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1ON THE ýMECHANISM OF THERMAL INWIZATION"F
OF AIR

T. V. Bashenova and Yu. & Lobast6v

The experimental data on, ,the. absorption of radio waves, by air
behind a shock wave in a shock tube, introduced- in, work [l]-, were

,narrowed- down on a refined-unit, 'TVe results 'showed that the time,

dependence of the absorption of radio wwaVes bh'ind the shock wave
has the form- of a curve with a maximum Which reaches p0 - 1-?i2 mm Hg

over 20-100 Us at M = 9-12. The dimension of he region,-fdheatd
gas under these regimes was 15-20 cm, -while the width of the radib-

wave beam was no greater than 1-2 cm.

In this work we aialyze the time 'or attaining -the absorption

maximum.and the attenuation coefficient of the radio waves based on

-existing hypotheses on the mechanism of thermal air ionization-.

The attenuation coefficient (in decibel8) was, measured

"experimentally ýat a = 305. It is related to gas o~nductivity ,

at a 1-ow density of electrons- ne by relationships,-.'

e$ fl0 V
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4qherei c 3'iOdiiu/s; e -A43-= m 9.108.401 - w radioý-

waVe frequency-; V,.- impact frequency -of' electrons, with gasý particles.

L -•nde~t~ermi'ninlgY2,Me• use-the'. :r.esuits- -fo-r measuring -thei ,absorption -

of radio waves for ,the two frequencies, wl and 2".

_Values T and,-p behind the shock.wave were used as the basis for,

ca-lculat'ing these parameters by measured-nuf*er M of the shock.-wave

[31'.

"At ,temperatures on the order of 3000-14000 0 K ,most cf the-free'
oele~ctrons can arise in air-as a -result of the ioniz2ation of NO' molecules.

The-equilibrium quantity of free electrons in theair at these

Stemperatures is determined by •the reaction

S~~~NO'FN•!NO++Ie+M() "

This reaction assumes that the' equilibrium concentration of

free-electronsxe can be formed in •air after equilibrium con-

centration NO (x1O) is formed during a time. determined by. the
equýLtvr

dti
(2)'

Here 0& and alare the rate constants for the ,direct and reverse

reactions. The constant for the rate of the direct reaction can be

expressed through the equilibrium constant and the ,recombination

constant at. Value a' according to the Thompson theory at. T = 5000'K

and-p = 0.1'attmris equal to l0 c sm /s, and the NO' concentration

-4duriig the reaction does not 6xceed 10-2. Using these data we can

estimate the time. for reaching an-electron concentration close to[ equilibrium-by expression (1). When T= 50000 K and p = 0.1 atm

-this- ttime is'-no less tharn I02 s, i.e., it is,,by two orders greater

Sthan the experimental val,,e.

. IFTD-MT-24-1393-yl 2



Faster air iohniationi ýcan,,,be obtained' from, the.-reacation in which,

'the atoms of0-'nitrOgen ,and oxy gen which ,have-darisen in the dissociation

Sof the air-, combine to form -a molecule of ioniized nitric oxide [']

•' :'" " N+ O:Z:,O÷.F#

S( 3Ii
The rate of formation of' the thnree electrons In c6mection -with

this reaction can be described by the equation

dxe

where a is the constant' f the molecule forming rate NO+,z 1 -

the recombination constant NO+ + e; xN and x0 - the concentrations
of atom nitrogen and oxygen, respectively

10 cAt1 Cox-, 151.

,As we see from equation. (3) after value a Iis substituted in it

"through-Kp, the rate, of formation of electrons is proportional to

the difference of the squares of equilibrium xP and nonequilibrium

X the electron ,oncert-rations

=. "'" ( !!

The distribution of electrons throughout the reaction zone behind the
diiect shock can be obtained by a numerical integration of equation

"(5) with consideration of the dependence of at and xp on the non-e
equilibrium temperature in the zone.

As noted in work [6], in the zone behind the shock the distribution

of atomic nitrogen concentrations has a maximum. In connection with

FTDM-4T-14- 1393- 71 3



N

this the distribution of the equilibrium concentration of eloctrons

can have a maximum at._the sameP.point.

In-W6dk•'5Tit "has been indicated that at the point where the
equilibrium coficentration of the electrons has it's maximum the actual

concentration of electrons also has a maximum. The numerical value

of the electron concentration at the--maximum is equal to the equilib-o

rium concentration of electrons which corresponds to the nonequilib-

rium values XN and x0 at the maximal value xN in the reaction zone

(I.X ..v (6)

T1h time f6r reaching the maximal concentration of ele-ctrons

(Xe) is equal -to the time of obtaining the maximum concentration4
e m

of atomic nitrogen in the zone..'

In the work of Yu. S. Cayasov [5) a calculation is given for

the electron concentration throughout the zone at M = 10 and

p 0 - 1 mm Hg, based on approximate data on the distribution of
concentrations of N andO atoms and temperatures assumed in work

[6]. In work [6) the following connection betwee,. the ato'mIs of

nitrogen and hydrogen at x0 >> xNO was found,.-'

~ k~ 1 , ~h~e.og,(7),

lo_-i0'-38/e 3 01where k cm /s; xN2 is the initial concentration of

molecular nitrogen; x - the concentration of molecular oxygenP02

equal to x x 1/2x0 , e'- T-10 3 .
X02 02." .03

* In- the approximationsused in work [6) the temperature in the

nonequilibrium zone is debermihed -by the concentration of atomic

oxygen

rT ?6560x0o.
(8)

FTD-MT-4- -1393-7 1 4
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Here T2 iS the temperature directly jehind the Shocdkcalculated k

under the assumption. of an-,'nstantanreous excitation of 'Vibrations

and a frozen dissociation. The concentrati-on-,of atomi, oxygen'
Sin: the approximattons of Work [J if related te the time of the law-

n xoln')
3 p - 02 -n (9

Where k 10 %-We n - the total "number -of' .particles=. -By means

of relationships (6) and +(-in work '[,4] values xPe,of equi-libri-um

concentrationsof electrons at non:quilibrium values x o and x were

calculated for the c6oodinate system as a function of time. From
these data we calculated the absorption co-zfficient of-3+-centimete+r +
radio waves .. behind the -shock wave at M = 10 and P= 31cnt Hg!me

The calcul-ation coinoided with the ,experimental curve. I

i- Value a- 0.2*10- dB, which was obtained in calculating- from

an equilibrium number of electrons with equilibrium chemical compo--

sitions and temperatures, practically coincides with the -value o4

the maximal coefficient of radio wave absorption, which corresponds

,toý the maximal concentration of electrons in the nonequilibrium zone.

Let us estimate the value of (XP)m at different M numbers of

"the shock wave and compare -them wi~th+equilibrIum values. For this

let us use- formula (6) and -approxkmation expressions for the maximal

concentration x0 and temperAtlý4e -0 from work [6]'

+(+xo)+, = o. o. (lO.

The results" of caClculatinh 'the, numbL+r of free electrons (ne) = n(xe)

acooding to ?formula (10") d- -in, the case- i -equilibrium -kn) are

- - given, below,. The vaiues of ýtempefatu!e1+ie f-r0 o (xe)m.r, assumed

6,u;j,+ I to value 02) since •ie1 x. on 'I'.Lormula (8)

chan-ge6s value 0 in the, third -Piadce.

FTD-MT-24-1393-71 5



Va-lue. ,e;, was calculated icdordI4 to formulaa 8cod, ii ,1i Mi.

and,,as -inm Work 1 6J1 the values- o equilibri'um temperature T* were

taken from work [3) (se table-)'.

ComnpariVscn of equilibrium () anrd maximal values, n behind shock.
WA~e inm Air a t -p 0  10-3,.atm.

wv1cos o

centra-tion0,. obtine in01 the01 exeimn wt thpo11be-tm
of1 a i ,i see, when M > 9 maximale concentrations behind the direct

wave be c'o-me 'close to equilibrium.

Let us compare the-time of attaining the max~lium electron con-

centration, obtained in the experiments, with the possibl~etime

of attaining the ,maximal electron c6hcentrations for reacti'ont (3).

An estimate of this time can be made according to formula (9),

which describes the time for establishing the maximal concentration
of nitrogen, atoms in the equilibrium zone

2,6. 1Ocl/OW,
= (0,21.0-/4609" (11)

In the figure the coordinate system related to the shock shows

the values for the time of attaining the maximal electron concentra-

tion referred to initial pressure for 10 mm Hg. The filled dots
correspond to experimental value TPo obtained by us, the white dots

are according to data of work [8], and the triangular dots - to theI -data of work (7]. The curve has been drawn based on calculation

by formula (1l).

SFTD-MT-24-1393-71 6



Fig. Time 6f attaining maximal
ab~orpti'on, of radio 'Waves 'at'
different M number's of the lshock
wave. I- - Mannhei-mer and- Low--
[5]; 2,. Bl'ackman, [8]1; 3 - NIN; I Z
4- Sayasoy, (according, to, reaction '

N+O-iNO4-+ei

1KE1: ()p, T-,. cm Hg ps.ý

The data which we obtained has-been grouped around val~ues T
calculated according to formiula '(11), in the regionk of' numbers

144 9-12'. This indicates that the le~ading :process in air ionization

when9 9<'M < 12 is that of double Impacts

,N + OzýNO+ ' .1
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