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The compositions of several flames at various 
temperatures and differing oxidant/fuel ratios have been 
determined theoretically by use of an iterative computer 
technique based on a thermodynamic model. Systems 
chosen were: acetylene-nitrous oxide, acetylene-oxygen, 
acetylene-air, hydrogen-nitrous oxide, hydrogen-oxygen, 
and hydrogen-air. In view of the importance that 
acetylene-nitrous oxide flames have in contemporary 
analytical techniques, this particular system has been 
examined further when containing a metallic vapor. The 
calculations indicate that the free-atom fractions for 
aluminum, molybdenum, silicon, titanium, and tungsten 
vary with the fuel/oxidant ratio, but that copper and iron- 
free atom fractions remain relatively invariant with 
changes in flame stoichiometry. 

Several methods have been described to estimate the 
concentrations of various species present in a flame. One 
approach involves finding a product distribution that will 
satisfy mass balance criteria and restraints imposed by 
equilibrium constants for a variety of different reactions 
(2, 73). A feature of this method is that simplifications 
may be made by recognizing that some species will be 
present in very small concentrations, and that the pres- 
ence of these species is relatively unimportant. However, 
this method utilizes a set of simultaneous equations to 
describe the equilibrium processes, and for even moder- 
ately complex systems, the set becomes quite formi- 
dable. Another method (76), known as the free-energy 
minimization method, considers all possible gaseous 
species [condensed species can be handled also ( 7 4 ) ]  
that might be produced, but in return, eliminates the 
need for a full knowledge of relative concentrations and 
therefore avoids the necessity of deciding which species 
are the major components in the flame. However, even 
for this method, practical considerations and/or chemical 
intuition can lead to substantial reductions in computa- 
tional times. Results of equilibrium calculations by the 
free-energy minimization method have been reported by 
Anderson ( 7 ) ,  and by Taylor and co-workers (3, 4 ) .  This 
paper further extends and amplifies these calculations to 
flames that are of interest to contemporary analytical 
chemistry, and includes calculations involving seven se- 
lected metal vapors to simulate flame spectroscopy in- 
volving added analytes. 

Experimental 

A Fortran IV  G program was written for an IBM 360/75 
computer based on experimental techniques described 
by White et al. (73, 76) and Oliver et al. ( 7 4 ) .  The equi- 
librium concentrations of the n species that comprise the 
flame system are given in terms of a set of mole num- 
bers X = XI, x2, x3 . . . xn. The required set X is that one 
which will conditionally minimiqe the total free energy of 
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the system subject to overall mass-balance consider- 
ations. The total free energy, GfX),  can be written as the 
sum of the chemical potentials, k i ,  for the species i such 
that 

i 1) 

The chemical potential for species i in an ideal gas mix- 
ture at a total pressure P can be written in terms of a 
standard chemical potential pi0 (70) which is pressure 
independent (7), where 

The determination of the equilibrium composition is then 
a matter of finding the nonnegative valyes, xi, that com- 
prise X and will conditionally minimize Equation 1 subject 
to the restraint 

, - / I  

x , a , ,  = b ,  Cj = 1.2, ... m )  (3 )  
, - I  

where x i  is the mole number for the ith species, aij is the 
number of atoms of element j in the ith species, and bj  is 
the total original number of atomic weights in the initial 
mixture. Negative mole numbers generated by the itera- 
tion procedure were corrected by redefining a corrected 
mole number, Zi, in terms of the newly generated nega- 
tive term, xi‘ and the corresponding positive x i  value from 
the previous cycle 

z, = X i ’  + XI(x, - x,’)i ( 4 )  

where X is computed in such a way as to make all nega- 
tive mole numbers just positive, and is then used to cor- 
rect the whole set X of mole numbers. This new nonneg- 
ative set is the basis for the next cycle. The iteration 
procedure was continued until such time as the newly 
generated mole number (xult)i did not differ from its 
value (xpenult)i in the preceding cycle by an arbitrarily 
chosen difference A ,  where 

A J(X,I~), -  penult), I / !  ( x u ~ t ) ! J  ( 5 ,  

and A was set at Major species in the equilibrium 
calculations of the contributing species formed the input 
data to a new program which generated visual representa- 
tions of concentrations as a function of temperature via a 
Cal-Comp-563 Plotter accessory. 

Results 

Acetylene flames. Acetylene flames with air, oxygen, 
and nitrous oxide are used extensively in contemporary 
analytical chemistry. The acetylene-air flame has the 
lowest temperatures of the three, and is the most trans- 
parent, thus providing a good signal-to-noise ratio for 
analytes that are easily atomized and which do not form 
stable compounds at the temperatures prevailing in these 
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Table I .  Partial Pressures of Gaseous Components Generated In Nitrous Oxide Acetylene Flames for Various Temperatures 
and Dlfferlng Oxldant/Fuel Ratiosa 

NzO/C2H2 = 1.40 N20/C2H2 = 2.00 N20/C2H2 = 2.60 

Species 2700K 3000K 3300K 2700K 3000K 3300K 2700K 3000K 3300K 

- 6  
- 7  
- 5  
- 7  
- 5  
- 6  
- 4  
- 1  
- 7  
- 7  
- 3  
- 3  
- 6  
- 2  
- 2  
- 1  
- 6  
- 7  
- 7  
- 7  
- 7  
- 9  
-19 
- 1  
-12 
-13 
- 9  
- 8  
-15 

- 5  
- 5  
- 5  
- 6  
- 5  
- 6  
- 4  
- 1  
- 7  
- 5  
- 3  
- 2  
- 4  
- 2  
- 2  
- 1  
- 7  
- 6  
- 6  
- 7  
- 7  
- 9  
-18 
- 1  
-11 
-13 
- 8  
- 8  
-14 

- 4  
- 5  
- 5  
- 6  
- 5  
- 7  
- 3  
- 1  
- 7  
- 4  
- 2  
- 2  
- 3  
- 1  
- 2  
- 1  
- 7  
- 5  
- 6  
- 6  
- 6  
- 8  
-18 
- 1  
-11 
-13 
- 8  
- 7  
-14 

- 8  
- 9  
- 5  
- 9  
- 7  
- 8  
- 6  
- 1  
- 5  
-11 
- 8  
- 7  
-12 
- 2  
- 4  
- 1  
- 4  
- 6  
- 7  
- 7  
- 7  
- 7  
-14 
- 1  
-12 
-11 
- 7  
- 6  
-10 

- 7  
- 7  
- 5  
- 8  
- 7  
- 8  
- 5  
- 1  
- 5  
- 9  
- 7  
- 7  
-10 
- 2  
- 4  
- 1  
- 5  
- 6  
- 6  
- 7  
- 7  
- 6  
-14 
- 1  
-11 
-11 
- 6  
- 6  
-10 

- 5  
- 6  
- 5  
- 7  
- 7  
- 8  
- 4  
- 1  
- 6  
- 7  
- 5  
- 5  
- 8  
- 1  
- 3  
- 1  
- 6  
- 5  
- 5  
- 6  
- 6  
- 7  
-15 
- 1  
-1 1 
-1 1 
- 6  
- 6  
-1 1 

-11 
-12 
- 6  
-12 
-11 
-12 
- 9  
- 1  
- 2  
-17 
-14 
-13 
-21 
- 2  
- 7  
- 2  
- 2  
- 6  
- 7  
- 7  
- 7  
- 4  
- 9  
- 1  
-12 
- 8  
- 4  
- 3  
- 4  

-10 
-11 
- 6  
-12 
-11 
-12 
- 9  
- 1  
- 2  
-16 
-14 
-13 
- 20 
- 2  
- 7  
- 2  
- 2  
- 6  
- 6  
- 7  
- 7  
- 3  
- 8  
- 1  
-12 
- 8  
- 3  
- 2  
- 4  

- 9  
-10 
- 5  
-11 
-11 
-13 
- 8  
- 1  
- 2  
-15 
-13 
-13 
-19 
- 2  
- 7  
- 2  
- 2  
- 5  
- 6  
- 7  
- 7  
- 3  
- 7  
- 1  
-11 
- 7  
- 2  
- 2  
- 3  

Temperatures are in K, concentrations are given in terms of log ( P I P , ) ,  where P are partial pressures in atmospheres to the nearest power of ten, 
and Po = 1 atm. Thermodynamic data taken from Ref. 10. *Major products with P > atm. 

systems. Both C2H2/02 and C2H2/N20 flames provide 
higher temperatures that can allow a greater efficiency in 
free-atom production modes, but the high-burning veloci- 
ty of the C2H2/02 flame can lead to turbulence and in- 
creased noise, and for this reason C2H2/N20 flames are 
to be preferred. It should be noted that temperatures in 
the flame systems vary with both fuel/oxidant ratios and 
height of the system above the burner tip (78). In view of 
its importance and widespread use, the C2H2/N20 flame 
is considered first, and in more detail than the other sys- 
tems. 

Concentrations of contributing species to the C2H2/ 
N20 flame have been calculated for three arbitrarily chosen 
oxidant/fuel ratios (N20/C2H2 of 1.40, 2.00, 2.60) and 
seven arbitrarily chosen temperatures (2700-3300K at 
increments of 100K) which cover the range of experimen- 
tally observed values. Data at 2700, 3000, and 3300K, for 
all species considered are displayed in Table I for each 
of the fuel/oxidant ratios. Complete temperature depen- 
dences for the major species (partial pressures, 
atm) are shown in Figure 1. For fuel-rich flames, espe- 
cially at the lower temperatures, condensed carbon con- 
tributes significantly to the product distribution; the de- 
pendences of condensed carbon concentrations at differ- 
ent fuel/oxidant ratios are therefore shown in Figure 2 as 
the fraction of carbon relative to total initial carbon con- 
tent. Since the product distribution can be extremely sen- 
sitive to fuel/oxidant ratios, the isothermal (2900K) varia- 
tion in concentration of major products with this variable 
is shown in Figure 3. 

The free atom fraction p for a metallic analyte added 
to any flame system is defined by 

where Pi refers to the partial pressures of species i, and 
M, MO, MOz, and MOH to metallic vapor, metallic oxide, 
metallic dioxide, and metallic hydroxide, respectively. 
Free-atom fractions for aluminum, copper, iron, molybde- 
num, silicon, titanium, and tungsten were calculated for 
various oxidant/fuel ratios between 1.40 and 2.80 (N20/ 
C2H2 ratios), and at temperatures from 2700-3000K at 
100' intervals (See note following Literature Cited). In 
general, /3 showed a regular dependence on temperature, 
but a very marked dependence on the fuel/oxidant ratio 
under isothermal conditions (2900K), and this depen- 
dence is illustrated graphically by the data in Figure 4. It 
is obvious from Figure 4 that it is virtually impossible to 
use N20/C2H2 ratios greater than ca. 2.2 for the analy- 
ses of Si, Ti, Mo, and W, in flame systems and this is dis- 
cussed later in this paper. 

Concentrations of major species generated in various 
C2H2/02 flames are shown in Figure 5 as a function of 
temperature, and condensed carbon concentrations 
under isothermal conditions (3300K) as a function of 
fuel/oxidant ratio for this system are shown in Figure 6. 
The data in Figure 6 demonstrate that C2H2/02 flames 
are prone to generate relatively large concentrations of 
condensed carbon, especially in fuel-rich systems. The 
changes in concentration of major species as the fuel/ 
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Figure 1. Temperature dependence of concentrations for major 
species generated in acetylene/nitrous oxide flames at different 
fueljoxidant ratios 

I I I I I I N20/C2H2 Ratio I 

TEMPERATURE 
Figure 2. Temperature dependence of condensed carbon con- 
centrations for different fuel/oxidant ratios in acetylene/nitrous 
oxide flames 

oxidant ratio is changed under isothermal conditions 
(3300K) are shown in Figure 7. 

The temperature of C2Hl/air flames is significantly 
lower (several hundred degrees) compared to the C*H2/ 
0 2  and C2H2/N20 flames considered above. Among 
other effects, this leads to a large concentration of solid 
carbon in flames which are fuel-rich, and unless recog- 
nized may offset the advantages of a relatively higher 
transparency and lower flame noise compared to the 
other two systems. The concentrations of major species 
present in CzHz/air flames are displayed in Figure 8 as a 

NITROUS OXIDE/ACETYLENE 
RATIO 

Figure 3. Dependence of concentrations for major species gen- 
erated in acetylene/nitrous oxide flames on the fuel/oxidant 
ratio under isothermal conditions (2900K) 

0.2 - - 
0 1  1 I I I I 

14 1.6 1-8 2-0 2.2 2.4 2.6 2-b 
NITROUS OXIDE /ACETYLENE RATIO 

Figure 4. Dependence of free-atom fractions on fuel/oxidant 
ratio in acetylene/nitrous oxide flames under isothermal condi- 
tions (2900K) 

function of temperature, condensed carbon fractions are 
shown as a function of temperature in Figure 9, and iso- 
thermal (2600K) concentrations given as a function of 
fuel/oxidant ratio in Figure 10. 

Hydrogen flames Hydrogen flames are usually sup- 
ported by either air or oxygen, but the H2/N20 flame has 
been suggested for use in emission studies of easily 
atomized metals (77) .  Since hydrogen flames tend to be 
relatively transparent, they are particularly useful for 
atomic emission and absorption studies, despite their 
lower temperatures compared to corresponding acetylene 
flames. In  general, background radiation from the flame 
is weak with the exception of that from OH bands (5). 
Even under extremely fuel-rich conditions, hydrogen 
flames do not exhibit the strongly reducing properties as- 
sociated with acetylene flames caused by an abundance 
of fragments of the type CZH, CZ, CH, etc. In particular, 
this could lead to significantly lower concentrations of 
free metal atoms, and despite their good signal-to-noise 
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ratios, hydrogen flames are less efficient at excitation 
and atomization, and exhibit more chemical interference 
with added analytes with respect to acetylene systems. 

The temperature dependences of major product con- 
centrations for three arbitrarily selected H2/N20 flames 
are shown in Figure 11, and the isothermal (2800K) fuel/ 
oxidant ratio dependences of the concentrations of major 
species in Figure 12. 

The temperature dependences of major product con- 
centrations for Hz/02 flames are shown in Figure 13 for 
three arbitrarily chosen flame compositions, and the iso- 
thermal (2800K) distribution of products as a function of 
fuel/oxidant ratio in Figure 14. 

- 
E 
c 
0 

TEMPERATURE 

Figure 5. Temperature dependence of concentrations for major 
species generated in acetylene/oxygen flames at different fuel/ 
oxidant ratios 

I I I I I 1 
02/C2H2 Ratio 
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C D =  0.70 0.80  u 

3000 3200 'K 

TEMPERATURE 

Figure 6. Temperature dependence of condensed carbon con- 
centrations for different fuel/oxidant ratios in acetylene/oxygen 
flames 
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Figure 7. Dependence of concentrations for major species gen- 
erated in acetylene/oxygen flames on the fuel/oxidant ratio 
under isothermal conditions (3300K) 
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Figure 8. Temperature dependence of concentrations for major 
species generated in acetylene/air flames at different fuel/ 
oxidant ratios 
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Hydrogen/air flames have a significantly lower temper- 
ature than the two considered above in this section, and 
this is reflected in the nature and abundance of the major 
species present. The temperature dependences of prod- 
uct concentrations are shown in Figure 15, and the iso- 
thermal (2300K) product concentrations as a function of 
fuel/oxidant ratio are given in Figure 16. 

Discussion 

Effects of stoichiometry on flame composition. After 
examination of the stoichiometry of hydrocarbon flames, 
this may be referred to CO production, or C02 produc- 
tion. Thus the terms fuel-rich or fuel-lean are relative. We 
will relate such references to CO production in the ensu- 
ing discussion. 

Fragmentation of acetylene leads to formation of CzH, 
CZ, CH, C, and H species. In  fuel-rich flames one there- 
fore expects a preponderance of such fragments in the 
absence of sufficient oxygen to form oxygen-containing 
entities. On the other hand, oxidant-rich flames would 
lead to the predomination of CO, C02, H20, OH, NO, and 
other such species. The calculations in this work support 
such prima-facie conclusions (Figures 1, 3, 5 ,  7, 8, and 

I I I I 
2400 2600 * K 

T E M PE R ATU R E 
Figure 9. Temperature dependence of condensed carbon con- 
centrations for different fuel/oxidant ratios in  acetylene/air 
flames 

\ 
E 
c 
0 
n - 
(3 
0 
J 

AIR /ACETYLENE RATIO 

Figure 10. Dependence of concentrations for major species 
generated in acetylene/air flames on the fuel/oxidant ratio 
under isothermal conditions (2600K) 

10). Equally, it is apparent that as the flame becomes 
richer in hydrocarbon fuel content, significant fractions of 
the total carbon appear as solid condensed species (Fig- 
ures 2, 6, and 9). Too much of this solid carbon in a 
flame renders it useless as a source for absorption and 
emission spectroscopy, since the analyte signals are 
masked by incandescence ( 7 7 ) .  The diminution of reduc- 
ing species as the oxidant content of the flame is in- 
creased is clearly demonstrated by the total disappear- 
ance of CZH, C2H2, and CN from the list of principal 
products in intermediate NzO/CzHz flames and the sharp 
decrease in HCN content, followed by the rapid increase 
in 0 and OH concentrations as the oxidant/fuel ratio is 

I 1 I 1 I I I 

-3.0 1 I I I I 

TEMPERATURE 
2700 2900 

Figure 11. Temperature dependence of concentrations for major 
species generated in hydrogen/nitrous oxide flames at different 
fuel/oxidant ratios 

NITROUS OXlDE/HYDROGEN RATIO 

Figure 12. Dependence of concentrations for major species 
generated in hydrogen/nitrous oxide flames on the fuel/oxidant 
ratio under isothermal conditions (2900K) 
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Figure 13. Temperature dependence of concentrations for major 
species generated in hydrogen/oxygen flames at different fuel/ 
oxidant ratios 

4 
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OXYGEN/HYDROGEN RATIO 

Figure 14. Dependence of concentrations for major species 
generated in hydrogen/oxygen flames on the fuel/oxidant ratio 
under isothermal conditions (2800K) 

increased still further. This relatively large abundance of 
0 and OH makes these flames virtually useless for flame 
spectroscopy of elements that form refractory oxides. 
Also, a resulting chemiluminescence can mask the spec- 
tral region under observation and is attributed to such 
reactions as ( 7  7 ) :  

co + 0 - co, + hu (7) 

The only hydrocarbon fragment in the list of major prod- 
ucts (Table i) for each of the three flame systems is 

Figure 15. Temperature de- 
pendence of concentrations 
for major species generated 
in hydrogen/air flames at 
different fuel/oxidant ratios 
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Figure 16. Dependence of concentrations for major species 
generated in hydrogen/air flames on the fuel/oxidant ratio 
under isothermal conditions (2300K) 

CZH, a direct reflection on the strength of the C-C bond 
(199.6 kcal/,mol) in the acetylene fuel. 

It is pertinent at this point to indicate that Taylor et al. 
in their calculations completely neglect any contribution 
from C2H to the overall product distribution. From Table I 
it can be seen that this assumption is only valid for large 
ratios of N20/C2H2 (greater than 2.2). Equally large con- 
centrations of unburnt fuel are present in fuel-rich flames, 
especially at the lower temperatures. The concentrations 
of C2H in various flames directly reflect the temperatures 
accessible to the flame system; the higher the tempera- 
ture, the greater the concentration of this species fol- 
lowing increased thermal pyrolysis reactions. This latter 
effect leads to the total loss of C2H as a major product 
from the C2H2/air system, which is probably ca. 300K 
lower in temperature compared to the C2H2/N20 flame, 
and ca. 700K lower than the C2H2/02 flame. The isother- 
mal plots of concentrations against CZHz/oxidant ratios 
(Figures 3, 7, and 10) demonstrate various concentration 
inversions-for example, the rise of CO concentrations to 
a maximum followed by a decline (Figure IO). These ef- 
fects are plausibly attributed to secondary reactions be- 

84 Journal of Chemical and Engineering Data, Vol. 18, No. l, 1973 



coming increasingly important. For example, it is incon- 
ceivable that COZ is formed in a single-step reaction. 

Unlike hydrocarbon flames, where there is a choice of 
defining the stoichiometric reference, for hydrogen 
flames a stoichiometric ratio can only be defined in terms 
of H20 production. In this context, intermediate ratio 
flames and stoichiometric flames are considered to be 
synonymous. As might be expected, the major product is 
water from all systems except where the quantity of un- 
combusted fuel-i.e., hydrogen-far exceeds the amount 
of combustion product-i.e., water. The concentration of 
OH in hydrogen flames is larger for oxygen-supported 
flames (as compared to N20-supported), and leads to 
an inferior signal-to-noise ratio in H2/OZ and Hz/air com- 
pared to H2/N20 systems. Further, the Hz/air flame dif- 
fers substantially from the other two in that the system 
now contains large proportions of N2, and is maintained 
at a much lower temperature. Introduction of NZ leads to 
changes in product distribution, both qualitatively and 
quantitatively, although the N-N bond is of sufficient 
strength (225.8 kcal/mol) to prevent nitrogen-containing 
species from entering the major product listing with the 
sole exception of NO. The effects attributable to the 
lower overall temperatures manifest themselves in sever- 
al ways. First, substantially lower OH concentrations re- 
sult, and thus improved signal-to-noise ratios are ob- 
tained. On the other hand, the lower temperatures pre- 
vent adequate volatilization and atomization of certain 
metallic analytes thus introducing certain experimental 
limitations, but conversely, prevent ionization of free 
atoms which have low ionization potentials. 

Stoichiometry effects OR free-atom fractions. Data (8, 
72, 15, 78) show that some free-atom fractions are 
markedly dependent on the fuel/oxidant ratio, whereas 
other metals are relatively unaffected. For example, Mo 
and Ti free-atom fractions are markedly enhanced by the 
use of fuel-rich flames. In contrast, Cu and Fe are rela- 
tively unaffected, and AI behaves in an intermediate fash- 
ion. The calculations presented here for AI, Cu, Fe, Mo, 
Si, Ti, and W (Figure 4)  for.C2Hz/NzO flames support 
these previous observations. Similarly, Taylor et al. ( 3 , 4 )  in 
their calculations found that AI and Si concentrations in 
particular were very sensitive to flame composition pa- 
rameters. All metals examined, except Cu and Fe, 
showed an increase in free-atom fraction with a rise in 
temperature, a none-too-surprising result. On the other 
hand, Fe decreases slowly to a minimum and then begins 
to rise again; metal compounds formed in the flame show 
similar behavior. A rise in temperature, favoring the for- 
mation of endothermic species, is then counteracted be- 
yond a certain temperature by increased fragmentation 
reactions. The fall in free-atom fractions as the oxidant 
content of system increases, which again is attributable 
to secondary reactions between elemental species and 
oxygen-bearing fragments, manifests itself in the in- 
creased formation of metallic oxides, hydroxides, and 
peroxides. This dramatic fall in free-atom fraction as the 
oxidant content increases is shown graphically in Figure 
4. I t  is convenient (Equation 8) to refer to an enhance- 
ment factor in comparing free-atom fractions in fuel-rich 
flames to those in fuel-lean-i.e., oxidant-deficient- 
flames. Choosing two arbitrary ratios of N20/CzH2 at 
1.80 (fuel-rich) and 2.20 (fuel-lean) we can define r$ (en- 
hancement factor) such that 

d in fuel-rich flames 
d in fuel-lean f lames  c , =  

Since b is a function of the relative concentrations of 

metallic oxides and other metallic, oxygen-bearing 
species, it should be dependent on the stability of the 
major metallic compound present-i.e., the metallic 
monoxide MO. Table I I demonstrates the positive correla- 
tion between calculated enhancement factors and disso- 
ciation energies of the monoxide compounds for each of 
the elemental species examined. I t  seems apparent that 
fuel-rich hydrocarbon flames are to be preferred, since the 
abundance of reducing species (CzH, CH, CZ, etc.) will 
lead to high concentrations of the free element, whereas 
fuel-rich hydrocarbon flames still contain appreciable quan- 
tities of oxygen-containing species. Although the metallic 
monoxide is the predominant species for the majority of 
systems considered it is not the only one contributing to 
changes in free-atom fractions. More importantly, the 
data calculated in Table 1 1 1  show that higher oxides, and 
certain other species, should not be p o r e d  in these cal- 
culations, and that flame conditions should be chosen so 
as to minimize their formation. 

Possible error sources. The calculations follow the 
methods described by White et al. (76) and Oliver et al. 
( 7 4 )  and utilize a truncated Taylor's series (two terms) to 
express the set of mole numbers as an initial guess for 
the commencement of iteration. This will lead to a small 
but definite error in the absolute magnitude of any partic- 
ular mole number, but should not interfere with the rela- 
tive magnitudes to any great extent. In this work, we 
have not taken into account the fragmentation of solvents 
used to transport the analyte into the flame system. 
Since it is usual to use ethanolic solutions, or other or- 
ganic materials, this could lead to an increase in carbon- 
containing fragments, and so increase the relative reduc- 
ing nature of the flame atmosphere. However, Lvov (6) 
found that the solvent did not drastically alter the flame 
composition, and in view of the fact that aspiration rates 
rarely exceeded milliliters per minute magnitude flow 
rates, whereas the combustants are supplied at the order 
of several liters per minute, this is not surprising. Regard- 
ing the analyte itself, we have not taken account of ion- 
ization processes in calculating free-atom fractions, but 
as the ionization potentials of the elements considered 
(except AI and Ti) were in excess of 7 eV, this will not 
greatly affect the calculations of free-atom fractions re- 
ported here. Finally, i t  is suggested that a slightly differ- 
ent experimental basis might lead to equally consistent 
and perhaps more significant results. The experimental 

Table I I. Calculated Enhancement Factors, for Free-Atom 
Fractions in Nitrous Oxide/Acetylene Flame Systems at 
2900K at Two Arbitrarily Chosen Oxidant/Fuel Ratios, 
as a Function of the Dissociation Energy of the 
Monoxide Species 

Dissociation 

monoxide ( S i ,  
Calcd enhancement energy of 

Element (4)  eV 

cu 1 4.1 f 0.3 

AI 2 4.6 f 0.1 
M O  70 5.0 f 0 . 7  
Ti 2,000 7 . 2  k 0.1 
w 7,000 6.8 f 0.4 
Si 10,000 8.1 k 0.3 

Fe 1 4.3 f 0 ,5  

%ee text for definition. *Fuel-rich mixtures N z O ; C ~ H ~  ratio of 1.80, 
fuel-lean mixtures N20/C>H2 of 2.20. 

Journal of Chemical and Engineering Data, Vol. 18, No.  1, 1973 85 



Table Ill. Calculated Mole Fractions of Compounds Formed by Added Elemental Species in Nitrous Oxide/Acetylene Flames at 2900K 
for Different Oxidant/Fuel Ratiosa 

Species formed 
Element, NzO/C~HZ 

M ratio M MH MO MOn M03 m206 MOH 

AI 1.90 
2.00 
2.10 

c u  1.90 
2.00 
2.10 

Fe 1.90 
2.00 
2.1 0 

Mo 1.90 
2.00 
2.10 

Si 1.90 
2.00 
2.10 

Ti 1.90 
2.00 
2.10 

w 1.90 
2.00 
2.10 

0.9749 
0.9740 
0.6996 
1.0000 
1 .oooo 
0.9986 
1 .oooo 
1.0000 
0.9920 
0.9999 
0.9986 
0.0629 
0.4055 
0.0224 
0.0001 
0.8905 
0.3561 
0,001 2 
0.9527 
0.6719 
0.0006 

0.0251 
0.0222 
0.01 73 0.0621 

0.0014 

0.0080 
0.0001 
0.0014 
0.0359 

0.0004 0.5941 
0.9776 
0.9991 
0.1095 
0.6439 
0.9988 
0.0473 
0.3265 
0.2089 

"Ratios chosen to be close to critIcaI region as demonstrated by Figure 4 

assumptions made were that the flame system be regard- 
ed as an equilibrium closed adiabatic system, and that 
for this essentially static system, the thermostatic criteria 
of minimum free-energy attainment be applied. However, 
it is suggested that the flame system is probably better 
regarded as a living dynamic system, and thus subject to 
the thermodynamic (as opposed to thermostatic) criteria 
of nonequilibrium methods involving the minimum pro- 
duction of entropy as the criteria of equilibrium in dynam- 
ic processes. 

Nomenclature 

X 
numbers 

xi = mole number for the ith species 
Zi = corrected mole number derived from x i  to allow 

= X ( x , ,  x p ,  . . . x i  , . ,), a nonnegative set of mole 

for negative values of Xi generated in the iteration 
process 

G ( X )  = Gibbs free energy of the system 
pio = 
pi = standard chemical potential for the ith species 
aij  = 

species 
bj = 

the original flame mixture 
A = an arbitrarily set difference parameter defining 

the end of the iteration process 
P, T,R = total pressure, temperature on the absolute 

scale of the system, and gas constant/mol, 
respectively. 

chemical potential of the ith species 

number of atoms of type j in the ith chemical 

total number of atomic weights for atom type j in 

0.0038 
0.221 0 

0.8441 0.0571 

0.0008 

0.001 6 
0.6847 0.1056 0.0002 
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