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I .  Y a s ' k o  

The method of [1] for  calculat ing the composi t ion  is considered,  but with allowance for  the 
se lec t ion  of the "opt imum" bas i s .  

The chemica l  reac t ions  in a s y s t e m  of n components  and k e lements  can be wri t ten  in the fo rm 

k 

R ~ - -  ~ Aifl~j = O, r = k + I, . . . ,  n. (1) 
i = l  

Then the s y s t e m  of equations for  the de terminat ion  of the equi l ibr ium composi t ion of the mix ture  of 
n components ,  including ionized components ,  and k e lements  ( together  with the electron)  consis ts  of k 
equations of balance of the e lements  (one of them is the equation of conserva t ion  of charge) ,  the n o r m a l i z a -  

�9 condition (the Dalton law), and (n--k) equations of the law of m a s s  act ion for  the (n--k) independent r e -  
act ions of (1). F r o m  this s y s t e m  one de te rmines  the number  of moles  of the components  N i (i = 1, 2 . . . . .  
n) and the total  number  of moles  of the s y s t e m  N: 

n 

~N i - -  N = 0, (2) 
i = l  

AuN  ~ - -  ~ AijN ~ - -  O ,  (3) 
i=l  i ~ l  

k I~ k 

lnN~-- lnK;~ + ( ~  A u - -  1)lnp + ( 1 -  ~ A,,)InN -- ~ A u l n N , .  (4) 
/ = 1  i=1 i=1 

w h e r e j  =1 ,  2, . . . .  k; i = k + l  . . . . .  n. 

The nonl inear  s y s t e m  of equations {2)-(4) is solved by Newton's  method [1]. The l inear  s y s t e m  of 
equations (5), (6), which is solved by the method of i tera t ions  together  with (4), is obtained re la t ive  to the 
co r rec t ions  Aln N and Aln Nj: 

~ ~ ' ~ / ~ N ~ - N  0. ~ A l n N , ' ~ = A u N , + A l n N  ( 1 - - ~ A u ) N i - - N ] - r -  = (5) 

k n 

AlnN, .~  A~,AuN , q- AlnN ~ A , , ( 1 -  ~ A u ) N  , 
i = l  i = 1  ~=! j = l  

2 + ~ A a N  ~ -  A u N ~  /=1,  2 . . . .  ,k. (6) 
i ~ l  / = 1  

The convergence of the method is improved  if the components  which predomina te  in a specif ic  region of 
the p - -T  d i ag ram a re  chosen as the basis  components [1]. 
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F i g .  1.  V a r i a t i o n  in c o n c e n t r a t i o n s  of  c o m -  
ponen ts  N i / N  of s y s t e m  f o r m e d  by  the m i x -  
tu re  0 .35  CO 2 + 0 .65  H 2 a s  a func t ion  of 
t e m p e r a t u r e  T (~ p = 1 a r m ;  T ,  ~ 

If e ach  c o m p o n e n t  of s y s t e m  (1) is  r e p r e s e n t e d  in the f o r m  of a v e c t o r  in a k - d i m e n s i o n a l  l i n e a r  
s p a c e  then the t r a n s i t i o n  f r o m  one s e t  of p r e d o m i n a n t  c o m p o n e n t s  (the b a s i s )  to a n o t h e r  is a c c o m p l i s h e d  
a c c o r d i n g  to the r u l e s  of l i n e a r  t r a n s f o r m a t i o n  of c o o r d i n a t e s .  The  t r a n s i t i o n  m a t r i x  IIB-~fl c o n s i s t s  of the 
c o e f f i c i e n t s  of  r e s o l u t i o n  of the v e c t o r s  of the o ld  b a s i s  wi th  r e s p e c t  to the new.  The c o o r d i n a t e s  of a 
v e c t o r  r e l a t i v e  to the new b a s i s  a r e  e x p r e s s e d  l i n e a r l y  t h rough  the c o o r d i n a t e s  of the v e c t o r  r e l a t i v e  to the 
o ld  b a s i s :  

A (n) q = I IB- l i [  * I I A u l  I. (7) 

The f o r m  of E q s .  (2)-(4) is  r e t a i n e d  in the t r a n s i t i o n  to the new b a s i s .  In th is  c a s e  each  t ime  i t  b e -  
c o m e s  n e c e s s a r y  to c o n v e r t  to a new b a s i s  one m u s t  r e c a l c u l a t e  the m a t r i x  of s t o i c h i o m e t r i c  c o e f f i c i e n t s  
ltAijlt and  the e q u i l i b r i u m  c o n s t a n t  Kpi of the r e a c t i o n s  u n d e r  c o n s i d e r a t i o n .  In [1] the va lue s  Kpi  w e r e  
c a l c u l a t e d  f r o m  the equa t ion  

~p, = oxp { - [ . i -  Ts,- ~ A,, ( . , -  Ts,)] jsT}. 18) 
i=i 

This equation provides for the calculation of the equilibrium constants Kpi in any basis. Often, however, 
for some components the values of the enthalpy and entropy are not known for all the range of p and T 
studied, but the Kpi are known for all the reactions in the form of tables or approximations [2]. In such 
c a s e s  E q .  (8) c anno t  be u s e d ,  and  the r e c a l c u l a t i o n  of  the e q u i l i b r i u m  c o n s t a n t s  of  the s y s t e m  of r e a c t i o n s  
(1) in the t r a n s i t i o n  to the new b a s i s  can  be conduc t ed  a c c o r d i n g  to the equa t ions  

lnK~ n) --  l n K p , -  ~ ~,n)In ,~q Kp,, i = &-~- 1 . . . .  n. (9) 
]=[ 

A f t e r  the c a l c u l a t i o n  of  the c o m p o s i t i o n  one can  compu te  the t h e r m o d y n a m i c  c h a r a c t e r i s t i c s  of the 
m i x t u r e :  
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F i g .  2. h ( c a t / g ) - s  ( c a l / g . d e g )  d i a g r a m  of 
s y s t e m  f o r m e d  by the m i x t u r e  0 .35  CO 2 
+ 0 .65  H 2. 

N o 1 ~ H .  N l , R T  
P" = P~o - -~ ,  h = ~  u = h - - - - ,  (lO) 

s = - -  i R l n p - - R  ln.  (11) 
~t L i=1 N i=1 N N ' 

' c j ,  § V H, • N. { oln N, ~ l 
ep-- ~oNo i=i~ T '~ OlnT )p]'  

(12) 

[, + (0,nN] y 
c v _ c p _ +  R \ O l n T  pJ , aS = v R T  1 (13) 

.oNo [{oinN  1 
I.to-577~p/~ - ~ ]  ~ ~ \D577~p!~- 

In th is  c a s e  the va lue s  of the d e r i v a t i v e s  ( 8 l n N / S l n T ) p ,  ( S l n N i / 0 1 n T ) p ,  ( 8 l n N / 3 1 n  P)T, (3 I n N i / ~ l n p ) T  
n e e d e d  fo r  the c a l c u l a t i o n  of Cp, Cv, and  a 2 is  found by s o l v i n g  a s y s t e m  of equa t ions  whose  d e t e r m i n a n t  
c o i n c i d e s  wi th  the d e t e r m i n a n t  of s y s t e m  (5)-(6) in the l a s t  c y c l e  of i t e r a t i o n s  [1]. 

F o r  e a c h  va lue  of p, T one m u s t  choose  the b a s i s  in such  a way  tha t  the m e t h o d  of s u c c e s s i v e  a p -  
p r o x i m a t i o n s  u s e d  to c a l c u l a t e  the  c o m p o s i t i o n  c o n v e r g e s .  In o r d e r  f o r  s y s t e m  (4)-(6) to  have a w e l l  
s p e c i f i e d  m a t r i x  i t  i s  n e c e s s a r y  tha t  N i / N  j <<1, j = 1, 2 . . . . .  k; i = k + 1 . . . . .  n .  F r o m  (4) i t  fo l lows 
tha t  fo r  th is  i t  is  d e s i r a b l e  tha t  l n K p i  <-0 (i = k + 1 . . . . .  n) .  

Le t  us  w r i t e  E q .  (4) in the f o r m  

n 

l n p ~ - -  ~ Au(lnps)  =lnK~,i ,  i = 1, 2 . . . . .  m : = n - - k .  (14) 
i~m+l 

We wi l l  c o n s i d e r  the  c o l u m n s  of the  m a t r i x  of s y s t e m  (14) to be  v e c t o r s  P i  of a s p a c e  of d i m e n -  
a l i t y  m - - n - - k .  The f i r s t  m uni t  v e c t o r s  c o r r e s p o n d  to the " n o n p r e d o m i n a n t "  c ompone n t s  and  they  can  be 
c h o s e n  as  the b a s i s  in th is  s p a c e ,  and  then the l a s t  k v e c t o r s ,  c o r r e s p o n d i n g  to the " p r e d o m i n a n t "  c o m p o -  
nen t s  in th i s  b a s i s ,  have  the c o o r d i n a t e s  ( - - A i j ) .  T h u s ,  the b a s i s  c o n s i s t s  of P1, P2 . - - ,  P ro ,  w h e r e  P i  
= (0 . . . . .  0, 1, 0 . . . . .  0); the n o n b a s i s  v e c t o r s  a r e  P j  = (--At]  . . . . .  - - A m j ) ,  and  the v e c t o r  of the r i g h t  
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Fig. 3. Variation in a molecular 
weigh t  # (g /mo le )  of  the s y s t e m  
f o r m e d  by 0 .35  CO 2 + 0 .65  H 2 as  
a funct ion of t e m p e r a t u r e :  1) p 
= 1 0 0 0 a t m ;  2) 100; 3) 10; 4) 1; 
5) 0.I ;  6) 0.01. T, ~ 

s ides  of the s y s t e m  is P0 = ( lnKpl  . . . . .  I n K p m ) .  Le t  us expand  
the v e c t o r s  Pj and P0 with r e s p e c t  to the b a s i s  v e c t o r s  Pi :  

Po : (In/(pl) Pl 2 _ . .  + (In Kpi) P~ + . - -  -I- (In N~,~) Pro, (15) 

P j : ( - - A l ~ ) P l + . - -  , ( Ao) P ~ + . . . + ( - - A ~ j ) P ~ :  

: r + �9 �9 �9 + ~PijPi + .  �9 . + fPmjPrn �9 (16) 

We mul t i p ly  Pj by s o m e  n u m b e r  0 and s u b t r a c t  f r o m  P0: 

Po : 0Pj + (ln Kv l - -0%2 ) P~ -l- . . .  + (ln Kpi - - 0 ~  u) Pi -t- �9 . .  

+ (In K w - -  Oq~) P~. (17) 

The v e c t o r  P0 is expanded  in (17) with r e s p e c t  to (m + 1) v e c t o r s .  
Since the b a s i s  cons i s t s  of m v e c t o r s ,  0 m u s t  be s e l e c t e d  in such  
a way  tha t  the coe f f i c i en t  on one of the P i  will  equal  z e r o .  Then  P0 
wil l  be expanded  with r e s p e c t  to a new b a s i s  in which Pj wi l l  be in-  
c luded and one of the P i  exc luded .  It  is d e s i r a b l e  to choose  the new 
bas i s  so  tha t  the expans ion  coe f f i c i en t s  of P0 (In Kpi ) wil l  be n e g a -  
t i ve .  In o r d e r  that  one of the coe f f i c i en t s  on Pi  wi l l  equa l  z e r o  it 
is n e c e s s a r y  to choose  (i, j a r e  not  y e t  fixed) 

In Kpi 
9 ~ j - - - ,  % j q - O ,  i = l ,  2 . . . . .  m ,  ] = r e + l ,  . . . , n .  (18) 

Then  the coe f f i c i en t s  of P0 in the new b a s i s  P l ,  - . . ,  P i -~ ,  P i + l ,  
. . . .  Pro ,  Pj a r e :  

h-m) = In Kpr In Kpi ln . ,  w (P~J %~, r=/=i, r = 1, 2 . . . . .  m ,  (19) 

I n  K ~  n} - In K p i  

r 
- - ,  ] : r n + t  . . . . .  n. 

L e t  us find the indices  i l .  j l  such  tha t  F i l , j i  -< F i j ,  w h e r e  Fi j  = m a x  [In Kpr - (Kp i /q~ i j  ) q~rj] , i . e . ,  F i t , j l  
equa l s  (r#i} 

Fit, n : min{Fu} = rain/max ( lnKpr  
(i, 1) (i, i) t ( r# i )  

f o r  l n K p i A 0 i j  < 0 ,  i = l ,  2 . . . . .  m ,  j = m + l  . . . . .  n .  Then  

lnKpl %j)} (20) 
(Pij 

while  the v e c t o r  P0 

In  ]t~pi 1 
011, i1 -- 

(Pil, jl 

= 2 InK(n!  P i  in the new bas i s  wil l  have the c o o r d i n a t e s  
~=1 pl 

_ ,z(m In Kpi In/('vii l t l"kpi = ~i ,J i '  i @  ii, 
q)il, B 

in ~(m In Kpi 1 
l \ p i l  

{~i1~ j l  

(21) 

(22) 

The nonbas i s  v e c t o r s  Pj in the new b a s i s  wil l  have  the c o o r d i n a t e s  

(~n) r ~ i :# il 
= q~il - -  ~P~1,i---~ ~Pl, il,  

q)(n) q)i~, J 
n ,i - -  q~il jz " 

It  is s e e n  tha t  E q s .  (22) and (23) r e p r e s e n t  one s t ep  in the G a u s s - J o r d a n  e l i m i n a t i o n  me thod  but with a 
s p e c i a l  choice  of the lead ing  e l e m e n t  in a c c o r d a n c e  with (20). 

(2a) 
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T h e r e  wil l  be z e r o s  e v e r y w h e r e  in co lumn j l  excep t  fo r  row i l  in which the re  wil l  be a 1, while 
co lumn i l  b e c o m e s  d i f f e ren t  f r o m  uni ty .  In gene ra l ,  if the d e s i r e d  bas i s  is known be fo rehand  then the 
m a t r i x  IIDII is c o n s t r u c t e d  f r o m  the co lumns  of the init ial  m a t r i x  c o r r e s p o n d i n g  to the vec to r s  of the new 
bas i s  and then the ini t ia l  m a t r i x  is mul t ip l ied  by liD-ill. Then  

p~n) = liD-ill pz, p~0n~ = I!D-1ll P0 (24) 

and the new m a t r i x  liP1 . . . . .  P i  . . . . .  P m ,  P0 II is obtained,  but a l r e a d y  in the new b a s i s .  At  the s a m e  

t ime the componen ts  of p~n) a r e  In K(n) in the new b a s i s .  However ,  s ince  it is no t  known be fo rehand  what  pl 

bas i s  m u s t  be chosen ,  it is n e c e s s a r y  to change f r o m  bas i s  to bas is  by the me thod  p r e s e n t e d  above,  
changing  one v e c t o r  a t  each  s t ep .  Le t  us lay  out this me thod  by s t eps .  

1.  The ini t ial  bas i s  is chosen .  

2. If  a l l  the In Kpi < 0 in this bas i s  then the bas i s  is chosen  and the p r o c e s s  is ended.  

3. If the re  a r e  In Kpi > 0 then fo r  a l l  i, j ,  ~oij ~ 0 one chooses  In Kpi/~0ij < 0.  

4.  One finds 

( lnKv~ ') 
max lnKr,  %,j = F i j .  
(r4:i) , (~ij 

5. One d e t e r m i n e s  the i l ,  j l  such  that  F i l , j  I = m. i n F i j .  
1, J 

6. A v e c t o r  Pil  is e l imina t ed  and Pjl  is included in the b a s i s .  F o r  this the new coef f ic ien t s  ~(~) of 

the s y s t e m  a r e  computed  f r o m  (23) and the InK (n) f r o m  (22). Then  the p r o c e s s  is r e p e a t e d  f r o m  s tep  2. pl 

If In K p i / r  -> 0 fo r  a l l  i, j in s tep  3 then the p r o c e s s  can be cont inued fu r the r ,  but in the new bas i s  

K ~ )  -> 0, and only a f t e r  s e v e r a l  s t eps  can one obtain  In K(n~l- < 0. It is seen  that  the p r o c e s s  d e s c r i b e d  

above is the m i n i m i z a t i o n  of s o m e  non l inea r  funct ion of the type 

F = rain ~ {max In Kp~}. (25) 
(by bases) (i) 

Since the funct ion (25) is non l inea r  it is imposs ib l e  to p r ed i c t  in advance  whe the r  the p r o c e s s  will  give an 
absolu te  m i n i m u m .  However ,  f o r  a so lu t ion  one does not  need  an absolu te  m i n i m u m  but only a s m a l l  
enough value of F .  The mean ing  of the a l g o r i t h m  p r e s e n t e d  is that  in each  s tep  one seeks  a bas i s  in which 
one of the values  In Kpi 1 > 0 is d e c r e a s e d  and at the s a m e  t ime the r e m a i n i n g  values  In Kpr  (r  ~ i l ) ,  if 

they i n c r e a s e ,  m u s t  i n c r e a s e  in a m i n i m a l  way.  As a ru le ,  a f t e r  a few s teps  one is able to obtain InKpi  
< 0, s ince  one can guess  r a t h e r  c lose  to the d e s i r e d  bas is  as  a funct ion of p, T .  

F o r  the m a j o r i t y  of s y s t e m s  of equ i l ib r ium c h e m i c a l  r eac t ions  (1) c o n s i d e r e d  in p r a c t i c e  one c a n f in d  
a bas i s  in which In Kpi _< 0. F o r  this i t  is n e c e s s a r y  that  

k 
P~ .<~ 1, p~ ~ I-I P~:.  (26) /~pi --  k > 

FI p:'J J=' 
i=1 

It  is c l e a r ,  however ,  that  (26) m u s t  not  be sa t i s f i ed  fo r  e v e r y  s y s t e m  of type (14). T h e r e f o r e  the method  
m u s t  be changed  as fo l lows.  F r o m  the s e t  of n vec to r s  in the k - d i m e n s i o n a l  vec to r  space  one can c o n s t r u c t  
a finite n u m b e r  of bas i s  se t s  N -< C k .  

n 

It is c l e a r  that  a m o n g  these  N se t s  one can choose  one (we wil l  cal l  it the op t imum set) in which Eq .  
(25) is s a t i s f i ed .  The me thod  given above is a l s o  sui table  for  this gene ra l  case  without  changes ,  but  now 
the m i n i m u m  value of In Kpi by b a s e s  can  be obta ined as pos i t ive .  

On the bas is  of the me thod  d e s c r i b e d  a s t a n d a r d  p r o g r a m  was  compi l ed  f o r  the ca lcu la t ion  of the 
compos i t i on  and t h e r m o d y n a m i c  funct ions on a Minsk-22  compute r ,  and a ca lcu la t ion  was c a r r i e d  out f o r  
a compos i t e  of CO 2 and H 2 conta in ing  the fol lowing 26 components :  H, O, C, e,  CO2, CO, CH2, CH4, C2H , 
C2H 2, C2H4, H2, 02 ,  O3H +, H - ,  O i , O - ,  C +, C - ,  02 + OH +, O H - ,  H20  , OH,  CO +. Since a t  p r e s e n t  the re  
a r e  no data in the l i t e r a tu r e  on the compos i t i on  of s y s t e m s  f o r m e d  of CO 2 and I-I 2 taken in d i f fe ren t  
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quanti tat ive ra t ios  to each other  the data obtained can be useful  in the study of phenomena taking place in a 
p l a sma  s tabi l ized by a mix tu re  of CO 2 and H 2. 

The calculat ion was conducted for  t e m p e r a t u r e s  f r o m  i000 to 6000~ and p r e s s u r e s  f r o m  0.01 to 
1000 a rm.  The following were  calculated:  the composi t ion  N i (in moles) ,  the speci f ic  enthalpy h (cal /g) ,  
the in ternal  ene rgy  u (ca l /g) ,  the en t ropy s ( c a l / g .  deg), the m o l e c u l a r  weight ~ (g /mole ) .  

The composi t ion  of the s y s t e m  fo rm ed  by a mix tu re  of 0.35 CO 2 + 0.65 H 2 a s  a function of the t e m -  
pe ra tu re  fo r  p = 1 a tm is p re sen ted  in Fig .  1. 

The h--s  d i ag ram of this s y s t e m  is shown in Fig.  2. 

The dependence of the mo lecu l a r  weight of the s y s t e m  on the t e m p e r a t u r e  for  p r e s s u r e s  f rom 0.01 
to 1000 a tm is given in Fig.  3. 

NOTATION 

Ri: component  i; Ni, Hi, Si, Cpi, Pi: number  of mo les ,  enthalpy,  entropy,  and heat  capaci ty  of 
component  i and pa r t i a l  p r e s s u r e ;  Nj, H), Sj: numbe r  of moles ,  enthalpy, and ent ropy of bas is  (p redomi-  
nant) component  j; N, No: total  num be r  of moles  of s y s t e m  at  p, T and in initial  s ta te;  N~: initial number  

K( n): equi l ibr ium constant  of moles  of component  i in s tandard  s ta te;  p: p r e s s u r e ;  T: t e m p e r a t u r e ;  Kpi, pl 

A!.n): m a t r i x  e l emen t  of s to ich iomet r i c  coefficients  in old and new of reac t ion  i in old and new bas is ;  Aij,  1j 

bases ;  liB-ill: ma t r ix  of t rans i t ion  f r o m  old to new basis  in k -d imens iona l  l inear  space;  HD-III: t ransi t ion 
ma t r ix  in m-d imens iona l  space;  h, u, s, Cp, c V, a: specif ic  enthalpy, internal  energy ,  entropy,  heat  
capaci ty  at p = const,  heat  capaci ty  at  v = const ,  and speed of sound in sys t em;  #, ~0: mo lecu l a r  weight at  
p, T and in init ial  s tate;  T: ra t io  of heat  capac i t ies  Cp/Cv; R: gas constant .  

1. 

2. 

3. 
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