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Abstract— Natarajan suggested and successfully applied the
regressed model equation form, LnKp = aLn(10) + bLnT + c/T
with a reported deviation of less than 5-percent from the JANAF
Thermo-chemical Tables data, to predict the equilibrium
constants in terms of pressure and mole concentrations of certain
chemical species in chemical reactions, presented in tabular
forms, for units in, atm, and mol/cm®, respectively. The attraction
of the Natarajan model is the reduced uncertainties, and
flexibility of computationally handling and presenting, in an
easily analysable way, scaled thermo-chemical dataset, in possible
selectivity control applications for real-time transaction response
smart chemical sensors (RTTR-SCS). However, some important
probable species in high temperature range, 1000 -to- 6000 K,
combustion reactions such as, HCO, HO,, HNCO, NCN, NCO,
NNH, and OH, were not considered in the Natarajan Tables. This
contribution is an extension, and addition to the Natarajan
Tables based on regressed data obtained from JANAF 1971 and
1998 Tables. There is indication from analysis, that at JANAF
Tables, Log Kp, breakaway negative -to- positive sign (or vice
versa) transition points, the prediction uncertainties are higher,
which hints possibly at temperature validity and avoidance limits
in applications.
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I. INTRODUCTION

n combustion and chemical Kkinetics reactions, species

formation rate, control and estimation of species
concentration at reaction temperatures, are dependent on
proper estimate of the equilibrium constants. Within limits of
accuracy, when compared to the widely accepted, more
precise United States Joint Army, Navy, and Air Force
(JANAF) thermochemical Tables [1], the combustion reaction
literature has several suggested methods, and derived
equations with validity and limitations, for estimation of
species equilibrium constants, such as, the United States
Environmental Protection Agency (USEPA) [2], Peter [3]
[Pitsch [4, Flagan [5], Wilson [6], and more recently Natarajan
[7]. The attractions of the Natarajan [7] method are ease of
application, simplicity, and reduced error. However,
exclusions in the lists of some probable combustion reactions
species in the Natarajan [7] Tables can pose limitations in its
applications to combustion kinetics. Additional combustion
reactions species, HCO, HO,, HNCO, NCN, NCO, NNH, and
OH, not considered by Natarajan [7] are presented in this
paper. Furthermore, the diatomic Oxygen Uni-negative ion,
(05), and the Oxygen Uni-negative ion, (O, are also

considered because of the roles of the ions in charge exchange,
collision enhanced and intermediates reactions leading to
pollutants (NOx, CO, CO,, Og) formation, and emissions
control.

I1. ADDITIONAL SPECIES AND EXTENSION TO THE
NATARAJAN [7] MODEL TABLES

The notations and curve fit coefficients as used by Natarajan
[7] for equilibrium constants for partial pressure, Kp, in (atm
units) — see Tables 1, 1a and 3; and mole concentration, K¢, in
(cm®/mol units) - see Tables 2, 2a and 4, are applied in these
extensions to Natarajan Tables in this contribution, together
with the temperature ranges, and break continuity point of
3000 K, i.e. 1000 K -to- 3000 K, and 3000 K -to- 6000 K. The
Tabular formats of Natarajan [7] with slight modifications are
also adopted.

Note that deriving, Kc, is based on the relationship in (1),
with, Kp, units in (atm) *”:

K; = Kp. (RT)™2 (1)

And, chemical reaction of formation of chemical radical
species (Crs) equation is of the general form:

v1Cs, + 1,Cs, + v3Cs, © V4Cps, + V5Cps, (2)

Where, v, is Stoichiometric coefficient, and, Cs;, Cg, and Cgs
are based on the required reference state elements from, H,,
N, Oy, and C (gr), for the formation of the listed species. Av
= mole difference between products and reactants.

The Universal Gas Constant, R = 82.06 cm®.atm.KX.mol™* =
1.987165 cal .K*.mol™"=8.3143 J .K ™ .mol™.

The United States Environmental Protection Agency
(USEPA) [2] suggested an approximate analytical relationship
for estimating equilibrium constant in terms of concentration
(units in mol/cm®), K, as a function of temperature, (>1000
K) as shown by (3):
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Where,
AH°3500 = standard enthalpy difference at 1500 K
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AS°500 = Standard entropy difference at 1500 K

Obviously, the disadvantage in the USEPA method is
access to entropy and enthalpy data for the species.

[11. UNCERTAINTIES IN CURVE-FITTED RESULTS

Within randomly selected temperature values for each of the
species, uncertainties by way of the fractional errors (as
percentages), in the Kp values in Tables 1 and 3, when
compared to JANAF reported values are computed in Tables
5 and 6 respectively. By (4), error or deviation analyses were
done at each selected temperature, in form of difference in the
Logarithm of equilibrium constant in terms of partial pressure
(Log Kp), calculated from the values in Tables 1 and 3, and
that stated in JANAF Tables. Fractional Error (expressed as
Percentage), % ALog Kp, is by (5) (see McKetta [8]).

ALog Kp = (Log Kp.JANAF) — (Log Kp.Thispaper)  (4)

ALog Kp

0 — _ fLogkp
/oALog Kp (Log KpJANAF)

x 100 (5)
Whilst the precision of calculated, Log Kp, in Tables 5 and 6
is to align with JANAF 3-decimals precision, the error
precision to 4-degree decimal is done purposely to display
hidden details in some species results, as a consequence of
approximations of the calculated. In all Tables, errors outside
of the 5-percent limiting guide, as reported by Natarajan [7],
are highlighted in red and italicised. Note: for OH and NCO
radicals on JANAF 1971 Tables, the temperatures of 2700 K
and 5500 K respectively, are, negative -to- positive sign,
breakaway points, hence, recursive, non-optimal behaviour is
possible, and thus critical uncertainty points (see column 6 for
OH; and column 10 for NCO, in Table 5). Uncertainties in K¢,
results from Tables 2, 2a and 4, at two selected temperatures
of 1500 K and 4500 K, from the ranges 1000 -to- 3000 K and
3000 -to- 6000 K respectively, applying (1), are also
compared to results by USEPA relationship (3) used as
experimental, K¢, standard, and shown in Tables 7 and 8. The
NNH species, Kcnnn, Values by the results in Table 2a in
comparison to that by USEPA equation (3) are further
evaluated by the Tables 8 and 9 analyses. With the
equilibrium constant of NNH, Kc.nwy << 1, values in Table 8
demonstrably shows reactant-favoured reaction, i.e. reactants
predominate at equilibrium at lower temperatures; and with
increases in equilibrium constant tending towards the value of
one (i.e. Kcyny—1), from lower to higher temperatures, is
evidence that the NNH as a product is favoured at higher
temperatures. Observe that by Table 8, it may be concluded
that the NNH equilibrium constant computed by method m1,
differs significantly from method m2, as given by Table 2a.
However, the equilibrium constant by definition is a chemical
reaction dynamic state and at reaction conditions such as
temperature, there is no measurable change to composition
with the passage of time, as defined by a reaction quotient
value, which gives an indication of the activities or
concentration of the chemical species as influenced by the
dynamic state [9], [10]. Reaction quotient change is governed

by the Gibbs Free Energy Change of the reaction, a
thermodynamic potential that indicates the direction of a
chemical reaction under certain physical conditions, and
related to equilibrium constant by the logarithmic function
free energy relation of (6) - see [9], [10]:

AG° = —RTLnK? (6)

The change in the Gibbs free energy of a reaction, as a
thermodynamic potential can be expressed as (6a) [11]:

AG° = Af G;))Toducts - Af Greactants (62)

In (6a), (i) AG®° > 0 implies products predominate; and, (ii)
AG® < 0 is the reverse (reactants’ dominance). To attain
equilibrium, AG°® = 0, and in (i) the reaction requires more
reactants, and in (ii) the reaction tends towards producing
more products [11]. A comparison of the results in Tables 7
and 7a on the one hand, and Tables 8 and 9, as another, shows
that, the activity or concentration ratio relationship (7), is
demonstrably the more appropriate logarithmic function inter-
consistency check for a comparable base order of magnitude
for uncertainties [1]:
Lnk? = (35) @)
For a net positive (In K; = +ve) value of the combined
activities, a reaction is product-favoured and likely to progress
to completion. The reverse holds for a net negative (In K; = -
ve), value, and reactants predominate with the possibility that
the reaction may not progress to completion. At equilibrium,
the products and reactants have equal activities or
concentrations and In K; = 0, i.e. K; =1 (see [11]).

IV. ELECTRON GAIN ENTHALPY (EGE) AND
ELECTRON AFFINITY (EA) IN DIATOMIC OXYGEN
UNINEGATIVE ION (O,) AND OXYGEN UNINEGATIVE
ION (0), FORMATION AND REDUCTION OF (0,) TO
(0,) AND (O) TO (O") RESPECTIVELY.

Estimating the equilibrium constant in terms of mole
concentration, for Diatomic Oxygen Uninegative ion (O,),
Kc.o2, and Oxygen Uninegative ion (O), Kco, values, by
application of USEPA equation (3) is based on use of the
electron affinities (EA) of molecular Oxygen (O,) and
Oxygen atom (O) values as reported by JANAF 1971 and
1998, and the enthalpy of formation values of, (O, and O, )
and (O and O") values at 1500 K, by applying the, enthalpy of
reaction formation of O,’, and O relationships of (8) and (8a)
as given by Chase et al. [12]:

0, +e” - 0y (8)
0O+e - 0" (8a)

Analytically, the Gibbs free energy of a reaction is expressed
as the difference in enthalpy change and the entropic energy
changes of the reaction by the relationship of (9) [11]:

AfGO = AfHO _TAfSO (9)
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At equilibrium, ie., (AG° 0), the heat energy due to
enthalpy change equals entropy energy change and (10) holds:

AfHO = TAfSO (10)

The entropy energy change for the reaction equations (8) and
(8a) for estimation of the equilibrium constants of, O,", and O
due to mole concentration, Kc.oo and Kc.o respective values
by USEPA equation (3) is based on the relationship (10) and
given by (11):

As example, for (O;), the enthalpy change is given as in (12):

|2 Hesoo |02— = (|AfHO |0

2

) _|AfHO |02 — EA(0)
(12)

Where, T=1500 K in (11), and EA(O,) = electron gain
enthalpy (EGE) or electron affinity of diatomic Oxygen.

The energy change or electron gain enthalpy (EGE) in the
reaction relationship (8), is the energy released when a mole
of the neutral molecular Oxygen (O,) gas species gains an

ArHY, ) . .
|Af51"500| = | fﬁf;(lzpj{“” electron (¢) to form a mole of the Diatomic Oxygen
spectes (= ) (11) Uninegative ion, (O,); ditto, for Oxygen atom (O) reduction
to Oxygen Uninegative ion (O") [13], [1], [12].
TABLE 1
Species Equilibrium Constant in Combustion Reactions in terms of Partial Pressures, Kp, based on Curve-fitting of JANAF 1971 data [1].
Combu_stion Range Temperature, 1000 -to- 3000 K Range Temperature, 3000 -to- 6000 K
S/N Reaction )
Species A b C a b C Kp units
1 HCO 5.0222 -0.8004 1223 6.6854 -1.2217 -149 [atm]™
2 HNCO -1.1842 -0.2191 14211 0.1534 -0.5566 13076 [atm]
3 HO, -2.1315 -0.1363 -2211 -0.3688 -0.5837 -3644 [atm] ¥
4 NCN 1.3362 0.1839 -52110 2.9992 -0.2441 -53321 [atm]™
5 NCO 1.8590 -0.07997 -19398 3.4567 -0.4894 -20603 [atm]™
6 OH 1.3743 -0.17594 -4821 1.9133 -0.3125 -5264 [atm]°
7 (o)) 6.3888 -2.47427 4872 7.95755 -2.87736 3716 [atm]™
8 o 8.4642 -2.22566 -13131 9.63183 -2.52594 -13985 [atm]™

Note: Reference Data for determination of, a, b,

and c, coefficients were based on JANAF 1971Tables [1].

TABLE la
NNH Species Equilibrium Constant in Combustion Reactions in terms of Partial Pressures, Kp, based on Curve-fitting of Jack [14] data.
Combustion Range Temperature, 1000 -to- 3000 K Range Temperature, 3000 -to- 6000 K
SIN Reaction _
Species a b C a b c Kp units
1.1 NNH (see m1, Jack[14]) 0.6146 -0.6248 -31355 -1.5544 -0.04127 -30386 [atm]™?
12 NNH (see m2, Jack [14]) -2.5224 0.1599 --29551 -1.7860 -0.02712 -30148 [atm]

Note: Reference Data for determination of, a, b, and c, coefficients were based on NNH data reference by Jack [14] developed from Burcat and Ruscic [15] and

NASA coefficients [16].

Species Equilibrium Constants in Combustion Chemical Reactions in termz_l?li I:I;Ilzlli Concentrations, Kc, based on, Curve-fitted JANAF 1971, K, data [1] in
able
SN Combustion Reaction Range Temperature, 1000-to- 3000 K Range Temperature, 3000-to- 6000 K K units
Species m N S m n s

1 HCO 6.9363 0.1996 1223 8.5995 -0.2217 -149 (cm*/ mol)
2 HNCO 1.6870 1.2809 14211 3.0246 0.9434 13076 (cm® mol)*?
3 HO, -1.1744 0.3637 -2211 0.5883 -0.0837 -3644 (cm® mol)*?
4 NCN 3.2503 1.1839 -52110 4.9133 0.7559 -53321 (cm*/ mol)
5 NCO 3.7731 0.92003 -19398 5.3708 0.5106 -20603 (cm*/ mol)
6 OH 1.3743 -0.17594 -4821 1.9133 -0.3125 -5264 (cm® mol)°
7 (o)) 8.3029 -1.47427 4872 9.87165 -1.87736 3716 (cm®/ mol)
8 (0} 10.3783 -1.22566 -13131 11.54593 -1.52594 -13985 (cm® mol)
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TABLE 2a
NNH Species Equilibrium Constant in Combustion Chemical Reactions in terms of Mole Concentrations, Kc_yyy, based on, respective corresponding curve-
fitted Jack [14], K, data in Table 1a

Combustion Reaction Range Temperature, 1000-to- 3000 K Range Temperature, 3000-to- 6000 K )
S/N Species Kc units
P m N S m n S
11 NNH (m1 Jack [14]) 1.5717 -0.1248 -31355 -0.5973 0.45873 -30386 (cm®/ mol)*?
1.2 NNH (m2 Jack [14]) -1.5653 0.6599 -29551 -0.8289 0.47288 -30148 (cm®/ mol)*?
TABLE 3

Species Equilibrium Constant of Combustion Reactions in terms of Partial Pressures, Kp, based on Curve-fitting of NIST-JANAF
1998 data [12] with Kp units as shown in Table 1 correspondingly

Combustion Range Temperature, 1000 -to- 3000 K Range Temperature, 3000 -to- 6000 K
S/N Reaction
Species a B C a b c

1 HCO 4.77946 -0.72114 -5450 6.9534 -1.27594 -7143
2 HNCO -1.04898 -0.25591 12344 0.9337 -0.75943 10740
3 HO, -2.42055 -0.031989 168 -2.0397 -0.12205 -301
4 NCN 1.49215 0.09631 -57197 3.54426 -0.43337 -58654
5 NCO 2.0595 -0.13595 -19473 4.2846 -0.70637 -21146
6 OH 1.37542 -0.17594 -4766 1.8614 -0.29953 -5155
7 (02 6.27615 -2.42559 5000 7.71868 -2.79599 3930
8 o 8.46387 -2.22636 -13160 9.62605 -2.52476 -14022

Note: Reference Data for determination of, a, b, and c, coefficients in Table 3 were based on NIST-JANAF 1998[12].

TABLE 4
Species Equilibrium Constant of Combustion Chemical Reactions in terms of Mole Concentrations, K¢, based on, Curve-fitted JANAF
1998, Kp, data [12] in Table 3 with K¢ units as shown in Table 2 correspondingly

N Combuggggi eR;eaction Range Temperature, 1000 — 3000 K Range Temperature, 3000 — 6000 K
m N S m n S
1 HCO 6.69356 0.27886 -5450 8.8675 -0.27594 -7143
2 HNCO 1.82222 1.24409 12344 3.8049 0.74057 10740
3 HO, -1.46345 0.46801 168 -1.0826 0.37795 -301
4 NCN 3.40625 1.09631 -57197 5.45836 0.56663 -58654
5 NCO 3.9736 0.86405 -19473 6.1987 0.29363 -21146
6 OH 1.37542 -0.17594 -4766 1.8614 -0.29953 -5155
7 Oy 8.19025 -1.42559 5000 9.63278 -1.79599 3930
8 (0} 10.37797 -1.22636 -13160 11.54015 -1.52476 -14022
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TABLE 5
Uncertainties in Species Equilibrium Constant Calculations in terms of Partial Pressures in Logarithm format, Log K, at selected temperatures
using curve-fitted JANAF 1971 data Table 1

SIN Combu_stion Temperature L(_Jl_ghiED, Log Kp, Error Temperature L(_Jrgh::p, Log Kp, Error
Species 1000-3000 K paper JANAF  (%ALog Kp) | 3000-6000 K paper JANAF (%ALog Kp)
1 HCO 1000 3.152 3.153 0.0317 3000 2416 2.417 0.0414
1400 2.883 2.884 0.0347 3500 2.337 2.337 0.0000
1500 2.834 2.835 0.0353 4000 2.269 2.268 -0.0441
1900 2.677 2.678 0.0373 4500 2.208 2.209 0.0453
2300 2.562 2.563 0.0390 5000 2.153 2.155 0.0928
2700 2.472 2.474 0.0808 5500 2.104 2.106 0.0950
3000 2.416 2.417 0.0414 6000 2.059 2.060 0.0485
2 HNCO 1000 4.330 4.330 0.0000 3000 0.111 0.111 0.0000
1400 2.535 2.535 0.0000 3500 -0.197 -0.198 0.5051
1500 2.234 2.234 0.0000 4000 -0.432 -0.432 0.0000
1900 1.346 1.345 -0.0743 4500 -0.618 -0.618 0.0000
2300 0.763 0.762 -0.1312 5000 -0.770 -0.769 -0.1300
2700 0.350 0.350 0.0000 5500 -0.896 -0.895 -0.112
3000 0.111 0.111 0.0000 6000 -1.003 -1.003 0.0000
3 HO; 1000 -3.501 -3.501 0.0000 3000 -2.926 -2.926 0.0000
1400 -3.246 -3.246 0.0000 3500 -2.890 -2.891 0.0346
1500 -3.205 -3.205 0.0000 4000 -2.867 -2.868 0.0349
1900 -3.084 -3.084 0.0000 4500 -2.853 -2.853 0.0000
2300 -3.007 -3.007 0.0000 5000 -2.844 -2.844 0.0000
2700 -2.955 -2.954 -0.0339 5500 -2.840 -2.839 -0.0352
3000 -2.926 -2.926 0.0000 6000 -2.838 -2.838 0.0000
4 NCN 1000 -20.743 -20.743 0.0000 3000 -5.569 -5.568 0.0180
1400 -14.250 -14.251 0.0070 3500 -4.482 -4.483 0.0223
1500 -13.167 -13.167 0.0000 4000 -3.669 -3.670 0.0272
1900 -9.972 -9.969 -0.0301 4500 -3.039 -3.038 -0.0329
2300 -7.885 -7.882 -0.0381 5000 -2.535 -2.535 0.0000
2700 -6.415 -6.415 0.0000 5500 -2.124 -2.123 -0.0471
3000 -5.568 -5.568 0.0000 6000 -1.783 -1.782 -0.0561
5 NCO 1000 -6.805 -6.805 0.0000 3000 -1.228 -1.227 -0.0815
1400 -4.410 -4.410 0.0000 3500 -0.834 -0.834 0.0000
1500 -4.011 -4.011 0.0000 4000 -0.543 -0.543 0.0000
1900 -2.837 -2.835 -0.0705 4500 -0.320 -0.319 -0.3135
2300 -2.073 -2.070 -0.1449 5000 -0.143 -0.142 -0.7042
2700 -1.536 -1.534 -0.1304 5500 -0.001 0.000 infinite
3000 -1.227 -1.227 0.0000 6000 0.116 0.117 0.8547
6 OH 1000 -1.247 -1.247 0.0000 3000 0.065 0.065 0.0000
1400 -0.675 -0.674 -0.1484 3500 0.153 0.153 0.0000
1500 -0.580 -0.580 0.0000 4000 0.216 0.216 0.0000
1900 -0.305 -0.304 -0.3289 4500 0.264 0.264 0.0000
2300 -0.127 -0.127 0.0000 5000 0.300 0.301 0.3322
2700 -0.005 -0.004 -25.000 5500 0.329 0.329 0.0000
3000 0.065 0.065 0.0000 6000 0.352 0.352 0.0000
7 Oy 1000 1.082 1.083 0.0923 3000 -1.509 -1.508 -0.0663
1400 0.116 0.117 0.8547 3500 -1.779 -1.778 -0.0562
1500 -0.059 -0.058 -1.7241 4000 -2.003 -2.003 0.0000
1900 -0.610 -0.607 -0.4942 4500 -2.195 -2.194 -0.0456
2300 -1.009 -1.006 -0.2982 5000 -2.363 -2.362 -0.0423
2700 -1.318 -1.315 -0.2281 5500 -2.511 -2.510 -0.0398
3000 -1.509 -1.508 -0.0663 6000 -2.645 -2.643 -0.0757
8 (o) 1000 -3.916 -3.914 -0.0511 3000 -1.176 -1.174 -0.1704
1400 -2.611 -2.610 -0.0383 3500 -1.056 -1.054 -0.1898
1500 -2.407 -2.405 -0.0832 4000 -0.985 -0.984 -0.1016
1900 -1.835 -1.832 -0.1638 4500 -0.946 -0.944 -0.2119
2300 -1.497 -1.494 -0.2008 5000 -0.926 -0.924 -0.2165
2700 -1.285 -1.282 -0.2340 5500 -0.920 -0.918 -0.2179
3000 -1.176 -1.174 -0.1704 6000 -0.924 -0.922 -0.2169
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TABLE 5a
Uncertainties in NNH Species Equilibrium Constant Calculations in terms of Partial Pressures in Logarithm format, Log K, at selected temperatures
using curve-fitted Jack [14] data in Table 1a

SIN Combu§ti0n Temperature Lpg Kp, Log Kp, Error Temperature Lpg Kp, Log Kp, Error
Species 1000-3000 K This paper  Jack[] (%A Log Kp) 3000-6000 K This paper Jack [] (%A Log Ke)

11 NNH 1000 -14.877 -14.877 0.0000 3000 -6.097 -6.097 0.0000
(m1, Jack [14]) 1400 -11.078 -11.068 -0.0904 3500 -5.471 -5.472 0.0183

1500 -10.448 -10.448 0.0000 4000 -5.002 -5.003 0.0200

1900 -8.601 -8.620 0.2204 4500 -4.638 -4.638 0.0000

2300 -7.406 -7.425 0.2559 5000 -4.346 -4.346 0.0000

2700 -6.573 -6.583 0.1519 5500 -4.108 -4.108 0.0000

3000 -6.097 -6.097 0.0000 6000 -3.910 -3.910 0.0000

1.2 NNH 1000 -14.877 -14.877 0.0000 3000 -6.245 -6.245 0.0000
(m2, Jack [14]) 1400 -11.186 -11.187 0.0089 3500 -5.623 -5.624 0.0178

1500 -10.570 -10.571 0.0095 4000 -5.157 -5.158 0.0194

1900 -8.753 -8.754 0.0114 4500 -4.795 -4.795 0.0000

2300 -7.565 -7.566 0.0132 5000 -4.505 -4.505 0.0000

2700 -6.727 -6.728 0.0149 5500 -4.268 -4.268 0.0000

3000 -6.244 -6.245 0.0160 6000 -4.071 -4.071 0.0000

TABLE 6

Uncertainties in Species Equilibrium Constant Calculations in terms of Partial Pressures in Logarithm format, Log K, at selected temperatures using
curve-fitted NIST-JANAF 1998 data in Table 3

SIN Combu_stion Temperature Lpg Kp, Log Kp, Error Temperature Lpg Kp, Log Kp, Error
Species 1000-3000 K This paper  JANAF (%A Log Kp) 3000-6000 K This paper  JANAF (%A Log Kp)
1 HCO 1000 0.249 0.250 0.4000 3000 1.483 1.484 0.0674
1500 0.911 0.912 0.1096 4500 1.603 1.604 0.0623
2700 1.428 1.431 0.2096 5500 1.617 1.619 0.1235
3000 1.483 1.484 0.0674 6000 1.616 1.617 0.0618
2 HNCO 1000 3.544 3.544 0.0000 3000 -0.152 -0.152 0.0000
1500 1.712 1.712 0.0000 4500 -0.804 -0.804 0.0000
2700 0.058 0.059 1.6949 5500 -1.059 -1.058 -0.0945
3000 -0.152 -0.152 0.0000 6000 -1.158 -1.158 0.0000
3 HO, 1000 -2.444 -2.444 0.0000 3000 -2.508 -2.508 0.0000
1500 -2.474 -2.474 0.0000 4500 -2.515 -2.515 0.0000
2700 -2.503 -2.505 0.0798 5500 -2.520 -2.520 0.0000
3000 -2.507 -2.508 0.0399 6000 -2.523 -2.523 0.0000
4 NCN 1000 -23.059 -23.059 0.0000 3000 -6.454 -6.453 -0.0155
1500 -14.762 -14.762 0.0000 4500 -3.700 -3.699 -0.0270
2700 -7.378 -7.376 -0.0271 5500 -2.708 -2.707 -0.0369
3000 -6.453 -6.453 0.0000 6000 -2.339 -2.338 -0.0428
5 NCO 1000 -6.805 -6.805 0.0000 3000 -1.233 -1.232 -0.0812
1500 -4.010 -4.010 0.0000 4500 -0.337 -0.336 -0.2976
2700 -1.539 -1.537 -0.1301 5500 -0.027 -0.026 -3.8462
3000 -1.232 -1.232 0.0000 6000 0.085 0.086 1.1628
6 OH 1000 -1.222 -1.222 0.0000 3000 0.074 0.074 0.0000
1500 -0.563 -0.563 0.0000 4500 0.270 0.270 0.0000
2700 0.005 0.005 0.0000 5500 0.334 0.335 0.2985
3000 0.074 0.074 0.0000 6000 0.357 0.357 0.0000
7 Oy 1000 1.171 1.172 0.0853 3000 -1.434 -1.433 -0.0698
1500 0.020 0.021 4.7619 4500 -2.116 -2.115 -0.0473
2700 -1.243 -1.240 -0.2419 5500 -2.429 -2.427 -0.0824
3000 -1.434 -1.433 -0.0698 6000 -2.561 -2.559 -0.0782
8 (o) 1000 -3.931 -3.929 -0.0509 3000 -1.183 -1.181 -0.1693
1500 -2.417 -2.416 -0.0414 4500 -0.951 -0.949 -0.2107
2700 -1.292 -1.289 -0.2327 5500 -0.925 -0.922 -0.3254
3000 -1.183 -1.181 -0.1693 6000 -0.928 -0.926 -0.2160
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TABLE 7
Uncertainties in Species Equilibrium Constant Calculations in terms of mole concentration, K, in Tables 2, 2a and
4 at Average Temperatures in Comparison to Results by using USEPA equation (3)

Combustion Kc, This Error Ke, This Error
SIN Species paper Ke, USEPA (%A Ke) paper Ke, USEPA (%AKC)
Ref. JANAF @Temp. of 1500 K in the range 1000— @Average Temp. of 4500 K in the
1971 3000 K range 3000-6000 K
1 HCO 8.401E+07 8.408E+07 0.0832 5.959E+07 8.581E+07 30.5559
2 HNCO 7.409E+09 7.408E+09 -0.0135 5.408E+07 5.981E+07 9.5803
3 HO, 0.219 0.219 0.0000 0.853 0.923 7.5840
4 NCN 8.377E-09 8.333E-09 -0.5280 337.878 328.694 -2.7941
5 NCO 11.992 12.010 0.1499 1.769E+05 1.911E+05 7.4307
6 OH 0.263 0.263 0.0000 1.835 1.992 7.8815
7 Oy 1.074E+05 1.231E+05 12.7539 2.354E+03 7.552E+04 96.8829
8 O 4.827E+02 1.231E+05 99.6079 4.18E+04 6.945E+04 39.8128
Ref. JANAF
1998
1 HCO 1.003E+06 1.006E+06 0.2982 1.479E+07 2.115E+07 30.0709
2 HNCO 2.226E+09 2.226E+09 0.0000 3.523E+07 4.031E+07 12.6023
3 HO, 1.179 1.178 -0.0849 1.858 1.827 -1.6968
4 NCN 2.128E-10 2.130E-10 0.0939 75.227 76.063 1.8445
5 NCO 12.020 12.017 -0.0250 1.701E+05 1.910E+05 10.9424
6 OH 0.273 0.274 0.3650 1.861 2.018 7.7800
7 Oy 1.289E+05 1.230E+05 -4.7967 2.824E+03 7.757E+04 96.3594
8 o 4.707E+02 5.319E+04 99.1151 4.136E+04 5.22E+04 20.7663
NNH
11 method m1 1.251E-08 9.618E-09 98.700 0.014 0.0093 -50.5376
1.2 method m2 9.434E-09 9.618E-09 19131 0.0098 0.0093 -5.3763
TABLE 7a

Computed Uncertainties by Expressing Table 7 Results in Terms of Comparable base of Natural Logarithm of
Equilibrium Constant of mole concentration, LnKc.

Combustion InK¢, This Error InKc, This InKc, Error
SIN Species paper InKe, USEPA (%A Ko) paper USEPA (%AKC)
Ref. JANAF @Temp. of 1500 K in the range 1000— @Average Temp. of 4500 K in the
1971 3000 K range 3000-6000 K
1 HCO 18.2464 18.2473 0.0049 17.9030 18.2676 3.0907
2 HNCO 22.7260 22.7258 -0.0009 17.8060 17.9069 0.5635
3 HO, -1.5189 -1.5189 0.0000 -0.1590 -0.0801 -98.4694
4 NCN -18.5978 -18.6030 0.0280 5.8227 5.7951 -0.4763
5 NCO 2.4842 2.4857 0.0603 12.0833 12.1606 0.6357
6 OH -1.3356 -1.3356 0.0000 0.6070 0.6891 11.9141
7 (07} 11.5843 11.7208 1.1646 7.7639 11.2321 30.8776
8 (e} 6.1794 11.7208 47.2783 10.6416 11.1484 4.5459
Ref. JANAF
1998
1 HCO 13.8185 13.8215 0.0217 16.5095 16.8672 2.1207
2 HNCO 21.5235 21.5235 0.0000 17.3774 17.5121 0.7692
3 HO, 0.1647 0.1638 -0.5495 0.6195 0.6027 -2.7875
4 NCN -22.2707 -22.2697 -0.0045 4.3205 4.3316 0.2563
5 NCO 2.4866 2.4863 -0.0121 12.0441 12.1600 0.9531
6 OH -1.2983 -1.2946 -0.2858 0.6211 0.7021 11.5368
7 (o)) 11.7668 11.7199 -0.4002 7.9459 11.2589 29.4256
8 o 6.1542 10.8816 43.4440 10.6301 10.8628 2.1422
NNH
11 method m1 -18.1967 -18.4596 1.4242 -4.2687 -4.6777 8.7436
1.2 method m2 -18.4789 -18.4596 -0.1046 -4.6254 -4.6777 1.1181
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TABLE 8
Comparison of NNH Species Equilibrium Constant Calculated Values in Terms of Moles Concentration, Kc.nwh, at selected temperatures using the NNH,
Kc, Computed Values by Table 2a, and by USEPA equation (3)

Combustion ~ Temperature Keann Temperature Keann
SIN Species 1000‘13000 Kk  bymethod by method by USEPA 3000?6000 K by method by method by USEPA
ml m2 ml m2
1 NNH 1000 3.802E-13 3.807E-13 3.837E-13 3000 3.969E-04 2.827E-04 2.784E-04
1100 6.498E-12 5.951E-12 6.031E-12 3200 7.704E-04 5.458E-04 5.347E-04
1200 6.913E-11 5.913E-11 6.013E-11 3500 1.812E-03 1.277E-03 1.242E-03
1300 5.108E-10 4.144E-10 4.222E-10 3800 3.733E-03 2.622E-03 2.533E-03
1400 2. 834E-09 2.207E-09 2.250E-09 4000 5.701E-03 3.992E-03 3.845E-03
1500 1.251E-08 9.434E-09 9.617E-09 4200 8.371E-03 5.849E-03 5.617E-03
1600 4.582E-08 3.372E-08 3.435E-08 4500 1.400E-02 9.751E-03 9.327E-03
1700 1.440E-07 1.040E-07 1.058E-07 4800 2.199E-02 1.528E-02 1.457E-02
1800 3.984E-07 2.838E-07 2.882E-07 5000 2.886E-02 2.003E-02 1.906E-02
1900 9.897E-07 6.977E-07 7.072E-07 5200 3.683E-02 2.573E-02 2.444E-02
2000 2.244E-06 1.571E-06 1.589E-06 5500 5.238E-02 3.625E-02 3.435E-02
2500 5.020E-05 3.495E-05 3.490E-05 5800 7.142E-02 4.935E-02 4.667E-02
2800 1.897E-04 1.336E-04 1.324E-04 6000 8.639E-02 5.964E-02 5.633E-02
TABLE 9
Uncertainties in Computed NNH Species Equilibrium Constant by Comparable base Natural Logarithm of Equilibrium Constant in terms of moles
Concentration, LnKc, =LnKc.nn at the selected temperatures using the Values in Table 8 with USEPA values as Experimental Control
Temp. LnKc, by  Error LnKc, by  Error LnKc, by Temp. LnKc, by  Error LnKc, by  Error LnKc,
<3000 K | method %ALn method (%ALnKc) | USEPA >3000 K | method %ALn method (%ALn by
ml Kc m2 ml Kc m2 Ke) USEPA
1000 -28.598 -0.0315 | -28.597 -0.0280 -28.589 3000 -7.832 4.3245 -8.171 0.1832 -8.186
1100 -25.760 0.2864 -25.847 -0.0503 -25.834 3200 -7.169 4.8447 -7.513 0.2787 -7.534
1200 -23.395 0.5949 -23.551 -0.0680 -23.535 3500 -6.313 5.6494 -6.663 0.4185 -6.691
1300 -21.395 0.8848 -21.604 -0.0834 -21.586 3800 -5.591 6.4737 -5.944 0.5688 -5.978
1400 -19.682 1.1551 -19.932 -0.1004 -19.912 4000 -5.167 7.0851 -5.523 0.6833 -5.561
1500 -18.197 1.4247 -18.479 -0.1029 -18.460 4200 -4.783 7.6997 -5.141 0.7912 -5.182
1600 -16.899 1.6757 -17.205 -0.1047 -17.187 4500 -4.269 8.6845 -4.630 0.9626 -4.675
1700 -15.753 1.9238 -16.079 -0.1058 -16.062 4800 -3.817 9.7423 -4.181 1.1350 -4.229
1800 -14.736 2.1514 -15.075 -0.0996 -15.060 5000 -3.545 10.4798 | -3.911 1.2374 -3.960
1900 -13.826 2.3725 -14.175 -0.0918 -14.162 5200 -3.301 11.0722 -3.660 1.4009 -3.712
2000 -13.007 2.5839 -13.364 -0.0899 -13.352 5500 -2.949 12,5185 | -3.317 1.6019 -3.371
2500 -9.899 3.5467 -10.262 0.0097 -10.263 5800 -2.639 13.8989 | -3.009 1.8271 -3.065
2800 -8.570 4.0314 -8.921 0.1008 -8.930 6000 -2.449 14.8766 -2.819 2.0160 -2.877
Average of absolute 1.7433 0.0796 9.0269 1.008
percentage deviation
Note:
%ALn KC — Ln K¢.USEPA—ALn K¢ met hod % 100 (13)

(Ln K¢.USEPA)

V. CONCLUSIONS

The calculated errors in Tables 5 and 6, at the selected
temperatures for illustration of the accuracy in predicted
results by the applications of the curve-fitted, Kp, equation
(Kp = 10%.T?. exp¢/T), from the values of Tables 1 and 3,
indicate good prediction, though with higher degrees of
uncertainties at breakaway or discontinuous, negative -to-
positive sign (or vice versa) transition points of the JANAF
Tables, Log Kp, values (see percent error deviation values
highlighted in red in Table 5); there is however indication by
the uncertainty results in Table 6 at the same transition points
that, the NIST-JANAF 1998 data is an improvement on
JANAF 1971 data.

The K¢, equation in form of (K, = 10™.T".exp/T), as
suggested by Natarajan [7], and seen by the uncertainty results
at the selected evaluation temperatures of 1500 K and 4500 K,
in Table 7, and with the exception of Oxygen uninegative ion
(0", also indicate good predictions, at lower temperatures, in
comparison to the selected experimental controlling USEPA
approximate equation (3) output. The possible interpretations
to the data at higher temperatures are, the approximate
USEPA control equation (3) may be over-predicting, and
hence unreliable, since, K, results in Table 7 by the equation
(3) deviates significantly in comparison to this paper’s results
at the high averaged temperature of 4500 K; or, the results of
this paper are under-predicting at high temperatures. The
lower uncertainties in Oxygen uninegative ion (O"), K¢, value
at high temperature, may be suggesting that, the formation
and reduction of (O) to (O), is a high temperature reaction
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and more stable at such temperatures, whilst the formation
and reduction of (O,) to (O,) is more stable at, and is for,
lower temperature reactions. Similar arguments and
conclusion can be made from the logarithmic function inter-
consistency checks results in Table 7a. Important probable
two-body and collision enhanced reactions involving (O°) and
(05), leading to Pollutants (NOx, CO, CO,, Os) formation
have been reported by Bortner [17].

Again, taking USEPA approximate equation (3) output as
experimental control, the numerical, Kcnwh, results of the
NNH species in Table 8 may be indicating the more accurate
method of solution, and determination of the NNH species
thermochemical properties, which in this instance by the
lower uncertainties in Tables 7, is, method m2 (see Jack [14]).
However, the logarithmic function inter-consistency check by
Table 9 shows a comparable base order of magnitude by the
LnKc.nny Values of method mi, method m2 and USEPA, even
though the uncertainty as expressed by the average of absolute
percentage deviation in the (<3000 K) and (=3000 K)
temperature ranges, shows that, method m2, gives the least
uncertainty. Checks on this paper’s, K¢, approach, computed
logarithmic function base order of magnitude in comparison
to USEPA, values by results in Table 7a for each of the
species show similarity.

As future work, because of the complexity and specificity of
reaction mechanisms, additional species for proper reactions
sequencing not considered so far can be evaluated for, by the
Natarajan [7] suggested method.
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