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FEATURES OF IONIZATION AND EMISSION BEHIND STRONG SHOCK WAVES IN AIR

V. A. Gorelov and L. A. Kil'dyushova UDC 533.6.001.72

In 1960-1970 numerous experiments were carried out for studying emission processes in
air (see, e.g., [1]) on the basis of shock tubes. Studies embraced a wide spectral range
(X = 200-6000 nm), and equilibrium values of temperature 2000-14,000 K with gas pressure
Po > 13 Pa. On the basis of experiments the role of different emission processes was estab-
lished and values of parameters required for quantum mechanics calculations for emission
were specified. Results of detailed calculations of emission equilibrium for air are pre-
sented in tables in [1, 21.

By comparing calculated values for spectral intensity of emission for air from these
experimental works it is possible to drawthe following conclusions. The main mass of experi-
mental results obtained in shock tubes relate to values T < 10* Kandp 2 1072 p, (p, is
density under normal conditions, p is gas density). There is good conformity between results
of experiments and calculations. A more complex situation is observed in analyzing data
found at higher temperatures and low values of p. A considerable proportion of experiments
with T > 10* K were carried out in shock tubes with observation of emission in the region behind
the reflected shock wave (SW) with relatively high gas density and pressure. With low pres-
sures and T > 10* K the study of emission capacity was carried in a few works (e.g., [3, 41).
In them experimental conditions were not analyzed for explaining the presence behind the shock
wave of local thermodynamic equilibrium (LTE). It was assumed that in the region behind the
SW, corresponding to the output of the recorded signal of the emission receiver at a quasi-
steady level, LTE exists. Values of spectral emission intensity obtained under these condi-
tions (A = 500, 6100 nm) with vg > 11 km/sec are markedly below the corresponding calculated
values (if the calculation is carried out using [1, 2]).
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In [5] attention is drawn to the fact that under shock tube conditions operating in a
high velocity mode (vg > 9 km/sec) and low initial air pressures (p, < 132 Pa), when themain
ionizing process becomes electron shock in a quasisteady sample of heated gas, behind the SW
there may not be observation of LTE as a result of lighting up of emission in lines and de-
pletion of the population density of excited atom levels. Absence of LTE develops in a re-
duced value of electron concentration ng in the gas sample behind the SW [5, 6]. The effect
of a reduction in ng compared with the equilibrium level with vg > 9 km/sec and p, = 13 Pa
was apparently first observed in [7]. Reduction in the degree of ionization in the case of
disturbing the LTE condition should in a marked way affect gas parameters in the gas sample
since with vg > 9 km/sec ionization of air behind the SW becomes a power-consuming process.
Under these conditions it is possible to expect marked deviation of gas emission character-
istics in the shock layer from equilibrium values. In [5] it was found that with vg = 12
km/sec and p, = 26 Pa emission in the oxygen line (X = 773.3 nm) is less by more than a fac-
tor of forty than the corresponding equilibrium value. However, there areno data for sys-
tematic study of the emission characteristics of air under the conditions given above, and
this served as a basis for the present work where, apart from the results of measuring the
emission characteristics, results are given from experiments for measuring ion concentration,
electron temperature, and the excitation temperature for oxygen atoms.

1. Experiments for studying gas parameters behind a strong SW were carried out in an
electrical discharge shock tube [8], and in them a study was made of SW propagating in a
channel with length & = 4-5 m with different internal diameter (d = 35, 57, 110 mm). The
main part of the channel was a glass tube (wall thickness 5~10 mm) which ended in a steel
chamber with a viewing port and an ionization sensor for determining incident SW velocity
Vs. The accuracy of determining vg by a system with a digital counter was ~2%. The whole
channel of the tube was cleaned after three starts, and before each start the glass in the
viewing port was changed. Before the start the channel was evacuated and filled with pure
air to p, = 66-6.6 Pa. The main part of the experiments was carried with p, = 26 Pa. In
control starts air was continuously pumped with the prescribed pressure.

In spectral studies use was made of a four-channel diffraction spectrometer DFS5-33.
With A < 600 nm measurements were carried out in the second order spectrum (linear dispersion
~1.3 nm/mm) using an FEU-18 photomultiplier, and with A > 600 nm they were carried out in a
first order spectrum with an FEU-22. Signals from the photomultiplier through a preliminary
amplifier entered an S8-2 oscillograph. Units with photomultipliers in the prescribed sec-
tion of the spectrum were monitored for spectra of Hg, He, H, with A < 600 nm, and for neon
lines in the infrared region. The error in setting up the inlet slit of the photomultiplier
unit in the continuous spectrum region for air did not exceed *1 nm. Tuning accuracy for
test lines 01 in the infrared region was carried out from the spectrum for air from a spark
discharge between copper electrodes. Discharge was initiated by a spark generator IG-3.

In order to reduce systematic errors in measuring emission intensity use was made of two
types of optical illumination systems for the inlet slit. The two-lens system exhibited con-
siderable luminosity, and the single-lens system guaranteed absence of vignetting. Glass
light filters were used in order to separate series with simultaneous recording in the visible
and infrared regions of the spectrum.

Energy calibration for the recording channels was carried out by a tungsten lamp SI-6-
100, and metrological calibration of the lamp was carried out in a constant current supply
mode from a stabilized source MTKS-35 at a wavelength A = 650 nm. Calibration data for the
spectrum was converted on the basis of results in [9].

Concentration of ions in the sample behind the SW was determined by means of expendable
eylindrical electrostatic probes with a probe radius rj = 80 um (Knudsen number Kn = 1 with
pPo = 26 Pa), and probe voltage V = —10 V. Prior studies for probe functioning under experi-
mental conditions were carried out as in [10]. With vg > 9 km/sec probe measurements were

monitored by measuring ng according to the Stark broadening of the Hg line [6].

Electron temperature Ty was determined by means of a variant of the "floating" triple
probe [11]. Three cylindrical probe electrodes P;, P,, and P; with diameter 80 um and length
of the working section 2 mm were placed at distance of 2.5 mm from each other. Apart from
cylindrical electrodes in some of the experiments use was made of flat electrodes 2 x 7 mm
in size (thickness ~ 0.1 mm). All of the probes were of one-time use, and before the start
they were cleaned with a glow discharge. A voltage of ~5 V was supplied to electrodes P,-P,
from an insulated source, and the difference in potential V, , between electrodes P, — P2
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was recorded by a differential system with a high input. In a simplified variant {11] the

relationship between V; , and Tg has the form V, , = (kTg/2) In2. Analysis of the results

given below for determining Ty by this method showed that with vg = 6.5-9.5 km/sec the mea-
sured quasisteady values of Ty in the gas sample behind the SW agree with the corresponding
calculated equilibrium values.

2. Results of measuring ng behind the SW with p, = 6.6-26 Pa are given in Fig. 1. Along
the axis is set the ratio of measured values of n, to the corresponding equilibrium values
[12]1: n = ne/nep (points 1-3 relate to p, = 26; 13; 6.6 Pa and d = 57; 102; 102 mm). Arrows
I and IT around the abscissa axis show values of vgy 77 with which in the equilibrium cal-
culation [12] concentrations of NO* and N* are compared. With vg > VgI,II the main ioniza-
tion mechanism becomes electron shock. A marked difference can be seen in measured values of
ne in the sample behind the SW from the corresponding ngp.

Given in Fig. 2 is the type of signal oscillogram with a triple probe during recording
of Tg (py = 13 Pa, vg = 9.7 km/sec). The value of the signal is proportional to Ty. Its
characteristic features are noted. Ahead of the SW front a smooth increase in Ty is observed
in the zone of preceding ionization. Directly behind the front in all of the test vg range
there is a clear signal peak which points to the presence of a zone of high value of Tg in
the relaxation region of the shock front. With vg > 8 km/sec after the initial peak Tg
emerges into a quasisteady level within the shock-heated gas sample. With vg < 7.5 km/sec
after the peak the T, signal falls to a certain minimum value followed by an increase in it
to the corresponding quasisteady level,

Presented in Fig. 3 are To = f(vg) dependences for the quasisteady region (points 1 and
2) and the maximum Ty in the nonequilibrium peak (points 3 and 4). Maximum values of Te in
the peak may be low as a result of insufficient spatial rarefaction (Ax = 2 mm). Line I is
calculation of T behind the SW for an ideal gas, III is the calculated equilibrium tempera-
ture Tp behind the SW. It can be seen that with vg £ 9 km/sec measured values of Tgg in the
quasisteady region agree with Tp. With high velocities Teg > Tp and with vg = 12 km/sec,
Tes/Tp,ﬁ 2-2.5.

Results of measuring the spectral emission coefficient j) at wavelengths A = 510 and
520 nm are given in Fig. 4 (point 1). Since in experiments with fixed values of vg there
was no marked difference in values of jj with A = 510 and 520 nm, in Fig. 4 they are labeled
identically. Curve I is calculation of jj with A = 510 nm under equilibrium conditions from
tables in [1, 2]. It can be seen that with vg < 9 km/sec experimental values of j) agree
with calculated values, but with high SW velocities measured values of j) are markedly (by
a factor of four-six with vg = 10-12 km/sec) less than calculated values.

An approximate calculation was made of the relationship jj = f(vg) with A = 510 nm
taking account of the results of experiments for measuring ng with vg = 8-12 km/sec. It
was assumed that all of the molecular absorption coefficients [in systems N,(1+), N¥(1-),
NO(B)] relate to equilibrium values of p and T behind the SW according to {1, 2]. In cal-
culations of absorption coefficients in free—free and free—bounded transitions use was
made of equilibrium values for N, O, and NO and n_ and nj measured by experiment. The ab-
sorption coefficient caused by photoseparation of O~ was calculated with section of the pro-
cess ¢ = (6.5-7)-107'% cm? [1]. The result of this calculation is represented in Fig. 4 by
curve III. It can be seen that experimental results with vg > 9.5 km/sec lie above
it. With vg > 10 km/sec the divergence between calculated and experimental results
exceeds the error of the latter. Point 2, i.e., averaged values of j»s were obtained in
[4]. Experiments were carried out in a shock tube with an internal channel diameter of 152
mm with p, = 13 Pa. Comparison of the data for these measurements with j) calculated according
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to [1] shows that with vg > 10 km/sec there is also the divergence noted above between cal-
culation and experiment.

Shown in Fig. 5 are the results of measuring the emission of four oxygen lines in the
infrared region of the spectrum A = 777.3; 794.9; 844.6; 926.3 nm with p, = 26 Pa. Spectral
characteristics of these lines are given in [1, 2]. 1In Fig. 5 the intensity of emission in
these lines is determined in terms of emission I recorded by a spectrometer in the range
AX = 1.3 nm containing the test line and the continuous spectrum background. The results
of experiments presented make it possible to compare graphically the intensity of the spec-
tral line and the background in an experiment. Curve II relates to the emission intensity
for the continuous spectrum with A = 800 nm in the spectral range in question, and I relates
to the calculation of the equilibrium value for emission characteristics of the line A =
777.3 nm. It can be seen that calculated values markedly exceed experimental values with
vg > 8.5 km/sec.

The mean square relative deviation of values of ng measured by the probe method from the
corresponding equilibrium values with p, = 26 Pa and vg = 4-9 km/sec does not exceed 307.
With vg > 9 km/sec the scatter of probe measurement results does not exceed *50%, and they are
(see [6]) in good agreement with ng measured from the Stark line broadening Hg. The accuracy
of this last method is estimated at ~20%. TFewer measurements of ng were carried out with
Po = 13.66 Pa, and their analysis showed that np is determined with an accuracy to coeffi-
cient 2.

Values of Tg measured by the triple probe with vg < 9 km/sec agree with the correspond-
ing equilibrium values of mean square deviation of 7-10%. With vg > 9 km/sec the accuracy
of determining T, is estimated at 207.

The total error in determining emission intensity in the continuous spectrum and in
lines is estimated at 60-70%. The error caused by the contribution of distant wings of lines
not falling in the spectrum recording range, constitutes a small part of it since even for
very broad lines (A = 794.9 nm [2]) an estimate of the error due to nonconsideration of the
wing lines (according to [13]) gives ~12%. For all of the rest of the lines this error de-
creases by an order of magnitude or more.

3. As already noted, the difference in ng behind a strong SW with low values of p, for
calculated equilibrium values in [5] is explained by absence in the gas sample of local ther-
modynamic equilibrium due to the effect of lighting up in the population density of excited
levels for N and O atoms. Under the conditions in question absence of LTE is confirmed by
nonfulfillment of the Grim criterion [13] for optical transmittance of the plasma:

18 .ﬁt:s '_"_TL‘” -3
n,>10 ( Ei) ( o ) v,cnx ) (3.1)
where Ei is atom ionization energy; E, is excitation energy of the resonance level. Under
experimental conditions (3.1) is reduced to a requirement of ng 2 10'7 em™ 3. Measured values
are ng < 2+10'® cm™3® (p, = 26 Pa, vg < 15 km/sec), and with vg = 10-11 km/sec, ng = (2-4)-10%°
cm™?., Another process which may affect ng in a sample of relatively small dimensions is
diffusion.
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A criterion governing the condition with which an effect on ng of diffusion processes
might be expected may be obtained by making the well-known analogy between gas flow in a
sample behind an incident SW and in the shock layer around a critical point of a blunt body.
A correlation relationship ng/ngy = K is given in [14] for a viscous shock layer in a region
of the critical point for a body with a blunting radius R [K = ReoA/(1 + A}), Re, is Reynolds
number for conditions in the retardation region (Re, = UwPoR/Hg)s Ko is viscosity, Aj = /14,
1 is typical gas-dynamic flow time, T; is ionization time behind a direct SW]. The ratio
ng/ngp < 1 if K < 10°. 1In the case of the conditions in question behind the SW in the sample
it is possible to introduce Reg =vgp;A/u; (p; and u; are density and viscosity behind the SW,

A is sample thickness) and the corresponding correlation parameter Kg. Calculation shows
that with vg = 10-11 km/sec, p, = 26 Pa, A = 3 cm, Kg ® 10%. Thus, under the conditions
being considered apparently diffusion does not markedly affect the electron concentration in
the sample. A marked effect of diffusion should be expected with p, < 6.5 Pa.

With vg 2 10 km/sec the degree of gas ionization behind the SW oj 2 0.1 and E; becomes
a marked term of total internal energy (with vg = 11 km/sec, E{ = 0.2E). In this case ab-
sence of equilibrium for ionization affects the main thermodynamic parameters of the gas be-
hind the SW. 1In particular, a reduction in the level of ionization should lead to an in-
crease in gas temperture T for the sample. Results of calculating T taking account of the
measured values of ng and data for thermodynamic calculation of the state of a gas behind the
SW in the presence of LTE [12] are represented in Fig. 3 by curve II. It can be seen that
the calculated curve is in good agreement with the results of measuring To. It is noted
that the time for establishing equilibrium from the temperature between ions and electrons
under experimental conditions [13] 1j ¢ = 31077 sec « .

Taking account of the increase in T in the sample behind the SW the dependence on vg
of emission coefficient j) was recalculated in the region of the continuous spectrum with
A = 510 nm. Corresponding curve II in Fig. 4 is the best conformity with experimental
results.

From data presented in Fig. 5 it can be seen that the population densities for excited
atomic levels in a quasisteady gas sample differ from equilibrium. Under regimes of the
simplest approach [5] the population density for the level of j in an optically incomplete
plasma may be presented in the form

n; = njp /(1 + w/t.), (3.2)

where Njp is equilibrium population density level; T, is rational life time; T, is character-
istic time for emissionless collision transfer (extinction time in collisions). It is as-
sumed that for levels relating to the test lines of the oxygen spectrum values of t./1, are
identical. The distribution of population densities may be characterized by excitation tem-
perature Tg. Results of determining it by the relative intensity method are represented in
Fig. 3 by points 5. It is typical that Tp agrees with Ty and T.
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DIFFUSION MODEL OF VIBRATIONAL RELAXATION IN A BINARY MIXTURE OF
DIATOMIC MOLECULES (QUANTUM OSCILLATORS)

0. V. Skrebkov UDC 533.601.18

Chemical activation of a system involving the crossing of an activation barrier was
treated for the first time by Kramers [l] as a stochastic diffusion process in phase space
with the use of the formalism of the theory of Brownian motion due to Einstein. 1In later
years the diffusion model was applied to various kinetic processes such as condensation [2],
electronic excitation and ionization [2], the approach to equilibrium of the translational
degrees of freedom of molecules (TT-relaxation) [3], rotational —translational RTT and RT-
relaxation [4, 5], vibrational=—translational VI-relaxation [6-9] (including dissociation and
recombination [10-12} and radiative deactivation [13]), vibrational —rotational-~translational
VRT-relaxation and dissociation [l4], vibrational VVT-relaxation in a one-component gas [15-
17} (including loss of excited particles in chemical reactions [18]), and vibrational VVV'T-
relaxation in binary gas mixtures [19-22].

In all of these cases the term "diffusion process' refers to one-dimensional {1-3, 5-18,
20-23]1 or two-dimensional [4, 14, 19] diffusion in the continuous space of the momenta, angu-
lar momenta, and (or) the energies (or the corresponding quantum numbers*) and is described
by a generalized diffusion equation of the Fokker —Planck type or by a system of such equa-
tions when there are discrete states [22, 23]. The fundamental condition for the applicabil-
ity of the diffusion model is that the change Ac of a coordinate & (such as the vibrational
or rotational energy, angular momentum, mass of a condensation nucleus) must be small in an
elementary event, such as a vibrational or rotational transition, the attachment of a molecule
to a condensation nucleus, and so on. That is

Aegeor ngv (1.1)

(v is the quantum number and n is its change in an elementary event}. On the other hand,

in relaxation problems the space of the problem (energy or the corresponding quantum number,
for example) can be approximated as continuous only if the system is classical. For example,
if € is the energy of an oscillator, then € = kT and the classical diffusion model will be
applicable if

Ae L kT or nko, < kT, (1.2)

where At is the change in the vibrational energy due to a collision; n is the change in the
vibrational quantum number; wy = Wy4;,y is the frequency of the vibrational transition v +
1> v; T is the temperature; k is the Boltzmann constant.

It is not difficult to see that when there are transitions between highly-excited states,
the condition (1.1) is significantly less strict than (1.2). When we have transitions be-
tween low-lying states and multiquantum transitions can be neglected (n = 1), the single-
quantum system of balance equations for the population densities can be written without

*In the treatment of condensation according to the theory of Zel'dovich (1942; see [2]), the
process is diffusion in the "space' of the sizes of the nuclei of the condensed phase.
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