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The- mechanism of thermal ionization of alr behind shock waves
within a range of -Mach 9-12  is considered on the basis of
avallable experimental data on the abscrptior.of radio waves

by the ionized gaseous medium, These data show that the time
dependence of the absorption of radio waves is. given by a

curve with a maximum which corrésponds to the maximum electron
concentration in the nonéquilidvrium region, An analysis of

the time necessary to attain maxima of the absorption and
-attenuation coefficients is presented on the basis of existing
hypotheses on th2 mechanism of thermal lonization of air,()®A.
comparison of tne equilibrium and maximum values of electron ™
concentrations behind a shock wavé in air at a given pressure *
in tabular form, and shows that glven maximum —“ncéentrations
approach equilibrium, It is concluded that douole collisions
are tne leading process of air fonization according to a given
reaction, Orig. art, has: 1 figuré, 1 table, and 11 formulas,
] [AT4048002]
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O THE HECHAISM OF THERMAL LONIZATIO S z
FAR | }

T. V. Bashénova and Yu. &4 Lobastdv

¥

The experimental data or 'the absorption of radio waves by air
behind a shock wave in a shock tube, intréduced in work [1), were \
rarrowed down on a refined unit. 'T'ie results showed that the time ;

. dependence of the absorption of radio -wavés béhind the shock wave :
has the form of a curve with a maximum wnrcn»reachestpo = 1=2 mm Hg
over 20-100 us at M = 9-12. The dimension of the region 6f heated
gas undér these regimes was 15=20 cm, while the width of the radio-
wave beam was no greater than 1-2 cm. 7

VST STTIN
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In this work we analyze the time for attaining the absorption
maximum and the attenudation coefficient of the radio waves based on
-existing hypotheses on *he mechanism of thermal alr ionization:

The attenuation coefficient (in decibels) was: measured
experiméntally at a = 308. It is related to gas conductivity o
at ‘a low density of glectrons‘ne by relationshipsv

46,
¢ - YEeyE
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“iheré ¢ = 22109 eri/s; e = 1.803:10710; m = §.108740" =28 4 - radto-

wave Irequency, V.~ impact frequency of electrons with ‘gas: partic]es.

*‘“;M:ﬂruﬁetormining_“:e use theuq,sults for: measuring~tho -absorption

of radio waves for the two frequencies,ml\and w5

Values T andp behind the shock wave were used as the basis for:
calculating ‘these parametérs by measured nunvser M of the shocék vave

[3]

At temperatures on thé order of 3000-4000°K most c€ the free
eleutrons can arise in air_as a result of the 1onization of NO molecules:

The equilibrium quantity of free electrons in the -air at. these

- temperatures 13 determined by the reaction

L~

NOFMaNOt4-e+M (1)

This reaction assumes that the' equilibrium concentration of
free electrons. x(p) can be formed in .air afier equilibrium con-

centration NO (xNO) is formed during a time determiried by the
equaﬁiqh

Ix
L o g nom - cg X it

(2)

Here aq and aafare 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 ao. Value “0 according to the Thpmpson theory at. T = 5000°K
and p = 0.1 atm is equal to 10~ =30 em /s, and the NO concentration
‘durihg the reaction dees not exceed 10 2. Using. these data we can
estimate the time for- reaching an electron concentration close to
equilibrium by expression (1), When T = 5000°K and p = 0.1 atm

‘this- time is no less than 10~ -2 s, 1.e., it is by two orders greater
than the experimental valne,
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Faster air iohizgpianganrbg dbt@inéd’ffomwthe»reagpion in which
‘the -atoms -of ‘nftrogén .and oxygen~wh;chrhave§érj§en in the dissociation
of the atr, combine ‘to form a moléculé of ionized nitric oxide [4],

N

: - Oy
_—— N+ CENO* e,

€

A} g
A3)

L

N

~ The rate .of formation of the three electrons in ¢ornection with
this reaction ¢an be described by the equation

e . . L
T Gitagay — difxe,

where ay is the consténtKOf'the.molecuie forming rate‘NO*i a'l -
the recombination constant No¥ + e; Xy and'xO -~ the coﬁcentragions

of atom nitrogen and oxygen, réspectively

ay = 10" cud cer™|5).

‘As we see from equation (3) after value @y 1s substituted in it
through~Kp, the rate of formation of electrons is proportional to

the difference of the squares cf equilibrium xg and nonequilibrium
Xe. the electron concentrations

dre . ( Ton z) AP 2
=== g =~ — 23 )= agn (AP =), .
. Ky co (5)

The distribution of electrons throughout the reaction zone behind the

direct shock can be obtalned by a numerical integration of equation
‘(5) with consideration of the dependence of ai and xg on the .non-
equilibrium temperature in. the zone,

As noted in work [6], in the zZone behind the shock the distribution
of atomic nitrogen concentrations has a maximum. In. connection with

FTDMT-24~1393~71 3




equal to Xq

~
B

this the distribution of the equilibrium concentration .of eleétrons
can have a maximum at the same .point.

In-work[57 Tt has been indicated that -at the point where the
equilibrium concentration of thé electrons has 1ts maximum thé actual
.concentf@tiéﬁ.qf electrons also has a maximum. The numerical value

of the electron concentration at the maximum is equal to the equilibe'

rium concentration of electirons which corresponds to the nonequilib-
rium wvalues xN and Xy at the maximal value XN in the reaction zonhe

(i = Gl R

’. : K’(Tm) . (6)

‘The timé for- reaching the maximal concentration of electrons
(xé)m 1s equal ‘to the time of obtaining the maximum concentiration.
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

Po = 1l mm Hg, based on approximate data on the distribution of

concentrations of N and .0 atoms and temperatures assumed in work
(6. ZIn work [6] the following connection betweé: the atows of
nitrogen and hydrégen at Xy >> Xy, was found: -

N o kg @o/kyXon,

(7)

where k, = 10 cm3/s; xgé is the initial concentration of
molecular nitrogen; Xg_ = the concentration of molecular oxygen

2
- 1/2xy, &= T:1073,

-10;-38/6

-0
= X
5 0

2.
In the approximations used in work EGj the temperature in the

nonequilibrium zone is dectermined by the concentration of atomic
oxygen

T = Ty — 6500 Xo.
(8)

FTD=MT-214-1393-71 4

e R e e o i e e

o ——— e ot 2 n

ey s Ve 0 e

e ok

PR




¢

Y -

i ST T o S M S S A g ?ﬁwwﬂ“‘*

Here T2 is the temperature directlv oehind the shock, calculated
under the assumption of an. lnstantaneous excitation of vibrations
and a froven ‘dissociation. The concentratinn of atomic oxygen

//'in:the approximations of work 553 45 related t¢ the time of the law

L.
-~

= TR o)

Where Ky -8‘-59/6 - the total number -of particles. By means
of relationships (6) .and (7) in work [u] values xp of equilihrium

' concentrations -of electrons at nonéquilibrium values Xq -and xNewere

calculated for the coordinate system as a function of time. From
these data we calculated ‘the absorption co>fficient of 3-centimeter
radio waves -a behind the 'shock wave at M = 10 and,pQ»= 1 xm Hg,

The calculation coincided with the .experimental curve.

Valué a = 0.2+10"F dB, which was obtained in calculating from
an equilibrium number of electrons with equilibrium chemical compo—i
sitions and :temperatures, practically coinciaes with the value of
the maximal coefficient of radio wave absorption, which corresponds
‘to: the maximal concentration. of electrons in the nonequilibrium zone.

Let. us: estimate the value of (xp) at different M numbers cf
‘the shock wave and compace them with- equilibrlum values., For this
let us use formula (6) and approximation expréssions for the maximal
concentration x, and temperature .0- from work (el

(¥o) . = 03230, \
ol (109

The results of calculating ‘the number of free electrons én LR CIM

acs ording to formula (10) and ‘in the case ot equllibrium vn* ) are
given,below. The values of temperature 6 for (xe)h; ri. assumed
agual to value 6,, since wiiea Xy =~ 157 2 2orrzetiin in formula (38)
ohanges value 6 in the' third piace.
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Value eé was -calculated according to formula 62/6 = 0,10 M
and‘as in work L6] the values of equilibrium temperature T* were
taken from work [33 (§§§5table).

2

/J

-bompariscn of equilibrium (*) and maximal values n, ‘behind shock
wWave in air at. p0 = 10-3 atm..

»

) -

aun mmre memks  emmme—nn

w2 iﬂl‘ . ek ow o w

R | T P T

T ok | won bomws | w1 ome a0 | 0ed
n“i/m" L 2.400 <] 540w ERTE 0,08.101 5
g0 a0 | ax | o4t | 50 60
} -.(ng,w,,;.,.;,_ s Loo5edor | 0,290 | 3ol ] 2.0 1 detow /|

e

kY - - .

AS wé:-see, when M > 9 maximal concentrations behind the direct
wave become close to equilibrium.

Let us compare the time of attaining the maximum electron con-
centration, obtained in the experiments, with the possible: time
of attaining the maximal electron cohcentrations for reaction: (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 zoné

2,6+ 100"

(0,21 — 03 /480) A (11)

In the figure the coordinate system related to the shock shows
the values for the time of attaining the maximal electron cnncentra-
tion referred to initial pressure for 10 mm Hg. The filled dots
correspond to experimental value ™™g obtained by us, the white dots
are 'according to. data of work [8], and the triangular dots - to the
-data of wbrk [7]. The curve has been drawn based on calculation
by formula (11).
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The data which we obtained has been grouped around values TPy
calculated according to formula (1l), in the region of numbers
M ~ 9-12, This indicatés that the leading ‘process in air ionization

when 9 <'M < 12 is that of double impacts

‘N + O2NO* - ¢
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