CALCULATION OF THE EQUILIBRIUM
COM POSITION OF REACTING
GAS SYSTEMS

V. I. Bronshtein, L. N. Panasenko, UDC 541.122.4
T. L. Pexjel'man, and O. I. Yas'ko

The method of [1] for calculating the composition is considered, but with allowance for the
selection of the "optimum" basis.

The chemical reactions in a system of n components and k elements can be written in the form

k
Ri— B A;R; =0, i=k+1, ..., n (1)

=

Then the system of equations for the determination of the equilibrium composition of the mixture of
n components, including ionized components, and k elements (together with the electron) consists of k
equations of balance of the elements (one of them is the equation of conservation of charge), the normaliza-
_tion condition (the Dalton law), and (n—Kk) equations of the law of mass action for the (n—k) independent re-
actions of (1). From this system one determines the number of moles of the components N; (i =1, 2, ...,
n) and the total number of moles of the system N:

n

- TN, —N =0, | (2)
i=1
i AN, — i A N? =0, (3)

i=] i==]
k

iﬁNi =InK, + (ZAij—l)lnp+ (1 _

j=1 i
wherej =1, 2, ..., k; i=k+1, ..., n.

Ayj)InN + ﬁ A;InN,, 4)
f=1

1 j=

14+

The nonlinear system of equations (2)-(4) is solved by Newton's method [1]. The linear system of
equations (5), (6), which is solved by the method of iterations together with (4), is obtained relative to the
corrections Aln N and Aln Nj:

iAlaniAijNi+A1nN[ﬁ(l— ; Aij)Ni—N]+ﬁNi —N=0, (5)
=1 i=1 i=1 j=l i=1
iA]HNj iAilAijNi +A1HN iAzl(l —iAii)Ni
j=1 i=1 =1 j=1
+iAi,Ni——iA“N?=O, [=1,2 ...,k 6)

i==] i=l

The convergence of the method is improved if the components which predominate in a specific region of
the p—T diagram are chosen as the basis components [1].
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Fig. 1. Variation in concentrations of com-

ponents Nj/N of system formed by the mix-
ture 0.35 CO, + 0.65 H, as a function of
temperature T (°K). p =1 atm; T, °K.

If each component of system (1) is represented in the form of a vector in a k-dimensional linear
space then the transition from one set of predominant components (the basis) to another is accomplished
according to the rules of linear transformation of coordinates. The transition matrix IB~!ll consists of the
coefficients of resolution of the vectors of the old basis with respect to the new. The coordinates of a

vector relative to the new basis are expressed linearly through the coordinates of the vector relative to the
old basis:

(AT = 1B~ 4,11 7

The form of Eqgs. (2)-(4) is retained in the transition fo the new basis. In this case each time it be-
comes necessary to convert to a new basis one must recalculate the matrix of stoichiometric coefficients
liAjjll and the equilibrium constant Kpi of the reactions under consideration. In [1] the values Kpj were
calculated from the equation

k
Ky = exp{— [Hi —TS,— 21 Ay (H;— Ts,.)] /RT}. 8)

jo=
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 pand T
studied, but the Kpi are known for all the reactions in the form of tables or approximations [2]. In such
cases Eq. (8) cannot be used, and the recalculation of the equilibrium constants of the system of reactions
(1) in the transition to the new basis can be conducted according to the equations

k
KR =InKy — AP INK,y;, i=ktl, ...on ©)
j=1

After the calculation of the composition one can compute the thermodynamic characteristics of the
mixture: '
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Fig. 2. h(cal/g)~s (cal/g-deg) diagram of
system formed by the mixture 0.35 CO,

+0.65 Hz.
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K 2
G N
Cy=cp -+ L &= L3 ST (13)
A H_w) ) oo 7
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In this case the values of the derivatives (a InN/5 inT)p, (8InN;j/0 InT)p, (8InN/8n p)y, (8 InNi/dInp)
needed for the calculation of ¢p, Cv, and @ is found by solving a system of equations whose determinant
coincides with the determinant of system (5)-(6) in the last cycle of iterations [1].

For each value of p, T one must choose the basis in sueh a way that the method of suecessive ap-
proximations used to calculate the composition converges. In order for system (4)-(6) to have a well
specified matrix it is necessary that Ni/Nj «1,3j=1,2, ...,k i=k+1 ., n. From (4) it follows

that for this it is desirable that InKpi=0{i=k+1, ..., n).
Let us write Eq. (4) in the form
Inp,— 2 A(np) =K, i=1,2, ..., m=n—k. (14)

f==m--1

We will consider the columns of the matrix of system (14) to be vectors P; of a space of dimen-
ality m = n—k. The first m unit vectors correspond to the "nonpredominant" components and they can be

chosen as the basis in this space, and then the last k vectors, corresponding to the "predominant” compo-
nents in this basis, have the coordinates (—Aij). Thus, the basis consists of P;, P,

..., Py, where P;
=(0, ..., 0, 1,0, ..., 0); the nonbasis vectors are Pj =(—~A1j,

» —Amj), and the vector of the right
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sides of the system is Py = (InKpy, ..., 1nKpm). Let us expand
the vectors Pj and P, with respect to the basis vectors Pj:

‘ Po=(nK,) P, + ... +(nK,) Pyt ..+ (0K, P (15)
sz{——Alj)pl—}-... ~{—(—-Ai]-)Pi—]—... +(—Amj)Pm =
=P+ P 9P (16)

We multiply Pj by some number 6 and subtract from Py

Py = 0P, + (IN Ky —00,) Py 4+ ...+ (In K —09,) Py + . ..

+(nK,, —989,,)P,.. (17)

A

The vector P, is expanded in (17) with respect to (m + 1) vectors.
Since the basis consists of m vectors, & must be selected in such
a way that the coefficient on one of the Pj will equal zero. Then P,

)

will be expanded with respect to a new basis in which Pj will be in-
cluded and one of the Pj excluded. It is desirable to choose the new
5 6 i basis so that the expansion coefficients of Py (InKpj) will be nega-

il

w0 7 tive. In order that one of the coefficients on P; will equal zero it
' is necessary to choose (i, j are not yet fixed)

Fig. 3. Variation in a molecular
weight u (g/mole) of the system InK,,

= . 0y #0, i=1,2 ...,m j=m+l, ..., 0 (18)

formed by 0.35 CO, + 0.65 H, as Y Pij

a function of temperature: 1) p
=1000 atm; 2) 100; 3) 10; 4) 1;
5) 0.1; 6) 0.01,

Then the coefficients of P, in the new basis Py, ..., Pi~y, Pi+q,
s Pm, Pj are;

T, °K.
InK,, :
KR =10 Ky — P gy rothy =12, m, (19)
tJ
InK,;
mKP = —2 jem+1, ..., n

ij

Let us find the indices il, j1 such that Fy ,jt = Fij, where Fjj = max [In Kpr—*(Kpi/qoij) (prj] , l.e., Fit 1
equals

{r+i)

Ink._,
F,l, n= mm {F;;} = min {max (InK Ko q>”->} (20)
€, 1 Ur#i) P

foranpi/¢ij<0, i=1,2, ..., m, j=m+1, ..., n. Then

while the vector P, = E anp

e ll’l sz‘l
i1, 1 = s
! Pi1, 51

(21)

n)

P; in the new basis will have the coordinates
i=1

InK,; ..
nK® =1nK,; — PR g i L,
Pit, 1
(22)
0 K Ky
n .
Pl P, 5
The nonbasis vectors Pj in the new basis will have the coordinates
P; Pis, 7
o = gy — : (Pz w EEil
P11
(23)
D1, 5
(Pgl)l =

i1 ji

It is seen that Eqs. (22) and (23) represent one step in the Gauss-Jordan elimination method but with a
special choice of the leading element in accordance with (20).
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There will be zeros everywhere in column j1 except for row il in which there will be a 1, while
column il becomes different from unity. In general, if the desired basis is known beforehand then the
matrix DIl is constructed from the columns of the initial matrix corresponding to the vectors of the new
basis and then the initial matrix is multiplied by ID~!l. Then

p:fn! = HD_lH Pi, p(()m = HD“II po (24)

and the new matrix IPy, ..., Pj, ..., Py, Pyl is obtained, but already in the new basis. At the same
time the components of P(()n) are In K(pnl) in the new basis. However, since it is not known beforehand what

basis must be chosen, it is necessary to change from basis to basis by the method presented above,
changing one vector at each step. Let us lay out this method by steps.

1. The initial basis is chosen.
2. If all the In Kpj < 0 in this basis then the basis is chosen and the process is ended.
3. If there are InKpj > 0 then for all i, j, @jj # 0 one chooses InKpj/¢jj < 0.
4. One finds
InK,, 3

max(ln —_—— .| =F..
(rek) \ Ko D5 (P”) Fu

5. One determines the il, jl such that Fy; j; = min Fi;.
i

6. A vector Py is eliminated and Pj; is included in the basis. For this the new coefficients go(irj}) of

the system are computed from (23) and the In K(Sl) from (22). Then the process is repeated from step 2.

IfIn Kpi/(pij = 0 for all i, j in step 3 then the process can be continued further, but in the new basis
Kgll) = 0, and only after several steps can one obtain In K(gi)i < 0. It is seen that the process described
above is the minimization of some nonlinear function of the type

F= min o{maxlnK,}. (25)
(by bases) (9

Since the function (25) is nonlinear it is impossible to predict in advance whether the process will give an
absolute minimum. However, for a solution one does not need an absolute minimum but only a small
enough value of F. The meaning of the algorithm presented is that in each step one seeks a basis in which
one of the values In Kpﬂ > 0 is decreased and at the same time the remaining values In Kpr (r = il), if
they increase, must increase in a minimal way. As a rule, after a few steps one is able to obtain InKpi
< 0, since one can guess rather close to the desired basis as a function of p, T.

For the majority of systems of equilibrium chemical reactions (1) considered in practice one canfind
a basis in which In Kpj = 0. For this it is necessary that

A
o
=
‘*_D:-

Ky=—t—— <1, p, (26)

k

IT pfis

j=1
It is clear, however, that (26) must not be satisfied for every system of type (14). Therefore the method
must be changed as follows. From the set of n vectors in the k-dimensional vector space one can construct
a finite number of basis sets N = Cg.

-
i
LA

It is clear that among these N sets one can choose one (we will call it the optimum set) in which Eq.
(25) is satisfied. The method given above is also suitable for this general case without changes, but now
the minimum value of In Kpi by bases can be obtained as positive.

On the basis of the method described a standard program was compiled for the calculation of the
composition and thermodynamic functions on a Minsk-22 computer, and a calculation was carried out for
a composite of CO, and H, containing the following 26 components: H, O, C, e, CO,, CO, CH,, CH,, C,H,
C,H,, C,H,, Hy, O,, O;HT, H-, O*, O°, C*, C-, O,%, OH™, OH-, H,0, OH, CO*. Since at present thers
are no data in the literature on the composition of systems formed of CO, and H, taken in different

1264



quantitative ratios to each other the data obtained can be useful in the study of phenomena taking place in a
plasma stabilized by a mixture of CO, and H,.

The calculation was conducted for temperatures from 1000 to 6000°K and pressures from 0.01 fo
1000 atm. The following were calculated: the composition N; (in moles), the specific enthalpy h (cal/g),
the internal energy u (cal/g), the entropy s (cal/g - deg), the molecular weight u (g/mole}.

The composition of the system formed by a mixture of 0.35 CO, + 0.65 H, as a funetion of the tem-
perature for p =1 atm is presented in Fig. 1.

The h—s diagram of this system is shown in Fig. 2.

The dependence of the molecular weight of the system on the temperature for pressures from ¢.01
to 1000 atm is given in Fig. 3.

NOTATION

Ri: component i; Nj, Hj, 8j, Cpi’ pj: number of moles, enthalpy, entropy, and heat capacity of
component i and partial pressure; Ny, Hj, Sj: number of moles, enthalpy, and entropy of basis (predomi-
nant) component j; N, N;: total number of moles of system at p, T and in initial state; NO initial number
of moles of component i in standard state; p; pressure; T: temperature; Kpi, K( ) equlhbmum constant

of reaction i in old and new basis; Ajj, A(J ). matrix element of stoichiometric coeff1c1ents in old and new

bases; IB ' matrix of transition from old to new basis in k-dimensional linear space; ID-': transition
matrix in m-dimensional space; h, u, s, Cps Cy, a: specific enthalpy, internal energy, entropy, heat
capacity at p = const, heat capacity at v = const, and speed of sound in system; yu, py: molecular weight at
p, T and in initial state; vy: ratio of heat capacities cp/cV; R: gas constant.

LITERATURE CITED

1. I. B. Rozhdestvenskii, V. P. Shevelev, and K. K. Olevinskii, in: Properties of Gas at High Tem-
peratures [in Russian], Nauka, Moscow (1967).

2. Thermodynamic Properties of Individual Substances [in Russian], V. P, Glushko (ed.), Izd, Akad,
Nauk SSSR, Moscow (1962).

3. A. S. Pleshanov and §. G. Zaitsev, in: Physical Gasdynamlcs, Heat Exchange, and Thermody~
namics of Gases at High Temperatures [in Russian], ‘Izd. Akad. Nauk SSSR, Moscow (1962).

1265



