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The composi t ion of a i r  is ca lcula ted  for  p r e s s u r e s  of 0.1, 1, 10, and 100 arm and t e m p e r a -  
t u re s  of 12,000-25,000~ allowing for  the Coulomb interact ion,  which yields a cons iderable  
i n c r e a s e  in the e lec t ron component  as compa red  with e a r l i e r  t r e a t m e n t s  [1]. Phys ica l ly  
jusgf ied  analyt ical  express ions  descr ib ing  the resu l tan t  composi t ion and the rmodynamic  
p r o p e r t i e s  to a s a t i s f ac to ry  a c c u r a c y  a re  selected.  These  approximat ions  a r e  convenient  
for  solving applied p rob l ems ,  s ince no i t e ra t ions  a r e  required.  

1. The influence of Coulomb in terac t ion  is  chiefly felt  in the t e m p e r a t u r e  range  cor responding  to in-  
tens ive  ionization ( T -  > 12,000~ When ionization is  p rac t i ca l ly  comple te ,  the role  of the Coulomb c o r r e c -  
tions to the composi t ion and the rmodynamic  p rope r t i e s  diminishes .  The e lec t ron  concentra t ion is then not 
v e r y  sensi t ive  to the ionization constant,  while the a tomic  concentra t ions  a re  smal l  and have  l i t t le  effect  
on the the rmodynamic  p rope r t i e s .  

Fo r  p r o c e s s e s  sens i t ive  to the concentrat ion of the a toms  (such as radiat ion t r a n s f e r  in an ionized 
continuum and resonance  lines) the effect  of the Coulomb in terac t ion  is  fel t  at  any t e m p e r a t u r e .  

The mos t  comprehens ive  data re la t ing  to the composi t ion and the rmodynamic  p r o p e r t i e s  of a i r  at 
12,000-20,000~ a r e  p re sen ted  in the tab les  of [1]. However,  the Coulomb in terac t ion  was only pa r t l y  t ak -  
en into account when compil ing these .  

2. Setting up the equations for  the f r ee  energy  of a mix tu re  of ions and e lec t rons ,  with due al lowance 
for  the Coulomb in terac t ion  energy,  and executing a var ia t ion  with r e s p e c t  to the number  of pa r t i c l e s  at 
constant  t e m p e r a t u r e  and volume,  we obtain the conditions for  ionization equi l ibr ium [2] 

N~N~+IN~ Q~Q~+' exp[ - /  6F ' ~  ' , < j V . T ,  ' /kT] (2.1) 

where N is  the number  of pa r t i c l e s  in the volume,  Q is  the s ta t i s t ica l  sum allowing for  all  f o r m s  of motion, 
F is  that  p a r t  of the f r ee  ene rgy  which is  a s soc ia t ed  with the Coulomb interact ion,  k is  the Bol tzmann con-  
stant,  T i s  the l e m p e r a t u r e ,  the index e co r re sponds  to the e lec t rons ,  the index i denotes i - fo ld  ionization, 
and i = 0 co r r e sponds  to neut ra l  a toms.  

If  we sepa ra t e  out the values  of the p r o g r e s s i v e  s ta t i s t ica l  sums  in Q and allow for  spin degeneracy,  
we obtain 

Q~Qi+I 2~rnkT 'l~ Q, (2.2) 

where Z is  the s ta t i s t ica l  sum over  the e lec t ron  s ta tes ,  V i s  the volume,  m i s  the m a s s  of an e lec t ron,  and 
h is  P l anek ' s  constant.  
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In the express ions  for the stat ist ical  sums of the ions taken 
over the electron states,  we allow for the fact that some of the up- 
per  excited levels are  not actually rea l ized in the plasma,  since 
interaction converts  the upper discrete  levels into a continuous 
spectrum.  The influence of this effect is indicated in the nomen-  
clature of the stat ist ical  sums by an aster isk.  

Substituting (2.2) into (2.1), express ing the resul t  in t e rms  
of concentrat ions,  and making the origin for reckoning the energy 
of all the ions coincide with their  ground states,  we obtain 

n eni+l . t 2 ~ m k T  \'/2 ZI+I* I i - - A I i  

where n is the concentration of the par t ic les ,  I i is  the ionization 
potential of an i - fold  ionized ion, and 

A [ i =  -- (SP / 5NDv ' r 

Allowing for the equation of state 

P = nkT + AP 
where P is the p res su re ,  AP = (-SF/SV)T~N i is the correc t ion to the p res su re  ar is ing f rom the Coulomb 
interaction,  and convert ing to molar  proport ions,  we finally obtain 

XeW/+l 2 [ 2 g m k T  ~'A Zi+1* exp (-- ' I t  - -  h l i  ) (2.3) 

where x is a mola r  proport ion.  

Thus in the ionization equilibrium equation (2.3) we must  allow for Coulomb cor rec t ions  to the three 
quantities Zi*, AIi, AP. A number  of theor ies  have been proposed for calculating the reduction in the ion- 
ization potential AIi, which is also required for calculating Zi* and Zi+ 1"" In the calculations of [1], the 
Debye--H~ickel theory  [3] was used, giving a small  value of AL In the present  investigation we used the 
more  r igorous ly -based  E c k e r - W e i z e l  data [4]. The Ecker--Weizel  theory  [4] would appear to be one of 
the most  reliable at the presen t  t ime. A numer ica l  solution of the ShrSdinger equation for the hydrogen 
atom in a screened Coulomb field [5] gave resul ts  s imi lar  to the calculations of [4]. We therefore  t reated 
[4] as a basis for the present  investigation. We note that the higher values of the drop in ionization poten- 
tial obtained elsewhere [6] may be associa ted  with making a double allowance for the polarization effect. 
A comparison of var ious theor ies  was also presented in [7]. 
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T A B L E  1 (con t inued)  

P = 10 

T "e nN nN+ nN++ no 

12000 2 . 8 9 3 ( 1 7 )  4,341(t8) 2.472(t7) 3.205(9) t.t90(!8) 
13000 4.92t(t7) 3 . 6 4 8 ( 1 8 )  4 . 2 0 2 ( 1 7 )  3.622(t0) t.022(t8) 
14000 7.490(t7) 2 . 9 2 5 ( 1 8 )  6.369(t7) 2.876(1t) 8.481(t7) 
15000 1 , 0 2 9 ( 1 8 )  2 . 2 1 2 ( 1 8 )  8 . 6 8 7 ( 1 7 )  1,701(t2) 6.726(17) 
16000 t.  289(t8) 1. 571 (18) t .  077(t8) 7. 859(t2) 5.067(17) 

1.23t(t8) 
t .320(t8) 

17000 1 . 4 9 0 ( 1 8 )  t.055(t8) 2.952(13) 3.625(t7) 
18000 t.6t9(t8) 6.790(t7) 9.413(13) 2.474(t7) 
t9000 1.679(t8) 4.277(17) t .  354(18) 2.627(t4) 1.630(t7) 
20000 1 . 6 8 9 ( 1 8 )  2.683(17) t .  350(18) 6.596(t4) t .  052(t7) 
21000 1.668(18) t. 696(17) t.323(18) t .519(t5) 6. 755(t6) 
22000 1.628(t8) t .089(17) t.283(t8) 3.257(t5) 4.356(16) 
23000 t.581(18) 7.t34(t6) t.235(t8) 6.539(t5) 2.848(16) 
24000 t.532(18) 4.749(t6) t.t83(18) 1 .247 (16 )  1.888(t6) 
25000 1,484(t8) 3,2t6(16) 1 , 1 2 6 ( 1 8 )  2.253(t6) t.274(t6) 

T no + no++ nAr nat+ nAr++ 

12000 4 , 0 6 2 ( 1 6 )  8.444(6) 2.718(16) 1,447(t5) 3.475(8) 
13000 6.917(16) 1. 436(8) 2.26t (t6) 2. 764(15) 3.9t 2(9) 
14000 1. 076(17) t .  653(9) 1. 765(16) 4. 564(t5) 3.058(t0) 
15000 1 . 5 3 9 ( 1 7 )  1.379(t0) 1 . 2 6 8 ( 1 6 )  6.535(t5) 1.742(1t) 
16000 2 , 0 3 7 ( 1 7 )  8 . 7 8 7 ( 1 0 )  8.327(t5) 8 . 1 9 0 ( 1 5 )  7.559(1t) 
17000 2.507(t7) 4.444(1t) 5 . 0 7 0 ( 1 5 )  9.t83(t5) 2.6t4(12) 
18000 2 . 8 9 0 ( 1 7 )  1 , 8 5 3 ( 1 2 )  2 . 9 4 3 ( 1 5 )  9 . 5 2 0 ( 1 5 )  7.615(t2) 
19000 3 . 1 5 1 ( 1 7 )  6.537(t2) 1 , 6 8 3 ( 1 5 )  9.4t5(t5) 1.950(13) 
20000 3. 291 (t 7) 2. 005(13) 9. 699(t4) 9. 083(15) 4. 529(t3) 
21000 3 . 3 3 2 ( 1 7 )  5 . 4 7 4 ( 1 3 )  5 . 709 (14 )  8.650(t5) 9,736(13) 
22000 3 , 3 0 5 ( 1 7 )  1.358(t4) 3.444(t4) 8 . 1 6 1 ( 1 5 )  1.957(14) 
23000 2 . 2 3 5 ( 1 7 )  3.095(t4) 2 . 4 2 7 ( 1 4 )  7.6tt(t5) 3.676(14) 
24000 3.t40(17) 6.6t1(t4) 1 . 3 3 0 ( 1 4 )  6.972(t5) 6.494(t4) 
25000 3.027(17) t ,326(t5) 8.339(t3) 6.2t3(t5) t .067(15) 

P=IOO 

T ne ~N nN+ nN++ nO 

12000 t.  144(t8) 4.625(t9) 9.79t(17) 6.288(9) t .  251(t9) 
13000 2.075(t8) 4 . 1 0 9 ( 1 9 )  t.778(18) 8 .129 (10 )  t.t22(19) 
14000 3.4t3(t8) 3.584(t9) 2.920(t8) 7 .374(11)  9.929(t8) 
15000 5.t39(18) 3.044(t9) 4 . 3 8 2 ( 1 8 )  4 ,962 (12 )  8,619(18) 
16000 7.129(t8) 2.499(t9) 6 . 044 (18 )  2 .576(13)  7.292(18) 
17000 9 . 1 6 8 ( 1 8 )  t.979(t9) 7.715(i8) t.066(14) 5,992(t8) 
18000 t. 102(19) t .  513(19) 9. t95(t8) 3.623(t4) 4.776(18) 
t9000 t.25t(19) t.t25(t9) t .033(19) 1 .038 (15 )  3.704(18) 
20000 1 . 3 5 8 ( 1 9 )  8.t79(t8) 1.t~t(t9) 2.615(t5) 2.799(t8) 
21000 t.424(t 9) 5.864(t 8) t .  t 54(19) 5.906(t 5) 2.074(18) 
22000 1.456(t9) 4.t86(18) 1.t70(19) 1,224(t6) t.5t5(18) 
23000 1 . 4 6 2 ( 1 9 )  2 , 989 (18 )  1.t65(19) 2 .365 (16 )  t.095(t8) 
24000 1 , 4 5 0 ( 1 9 )  2.t51(t8) t.t46(19) 4.287(t6) 7,926(t7) 
25000 t.  427(19) t. 553(t8) 1.1t8(19) 7.479(t6) 5.723(17) 

T nO+ no++ nat nAr+ nAr++ 

12000 1.588(t7) t.635(7) 2.889(i7) 5.7t7(t5) 6.792(8) 
13000 2.851(t 7) 3.140(8) 2.557(17) t .  t74(16) 8.8120) 
14000 4.7i3(t7) 4.049(9) 2.205(17) 2 .133 (16 )  7.990(10) 
15000 7 . 2 3 2 ( 1 7 )  3.748(t0) i.827(t7) 3.452(t6) 5.323(11) 
16090 i.035(t8) 2 , 6 0 8 ( 1 1 )  t.437(t7) 4,992(t6) 2,692(t2) 
17000 i .387(18) t .416(11) t.068(t7) 6 .480 (16 )  1.062(13) 
18000 1.750(t8) 6 ~ 2 0 0 ( t 2 )  7.523(t6) 7 .648 (16 )  3.380(t3) 
t 9000 2.087(t 8) 2.24t (t 3) 5. t01 (16) 8.353(t 6) 8.954(13) 
20000 2 . 3 7 6 ( 1 8 )  6.974(t3) 3 . 3 6 2 ( 1 6 )  8 .650 (16 )  2,077(14) 
21000 2.598(t8) t.90t(14) 2 . 2 0 0 ( 1 6 )  8 .618 (16 )  4.321(14) 
22000 2 . 7 4 9 ( 1 8 )  4.653(t4) t.438(t6) 8 " 395 ( t6 )  8.292(14) 
23000 2 . 8 3 8 ( 1 8 )  t.04t(15) 9 , 4 6 7 ( 1 5 )  8.05t(16) t.49t(t5) 
24000 2.868(i8) 2.144(t5) 6 . 3 3 8 ( 1 5 )  7.630(t6) 2.524(t5) 
25000 2.859(I8) 4A88(t5) 4 , 1 6 0 ( 1 5 )  7 .161 (16 )  4.t11(15) 
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The co r rec t ion  to the p r e s s u r e  AP i s  usual ly  calcula ted in accordance  with the method of [3]. 

3. In the p r e s en t  invest igat ion we calcula ted  the composi t ion of hot a i r  with due al lowance for  all  
the foregoing effects  over  the t e m p e r a t u r e  range  T=  12,000-25,000~ for  pressux.es of P=0 .1 -100  arm. 
Over this range of p a r a m e t e r s  the concentrat ion of the molecu les  is  low (except for  the lowest  t e m p e r a -  
tu re  and P = 100 arm). On the other  hand, t r i p l y - c h a r g e d  ions a r e  p rac t i ca l ly  absent .  

The or iginal  s y s t em  of equations cons i s t s  of six equations of the type (2.3) for  ni t rogen,  oxygen, and 
argon a toms  and singly and doubly charged  ions,  the equation of s tate,  and the conserva t ion  equation for  
the nuclei of the in terac t ing  pa r t i c l e s  

n N -~ nN+ -~ nN+ + --~ n o  -~- no+ -~ no++ -~- nAr  ~- nAr+ -~- nAr++ 
0.7808 0.2095 0.0097 

where  the indices  N, N +, N ++ re la te  to neu t ra l  ni t rogen a toms and s ing ly -charged  and doubly-charged  n i -  
t rogen ions, and s i m i l a r l y  for  oxygen (O, 'O +, O ++) and argon (At, Ar  +, At++).  

The n u m b e r s  in the denominators  re f l ec t  the ini t ial  a i r  composit ion.  

The s y s t e m  of equi l ibr ium equations was solved by success ive  approximat ions  in an e lec t ronic  c o m -  
puter .  The r e su l t s  appea r  in Table 1. 

A compar i son  between the r e su l t s  of these  calculat ions (c rosses) ,  and the data p r e sen t ed  in the t a -  
bles of [1] (circles)  is  given in Figs.  1 and 2. We see that at 100 arm the values  of x e a r e  cons iderably  
g r e a t e r  than those of [1]. 

4. In solving p rob l em s  with a compute r  it  is  s o m e t i m e s  inconvenient  to use  tabulated values .  In this 
case  we requ i re  analyt ical  expres s ions  approximat ing  the tabulated data to an acceptable  accuracy .  Ap-  
p rox imat ions  of th ree  types a r e  used  in the l i t e ra ture :  

1) F o r m a l  approximat ions  r ep resen t ing  the tabulated data by a r b i t r a r y  ma themat i ca l  express ions .  
These  approximat ions  a r e  c u m b e r s o m e  and only sui table for  the pa r t i cu l a r  p a r a m e t e r s  for  which they a r e  
chosen; 

2) Phys ica l  approximat ions  requi r ing  i te ra t ions .  These  a re  e x t r e m e l y  accura te ,  s ince they cons t i -  
tute a sl ightly s impl i f ied  s y s t e m  of equi l ibr ium equations.  The use of these  approximat ions  for  applied 
purposes  is inconvenient  owing to the need for  i te ra t ions ;  

3) Phys ica l  approximat ions  not requi r ing  any i te ra t ions .  These  a r e  obtained by fu r the r  s impl i fying 
the or iginal  s y s t e m  of equations, and they a r e  t he re fo re  l e s s  accura te  than those of the second group. 
However,  they have the m e r i t  of s impl ic i ty  and allow cor rec t ions  improving  the a c c u r a c y  to be introduced.  

In the p r e s en t  invest igat ion we chose the physica l  approximat ions  of A. N. Kraiko as ini t ial  approx i -  
mat ing expres s ions  [8]. The e r r o r s  in the approximat ing  s y s t e m  of equations given in [8] a r i s e  main ly  
f rom th ree  causes .  

1) the spli t t ing of the original  s y s t e m  of equations of equi l ibr ium by v i r tue  of a number  of s impl i fy -  
Lug assumpt ions  l i s ted  in [6]; 

2) the neglec t  of the influence of Coulomb interact ion on the p r e s s u r e ;  

3) the neglec t  of the drop in the ionization potential .  

This  l a t t e r  fac tor  c r e a t e s  the g r e a t e s t  e r r o r  in the range of p a r a m e t e r s  under  considerat ion.  Fo r  
this reason ,  and a lso  in o rde r  to avoid unduly complicat ing the s y s t e m  of equations given in [8], all  th ree  
sources  of e r r o r  a re  approx imate ly  e l iminated  by making two co r r ec t ions  to the ionization potent ia ls  of 
the a toms and s ing ly -charged  ions. These "effect ive reduct ions in ionization t e m p e r a t u r e "  AT0* and ATI* 
a re  chosen in such a way as to ensure  adequate a ccu racy  in the r e su l t s  of the calculat ions.  

The comple te  s y s t e m  of analyt ical  expres s ions  approximat ing  the composi t ion and the rmodynamic  
p r o p e r t i e s  of hot a i r  a r e  p re sen ted  below. In this s y s t e m  the par t i c le  concentrat ion n has  the dimensions  
cm -3, the p r e s s u r e  P is  m e a s u r e d  in physical  a t m o s p h e r e s  (1 arm = 1.013- 106 dyn/cm2), the t e m p e r a t u r e  
T in degrees  Kelvin, the densi ty p in g / c m  3, the enthalpy H and the Coulomb cor rec t ion  to the enthalpy AH 
in J / c m  3, and the remain ing  quanti t ies a re  d imens ionless :  
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2e~ - -  0.42~a 2e~ - -  1.58ea 0.2t - -  s~ 
X O ~ -  X N , Xo~ 

(2 ' 0t r 

0.79 - -  e~ 2sa 
XN~ ~ X N +  3 -  2 ; 0 +  ~ - -  

2e4 2 (sa -+- 284) 
XN++ 3- Xo++ ~ ~ ,  Xe = 

r~i = 0 .734" t022 P - - A P  T x~, p = 0 .3565 p - -  a P  
a T  

H = 0 .2843  {T [ (0 .2 t  - -  el) Ho~ ~ (0.79 - -  e2) H ~  3- 2 (e 1 - -  0 .2 tea)  H o  4- 

3- 2 (e~ - -  0.7983) H ~  -ff 283H~ 3- 5 (ea q- e4)] q- 59 00081 3- 113 000e~ 3- 

3- (333 t 0 0  - -  ATo)ea + ( 7 t 4  440 - -  ATe)e~} 3- A H  

[ V 

_ , , = - 0 . 5  + 1/0.2 +I  + e Pt- 
I J  

ATo* = 8 t 7 0  ~ P - 1 0  000  / T [1 q- P v , ( 1 0  000 / T)V, exp  (16 9000 / T - -  t0)]- ' / ,  

ATe* = 96 000  ~/P--- (10 000 / T) 2 [ l  3- ~ P  exp  (343 400 / T - -  t4 .87)1- ' / ,  

= 1 + 81 3- e2 3- 2ca 3- 2e~ 

a e  = - o 76 (t o ooo /rr  (P " 3,, 

A H  = - -  3 t 4 0  (10 000 I T )  ( P  (ca + 3e,)'/~ a -v ,  
Ho~---- 3 .076 3- 1. t 9 . 1 0 - a T  - -  9.  t 0 -ST 2 

HN,  = 3 .415 -~- 2 . 1 7 . 1 0 - ~ T  - -  t . 2 . 1 0 - S T  2 
H o  = 2 .514  3- t0 -ST 3- 1 . 2 . t 0 - 1 ~  ~ 
H ~  = 2 . t t 7  3- i0 -~T  - -  t . 9 7 . I 0 - 9 T  2 

H~,  = 2.46 + 2 . 1 0 - ~ T  

A comparison of the approximations (continuous lines) with the exact calculations (crosses) and the 
approximations of [8] (broken lines) is presented in Figs. i, 2, and 3 for pressures of i, i0, and i00 arm. 

The proposed approximations are valid for pressures up to P = i00 atm and temperatures up to T = 
25,000~ For higher temperatures and pressures the error may increase. 
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