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An adequate method for calculating chemical equilibrium in a predominantly
gaseous, multi-component reactive mixture was investigated and successfully applied.
This method involves the stated equilibrium reaction scheme, including, first, the for-
mation of chemical species, of which concentrations prevail in the mixture, then the for-
mation of gaseous atomic species by dissociation of previous ones, and, finally, the for-
mation of complex chemical species from the atomic species. A computer program,
which permits calculations of equilibrium compositions by the iteration procedure, has
been developed. The results of calculations have been compared with data obtained by
the programs OPHELIE, MICROPEP, and the program SPP, as documented in the
NASA-Lewis Code, which is presently the world-wide standard. All comparisons gave
satisfactory agreement.

Keywords: composite propellants, combustion, combustion products, chemical equilib-
rium.

INTRODUCTION

The knowledge of chemical equilibrium compositions of a solid rocket propellant
combustion products mixture permits the calculation of theoretical thermodynamic proper-
ties for this chemical system. These properties can be applied to a wide variety of problems
in the rocket science. Some applications are the design and analysis of performance charac-
teristics of propellant systems, combustion chambers, nozzles, and engines.

Considerable numerical calculations are necessary to obtain equilibrium composi-
tions for complex chemical systems. For example, to calculate the flame temperature for the
combustion of a hydrocarbon in air, it might be necessary to consider as many as 20 or more
chemical reactions.! As the number of reactions increases, so does the mathematical diffi-
culty. Simultaneous equilibrium constants relations can no longer be solved in a closed
form, even approximately. It becomes necessary to use either trial and error or an iterative
approach to obtain solutions of the system of simultaneous equations.

Several different approaches have been used to obtain solutions of the system of
simultaneous equations describing chemical equilibra.l=7 Some of the calculation
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methods were designed for specific problems and often took advantage of some special
characteristic of the particular problem to facilitate its solution. Other methods were in-
tended to be multipurpose schemes that could, at least in principle, be applied to any
chemical equilibrium problem.

The aim of this work was to find a more general and consistent, but simple
method for the calculation of chemical equilibrium compositions of the combustion
products of composite propellants.

DESCRIPTION OF THE MODEL

In general, gaseous atomic species, gaseous complex chemical species (some of
them can simultaneously exist in the condensed phase), and condensed chemical spe-
cies can coexist in the combustion products of solid propellans. In this paper, the ionized
species are not considered.

The most probable chemical species which can be formed from the atoms of the
propellants and which can exist in the conditions of combustion have to be known or
postulated.

It is assumed!~© that the equation of state for an ideal gas can be applied for the
combustion products mixture, even when small amounts of condensed species (up to
several percents by mass) are present.

Chemical equilibrium is described by the equilibrium constants formulation.
This formulation involves non-linear equations of chemical equilibria among combus-
tion products and linear mass-balance equations:

Mayn-x=0; i=12,..,NEL 6]

where x; is the coefficient in the specific formula of a propellant for the element X7,
ajjis the number of atoms of the element X" in the combustion product / (coefficients
in molecular formula of the combustion product ), n; is the number of moles of the
jth combustion product in the mass unit of the combustion product mixture, NP is
the total number of chemical species in the combustion products, and NEL is the to-
tal number of chemical elements in a propellant.

When the constituents of a propellant are defined by their molecular formulas, the
coefficients of the propellant specific formula can be calculated using the following set
of equations:

NP
=001y Dl =1 NEL ?)

k=1 k

where gy, is the mass percent of constituent & in a propellant, v;; is the number of at-
oms of the element i in the constituent k (coefficients in the molecular formula of the
constituent k), My is the molar mass of the constituent &, NK is the number of constit-
uents in a propellant.
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For the general reaction: ; @Ay S le biB, , where aj and b; are the stoi-
chiometric molar coefficients of the chemical molecules (or atoms) of the reactants Ay
and the products By, respectively, the equilibrium constant equation can be expressed as:

b sz - Zak
K 1) ( P J k
P ay
n
l;[(n N ) Po
where K, is the equilibrium constant and the ng,and n 4, are the number of moles of

the reactants Ay and products By, p is the actual pressure at which the reaction oc-
curs, and pg is the reference pressure.

3)

The values of K, for this general reaction can be calculated using the following
equation:

anp(T):;[Zbls(po’T)Bl _Zaks(po»T)Ak:l_
_RIT[ZbIh(pO,T)BI —;akh(po,T)Ak}

where s(pg, T) and i(py, T) are the molar entropy and the total molar enthalpy under
standard conditions for the reactants and products, and R is the gas constant.

4)

The mass balance equations (Eq. 1) and the equilibrium constants equations
(Eq. 3) permit the determination of equilibrium compositions for the thermodynamic
states specified by the assigned temperature and pressure.

The thermodynamic functions of the combustion products, being in their stan-
dard state, are obtainable from the JANAF thermodynamic tables.8 For each combus-
tion product (subscript f), the total molar enthalpy is given in the form of least squares
coefficients as follows:

WD =co;+ Ye,, (10737 G)

where ¢( and ¢; are the least squares coefficients, and i denotes the degree of the
polynomial.

The molar entropy is determined as:

.
s)(T) = c5;+ 103 ¢7,;In(1073 7) + 10—3zﬁc,;j(10—3 7)i-1 (6)
=2 L=

where the term ¢;; is defined as the mean arithmetic value of all ¢y ; 7:

6
7= (Tiat) = 103 1110 (103 Tigr) ~ 103 3.

i=2 1 —

i

1 ¢i (1073 Tigp)i! (7

where Ti,, and st(T tab) are the any data pair from the tabulated thermochemical
data.®
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Sixth-order polynomials have been used to approximate the data for gaseous spe-
cies over two temperature ranges (from 298.15 to 1000 K, and from 1000 to 6000 K),
and fourth-order polynomials for condensed species over a specified temperature
range. The accuracy of approximation has been estimated and compared with other
available literature data.”!1 The absolute errors of the temperature were always lower
than 0.5 K for each combustion product. These absolute errors of temperature are much
lower than the acceptance criterion defined as |A7] <3 (Ref. 6). It is shown that the accu-
racy of the approximation is improved. The polynomials coefficients are available from
the authors upon request.

A typical composite rocket propellant contains C, H. N, O, Cl and Al as constitu-
tive chemical elements. Hence, the combustion products consist of the given six ele-
ments or contain them in a bound form, and it is possible that there are more than 70 spe-
cies in this reactive mixture.2-%12-14

Although there are no serious difficulties in analyzing such reactive systems with,
for example, more than 70 chemical species, except, perhaps, the availability of thermo-
dynamic data for some of the components of the mixture, it is assumed in this paper that
the combustion products consist of 47 components, which are presented in Table I.

TABLE I. Components of the combustion products of the composite propellants

H, H,O H OH O 0, N, NO N NH NH, NH;
N,O NO, CO, CO C HCO HCN CH CH, CH; CHy G,
HCI Cl Cl, CIO Clo, CLO CCIO CCl CCl, CCl; CCly  ALOs,

AL Os(g Al AlO _ALO AlO, AIOCI AICI AICl, AICl; AIH AIOH  AIO,H

In this case, all the products are gaseous except Al,O3 (the chamber reaction
gases contain liquid aluminium oxide and the colder gases in the nozzle exhaust contain
solid, condensed aluminium oxide particles).

The developed method for calculation the chemical equilibrium in such a
predominantly gaseous, multi-component reactive mixture, involves the stated equilib-
rium reaction scheme, including, first, the formation of the major chemical species, of
which concentrations prevail in the mixture, then the formation of gaseous atomic spe-
cies by dissociation of the initial ones,and finally, the formation of complex chemical
species from the atomic species.

As experience and calculations confirmed,!2-15 carbon dioxide, carbon monox-
ide, water, hydrogen, nitrogen, hydrochloric acid and aluminium oxide are the major
combustion products.

The mass balance equations and the equilibrium constant of the water gas reac-
tion are used for calculation the concentrations of the main combustions products.

Gaseous atomic species, according to the stated reaction scheme, are calculated
from the equilibrium constants corresponding to their reactions of formation from the
main combustion products and the other complex chemical species are obtained from
the equilibrium constants corresponding to their formation from the gaseous atomic
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species. If in such a thermodynamic equilibrium system at the assigned temperature,
any species coexists in the gaseous and condesend phases, the partial pressure of the
gaseous phase must be equal to the vapor pressure of the condensed phase of this spe-
cies. This permits the determination of the amount of possibly present condensed phase
in the combustion products.

The equilibrium reaction scheme, repressnting the formation of secondary com-
bustion products is given in Table I1. It yields the obligatory stoichiometric coefficients
ay and by for the equilibrium calculation.

This iterative procedure is continued until convergence is obtained:

where / denotes the number of the /% iteration, and € is the acceptance criterion. For this
type of chemical equilibria calculation, 0.00001 is the recommended value for the ac-
ceptance criterion. The convergence rate of the applied calculation method is very high.

TABLE II. Reaction scheme for the formation of secondary combustion products

2C0CO+C  05HysH  H,0eH,+0 05NN HCleH+CI 2122213%)8
H+O=HO  N+O=NO 200, H+C+O-HCO H+CHNeHCN C+HeCH
C+HeCH, C+3HeCH;  C+HHeCH,  2C+2HeGH, N+HeNH N+2HeNH,
N#3HeNH; 2N+0eN,0  N+20NO, 2ClCl, Cl+O-CI0  CH20<CIO,
2CHO=CLO CH+CHOSCCI0  C+CleCCl C+2CIeCCl,  C+3CIeCCly  C+ACIeCCl,

Al+O<AIO0  2AIHO0<AlLO Al+20<Al0,  AHCIHO<AICIO AIH+Cl<AICl Al+2CleAICl,
AI+3CI«AICL;  Al+H<AIH  AI+O+H<sAIOH Al+20+H<AIO,H

RESULTS AND DISCUSSION

A computer program, named CEC (Chemical Equilibrium Calculation), has been
developed on the basis of the above-mentioned algorithm. The CEC program is a
PC-based computer code and is assigned for 32-bit Windows environment. It is written
in Visual Basic as the programming language.

Numerous results of these calculations were obtained for different composite propel-
lant formulations and rocket motor conditions. Only one example is indicated here to illus-
trate typical values of the combustion products compositions that characterize different lo-
cations in a rocket motor for aluminized composite propellants, and to compare the calcu-
lated values with corresponding available values obtained by the OPHELIE program,14
currently in use. Namely, the successful verification of the presented method and the CEC
program has been conceived to give an affirmative answer with respect to the results of this
computer code and some others programs, which are presently world-wide standards.

The results of these calculations and the corresponding comparative analysis are
presented in Table II1.
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TABLE III. Comparative analyses of the calculated mole fractions of the combustion products ob-
tained by various computer codes for the propellant AP/Al/ 70/16/14

Program OPHELIE CEC OPHELIE CEC OPHELIE CEC
Section Chamber Throat Exit
T/K 3315 3101 1541
P/bar 70.9275 40.6700 0.2432

Products mol/%  mol/%  Diff./% mol/% mol/%  Diff./% mol/%  mol/% Diff./%

H, 29.107  29.116  -0.03  29.572  29.578 -0.02  32.156 32.162 -0.02
H,0 13.704  13.696 0.06 13.548 13.539 0.06 11.923 11917 0.05
H 2.347 2.346 0.04 1.750 1.752 -0.11 0.003 0.003 0.00
OH 0.465 0.463 0.43 0.291 0.290 0.34 3.767x107°

(¢} 0.022 0.022 0.00 0.011 0.011 0.00

0, 0.004 0.004 0.00 0.002 0.002 0.00

N, 7.582 7.581 0.01 7.623 7.622 0.01 7.726 7.725 0.02
NO 0.031 0.030 3.23 0.017 0.017 0.00

N 2.732x10* 1.077x10*
NH 0.001  0.001 0.00 3.244%10%
NH, 0.001  0.001 0.00 0.001 0.001 0.00
NH, 0.002  0.002 0.00 0.001 0.001 0.00 7.181x1075

CO, 1.414 1.409 0.35 1.445 1.440 0.34 2.991 2.984 0.23
CcO 23214 23223  -0.04 23296  23.305 -0.04  22.062 22.073  -0.05

HCO 0.016 0.016 0.00 0.010 0.010 0.00 1.719%1073

HCN 0.001 0.001 0.00 0.001  1.000x10  0.00

HCI 13.402 13.407 -0.04 14.039  14.040 -0.01 15.447  15.445 0.02
Cl 0.730 0.727 0.41 0.568 0.567 0.18 0.001 0.001 0.00
Cl, 0.002 0.002 0.00 0.001 0.001 0.00

Clo 3.271x10% 1.407x 10
CClo 9.912x10* 5.402x10%
ALOyy, 7.174 7176 -0.03  7.369 7.369 0.00
ALOs) 7.688  7.686 0.02

Al 0.004 0.004 0.00 0.001 0.001 0.00
AlO 0.004 0.004 0.00 0.001 0.001 0.00
ALO 0.001 0.001 0.00 0.000 0.000
AlO, 0.001 0.001 0.00 2.744%x104

AlOCl  0.092 0.091 1.09 0.052 0.052 0.00

AlCI 0.277 0.276 0.36 0.150 0.150 0.00

AlCl, 0.319 0.317 0.63 0.205 0.204 0.30

AlCly 0.018 0.018 0.00 0.014 0.014 0.00 1.391x1073
AlH 0.001 0.001 0.00 0.000

AIOH 0.024 0.024 0.00 0.011 0.011 0.00

AlO,H  0.035 0.034 2.86 0.017 0.017 0.00

Remark: Combustion products with concentrations less then 10_5, are not printed.
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As it can be seen from this Table, there is good agreement between the corresponding
concentrations of the combustion products obtained by using various computer codes. Fur-
thermore, it can be seen from the given Table, that the total concentrations of the major com-
bustion products are higher than 95.0 mol % for aluminized composite propellants with a
high content of aluminium in the combustion chamber, but higher than 99.9 mol % in the
considered nozzle exit. Namely, the dissociation of the main combustion products increases
as the temperature rises and decreases with increasing pressure. Some unreacted O, re-
mains at high combustion temperatures. As the gases are cooled in the nozzle expansion, the
dissociated species react again to form molecules. Hence, only a small percentage of the
dissociated species persits at the nozzle exit and only with the high content of oxidizer,
where the exit temperature is relatively high. This fact confirms the validity of the accepted
iteration method for the calculation of complex chemical equilibrium concentrations for
conventional composite propellants.

Other comparisons with respect to the MICROPEP!3 and SPP!3 programs gave
satisfactory agreement, as well.

Although in the analysis of the chemical ingredients of these solid propellants,
approximately 70 additional reaction products were considered in addition to the major
product species in the French program, named OPHELIE, their calculated mole frac-
tions were very small and therefore they have been neglected, and are not included in
Table III. This means that our computer code CEC, which analyzes 47 combustion
products, is very suitable for this type of propellant. Contrary to other analyzed pro-
grams, the CEC computer code is assigned to extensive calculations on a particular
chemical system — typical composite propellants.

CONCLUSION

An adequate method and a computer program for the calculation of chemical
equilibrium in the combustion products of composite propellants have been developed,
and are successfully verified. The results of the calculations have been compared with
data obtained by other programs, which are presently world-wide standards. All the
comparisons gave satisfactory agreement.

U3BOJ

TTPOPAYYH CIIOXEHUX XEMNJCKNX PABHOTEXKHUX CACTABA ITPOOYKATA
CATOPEBAIA KOMITO3UTHNX PAKETHUX TOPMBA

MUIoU @MJINIMTOBUH u HUKOJIA KUJIMBEAPIOA

Bojromiexnuqxcu unciiuiiyiui BJ, Kattiarnukesa 15, 11000 Beozpao

HcTpaxuBaH je U yCIELIHO JOKa3aH METOJ IPOPauyHa XeMUjCKe PABHOTEKE Y IPETEKHO
racoBHTO], BUILIEKOMIIOHEHTHO] peakTUBHO] cMetn. OBaj MeTop o0yxBaTa (hopMyJIucaHy peak-
LHOHY CXEeMY, KOja YKJbyuyje CTBapamhe XEMHjCKUX BPCTa 4Mje KOHIEHTpalyje npeosiabyjy y
CMeIlH y IPBOM KOpPaKy, 3aTHM CTBaparmbe FACOBUTUX aTOMCKHX BPCTa JUCOLMjal[ljOM IIPETXO-
JHUX U, Ha KPajy, CTBapambe CJIOKEHUX XeMUjCKUX BpcTa U3 aTOMCKUX FACOBUTHUX BpcTa. PasBujen
je padyHapcku nporpam Koju oMoryhasa npopauyH paBHOTEXHUX cacTaBa. PesynraTu npopa-
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YyHa KOMIIapUpaHU Cy ca nojanuma gooujeHuM kopuitheweM nporpama OPHELIE, MICROPEP
u nporpama SPP, nokymenToBaHor y NASA-Lewis Code-y, KOju ipeficTaB/ba CBETCKH CTaHAAP/.

Cga nopebema ana cy 3agoBosbaBajyhe ciarame pe3yirara.
(ITpumsbero 12. maja, peBuanpano 3. jyma 2000)
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