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An i te ra t ive  method, which is quite convenient  for  calculat ions on smal l  compute r s ,  is p ro -  
posed for  finding the equi l ibr ium s ta te  of gas in reac t ing  mix tu res  with few components .  Ex- 
amples  of calculat ions of the equi l ibr ium composi t ion and gas dynamic quantit ies in pure  c a r -  
bon dioxide and in the mix ture  C O - N 2 - A r  behind a shock wave are  given. 

When solving many  p rob l em s  re la ted  with the propagat ion of shock waves  in reac t ing  mixtures ,  with 
a jet  s t r e a m  in p la smot rons ,  chemica l  r eac to r s ,  e t c . ,  it is n e c e s s a r y  to know the composi t ion and t h e r m o -  
dynamic p rope r t i e s  of the gas in a s ta te  of par t ia l  or  comple te  s ta t i s t ica l  equi l ibr ium. In a number  of c a se s  
(shock waves  in air ,  e tc . )  such information can be found in avai lable monographs  and a r t i c les  (see, for  
example ,  [1-3] . However ,  such data a re  insufficient when set t ing up exper imen t s  with other  mix tu res .  

Genera l  methods of solving the p rob lem of the equi l ibr ium composi t ion of gas behind a shock wave 
have been known fo r  a long time; sufficiently genera l  p r o g r a m s  have been compiled for  compute r  ca lcu la -  
tion of the composi t ion and the rmodynamics  of mix tu res  of p rac t i ca l ly  any a r b i t r a r i l y  complex composi t ion 
[4]. 

However,  in many c a s e s  the r e s e a r c h  must  have on hand cons iderably  s imp le r  methods of solving 
these p rob l ems  as applied to mix tu res  with few reac t ing  components  without r e so r t ing  to c u m b e r s o m e  com-  
puter  calculat ions.  Such examples  are  indicated in [5], where  cases  of equi l ibr ium af ter  exciting osc i l l a -  
t ions of molecules  in a nondissoetat ing gas and equi l ibr ium upon dissociat ion and ionization of a o n e - c o m -  
ponent gas  a re  investigated.  The method proposed in [5], however,  is unjustifiably complex,  since it is 
based  on multiple graphic  interpolation.  

We will indicate here  a s i m p l e r  method and give concre te  re la t ions  which pe rmi t  in many ca se s  f ind- 
ing without g rea t  effor t  the equi l ibr ium composi t ion and the rmodynamics  of gas  for  given t e m p e r a t u r e  and 
p r e s s u r e  values .  

The law of m a s s  action, Dal ton 's  law, and equation of s tate  a re  used as the initial p r e m i s e s .  The 
concre te  calculat ion of the equi l ibr ium state and gas  dynamic quanti t ies are given here  for  the case  of a 
shock wave.  To de te rmine  the ve loc i ty  of the shock wave and p r e s s u r e  and densi ty drops  at the front,  we 
use the re la t ions  of the laws of conserva t ion  of energy,  momentum,  and mass  f rom which, af ter  cer ta in  
unessent ia l  s impl i f ica t ions ,  [t is easy  to obtain the express ions  (see [6]) 
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Here V is the velocity of the shock wave, km/sec; h i is the total molar  enthalpy of the i-th component at 
tempera ture  T 2 behind the shock wave; xi, /~i are the mole fraction and molecular  weight of the i-th com-  
ponent, respectively;  Ho, Po are the molar  enthalpy and molecular  weight of the initial composition of the 
mixture of gases  at temperature  T 1 ahead of the shock wave front; P2/Pl is the ratio of the p res su re  behind 
the shock wave front to the p ressu re  ahead of the front; P2/Pl is the analogous ratio for density. 

1. Equilibrium with Respect  to Internal Degrees of F reedom of Molecules in Mixture. When the 
chemical  composition of a gas does not change in the system it is sufficient to determine the conditions of 
equilibrium with respec t  to the internal degrees  of f reedom of the molecules in the gas. It is of interest  
to calculate the partial  equilibrium with respect  to internal degrees  of f reedom for the case of a shock wave 
when it is necessa ry  to know the gas composition before the s tar t  of p rocesses  related with chemical  t rans -  
formations.  For  a mixture of any composition the ratio of the values of the gas density on the shock wave 
can be written in the form* 

where 
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Here I! is the gas constant. The value of the enthalpy of the 

H i is the molar  enthalpy of the t- th component.l" The values 
modynamics handbooks, for example, in [7]. 

Knowing the value of the ratio of the gas density on the 
p re s su res  
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where I is the mechanical  equivalent of heat. 

Thus to solve the problem in this case we must assign a set of values of T 1 and T 2 and, finding the 
values of enthalpy H 2 for a mixture of a given composition by means of tables [7], we must determine PJPl, 
p 2 / p l ,  and V, and then plot graphs of T2, p2/Pl, p2/Pl against the shock wave velocity. We note that the p ro -  
cedure of calculating is equally simple for a mixture of any composition. The States o f  equilibrium with 
respect  to individual degrees  of f reedom of the molecule (rotational, vibrational, electronic) can be de te r -  
mined by changing the values of the molar  enthalpy. 

2. Dissociating Gas. Change of a Diatomic Component (in Inert  Gas) Consisting of Identical Atoms. 
In the simplest  case, v iz . ,  dissociation of diatomic gas consist ing of identical atoms, having used Dalton's 
law and the law of mass  action, we obtain a quadratic equation for the mole fraction of the atomic compo- 
nent, the solution of which is the expression 

�9 ' K A 2  ~ 1 a o . =  ,/o o 1 7 ) + ( 9 : )  (, (7) 
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For  the mole fraction of molecules we have 

Here KA~ is the equilibrium constant of dissociation of molecules A2, atm; XA, xA 2 are the equilibrium 
values o~ the mole fract ions of atoms and molecules at t empera ture  T and p ressu re  p of the gas; 

*This expression can be found, for  example, f rom Eqs. (9.1)-(9.5) in [5]. 
1-The total enthalpy of the component is h i = H i + AH~, where AH~ is the heat of formation of the component 
f rom elements in standard states.  
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c~ 0 = (1 + /30)/(1 + 2fi0), where /30 = ToPA/(Po-4OYo), where 3/0 and Po are the mote fraction of inert gas (ar-  
gon) and molecular  weight of the initial composition of the mixture; /~A is the molecular  weight of the atom 
A. 

Assigning the table values of the equilibrium constants KA2 at different tempera tures  T and values of 
the gas p r e s su re  p for  different composit ions of the mixture, we can obtain the temperature  and p ressu re  
dependences of the concentration of components.  Having such an a r ray  of equilibrium values, we can deter-  
mine the neces sa ry  thermodynamic quantities in each concrete case.  

3. Chemical Equilibrium in a Complex Mixture of Gases. When determining the equilibrium values 
in a mixture of chemical ly react ing gases (at a high temperature)  the problem is divided into two stages: 
determination of the equilibrium composition of the gas and calculations of the thermodynamic and gas 
dynamic quantities. The f i rs t  part  of the problem is most laborious. 

We will consider  a gas mixture whose components at high temperature  are atoms and diatomic mole- 
cules, whereby three kinds of atoms i, j, k part icipate pairwise in the formation of the molecules.  In a 
more  general  case we can, of course,  consider  a mixture of gases  which includes also tr iatomic compo-  
nents and a g rea te r  number of kinds of atoms. However, our purpose is to show a general  approach to the 
solution of problems of the equilibrium composition in gas mixtures ,  the number of components in which 
makes possible calculations on small  computers  or  even manually. By means of the relat ions of the law 
of mass  action for molecular  components we can represent  the concentrat ions (mole fractions) of diatomic 
components in te rms  of concentrat ions of atomic components 

xij =- ~jx~x~; x ~  = ~i~xlx~; xjh = f3i~x~x ~. 

Then f rom Dalton's  law and the two conditions of constancy of the ratio of the number of atoms of 
kind [ (and j) to the number of atoms of kind k we obtain direct ly a sys tem of three (according to the num- 
ber  of kinds of e lementary components) nonlinear algebraic equations for three unknowns xi, xj, Xk: 

i x  2 , 2 z , (9) . ~ T f~jx~ + ~h~x~ -1- ~jx~x: + f~kX~Xh + ~jhXjX~ + X~ + X~ + X~, + Xo - -  I = O, 

2 ~ x  2 -~ ~jx~xy -[- ~zkx~x~ -~ xi - - a ~  (2t~x~ + ~s~xyx~ + ~i~x~x~ -+- x~) = O, (10) 

2~5.~x~ -}- ~yx~x: + ~jax:x~ + x: --a~ (2[~x~ + ~y~x~x~ + ~,xix~ -q- x~) = 0. (11) 

Here x 0 is the mole fraction of inert gas; ~[k and C~jk are the values of the ratios of the number of atoms 
of one kind to the number of atoms of another kind, calculated from the initial composition of the mixture; 
coefficient/3 m = pK~, where p is the equilibrium value of pressure, aim; K m is the equilibrium constant 
of dissociation of molecules of kind m, aim. 

An iterative method is proposed for solving this system. When considering mixtures of concrete 
gases having known values of the equilibrium constants Km(T ) at different temperatures T (cf. [7]), among 
the coefficients {~m there is always one or several which exceed the others by an order or more. This con- 
dition should be used for finding the iterative expressions for atomic components. 

Since the mole fraction of the component is always less than unity it is necessary to represent the 
iterattve relations for Xa* so that the largest of the coefficients /3m is in the denominator and the entire 
fraction is less than unity in each step of the calculations. If nevertheless the iteratlve expression for some 
Xa, found by means of one of Eqs. (9)-(11) does not meet this condition, we can always bring it to the nec- 
essary form by adding the term ~ /3maxXa to the right and left sides of the equation. After performing 

a4~a" 

such a procedure  for  each of the quantities x a ~he t terative relat ions for xi, xj, x k obtained by Eqs. (9)-(11) 
have the form 

x~ = :~ (1~, x~, xj, x,,), 

xj = fj(~,,,, x~, x:, x~), (J.2) 

x~= :~ (f~,., x .  x:, x~). 

The selection of the values of the atomic components for the initial step of iteration in each specific 
case is done, as will be shown below, f rom concrete  physical considerat ions.  

*The subscript a denotes atomic components and m molecular. 
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Fig. 1. Equi l ibr ium values  of mole f rac t ions  of components  be -  
hind the shock wave in a mixture  of 5% CO-25% N2-70 % Ar (P2 = 1 
aim) (a) and equi l ibr ium values  of T2, P2/Pl, P2/Pl in a mixture  of 5% 
CO-25% N2-70 % Ar (the numbers  nea r  the curves  a re  the equi l ibr i -  
um values  of P2, aim) (b) as a function of the shock wave velocity.  
V, km/sec;  T, ~ 

In the genera l  case ,  for  the values  of xi, xj, x k in the initial s tep we have 

x~0> = f~0), ~0) : f~0), x ?  : fi0), 

where f~0), f~0), f(k 0) a re  functions of the ass igned T and p and initial composi t ion,  or  s imply  numbers  l ess  
than unity. 

In conformi ty  with (12), for  the f i r s t  step the values  of xi, x], x k will have the f o r m  

xi,) = f, (xi~ x} ~ xi~ 
x i ' ) =  fj(x$'), =i~ x(,0>), 

xi') = l~(xi'), x}", ~i~ 
Hence ~,e see that the values  of xi, xj, x k obtained in this s tep are  used for  calculat ing xj and x k. 

In the second step the values  of x a have the f o r m  

x~2) = f,( ,~,, ,  x~", x(~'>), 

x12~= 5(x7 ' ,  x~", xi ') ,  

x(;-) = f~ (xT>, x}~), x i ' ) .  

These calculat ions must  be repeated until the i tera t ions  converge  (with a p r e sc r ibed  accuracy) to the un- 
known values  of xi, xj, Xk, which a re  the roots  of s y s t e m  of Eqs. (9)-(11). The p rocedure  of solving the 
p rob lem of the equi l ibr ium composi t ion can be presented  concre te ly  by the following examples .  

a) Mixture of Diatomic Gases  with an Iner t  Gas ( C O - N i - A r ) .  Suppose that at high t e m p e r a t u r e s  (up 
to T = 10,000~ the mixture  of gases  C 0 - N 2 - A r  contains only neutra l  components:  C(1), N (2), O (3), 
CO (4), N 2 (5), NO (6), CN (7), C 2 (8), 02 (9), Ar (10). Fo r  coeff icients  tim the following inequality exis ts  
in this mixture :  

With consideration of (13) the iterative expressions for the mole fractions of carbon, nitrogen, and 
oxygen atoms (xl, x2, x3) have the form 

2~9x~ + f~ex~x3 + x3 . 

xl = l-}-2~sXl + [37x ~ ' 

1-- c~ - -  x~ ( 1 -}- [~sXl - -  [5,x~ -]- [~7x~) - -  x s (1 + [~4X1 @ [~9X3) 
X 2 = 

1+ [54x 1 -- (1+ c) [55x ~ + (1+ 1,07c) [~8x3 + 0,5c 
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Fig. 2. Equil ibrium values of the mola r  fract ions of compo-  
nents in pure carbon dioxide behind the shock wave as a func- 
tion of T 2 (thousands of degrees  K). Solid line: P2 = 0.2 atm; 
dashed line: P2 = 2 atm. 

Fig. 3. Equilibrium values of T 2 (~ vs V (km/sec) in pure 
CO 2. The equil ibrium values of P2, atm (numbers by curves) 
are the pa ramete r .  

where 
'~0 

1 - - %  

= 0.43x~ + 0.57x 3 ~ 0,93~Txlx~ + 0.86~sx~ -~ ~4x~x~, 
x~(2~sx2 + [t~x3 + ~Tx~ + 1) 

X 3 - -  
~.~ (13~x~ + 213~x~ + l%x~ + 1) 

On compar ing  the tterattve expression for x 2 f rom an equation analogous to (9) we take into account 
that the equilibrium value of the mole fraction of the inert gas is equal to 

X0 ~ 7o - - ,  

where 

= ~_j ~ixi ( i = 0  . . . . .  9). 

i 

The value of xl ~ for the initial step is found on the assumption that in the zeroth approximation the d issocia-  
tion of nitrogen molecules is the only reaction affecting the loss of N 2 molecules.  Then, according to (7) 

x~ ~ -~ ~ (~, 0.25c~ d- 1% (1-t-2J30)-1-- 0.5%) �9 

Taking into account the condition of the constant ratio of the number of N atoms to the number of O 
atoms for a concrete  initial composition of the mixture, we will consider  that in the zeroth approximation 
xt ~ ~ xl ~  We can set the value of xl ~ equal to zero.  

The equilibrium composit ion and thermodynamic and gas dynamic quantities in the mixture C O - N  2 
- A r  were calculated for  the case of a shock wave.* The resul ts  of the calculations can be presented in the 
fo rm of Xm, Xa, T2, P2/Pl, 02//01 as a function of the shock wave velocity V and initial p ressu re  p~, in which 
case the assigned equilibrium values of T 2 and P2 serve as pa ramete r s .  Figure l a  and b shows the mole 
fract ions,  equilibrium values of tempera ture  behind the shock wave front T2, p ressure  drop P2//Pl, and den- 
sity drop P2/Pl plotted against the shock wave velocity V. The values of the equilibrium p res su re  P2 (0.2-2 
atm) serve  as pa rame te r s  in both f igures.  The curve of P2/Pt (dashed line) vs V is the same for  all t em-  
pera tures .  Assigning the values of Pt and V (always known in the experiment or calculation), f rom the a r -  
ray  of values of Fig. 1 we can find all equilibrium quantities of interest  for  calculating shock waves. 

*The calculations were made on the "Nairt" computer .  
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In the case  of mix tu re  C O - N 2 - A r  rapid  conve rgence  of i t e ra t ions  was  obse rved  only fo r  T _~ 6000~ 
the i t e ra t ions  d ive rged  when C~2a _< 2. 

b) Mixture  of T r i a t o m i c  Gases  (CO2, H20 ) with an Iner t  Diluent.  Analogous  ca lcu la t ions  for  m i x t u r e s  
of the type C O 2 - A r  and H 2 0 - A r  do not d i f fer  fundamenta l ly  f r o m  each o ther .  As an example  we wil l  s e l ec t  
a mixture  of ca rbon  dioxide with argon.  The gas  dynamic  quant i t ies  a re  ca lcu la ted  by (1)-(3). 

The i t e ra t ive  re la t ions  fo r  the mole  f r ac t ions  of a toms  of oxygen (x3) and ca rbon  (xl) have the f o r m  

0.5x~ + ~x~--2138x~ 
x~ = 1 +0.51~4x3 ' 

1--  ~ax~ (1 +0.5@) - -  ~gx] (1 + 0:73c) - -  [~loXlX~ (1+ c) - -  x 1 (1+ c) 
x3 = ' I +  134xl (1+0.64c) + 0.36c 

Here  we used the nota t ions  of example  a): fit0 = P2KI-01, w h e r e  Ki0 is the equ i l ib r ium cons tan t  of the r eac t ion  
CO 2 = 2 0  + C. 

The  e x p r e s s i o n s  fo r  x~ ~ and xl  ~ fo r  the initial s tep of the i t e ra t ions  a r e  found f r o m  the condi t ion that  
in the ze ro th  approx ima t ion  the decompos i t ion  of CO 2 p r o c e e d s  incomple te ly  and acco rd ing  to the r eac t ion  

. . . .  T - I  �9 
CO 2 = CO + O with an e q u t h b r m m  cons tan t  Klo = KloK 4 . In this ca se  x 4 ~ x3, but x 4 ~ fl4xlx3, and then 
xtO) fl~l. We note that a cco rd ing  to the law of m a s s  act ion the mole  f r ac t ion  CO2xlo = fi~oXaX3; he re  fl~o 
= p(K~o) -~. Having wr i t t en  the re la t ion  f o r  Dal ton ,s  law with cons ide ra t ion  of decompos i t ion  of CO 2 m o l e -  
cu les  into CO molecu l e s  and O a toms ,  we obtain a quadra t ic  equation fo r  f inding the init ial  condi t ion fo r  
xt  ~ the solut ion of which is the fol lowing exp re s s ion :  

x(3O ) _ ~o( 1+1 c) {V0.25(2+c)~--? ~o(1--  c-)---1-- @ } .  

F o r  mole f r ac t i ons  of the m o l e c u l a r  componen t s  we have 

XlO = ~IoX1X2;  X 4 = ~4X1Xs;  

xo = ~ox~; ~ .  = , ~ .  
Figu re  2 shows the concen t r a t ions  of componen t s  as  a function of the equi l ib r ium t e m p e r a t u r e  T 2 c a l -  

cula ted fo r  pure ca rbon  dioxide behind the shock wave front ,  and Fig.  3 shows the equ i l ib r ium va lues  of 
t e m p e r a t u r e  as  a funct ion of the shock wave  ve loc i ty  f o r  d i f ferent  p r e s s u r e s  P2. 

The use  of the i te ra t ive  method fo r  finding the equ i l ib r ium compos i t ion  of ga se s  in r eac t i ng  mix tu re s  
with few componen t s  p e r m i t s  r a t h e r  quick and s imple  equ i l ib r ium ca lcu la t ions .  The method,  which was  
t r ied  in a c o n c r e t e  ca se  ( reac t ing  gas  behind a shock  wave) and gave good r e su l t s ,  d e s e r v e s  at tent ion in a 
n u m b e r  of o the r  appl ica t ions .  
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enthalpy of i - th  component ;  
enthalpy of gas  o r  mix ture  of g a s e s  at T = 298~ 
m o l e c u l a r  weight  of mix tu re  of gases ;  
m o l e c u l a r  weight  of gas  at T = 298~ 
mole  f r ac t ion  of ca rbon  a toms;  
mole f r ac t ion  
mole  f r ac t ion  
mole  f r ac t ion  
mole f r ac t ion  
mole  f r ac t ion  
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mole f r ac t ion  
mole  f r ac t ion  
mole  f r ac t ion  
mole  f rac t ion  

of n i t rogen a toms;  
of oxygen a toms;  
of ca rbon  monoxide molecu les ;  
of n i t rogen molecu les ;  
of n i t r ic  oxide molecu les ;  
of cyan molecu les ;  
of m o l e c u l a r  ca rbon  C2; 
of oxygen molecu les ;  
of ca rbon  dioxide molecu les ;  
of inert  gas  (argon) in initial compos i t ion  of mix ture ;  
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~0 = 70#A/(# 0-4070); 
% = (1 + ~0)/(1 + 28); 
c = 70/(1-70). 

S u b s c r i p t s  

1 denotes gas p a r a m e t e r s  ahead of the shock wave front; 
2 denotes gas p a r a m e t e r s  behind the shock wave front.  
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