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Electric discharge shock tubes are now widely used as facilities for 
the study of physical and chemical processes in shock waves with gas 
temperatures behind the shock~,0n the order of 10 s~ K. The extension of 

Fig. 1. Schematic of the 
equipment: 1) discharge 
coil; 2) camera; 3) spec- 
trograph; 4) photoelectric 
attachment for recording, 
as a function of time, the 
intensities of two emis- 
sion spectral lines of hy- 

drogen. 

the range of gas temperatures and velocities in shock waves produced 
in this way, in comparison with those from diaphragm shock tubes." 

stems from the large dynamic range of the expanded magnetic field of 
the discharge, which is "frozen" in a low density plasma 

Urea x ~ H [ ] / - ~ - ~  t07 --  t0 g era /see ,  

while the limiting velocities of unsteady efflux of the "driver" high- 
enthalpy neutral gases are restricted to values~/on the order of 

Urea x = 2/(? --  t) co ~ 8-t05cm/sec �9 

In the practical use of electric discharge shock tubes there are 
serious difficulties, associated mainly with sharp curtailment, and, 
as sometimes happens, total absence of the hot "slug" of compressed 

Fig. 2. a) Scan of luminosity from argon, Pt = 0.7 mm Hg, 27 cm 
from the coil; b) scan through a transvesse slit by the method of 

compensation of the gas motion. 

gas ahead of the gaseous driver piston, i . e . ,  the discharge plasma 
[1]. Separation of the discharge plasma from the thermal plasma is 
observed only for initial pressures above 0.05-1 mm Hg, and Mach 
numbers in air below 30-35, and below 10-15 in argon [2,3]. The 
use of an electrodeless (inductive) discharge to obtain shock waves, as 
will be shown below, does not remove this kind of restriction nor 

does it obviate the difficulty. 
The existence of appreciable deviations from uniformity and 

regularityrof the flow in electric shock tubes imposes special require- 
ments for control of the state of the gas behind the generated shock 
waves, and measurements of the gas temperature distribution are of 
paramount importance in this regard. In this paper we present re- 
sults of systematic measurements of plasma temperature distribution 
behind strong shock waves in air and argon, obtained by three in- 
dependent methods. A justification is given for the "hydrodynamic" 

method of measuring temperature in a supersonic plasma stream, as 
described in [4, 5], based on a comparison with simultaneous spectro- 
graphic measurements. A discussion is given of the peculiarities of 
formation and propagation of shock waves in electrodeless discharge 

Dlbes~ 
1. Description of Equipment and Methods of Measurement. The 

tests were carried out on the equipment shown schematically in Fig. 
1. A 1-pF capacitor, charged to 30 kV, is discharged through an 8- 
turn coil of length 10 era, located at the end of a glass tube of 
diameter 8.6 era. The period of oscillation of the discharge circuit 
is 22 gsee, and rupture occurs at pressures of air or argon (usually with 

addition of, l% hydrogen) in the range 1-10 -s mm Hg. 
Measurement of electron temperature distribution behind the 

shock wave was performed by the method in which one uses the rela- 
tive intensities of two spectral lines of hydrogen (H$ and Ha), the 
light flux being limited by two slits of width 0.5 mm at the entrance 
of an ISP-81 spectrograph (chamber with ] = 270 mm at a mean dis- 
persion of about 30 %/ram): Separate measurements of the light as a 
function of time are carried out by means of two photomultipliers. The 
reduction of the oscillograms, calibration of the channels, and corn- 

Fig. 3. a) Scan of the process in argon in the discharge and thermal 
plasma regime, Pi = 0.05 mm Hg, 27 cm from the coil; b) scan by 

the method of compensation. 

putations of the temperature were analogous to procedures in mea- 
surements that we have already published [6]. The estimated error of 
measurement in this method is 2 - 3 9  of the measured quantity. 

The other independent method of measuring gas temperature be- 
hind the shock was based on measurement of the distribution of the 
electron concentration in the plasma as a function of time by scan- 
ning the luminous spectrum and determining the variation of the half- 
width of the H B hydrogen emission line 

n e = 3.4.1014 (A~) % . 

Here the line half-width AX is expressed in 7~ [7,8]. Scanning of 
the spectrum was performed with a camera having a linear image 
speed of 400 m/see (2.5 gsec/mm).  Type RF-3 film was used, and the 

Fig. 4. a) Scan of the process near the coil (7 cm from the end) in 
argon, Pt = 0.35 mm Hg; b) scan by the method of compensation. 

individual parts of the film were then read on a microphotometer. 

The error of measurement of electron concentration by this method 

may be estimated to be on the order of 15-20%, and the appropriate 

conversion of the data, with the formulas of ionization equilibrium, 

allows the temperature to be evaluated to an accuracy of about 4-5%, 
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since 

AT 2 An 
T - -5040~p/T@t.5  n 

Here r is the ionization potential of argon, in which the clearest 
spectral scans were obtained. 

Finally, for temperature measurement by the hydrodynamic me-  
thod, a slit was used to scan the flow of a supersonic stream of plasma 
behind a shock wave over a model consisting of the lateral surface of 
a cylinder. The model (diameter = 8 mm, length = 72 mm) was posi- 
tioned at various distances from the coil, in the central part of the 
tube cross section. Measurement of the position of the detached shock 
near the model surface as a function of time allowed determination 

of the variation of Maeh number M of the flow from the well-known 
dependence of the relative distance on the flow parameter 

6/R = I (M, ?).  

Having the gas velocity from the slope of the traces of the optical 
disturbances on the same scans, we could determine the velocity of 
sound from the formula 

C 2 =  [t +c~(p ,  T)] ?TIT/~(p, T), 

Here cr is the degree of ionization, and g is the mean molecular 
weight of the gas. Using tabulated data [9] and calculations [10], it 
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Fig, 5. Variation of tem- 
perature behind the shock 
(argon, Pl = 0.35 mm Hg, 
7 cm from the discharge 
coil). 1) Oscillogram of 
luminosity of one of the 
two measured hydrogen 
lines (Hi3), arbitrary units; 
2) profile of temperature 

variation, 

may be established that in the conditions of the above experiments, 

the speed of sound depends less on density than on temperature: an 
error in determining the density of the medium even as large as an 
order of magnitude leads to an error in temperature determination by 

the above formula of only several percent. Therefore the limit of ac- 
curacy of the method is determined mainly by the errors of measure- 
ment of the velocity of the medium from the traces of the optical 
disturbances. Thus, for example, for strongly curved traces, the 
mean scatter in slope angle measurement in individual parts of the 
scan can reach 10%, while for relatively constant flow velocity the 
accuracy of measurement of M may be as low as 1%. The maximum 
scatter of the temperature data from the hydrodynamic method should 
nevertheless be estimated as on the order of 15-20%. 

In spite of a number of deficiencies (limitation in accuracy, flow 
disturbance, some inertia because of the time for the shock to be es- 
tablished), the hydrodynamic method of temperature measurement 
has a number of advantages: a) it is a matter of independent interest in 
investigation of flow of a plasma over bodies; b) the method is applic- 
able not only in investigations of shock waves, but also in the major- 

ity of short-duration facilities such as injectors and plasma accelera- 
tors; e) there is interest in using the hydrodynamic method for moni- 
toring during establishment of thermodynamic equilibrium in high- 
temperature gas streams, along with other methods of diagnosing the 

state of the gas; and, finally, d) in contrast with the majority of 
spectroscopic methods, the method allows measurement as a function 

of time, not of the electron temperature, but of the plasma ion 

temperature. 

Fig. 6. Luminous spectrum of argon plasma with addition of 
1% hydrogen (a) and scan of spectrum 7 cm from coil, Pl = 
= 0.38 mm Hg: 1) argon line at 488? A: 2) hydrogen Iine at 

4861 A; 3) argon line at 4847 ,~. 

2. Description of the Process, and Results of Temperature Mea- 
suxement. The sequence of hydrodynamic phenomena accompanying 
electrodeless breakdown of the gas in the tube is illustrated in the 
photo-scans of plasma self-luminosity (Figs. 2-4) ,  obtained with 
various arrangements of the camera slit. These show the distribution of 
luminosity of the gas during stagnation of the flow at the lateral sur- 
face of the cylinder mounted in the center of the tube. !3ecause of the 
difference in brightness, the scans clearly show the distribution of the 
thermal and the discharge plasma behind a shock wave with relatively 
low Much number. The distribution is particularly clear on reflec- 
tion of the shock from the model surface. Figures 2 -4  also give "in- 
stantaneous" pictures of the distribution of luminosity at the edge of 
the expanding plasma "piston," obtained through a slit ~:ansverse to 
the tube axis, in the compensation regime of camera operation, 
when the image of the object being photographed and the fiIm have no 
relative motion. On these photographs one may also observe merging 
of the discharge and thermal plasma, at shock Mach numbers above 
M 1 = 16 in argon and at pressures below 0.08-0.07 mm Hg. In spite of 
the fact that mixing of a plasma has already been noted in the litera- 
ture [1-3],  we shall give a discussion below of the causes of this 
phenomenon. 

Figure 8 shows a typical oscillogram of the luminosity of one of 
the two hydrogen lines in an argon plasma at ? cm from the end of the 
coil. The figure also shows the results of reducing the oscillogram 
data to obtain the distribution of plasma temperature as a function of 
time at the chosen observation point. It should be noted that similar 
records, taken at a distance of several tube diameters from the coil, 
exhibit a smoother variation of luminosity, as may also be seen on the 
scans of Figs. 2 and 3. The distribution of luminosity in air, apart 
from the difference in signal amplitude, differs little from that ob- 
tained in argon. 

o 10 zo 3O 

Fig. 7. Profile of variation of 
electron concentration behind 
the shock in argon, from a scan 
of the spectrum at a distance 
of 7 cm from the coil. 1) Pl = 
= 0.1 mm Hg; 2) Pt = 0.3.5 mm 

Hg. 

The luminous spectrum of an argon plasma with addition of 1% 
hydrogen, and scans of the spectrum taken in the central part of the 
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Fig. 8. Comparison of the data on variation of temperature behind the shock in 
air, 7 em from the end of the coil. 1) spectral measurements; 2) hydrodynamic 
method: a) Pz = 0.35 m m  Hg; b) Pz = 0.7 m m  Hg. The cross on the y-axis in- 
dicates the calculated value of equilibtium thermal  plasma temperature for the 

given shock velocity.  

tube located 7 cm from the end of the coil, are shown in Fig. 6. 
lit can be seen that the luminosity of the argon and hydrogen lines 
begins practically simultaneously.  Figure 7 gives data on the distri- 
bution of electron concentration as a function of t ime,  as obtained 
from scans of the spectrum, as per the variation of the half-width of 
the HI3 line for two different experiments conducted at various initial 
gas pressures. The data on temperature distribution, as determined 
from the electron concentration found in this way for argon, will be 
compared later with remits of temperature measurement  by other 
methods. 

Figure 8 compares the measured variation of temperature behind 
the shock in air for two different tests carried out at a distance of 7 
cm from the end of the coil.  The cross on the y-axis indicates the 

Maeh number of 1 .7-2.0.  The effect of separation of the discharge 
and thermal  plasmas is more conspicuous at relatively great distance 
from the coil (see, for example ,  Fig. 10a). 

S. Discussion of the Results, and Conclusions. It follows from the 

da t a  obtained under the conditions of the tests described, both in the 
discharge plasma and in the thermal "slug" (where it exists), no de-  
viations from thermodynamic equilibrium were observed. This is 
clearly evident from the agreement of the measurement  results for the 
temperature  of the medium by the three independent methods, which 
differ in principle. It is important to note that for relatively large 
shock Mach numbers,  when the thermal and discharge plasmas have 
already separated, the measured temperature of the gas which has 

expanded  for less than 5 gsec is in good agreement with equilibrium 
calculated value of equilibrium thermal air plasma temperature be-  
hind a shock with the appropriate speed. The graphs show that the 
spectroscopic data and the temperature measurements  by the hydro- 
dynamic method agree within the limits of the experimental  accuracy. 
The smoother variation of the "hydrodynamic" data is due, as has 
already been noted, to the inertia represented by the finite t ime for 

the shock to form at the body surface. It may also be seen that near 
the coil the measured temperature is appreciably higher than the 
calculated "gasdynamic" value.  The reason is that in this case (near 
the coil) it is the temperature of the discharge plasma that is mea-  
sured, since no separation of the discharge plasma from the thermal 
plasma can be seen on the photo-scans for this condition. 

Similar measurements for argon are compared in Fig. 9 with data 
on the temperature distribution obtained from measurements of the 
variation in electron concentration. Here too there is good agree-  
ment  between the results from the three independent methods of t em-  
perature measurement .  Finally, Fig. 10 shows measurements for two 
different regimes of shock-wave propagation in argon, far (27 cm) 

i from the end of the coil. Despite the difference in the shape of the 
tempera ture  profile behind the shock, the hydrodynamic and the 
spectroscopic methods here give results which agree closely. It should 
be noted that the fluctuations in gas velocity behind the shock dimin-  
ish rapidly with increasing distance from the "shock" coil, in fact 
from .+25% at L = 7 cm to •176 at L = 27 cm.  Similar determinations 
of the variation of flow Mach number are • and ~3%, at a mean  

calculations obtained for one-dimensional  shock waves in argon. To 
illustrate this agreement,  Fig. 11 shows the ratio of the measured tem-  
perature near the shock to the calculated value,  for various initial 
pressures in argon. The same graph gives values of Maeh number of 
the shock in tests chosen for reduction. We note that the Math number 
of the shocks generated in an electrodeless discharge depends only 
slightly on the initial gas pressure, in the range of variation 0.01-0.7 

m m  Hg. 
As regards practical application of elecrxodeless shock tubes, an 

important matter  is the estimation of "practical" conditions for 
generating shock waves with separation of the thermal and discharge 
plasmas. We shall try, in the following way, to evaluate l imiting 
shock wave Maeh numbers above which jets of discharge plasma must 
penetrate into the thermal slug in the central region of the tube cross 
section. By taking account of the existence of appreciable magnetic  
pressures in the discharge plasma, we can predict basic variations in 
the hydrodynamic conditions when it flows into a medium with a fin- 
ite pressure, when the characteristic thickness of the skin layer in the 
thermal  slug being formed is comparable with the tube radius. The 
central and the wall region of the flow will not be equivalent in this 
case from the viewpoint of hydrodynamic resistance to flow of the 
discharge plasma, since the field, and therefore the resistance, in the 
central part of the tube, must be less than at the periphery. For lower 
Mach numbers, i . e . ,  for less conductivity of the thermal plasma and 
larger skin thickness, the magnet ic  field will penetrate freely into 
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Fig. 9. Comparison of data on temperature behind the shock in argon, 7 cm from 
the coil. 1) spectral measurements;  2) hydrodynamic method; 3) determination of 
temperature from data on electron concentration; a) Pz = 0.1 mm Hg; b) Pz = 0.35 

m m  Hg. 
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Fig. I0. Comparisonofthedataonvariationoftemperature 
behind a shock in argon, 27 cm from the coil, I) spectral 

measurements; 2) hydrodynamic method; a) Pl = 0.6 mm 

Hg, b) I~ = 0.08 mm Hg. 
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Fig. 11. Comparison of data on temperature, as 
measured by the various methods, near the shock 
with the calculated equilibrium temperature T* 
of a thermal argon plasma behind a one-di-  
mensional shock wave. 1) Spectral mea~are- 
ments; 2) hydrodynamic method. The measure- 
merits were made under conditions where the 
discharge and thermal plasmas are "separated." 
The values of Mach number of the shocks for 

each test are also shown (3). 
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Fig. 12. Remlts of calculation of characteristic length 
of the skin-layer in a thermal plasma behind the 
shock waves in argon (1) and air (2). a) Tube radius 

R = 2 c m ,  b) R = 4 c m .  
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the thermal plasma, and the flow must be roughly the same as in 
diaphragm shock tubes. 

For convenience in estimates of this kind, Fig. 12 shows calculated 

graphs of the variation of skin thickness in the gas behind the shock in 

air and argon, as calculated from the formula 

62 = c~B/4~rJu  , 

where o is the conductivity and u is the velocity of the gas for various 
values of tube radius R as a function of Mach number at an initial gas 
pressure of 1 m m  Hg. By comparing the data of various authors [2,3,  
5, and 11], obtained in electric discharge tubes of various configura- 
tions, it  can be verified that the above method of evaluating "critical" 
Mach numbers (M = M,) of the shock waves is in full agreement with 
the values M = M0 from experimental  observations; the formation of 
the slug is curtailed at just those flow conditions under which the ther-  
mal  plasma becomes a good conductor. The results of this compari-  
son are given below, indicating the tube radii (R, in ram), the initial 
pressure (P0, in mmHg) ,  and the references; the data of the present 
paper are on the first line. 

R oo M ,  Mo 

Argon 40 0 .0 t - -0 .7  t6 16--t7 
_Argon 5-- t5  t - - t 0  t7 t6 - - t9  [s] 
Air 15 0.2--0.5 35 35---37 [2, s] 
AR 28.5 0.5--0.7 32 25--40 [,I] 

In conclusion, the authors wish to express their apprecmtion to V. 
Kikhtenko and A. Kocheev for assistance in conducting the experi-  
ments.  
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