner region (the disconnected com-
pression jump OC).

The perturbation BD, which is inclined at an
angle of 12 — 15° to the tube generatrix, is a con-
tinuation of the transverse waves and in the form
of a luminous line extends for a distance of many
tube diameters into the burnt gas region while ro-
tating in phase with the transverse wave. As is
shown by the schlieren snapshots of the spinning
detonation front in Figs. 9 and 10,30 spinning deto-
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FIG. 9. Schlieren
photographs of spin-
ning detonation in a
H, + O, mixture, taken
at 40,000 frames per
second.

FIG. 10. Schlieren snapshot of the gas behind a spinning
detonation front in a H, + O, mixture. The wave front is at the
extreme left.

nation is accompanied by strong pressure and den-
sity oscillations at a certain frequency in the burnt
gas. This means that behind the detonation front
running acoustic waves are formed whose circum-
ferential crests are shown by calculations® to ro-
tate with a velocity close to that of the detonation,
thus producing the extended disturbance trail in-
clined at a small angle to the tube directrix, which
was described above. The velocity of this disturb-
ance along the circumference is thus almost twice
the velocity of sound in the burnt gas.

The oscillations of the gas are closely asso-
ciated with the characteristic slow chemical reac-
tion rate in spinning detonation. The extended
reaction zones behind the shock front are unstable
and are a cause of the self-oscillating combustion.

The development of ignition in a mixture adia-
batically heated by a shock wave has been studied
by several authors.?373 The lag of ignition in-
duced by a shock wave formed at the nose of a
projectile was measured and the characteristic
oscillatory combustion was observed.3

Combustion in a mixture compressed by a
shock wave was observed in detail in reference 36.
A mixture of hydrogen and oxygen was heated
twice — in the incident shock wave and in the wave
reflected from the closed tube end. The tempera-
ture behind the reflected wave equaled or some-
what exceeded the self-ignition temperature of the
mixture, and the heated mixture was at rest with
respect to the vessel walls. Schlieren photographs
of this process are shown in Fig. 11.

During a certain induction period, which was a
function of the mixture pressure and temperature,
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FIG. 11. Successive phases
in the ignition of a H, + O, mix-
ture behind a shock wave re-
flected from a wall, photographed
at 35,000 frames per second.

at several points ignition centers appeared, in
which combustion was localized. After this sys-
tem of centers coalesced, shock discontinuities
were formed and detonation ensued.

Under the given experimental conditions the
induction period may amount to hundreds of micro-
seconds. At the temperatures and pressures be-
hind the shock front of a detonation wave the induc-
tion period may be very much shorter, but even in
this case it is of the order of microseconds for
many mixtures and must be taken into account in
considering the extent of the chemical reaction
zone in a detonation wave,

4.2 Investigation of Chemical Reaction Kinetics by
Means of Shock Waves

Our knowledge of the kinetics of very fast chem-
ical reactions has been greatly extended by studies
employing shock waves. As in the case of earlier
methods, experimental techniques were improved
in two principal directions: a) by high-speed rec-
ords of variations in the composition and thermo-
dynamic parameters of mixtures during reactions
and b) by halting a reaction after a fixed time in-
terval (the method of “freezing”) followed by
chemical analysis of the reaction products.

The first part of this classification includes the
experiments of Davidson and his coworkers,37»38
who studied dissociation kinetics behind shock
waves in such gases as NyOy and I,. The time
variation of gas composition behind the wave was
determined by recording the absorptivity of the
separate components in certain portions of their
absorption spectra.

The high reaction velocity, the low emissivity
and absorptivity of the gas and the luminosity of
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easily excited impurities are all factors which
lead to the requirement of high resolving power

of the optical and electronic equipment for observ-
ing the reaction zone in a stream of gas behind a
shock wave,

In some instances the course of a reaction is
observed by optical means in a gas which is at
rest with respect to the vessel walls; this occurs
when a shock wave is reflected from a closed tube
end. For example, in reference 39 this procedure
was used to study thermal dissociation of water
vapor from 2400 to 3200°K, and considerable new
information was obtained concerning the kinetics
of the reaction. The spectroscopic study of the
mixture involved photometric examination of the
time variation of hydroxyl radical absorptivity at
3064 A.

Great interest attaches to the kinetics of the
combining of oxygen and nitrogen, which occurs at
2000 — 3000°K. The basic characteristics of the
mechanism and rate of this reaction have been
thoroughly studied in a monograph,’ where the
chain character of the reaction was shown on the
basis of detonations in various combustible mix-
tures containing nitrogen as an impurity. In dis-
tinction from the bimolecular mechanism for a
chain reaction the reaction rate constant must de-
pend on the oxygen concentration through the rela-
tionship

C
by = _)/—62 ,
where instantaneous concentration is denoted. This
formula was derived experimentally by the authors
although their technique had a resolving power of
only 107 % sec.

Glick et al.!! report experiments to determine
the reaction rate of nitrogen and oxygen in a shock
tube. The mixture was compressed and heated to
the required temperature in both the incident and
the reflected shock waves. After rapid heating the
gas was in the condition required for the reaction,
which proceeded for a few tenths of a millisecond,
after which it was suddenly cooled by the rare-
fraction wave, the reacting mixture thus being
“frozen.” The amount of nitric oxide produced
was determined by chemical analysis. The ex-
periment thus determined the time interval At
from the beginning of the reaction until it was
stopped, the instantaneous concentration of nitric
oxide after this time and the pressure and tem-
perature of the mixture during the reaction.

The reaction rate is represented by

(NO . -
S =k Ny o0y — kNO?

where k; and k, are the reaction rate constants
of the forward and reverse reactions, with

ky (NOJ2

ko INI{00]

where the square brackets denote equilibrium con-
centrations of the reactants. Under the given ex-
perimental conditions the ratio NO/[NO] is always
less than 0.3, which by means of the foregoing re-
lations gives an approximate expression for kj:

N0 o k, ([NOJ2 — NO?%
or
. ANO
27 [NOpPaAL”

Figure 12 shows the experimental reaction rate
constants to be inversely proportional to the square
root of the oxygen concentration. This confirms
the chain mechanism proposed by Semenov?®’ for
the given reaction.
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It should be noted that this “freezing” technique
for studying chemical reaction kinetics possesses
certain important practical advantages over the
direct optical recording of the course of a reaction.
The latter technique requires highly sensitive op-
tical equipment to record a reaction of very short
duration in an extended reaction zone.

5. SPECTROSCOPIC INVESTIGATIONS OF THE
STATE OF THE GAS BEHIND A SHOCK WAVE

Spectroscopic techniques are very important for
studying the state of a high-temperature gas behind
a shock wave. Gas spectra excited by shock waves
and sweeps of individual spectral regions were
studied in references 42 and 43.

To determine the gas temperature behind a
shock front, Sobolev and his coworkers*! developed
a number of spectral techniques. Study of the rela-
tive intensities of pairs of lines from impurities in
the gas?® yielded less reliable results than a gener-
alized method of line reversal*® because of the
great dependence on shock-tube wall effects and
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the influence of impurities on the state of the in-
vestigated gas.

The line-reversal technique determines inde-
pendently the intensity Ix of a gas emission line
and the difference between the emission intensity
of this line when the gas is transilluminated by a
comparison source and the emission intensity of
the comparison source itself (Ix,s — Ig). The
gas temperature is calculated by means of the
formula

T, ="T; [1+5—g—51n<1_£&.§;_18>"‘] .

Figure 13 represents temperature measure-
ments behind a shock in nitrogen and air using the
generalized method of spectral line reversal in a
shock tube with pulse photometry. The solid curve
represents the calculation based on thermodynamic
equilibrium with 9.76 ev for the dissociation energy
of nitrogen. The data indicate that thermodynamic
equilibrium is established rapidly in air over a
broad range of shock wave velocities and confirm
the given choice of nitrogen dissociation energy.

5500
T% /
/ FI1G. 13. Temperature

4500 behind a shock, measured
optically (Sobolev et al.):
1) P, = 2 mm Hg, air;

2500 2) P, = 10 mm Hg, air;
3) P, = 50 mm Hg, air
(combustion at the con-

2500 tact surface); 4) P, = 10
mm Hg, nitrogen; 5) P, =
50 mm Hg, nitrogen.
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The spectroscopic study of gases in shock tubes
encountered difficulty because of the presence of
walls. Behind a shock with M ~ 7 the luminosity
of impurities in an entire tube cross section var-
ies with time as shown in Fig. 14. The luminous
pulse consists of two signals, the first of which re-
sults from the existence of impurities throughout
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the entire gas volume, while the second increases
with the growth of the wall layer and is concen-
trated in a layer 5 to 7 mm thick at the walls. The
wall effect can be eliminated by the use of explo-
sive-induced shock waves, as in the work done by
Model’. 4

A continuous spectrum is emitted as the result
of thermal ionization behind the shocks and the pro-
duction of free electrons. With a considerable de-
gree of ionization the lines are shifted and widened
by the electric fields of positive ions (the Stark ef-
fect). Both phenomena can be used to determine
the degree of ionization behind a shock.?
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FIG. 15. Infrared ° °
spectrum of air at a /4
high temperature be- Ny(7+)
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A shock-tube study of the continuous infrared
spectrum of air yielded the data given in Fig. 15,48
The long-wave emission above two microns cannot
be accounted for by the molecular spectrum of ni-
trogen (the first solid curve in Fig. 15). Calcula-
tions show that this emission results from the col-
lisions of free electrons with nitrogen and oxygen
atoms; the potential of this interaction was deter-
mined in reference 49. The second solid curve in
Fig. 15 was plotted with this potential taken into
account, corresponding to an elastic scattering
cross section of 107%cm? for oxygen atoms.

6. THERMODYNAMIC EQUILIBRIUM IN GAS IONI-
ZATION BEHIND A SHOCK WAVE

The measurement of the electrical conductivity
of thermally ionized air behind a shock®® has shown
that for shock waves with M ~ 15 thermodynamic
equilibrium is attained very rapidly. The experi-
mental technique is shown schematically in Fig. 16.
The tube in which the shock wave propagates is

FIG. 16. Schemat- ~_ ~
ic diagram of experi- {; — = {
‘/

ment to measure the
electrical conductiv-
ity of a gas behind a
shock.
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surrounded by a current-bearing coil. The vary-
ing magnetic field in the conducting gas induces an
emf in a second coil placed next to the first coil;
the electrical conductivity of the gas is thereby de-
termined. This apparatus was calibrated by pro-
pelling metal bars differing in conduction through
the tube.

In investigations of argon and other inert gases
for M =10 to 18, which corresponds to degrees of
ionization up to 25%, it has been observed that a
fairly considerable time is required for the estab-
lishment of thermodynamic equilibrium (tens of
microseconds).’»®? This was studied in detail by
the authors of reference 51, who determined ex-
perimentally the distribution of the electrostatic
potential, induced by electron diffusion, in the gas
behind the shock front, and also measured the lag
of the continuous gas spectrum excited only by
electron-ion recombination at some distance from
the shock front.

Of the most probable ionization mechanisms
— such as electron-atom collisions or collisions
between atoms and photoionization — the electron-
collision mechanism is the most efficient. How-
ever, at the initial instant of time, when the elec-
tron density is zero, the initial degree of ioniza-
tion must be produced by another mechanism. The
electron-collision mechanism begins to function
after this preliminary phase is concluded. The
electrons suffer large energy losses since the
ionization potential of argon is 15.7 ev and kT
for an electron is about 1 ev. The energy of the
electron gas is replenished through elastic colli-
sions of “cold” electrons with atoms and ions.

Because of the large difference between the
masses of atoms and electrons the energy ex-
change is a slow process and determines the time
required to establish thermodynamic equilibrium
in the gas. Figure 17 shows the ionization lag of
argon, observed in reference 51, as a function of
the temperature behind a shock and of M. The
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o FIG. 17. Ionization
5L lag behind a shock
front in argon: 1) dif-
Zt fusion potential; 2)
10— - luminosity lag.
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solid line represents the theoretical calculation
of the authors.
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