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PHYSICAL INVESTIGATIONS OF GASES 
BY  MEANS  OF  SHOCK  WAVES 

£  This is a translation, of a». 
article by R.I. Soloukbin in Us- 
pekhi Fiaicheskikh Nauk (Progress 
of Physical Sciences), Vol. LXVIII, 
No. 3, July 1959, pages 513-528^7 

INTRODUCTION 

Ever widening application is being given to 
methods utilizing shock waves in the laboratory invest- 
igation of physical and physicochemical properties of 
different gases under high temperatures.  This may be 
interpreted not only by the possibilities of obtaining 
high temperatures and pressures in the gas by these 
means, but by the significant simplicity of the dynamic 
gas representation of the process as well» which makes 
it possible to consider the effect of the physicochemi- 
cai transformations of the medium and to obtain in this 
manner information, of interest to us, on the peculiar- 
ities of thermodynamic non-equilibrium processes caused 
by the heating of the gas In  a shock wave. 

One can by means of shock waves not only study 
the thermodynamic equilibrium state of a gas» but follow 
the establishment of equilibrium in time as well» i.e. 
investigate the kinetics of such non-equilibrium proces- 
ses as dissociation» oxidation of the gases at high tem- 
peratures, relaxation processes of energy exchange bet- 
ween the inner degrees of freedom in molecules, as well 
as between the electrons and positive ions of a sub- 
stance in ionized state. 

In order to derive the most precise information 
on the state of a gas  during short time intervals 
(10~ ~ io"^ seconds) new pulse methods have been devel- 
oped for measuring temperature, density, the degree of 



ionization, th<> radiati»« and^^«^jr^S: gas 

these -f ^f-;sftnt work only several of the =s 

investigations^ shock «T" VpSSl« ofYetermit-* 
We will limit o«"Älv« "°J*iy behind the shock front 
ing thermodynamic ^"^^ursorilv touch upon some 
in different gases and will o«r»ora.ly toucn p   direc. 
of the most interesting methodxcal works in this aire 

tion. *• *K« «er-tiliarities of strong For a discussion of the PecnXxarxlx°*"a. n* 
f  +U*  4„tPrnal structure of the shock 

of many original studies of strong shock waves. 

1. SELECTING THE METHOD OF OBTAINING AND USING SHOCK WAVES 

A change in the parameters of the «« *J^f^J. 
shock wave is%iven by the «^J "£•££* andfoJ 

rdvti:tcTeastrinr:ycreeLtLSxty
rrddphysico-s 

^miceaiCpr;paerti:  of thi medium in which it occurs. 

^airforLtfonf:ftheeCrediurt°he representation of the 
transformations 01 x transformations should 
process in the absence 01 ™      therefore put aside 
£e accurately determined.  We will t^J!;°"?Uof focUs- 
fh, analvsis of the various methods using ways or wcw the «»J^y?1" °; l      xl as those two-dimensional cases 
SXtXt 1 thllhock wave formed at the tip of a flying 
.Set and will confer only those methods in which 
there is an adequately extended and homogeneous area 
fagaS with known parameters occurring ^J^»* ** 

°sLck
£front.  Most convenient in thx.; r.^- -^ 

methods using a shock tube ana a px«v« 
bv the detonation of an explosive .      . .,„„. +H* two 

After the break in the diaphragm dividing the two 
.«sea witn different pressures in the long channel with 
fnvarilble cross-sectfon, a shock ™- ^/"^s^e 
velocity is propagated toward th<> gas  t    //lllTAy 
(2)o  The intensity of such a snocit wave ««F 



on the initial pressure drop at the diaphragm and on the 
relation between the speeds of sound of the operating 
and investigated gases, whereupon to obtain a high ten,» 
Bfr,ture behind the shock front the gas in the high 
Pressure section should have a high speed of sound, wlu.e 
the investigated gas of low pressure has a low speed. 

ir^i" 

Fig. 1. Propagation of a 
shock wave in car- 
bon dioxide gas. 
M 6. Frequency of 
the photograph was 
kO thousand frames 
per second. 

Fieure 1 shows multiple frame photography of the 
propagation of a shock me in an inert gas, made bytrie 
LhlierLmethod in a shock tube with square cross section, 
at a distance of approximately two meters from the place 
of the diaphragm break (3).  Behind the shock wave, whose 
front is a plane surface, a homogeneous area of gas fol- 
lows, heated by the shock wave.  The extent of this area 
is basically determined by the intensity of the shock 
wave and the space traversed by the wave from the place 
of of break of the diaphragm.  Behind, the area of the 
hot us is limited by the contact surface, separating 
the heated gas from the cold gas flowing out ot the high 
pressure section.  The homogeneity of the gas flow be- 
hind the shock wave may be determined, for instance, by 
the development of the picture shown in Fig. 1 on the 
running film, and by the oscillogram of pressure behind 
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the shock front written by a piezoelectric pulse trans- 
mitter (4) (Fig* 2).  The velocity of the shock wave is 
determined by the slope of the first disturbance, and 
the lines of least slope which appear as traces of opti- 
cal heterogeneities, stationary in regard to the gas 
particles, as well as the path of the contact surface, 
make it possible to also independently determine the 
velocity of the gas flow behind the shock wave. 

Practically, the upper limit of temperature 
behind the shock front gotten in the shock tube can con- 
sist of about 20,000° K (5). 

The shock tube method has a number of short-comings 
and limitations catised principally by the presence of 
walls.  In the flow behind the shock wave there forms an 
area having a layer of gas near the walls which upsets 
the one-dimensional picture of the flow.  The effect of 
the boundary layer appears especially clearly in the 
propagation of the shock wave reflected from the flat 
wall toward the flow created by the incident wave (6)* 
The complex picture which then forms, shown in Fig. 3 
fora shock wave in argon, considerably limits, for example, 
the utilization of the reflected shock wave, which is 
advantageous insofar as the gas behind the shock wave 
rests in relation to the wall of the tube (7). In   the 
study of glow and the degree of ionization in the gas 
behind a shock wave the negative effect of the walls is 
noted in the formation of readily excitable admixtures 
which strongly affect the course of the process and the 
accuracy of measurements. 

Fig. 3. Schlieren photo of the 
reflection of a shock 
wave in argon from the 
closed end of the tube. 



Less convenient from the viewpoint of accessibility 
and recording methods, as compared with the shock tube, 
is the application of explosives to produce shock waves 
(8).   However this method not only makes it possible to 
avoid the limiting effect of walls,, but also to obtain 
shock waves with a velocity attaining more than 8 km/sec 
in the initial gas pressure atmosphere*   The intensity 
of the shock wave is given by applying metal plates of 
varying thicknesses between the surface of the explosives 
and the gas being investigated. Both the velocity of the 
shock wave 0 formed in the gas and the velocity u of the 
flow behind it determined by the velocity of the metal 
plate are constant for a rather extended part of the 
wave path.  The independent measurement of these values 
makes it possible to determine the drop in pressure and 
density in the shock wave from the following simple 
relations: 

£■ s  Ü    and  sr~"~ = "o«r + 1 

2. THERMODYNAMIC PROPERTIES OF AIR AND OTHER GASES AT 
A HIGH TEMPERATÜRE 

The determination of the parameters of a gas in 
thermodynamic equilibrium behind a shock wave in air 
and other gases can be made through computation with 
the introduction of certain experimentally determined 
constants.   For instance, in I.B. Rozhdestvenskiy«s 
work (9) exacting calculations were performed for air 
to a temperature behind the shock wave of T = 12,000* K 
on a calculator.  Fig. k  shows the dependence of air 
temperature behind the shock wave on  the velocity of 
the shock wave at different initial pressure in front 
of the shock wave. 

The air in the examined conditions is a mixture 
of chemically reacting components (the dissociation of 
0„ and N«, the formation of NO), hence it is essential 

in calculating to have precise information on the equili- 
brium constants  of the corresponding reactions, as well 
as to know the magnitude of the energy of dissociation 
of the basic components.  An interpretation of the spec- 
trum of nitrogen leads to two different values of the 
energy of dissociation of molecules of N2s 7b38 and 
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k.  Temperature behind the shock front 
in air at different initial pressures 
(in atm„) in relation to the velocity 
of the shock wave. 
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Fig. 5. Shock adiabatic curves obtained 
with the use of explosives: 1) for 
nitrogen (the lower line corresponds 
to energy of dissociation 9.76<2v)j 
2) for argon; 3) for air (the solid 
line represents the computation for 
an ideal gas, the dash line to nitrogen's 
computed energy of dissociation 9.7oev). 
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9.?6 ev.  The problem of the correct choosing of one of 
these values was the subject of many experimental investi- 
gations.  It was demonstrated-in tests measuring the 
velocity of detonation with mixtures of Ca

N2 ^10^ tnat 

the results of the measurements correspond to the value^ 
9 76 ev»  The same value was selected fay S«S-. Semenov (11) 
on the basis of experiments with molecular flow in a 
shock tube by the independent recording of the shock 
wave velocity and the angle of inclination of the con- 
nected jump in density at the tip of the model. 

Data were also obtained in work (12) attesting to 
a greater value of the dissociation energy, despite the 
fact that a not completely fortunate method of investi- 
gation was chosen: the reflection of the shock wave from 
a hard wall was used. 

The most convincing answer to the problem of selec- 
ting the correct value of the energy of dissociation of 
nitrogen was given by investigations (13 and 1*0 in which, 
us in«;'the above described method together with explosives, 
shock adiabatic curves of air and other gases, presented 
in Fig. 5, were constructed. 

The experimental points of curves 1 and 3  corres- 
pond to the calculation for the value 9.76 ev.  The good 
agreement between the experimental data and the results 
of the computations made on the assumption of thermo- 
dynamic equilibrium behind the shock wave also attest to 
equilibrium being quickly reached*  Thus, for nitrogen 
when T = 9000a K the time in which equilibrium is estab- 
lished does not exceed 10"? sec (13) • 

3.  PROPAGATION OF SHOCK WAVES IN RELAXING GAS 

The necessity of considering the retardation of 
excitation of rotational and oscillatory degrees of 
molecular freedom in rapid changes of state in a subs 
stance was experimentally proven in gas dynamics by 
A. Kantrowitz (15, 16)* while theoretical computations 
in applying the plane shock wave to the scheme were un- 
dertaken by Ya.B. Zal'dovich (I?) and S.P. D'yakov (18). 

A possible lag in the distribution of energy bet- 
ween the degrees of molecular freedom must produce an 
irreversible process of energy exchange which entails 
an increase in entropy and corresponding changes in the 
parameters of the gas.  To record these changes in ex- 
perimentation, A. Kantrowitz used a full pressure nozzle 
with a small diameter (about 0.1 mm)   placed in a 
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stationary subsonic gas flow.  The retardation time of 
the gas was determined by the rate of flow and the dia- 
meter of the nozzle and comprised for C0%,   for example, 
tenths of a fraction of a microsecond.  The retardation 
effect was registered by the change in difference bet- 
ween the pressure of the retardation and the static 
pressure in the tank from which the gas flow issues. 
By applying the relation 

As(t)  =  Rln 
P m 

where AS(t)  is determined in relation to the value of 
the specific heats in the various degrees of freedom of 
the gas molecules, the temperature of the process of 
flow, the nozzle diameter and the velocity of the flow, 
the relaxation time  can be determined even when its 
value is comparable to the retardation time.  The relaxa- 
tion time values gotten in this manner (19) are in good 
agreement with the ultrasonic data and consist of, under 
normal conditions for the oscillatory degrees of freedom 
in CC>2> from three to six microsec,, in relation to mois- 
ture, "and for rotatory degrees of freedom in H2 l~-2*10~

ö 

seconds. 
Non-equilibrium relaxation zones for shock waves 

have been observed by many investigators (20-23) for 
such gases as C02 and Cl2- In these observations one 
ordinarily used photography of the density distribution 
behind the shock wave by means of an interferometer. 
This method is quite informative, although difficult to 
use for registering zones smaller than 1 mm. 

For registering the shorter zones it is more con- 
venient to employ the pulse method of photometric recor- 
ding of the intensity of light passing through a Tepler 
optical system (2k),     Fig. 6 shows a diagram of this 
method and the typical curve of a recording of density 
change behind the shock wave. 

In the square tube there is a slit with a width 
w, parallel to the passing shock front.  The intensity 
of the light passing through the streak system from the 
slit width w, in dependence on the density change in 
the gas volume, limited by the slit, equals: 

J(t)„K{^^d^K\?(w,t)~H^t)l -v 05 



In this manner, if the width of the slit is 
greater than the length of the non-equilibrium zone, 
the recording of light intensity during the time from 
the moment of entry and exit of the shock wave from the 
field of vision limited by the slit will give the immedi- 
ate distribution of density behind the shock wave.  If 
the slit width is very much less than the extent of the 
zone, the signal will  correspond to the gradient of 
density behind the shock wave.  The sensitivity of the 
method described ranges around 0.4 percent of the ini- 
tial density, while the resolving power during the time 
is basically limited by the need of exact adjustment of 
the optical apparatus and can comprise tenths of a frac- 
tion of a microsecond.  The discussed method becomes 
unsuitable for strong waves owing to the gas behind the 
shock wave radiating its own light. 

-/»(St) 

•«KT 

Fig. 6 

To determine the relaxation time of carbon monoxide 
CO experiments were made in which the infrared radiation 
of this gas behind the shock wave was recorded in time 
(25).  The recording element in these tests had an inertia 
in the order of 30 usec. which substantially limited the 
the possibility of registering small values of relaxation 
time.  At an initial pressure of 0.24 atm. the relaxation 
time of CO was 77 usec, which recomputed for normal pres- 
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sure corresponds to a value of about 19 usec. 
1'a studying the non-equilibrium zone of the chemi- 

cal reaction in which the new product is formed, opti- 
cal investigatory methods are in. widescale use which are 
based on time recordings of changes in the absorptive 
capacity of gas mixtures behind the shock wave, which in 
the determined part of the spectrum depend on the con- 
centration of the newly formed reaction product.   We 
will dwell in detail on certain properties of the chemi- 
cal reactions which occur behind the shock front. 

4. STUDY OF THE CHEMICAL REACTIONS OCCURRING IN GAS BEHIND 
A SHOCK WAVE 

The temperature, pressure and other parameters 
of the gas behind a shock front can be determined from 
the equations of gas dynamics, when the velocity of the 
shock wave is known, or they are directly measured. 
Hence the extraordinarily rapid adiabatic heating of the 
gas to a certain homogeneous state with high temperature 
can be used to study the origin and development of chemi- 
cal reactions in those pressure and temperature ranges, 
as well as at such short time intervals where ordinary 
methods of chemical kinetics cannot be utilized.  Such 
problems are of practical interest as, for instance, the 
study of the kinetics of dissociation and formation of 
NO behind a shock wave in air during flight at a speed 
above two km/sec, the dissociation of water vapor and 
carbon dioxide gas, etc. 

The shock tube is used as the most convenient 
investigatory method to study the chemical reactions 
in gas.  The purpose of studying the chemical reactions 
with positive heat emission is to explain certain pecu- 
liarities in the detonation process of combustion which 
are connected with the varying character of the course 
of the reaction behind the shock front, while in experi- 
ments with reactions of the dissociation type, nitric 
oxide formation, etc.  a  study of the kinetics of the 
reaction under different conditions was made. 

4.1  CHEMICAL REACTIONS WITH POSITIVE HEAT EFFECT 

The propagation of shock waves whose intensity 
is sufficient to initiate an exothermic reaction in the 
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eras fixture produces in the majority of combustible mix- 
»d      ,,.  * , .^„„. pvnlnHiois -- the detonation waves. tures self — sustsxning ex!iio».t»»»    l,"v 

A t the deto .rnViori shock front adiabatic heating and cow- 

..ion •H :;ne 11xtxirs takes pisc& wn a. c h o r d i :n a r i 1 y 

completed in a very narrow aone of the reaction ^^^ 
to the shock front and consisting oi fractions ox    a , .f- 
meter (26).  However in strong rarefaction ol   the mixture, 
with lowered initial pressure or generally m gas WJ tl» 
a low -ate of chemical reaction (for example, m a carbon 
monoxide and oxygen mixture) the section of gas conjbus- 
+ i..n does not occupy the entire area of the snock fro»., 

o u IS rather ioca lized in a 
certain neighborhood of the 

T«be"«ail, describing during the advance of the detotwr 
wave in general a spiral path (spin detonation)* 

"SSSSJ 

i.OR 

Pig.7. Photo of gas glow in a spin 
detonation front made by the 
wave motion compensation 
method through the movement 
of the film (at an angle of 

%5° to the axis of the tube). 

by 
on 
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The interpretation of this phenomenon suggested 
K.I. Shehelkin and Ya.B. Zel'dovich (2?,28), based 
the assumption of a break in the shock front, has not 

ceived complete confirmation in experiments on the 
rurture of the spin detonation front (29,30).  As has 
en demonstrated in the experiments of B.V. Voytsckhov- 
iy, the combustion of the mixture in spin detonation 
parently occurs in the transverse detonation wave whica 
1 lows the basic shock front. 

Figure 7 shows a photo of a series of sequential 
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developments of a picture of the glow at the inner sur- 
face of a cylindrical tube, obtained by B.V. Voytsekhov- 
skiy.  Fig. 8 illustrates the configuration of the dis- 
turbances at the front of a spin detonation.  The speed 
along the arc of circumference for the transverse wave AB, 
seen in the/frhoto as a bright area, is close to the 
forward speed of a detonation wave on the whole.  Hence, 
in the coordinate system associated with the transverse 
wave, fresh gas will flow to the front of the basic deton- 
ation wave AE at an angle of 45°. 

Behind the transverse wave expansion of the com- 
bustion products takes place.  The fresh gas from the 
left of the transverse wave circumvent the combustion 
products, creating a flow pattern comparable to super- 
sonic supercritical flow in the area of the angular ridge 
(separating the jump in concentration OC). 

Fig. 8. 

Disturbance BD is a continuation of the transverse 
wave, having an inclination of 12-15° to the producing 
tube.  This disturbance (loop) in theform of a glowing 
line extends through a distance equal to many tube dia- 
meters, into the area of the burning gas, turning in 
phase with the transverse wave.  As schlieren photographs 
of the front of a spin detonation (30) show, presented 
in Figs. 9 and 10, in the burned gas area with spin pat- 
tern detonation there exist strong variations in pressure 
and density of a specific frequency, i.e. there forms 
behind the detonation front a series of running sonic 
waves, the tangential pressure loops of which, as calcula- 
tions show (32), turn in velocity close to the detonation 
wave, creating the above described extended disturbance 
(loop),slightly inclined toward the formation tube.  The 
velocity of this disturbance along the arc of circumference 
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is in this manner nearly double the speed of sound in 
the burned gas. 

The arxsal of gas oscillations is closely connected 
to the characteristic peculiarity of spin detonation con- 
d-s t i o n * - - 'the low rate of chemical reaction.  The exten- 
sive re.icti ,n   zones behind the shock front which orh >:; ; .no t e 
in this case arc unstable arid produce a self-oscillatory 
combustion cycle. 

■mfj! SÄ-.* iAwi^BSA' ■  ■ Bss<i v.; '#<. ■"%• W^HS'lv?!-', - 

Fist« 9. Schlieren photos of spin detonation 
in an H2 + Op,  mixture.  The photo- 
graphic frequency is '+ 0 thousand 
f r a m e s p e r a e c o n d . 
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A. number of investigations of various authors (3, 
36) have been made on the the development of the pro- 
s of combust tort of the mixture adiabatica 1 1 y heated 
oujrh a shock wave.   In the ignition, of a gas mix cure 
a shock wave formed at the tip of a flying bullet, the 
ays in gas ignition were measured, as well as the 
ractoristic oscillatory cycle being observed i'yk) , 

The picture of the origin of combustion in   the 
uuie of a mixture compressed by a shock wave WAS   examined 
detail in work (36).  The hydrogen and oxygen mixture 
died was heated twice «. in an incident shock wave and 
a   wave reflected from the closed end of the tube. The 
perature of the reflected wave equalled or somewhat 
eeded the self-ignition temperature of the giver» asix- 
e, and the heated mixture came to rest in relation 
the walls of the vessel.  A series of schlieren photo- 
phs of tois process is shown in Fig. 11. 

During the course of a definite period of indue- 
n which is a function of the pressure and temperature 
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of the mixture, at certain points in the volume of the 
mixture there appeared foci of combustion where the 
burning process was localized.  It was only after the 
merging of the system of foci that shock explosions were pro- 
duced  and the detonation cycle began. 

Fig.10. Snapshot of the state of gas 
behind a spin detonation front 
in an H2 + O2 mixture (wave 
front in extreme left position) 
made by the schlieren method. 

Fig. 11. Consecutive phases of com- 
bustion of the H2+O2 mixture 
behind the shock wave reflec- 
ted from the wall« The fre- 
quency of the photographs is 
35 thousand frames per second» 

15 



Under the conditions of the described experiments 
the neriod of ignition delay could consist of a hundred 

rJ"   d,  lor these pressure and temperature values 
*>"represent the state behind the shock front oi me 
detonation the period of- induction i. ^^^v^ixiur^ 
however even in this case it comprises for many «.xtrnt. 
a magnitude in the order of microseconds and should be 
taken into consideration «hen analyzing the probJe» of 
the extent of the chemical reaction zone in the detona- 

tion wave« 

4,2,  STUDY OF THE KINETICS OF CHEMICAL REACTIONS BY 
MEANS OF SHOCK WAVES 

Studies of the kinetics of chemical reactions 
taking Place at high rates have been made essentially 
witn the use of shock waves.  Just as in the P«vaoualy 
applied methods two basic directions can be dxfleren- 
txated'in which the experimental technique has progrewed 
a) hi<rh-speed time recording of content change and the 
thermodynamic parameters of the mixture during the reac- 
tion process and  b) a »ethod of halting the reaction 
after a certain regulable time interval following the 
initiation of reaction (the so-called "cooling'; method) 
with subsequent chemical analysis of the reaction pro» 

ducts» v.  i j 
The first group of indicated directions should 

include the experiments of Davidson and his co-workers 
(■57* 38) in which the kinetics of the dissociation of 
such gases as N204 and X2 behind a shock wave were 
studied.  The change in composition of the gas behxnd 
the wave in time was determined by registering the ab- 
sorptive capacity of the individual components m a 
definite part of their absorption spectrum. 

A higher reaction rate, low emission and absorp- 
tion capacities of the gas, the glow of easily excitable 
admixture., —all of these factors place high demands 
on the resolving capacity of .he optical and electron 
instruments when observing the reactions zone in a gas 
flow following a shock wave. 

In certain cases observation of the course of 
the reaction in time is conducted with optical devices 
in the gas resting in relation to the walls of the 
vessel - with the shock wave reflected from the closed 
end  of the tube.  For instance, in work (39) this method 

used to study the reaction of thermal dissociation wa s 
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of water vapor in the temperature range of from 2400° 
to 3200° K which made it possible to obtain a series of 
new data on the kinetics of this reaction.   A,spectro- 
scopic study of the mixture was made by photometry during 
the time of change of the absorptive capacity of hydroxyl 
in the region X = 3064 A. 

A study of the kinetics of the reaction of oxygen 
combining with nitrogen which occurs at a temperature 
of 2000 - 3000° is of great interest.  A detailed study 
of the basic laws of the mechanism and rate of this reac- 
tion is found in monograph (k0)   where it has been shown 
on the basis of experiments in exploding various burning 
mixtures containing nitrogen as an admixture that the 
reaction is of the chain type.  Differing from the bimolec- 
ular for the chain reaction the reaction rate constant 
should depend on the oxygen concentration, whereby this 
dependence should have the form 

v     c K2 ~ V8^- ' 

where the chemical symbols designate the instantaneous 
concentration of the substance. 

This relation was obtained in experimentation by 
the authors of this work, although the method used by 
them had a resolving capacity in time of only about 10*"2 

sec. 
Experiments were made in work (11) to determine 

the reaction rate of nitrogen *rith oxygen using the shock 
tube.  The investigated mixture was compressed and heated 
to the required temperature at first with an incident 
and then with a reflected shock wave.  After rapid heating 
the gas was in condition required for the occurrence of 
the reaction, during the given space of time in the order 
of several tenths of a millisecond, after which it was 
cooled off sharply by the arriving rarefaction wave which 
brought about the "cooling" of the reacting mixture.  The 
resulting amount of carbon monoxide was then determined 
by methods of chemical analysis.   Thus one determined in 
the experiment: the instantaneous concentration of nitric 
oxide after the time interval At  from the beginning of 
the reaction to the moment of its termination, the value 
At, as well as the pressure and temperature of the mix- 
ture under which the reaction takes place. 

The expression for the rate of the reaction has 
the form 
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rfNO 
dt = ^1N2.02~A-2N0

2 

where k, and k«  are constants of the rate of direct 

and reverse reaction, whereby 

AL      I NOP 
kt       |N,|-|0,1 ' 

where equilibrium concentrations of the reacting substances 
are contained in brackets.  Under the condtions of the 
examined experiments the relation NO/[NO] was always less 
than 0.3, which makes it possible, using the above given 
relations, to find the approximate expression for k2: 

«/NO 
~dt »*,UN0|*- NO

1} 

or 

Ar2£üS A NO 
INOpAt 

The dependence of the reaction rate constant, 
determined by this method from the experiment, on the 
oxygen concentration is presented in Fig. 120  As can be 
seen from this graph, the experimental data correspond 
to the inverse proportionality of the square root of the 
concentration, which bears witness to the correctness of 
the chain mechanism of this reaction suggested by N.N. 
Semenov   (40)-      s 

I5f0 X /wel. Sec■ 

A-k«* 

W/P* 
Fig. 12.  The dependence of the reaction rate constant 

for N2 + 0 .frf*' 2N0  on the concentration of 

oxygen. 
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It should be noted that a study of the kinetics 
of chemical reactions by the above described "cooling" 
method has considerable practical advantages over the 
method of direct recording the course of the reaction 
by optical means, since it places no demands on the 
sensitivity of optical instrumentation which has to be 
very high to register the extent of the reaction zone 
as a result of the small depth at which it occurs<, 

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

In studying the state of a high temperature gas 
behind a shock wave the spectroscopic investigatory methods 
play a large part.  The spectra of different gases exited 
by the shock wave, as well as the development of indivi- 
dual parts of the spectrum in time were studied in works 
(42, 43>. 

To determine the temperature of the gas behind 
a shock front N,.N.Sobolev and his colleagues (44) devel- 
oped a number of spectral methods.  The method of rela- 
tive intensities of the various line pairs of admixtures 
contained in the gas (45) yielded less reliable results 
than the generalized method of converting spectral lines 
(46) on the strength of its strong dependence on the 
phenomena occurring about the walls in the shock tube 
and the effect of admixtures on the state of the investi- 
gated gas. 

Am 

3S00 

2500 

tsafr 

Fig.13. Temperature behind a shock wave, 
measured by optical methods (N.N. 
Sobolev and others): 1) Po=2mm Hg , air; 

2)P0=10 mm Hg,air; 3)Po=50mm Hg ,air(combustion on contact 
surface; 4)P0=10mm Hg ,nitrogen; 5) Po=50mm Hg , nitrogen,, 
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In the spectral line conversion method one deter- 
mines independently: the intensity of radiation of a gas 
in spectral line Ix and the difference between the inten- 
sity of radition in the same spectral line during illumina- 
tion of the gas by the comparison source and the intensity 
of radiation of the comparison source, i.e. Ix+^ - 1>« 
The temperature of the gas is computed according to the 
formula 

^-/„[l + ^-lnM j^-J    J 

Fig. 13 shows the results of measuring the tem- 
perature behind the shock wave in nitrogen and air, made 
by the generalized method of converting spectral lines 
in a shock tube with pulse photometry of the light inten- 
sity.  The solid curve represents the comp\itation made 
on the assumption of thermodynamic equilibrium ivith an 
energy of dissociation of nitrogen of 9.?6 ev.  The data 
obtained give evidence of rapid establishment of thermo- 
dynamic equilibrium of air in  a  wide shock wave velo- 
city range and confirm the correctness of the chosen 
value of dissociation energy in nitrogen. 

0    W   ZO   30   40   SO   SO    W 
t, t, psec 

Fig. l4 

Difficulties arise in the spectroscopic study of 
gas in a shock tube, caused by the presence of walls. 
The glow of admixtures behind a shock wave with a Mach 
number of ^? in sum along the entire cross section of 
thetube changes with time, as shown in Fig. 14«  The 
pulse of the glow comes from two signals, the first of 
which owes its existence to the admixtures in the entire 
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gas volume, while the second appears according to the 
extent of growth of the layer about the walls and is 
concentrated near the walls in the 5 ? 7 mm thick layer. 
In order to eliminate the effect of the walls it is neces- 
sary to use explosives to create the shock waves, as this 
has been performed, for example, in the work of I.Sh. 
Model» (47). 
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Fig. 15. Infrared spectrum of 
air at high temperature 
behind a shock wave. 

As the result of thermic ionization of the gas 
behind the shock wave with the occurrence of free electrons 
the radiation of a continuous spectrum is observed.  With 
a marked degree of ionization there occurs a shift in 
thespectral lines and their widening, caused by the exis- 
tence of electric fields of positive ions (the Stark ef- 
fect).  Both phenomena can be used here to determine the 
degree of ionization of a gas behind a shock wave (42). 

The data presented in Fig. 15 has been obtained 
in the study of the continuous spectrumof air in the 
infrared region by means of a shock tube.(48).  In the 
area of wave lengths above two microns there exists a 
radiation which cannot be explained by the molecular 
spectrum of nitrogen (the first solid curve in Fig.15)• 
As computations have shown,the effect obtained can be 
explained by    radiation during the collision of free 
electrons with atoms of nitrogen and oxygen.  The poten- 
tial of such interaction has been determined in work (49). 
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The second solid curve in Fig.15 was plotted considering 
Ihe magnitude of this potential, which corresponds to 
the cms section of elastic scattering for oxygen atoms, 

equal to 10"15 cm?. 

6. THERMODYNAMIC EQUILIBRIUM WITH I0NIZATI0N OF THE GAS 
BEHIND A SHOCK WAVE 

In experiments on the measurement of the electric 
conductivity of thermically ionized air behind a shock 
wave (50) it was shown that for shock waves with a Mach 
dumber of ~15 thermodynamic equilibrium is very quickly 
reached.  The experiments were conducted according to 
the method whose scheme is illustrated in Fig. lb.  A 
coil with current is applied to the tube in **"* *J? 
shock wave is propagated.  The electr*«^**™*^ 
of the conducting gas is determined by the ^finduced 
in the second coil placed in series with the f"^t, 
through change in the magnetic field in the conducting 
«as.  This device is calibrated by the insertion of meta] 
cores with varying conductivity within the tube. 

V 

'^-»lltin^ 

r '■ ooooooj»^ * 
ooooo 

x 
Fig. 16.Diagram of the experiment 

to measure the electrical 
conductivity of gas behind 
a shock wave. 

However, in the investigation of argon and other 
inert gases for Mach numbers of M * 10 * 18 which cor- 
responded to a degree of ionization of up~to J5 percent, 
a rather considerable time was observed m establishing 
the state of thermodynamic equilibrium, consisting ol 
tens of microseconds (51,52).  This phenomenon was studied 
in detail by the authors of work (51) by the experimental 
determination of the distribution of the electrostatic 
potential in the area of the gas behind the shock front 
produced by electron diffusion, as  well as by ^Jf^ing 
the delay in glow of the continuous spectrum of the gas 
which occurs only in the recombination of electrons and. 
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Fig. 17. Delay in ioaiaation behind tba shock wave in argon. 

1) diffusion potential 

2) delay in glow. 
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ions at a certain distance from the shock fronte 
Among the most probable mechanises of ionization 

(the collision of an electron with an atosa, ionization 
in the presence of collision between atoms &nd  photo- 
ionization) the mechanism of electron impact appears 
roost effectivec  Nevertheless, at the initial, moment 
when the electron density equals asero, the incipient 
degree of ionization should be produced by means of an- 
other mechanism«  After the termination of this prelimi- 
nary phase of the process the mechanism of electron 
impact begins to act«  Large energy losses of electrons 
occur here, inasmuch as the ionization potential of ar- 
gon is 15-7 ev. and the value kTof the electron is 
about .1 h.  Replacement of the electron gas energy takes 
place through elastic collisions of "cold" electrons 
wi i h a t o m s and i o n s . 

Since the ratio between atom and electron masses 
is high, the energy exchange is a slow process and 
determines the time the thermodynamic equilibrium state 
becomes established, in the gas.  Fig. 17 shows the time 
change for the retardation of Ionisation which was ob- 
tained in the experiments (51) for argon relative to 
teatperature behind the shock wave and the Mach number < 
The solid line represents the theoretical calculation 
of the authors of this present work» 
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