~ thermochemical.

o

Combustion
- Chemistry

- Edited by
W. C. Gardiner, Jr.

Chapter8

Thermochemical Data for
Combustion Calculations

Alexander Burcat

1. Introduction

The thermodynamic and thermochemical properties of molecules, radicals, :

and atoms are involved one way or another in almost every computational
aspect of combustion science. In most chemical kinetics and equilibrium
caleulations. such as kinetics of reactions behind shock waves or in nozzle
fiow. adiabatic flame calculations. and detonation processes, to mention a few,
these thermodynamic and thermochemical properties must be found at a

number of temperatures, usually determined by an automatic iteration .

process.

There are two ways to handle the task of representing properties of
individual species. In the first one the properties of the substancesare provided
in a tabular form at predetermined temperature intervals and the values
needed are calculated by interpolation. This method requires large memory
storage. handling thousands of thermodynamic values. and does not permit

use beyond the temperature limits of the table. A second and more commonly

used technique is representation of the properties of each species by
polvnomials that allow direct calculation of the thermodynamic properties at

any temperature. including limited extrapolation beyond the fitted range of

the polynomial.

"Polynomials as discussed in this chapter may also include exponential and
logarithmic forms.

2. The polynomial representation

We differentiate between two kinds of properties. thermodynamic and
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456 Thermochemical Data for Combustion Calculations

The three thermodynamic properties, C;—the heat capacity at constant
pressure, H°—the enthalpy, and S°—the entropy, can be calculated directly
from molecular spectroscopic data using statistical mechanics equations. (The
superscript ° denotes the ideal gas standard state of 1 atm pressure; the
amount of matter is taken as one mole. To conform to the usage in common
tables of properties, we use subscript T to denote the value of a property at
tempesature T.) The three properties are interrelated by

T 5
;zH;ref_t'f C;dT (1)
) : Tref
T
Cr=5°ncf+f Cpdin T )
Tref

and by definition the Gibbs free energy is derived from them by
Gr=H;—TS; (3)

The other properties are thermochemical ones. those which take cog-
nizance of the chemical reactions undergone by the substance. The basic
thermochemical property is the standard heat of formation AHj, which
determines the heat balance when one mole of the substance is formed in its
standard state from its constituent elements in their standard states. The heat
of formation is used to calculate the standard Gibbs free energy of formation.
another thermochemical property

AGjr = AHS; — TASS, (4)

The thermochemical standard free energy of formation is calculated practi-
cally as a difference of the standard free energy of the compound minus the
standard free energy of the constituent elements (McBride and Gordon. 1967)

AG;r = G7 (compound) — G7 (elements) (5
‘FromEq. (3)AG;, = AH 7. The free energy of formation is also related to the
equilibrium constant of formation K,
AG;r = —RTIn K, (6) :
(But note that
Gr# —RTInK, (7)

as there is no meaning to Kp except for a chemical reaction.)
Since the value of H,,; in Eq. (1) is arbitrary, a convention is adopted by
which '
Hi = AH}Txef (8)
Thus, engineers refer to a thermochemical rather than a thermodynamic ]
property

GARDINER

Polyglet



B

Alexander Burcat 457

T {
H’T=AH}TM+J CpdT 9)

Tref
usually called the “absolute enthalpy” and sometimes called “sensible en-
thalpy.” (Its notation in the Russian literature on thermochemical properties
has different symbols. Thus. the thermochemical enthalpy is designated as I T
But in Eq. (3), the enthalpy that defines G7 is known only if it is defined
through Eq. (9). Therefore, G7 becomes a thermochemical property also, but
still not the AG§; defined by Eq. (4). In the Russian literature it is designated
Z7 to differentiate it from the thermodynamic property.)

Thermodynamic polynomials found their use in engineering practice long
ago. Engineers prefer to start with polynomial representations of G,
essentially because this enables calculation of other properties through simple |
integration. The use of Cp polynomials is thus found quite commonly in |
engineering thermodynamics textbooks (e.g, Holman, 1974; Wark, 1977). |
A number of papers are devoted to different techniques of determining and
using Cp polynomials (Huang and Daubert, 1974; Parsut and Danner, 1972; |
Prothero, 1969; Reid, Prausnitz, and Sherwood, 1977; Tinh et al, 1971;
Thompson, 1977; Withoit, 1975; Yuan and Mok, 1968; Zeleznik and Gordon,
1960). The main problem with these polynomials is the accuracy with which
they reproduce the original values of Cr and other values, particularly of
enthalpy and entropy. obtained by integration. While other kinds of
polynomials have been suggested and used (Thompson, 1977; Wilhoit, 1975).
the most widely used one is the power series a + bT + ¢ T2 +dT? + .. It was
found long ago that if a large temperature range is covered by a single such
polynomial, then even the original data is poorly reproduced. The funda-
mental reason for this is that the Cp function, and to a lesser extent the other
thermodynamic properties, have a characteristic “knee” between 900 and
2000 K. Thus, a single polynomial may fit poorly to the changing slopes.

To overcome this difficulty Duff and Bauer (1962) proposed two different
polynomials with overlapping ranges. Later, “pinned polynomials™ were
suggested by McBride and Gordon (1967) and Zeleznik and Gordon (1960).
These polynomials are constrained to fit exactly the Cp value at a temperature
that is an endpoint of one polynomial and a starting point to the second. and
to give equal values of the other thermodynamic functions at that temper-
ature. McBride and Gordon preferred 1000 K as the common temperature,
while Prothero (1969) argues that 2000 K is g better choice. '

While most authors (Parsut et al., 1972; Reid et al., 1977: Tinh et al., 1971;
Yuan er al.. 1968) fit C; values only and use the Cp polynomial to calculate the
rest of the thermodynamic properties, McBride et al. (1967) and Zeleznik and
Gordon (1960), suggested the simultaneous least squaring of three properties, -
C;.S7,and H; — H rer- This procedure generally gives better reproducibility
of all the properties and low deviation. For example, the typical fourth-
degree least-squares fit to C, values gives a fit with a maximal error of around
4% in the 1000-5000 K range. In the 300-1000 K range the fitting is easier, |
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458 Thermochemical Data for Combustion Calculations

normally with lower error percentages; the rest of the thermodynamic
properties calculated by integration of the Cp values will have a still lower
percent error. Simultaneous least squaring of three properties, however.
causes the maximal error of Cj to be the same as before but the other thermo-
dynamic properties to be fit with usually half the error of the Cp-alone method.

The polynomials from. simultaneous fitting are known as the NASA
thermodynamic polynomials because of their use in a variety of NASA
computer programs (Bittker and Scullin, 1972; 1984: Gordon and McBride.
1971; McLain and Rao, 1976; Svehla and McBride, 1973). In Appendix A a
program written according to Zeleznik and Gordon (1961) to calculate NASA
polynomials by simultaneous least squaring is presented.

The NASA polynomials are usually fitted in the temperature range 300 to
5000 K. The reason for choosing this range is practical. Combustion
calculations require thermodynamic and thermochemical properties between
room temperature and 3000 or (for special fuels or detonations) 4000 K. In the
course of automatic calculations, as well as in some exotic conditions such as
spaceship reentry. knowledge of properties to 6000 K is required. Thus, the
polynomials discussed here follow the bulk of existing tables (such as JANAF
and TSIV as discussed later) by being fit in the range 300-5000 K. Extrapola-
tion to 6000 K is easily done with little error. Extrapolation below 300 K.
seldom needed in combustion research, is less accurate. In some cases the
polynomials were fit up to 3000 K only.

3. Extrapolation

Extrapolating a polynomial outside the temperature range where it was fitted
calls for caution. Not only does the uncertainty increase, but the curve often
deviates in a direction opposite to the normal trend. This may be a serious
drawback. since most thermodynamic data tabulations, as discussed in the
NeXt section, cover temperature ranges too low for combustion calculations.
Thus. when these data have to be extrapolated to higher temperatures, the
polynomials usually used for this purpose may give improper results (see
Fig. 1).

To overcome this inconvenience. different types of polynomials have been
developed. The basic concept is to force the Cp curve to approach as-
ymptotically the correct classical upper value Cp(x). Although this offers
problems for molecules with hindered internal rotations and electronically
excited species (radicals and ions), it is satisfactory for most molecules, and
even for the exceptional species it provides an adequate approximation.

One method. proposed by Wilhoit (1975). uses the following fitting function
for the heat capacity

Cp=Cp(0)+ [Cp(x) — CP(O)]_\'J[I +(v=1) Z a,-_\"] (10
i=0
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Figure 1. Heat capacity polynomial fit for CCI,F-CF,Cl (Freon 113) from the data
compilation of Reid. Prausnitz, and Sherwood (1977) showing the unrealistic upwards
curvature above 1300 K. Data points were fitted up to 1500 K.

where y = T (T + B) varies from 0 to 1. The symbol B represents a scaling
factor that determines how rapidly C, approaches Cp(x). For most poly-
atomic molecules it is in the range 300-1000 K. with small molecules
near the high end and larger ones in the 300-500 K range. C;(0) is the low-
temperature limit heat capacity. (7 2)R for linear molecules (except hydrogen)
and 4R for nonhnear molecules: Cp(x) is the classical high-temperature
value. (3N-3 2)R for linear molecules and (3N-2)R for nonlinear ones: and
N is the number of atoms in the molecule.
The coefficients g, can be calculated by a least-squares fit of the function

C;,—C,‘»(O)—A\':[Q’(I)—C;’(Ol]_ =

: y an! 1
[Co(x) = ColO]y(y — 1) L ad (11)

Heat capacity values and an assumed B are used to compute the left-hand side
of Eq.(11) for a range of y values. The results for different values of B are
computed and B modified until the best agreement is obtained. The enthalpy
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462 Thermochemical Data for Combustion Calculations

and entropy are obtained by integration of the C p equation
Hr—Hg
T . |

I ' L
7 T Cp0) = [Ch(o0) — CZ(O)]<2 + ;0 ai)

ly—1+(lct)I sy (&,
g [""2 ”(y 1)‘“ y}” ST+ (,; "’a’)
~ (12

in which f; =3 + jfori = j and fij=1forj > i Iis an integration constant
set by comparing an enthalpy value given in the literature at some selected
temperature with that obtained by integration of Cp. The entropy is
calculated from

St=J+ Ci(o0)In T — [Cj(x) — C3(0)]

[ln v+ (1 + ¥ X”: ;f;)_»:, (13)
i=0 :

J Is an integration constant set by comparing an entropy value given in the
literature at some selected temperature to that obtained by integration of Cj.
Table 1 shows some polynomial coefficients obtained by Wilhoit (1975)

and the present author. (Additional ones can be obtained from a data bank |

at the Thermodynamic Research Center (TRC), Texas A & M University,
College Station, Texas.) In Appendix B a program is given for evaluating the
a;,B. 1, and J.

Thompson’s method (1977) provides a different polynomial based on
similar principles. It also approaches Cp(oc) asymptotically. It has fewer
parameters and is therefore less accurate, as noted by Thompson himself,
Yuan and Mok (1968) propose extrapolation of data using the formula
Cr=A+ Bexp(—C/T"). The four parameters to be fit are A4, B, C, and n.
where n differs from unity only when data to 6000 K are available.

4. Thermochemical data sources

In order to calculate polynomial coefficients. the thermodynamic and
thermochemical property values must be found in tables or calculated from
molecular properties by the methods of statistical thermodynamics. The
available tables will be described in the following section.

A popular and often quoted source is the “JANAF Thermochemical
Tables™ (1971), prepared by a team of thermodynamicists at the Dow

Chemical Company headed by D. R. Stull and M. W. Chase. This source has _ |

thermochemical values for small, mostly inorganic molecules, radicals, and
ions up to 6000 K. The calculations are mainly done using the rigid rotator
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harmonic oscillator (RRHO) approximation. Values for some species are.

calculated using anharmonic corrections. Four additional groups of tables
were issued since the main volume was published in 1971, with both additions
and revisions (JANAF, 1974; 1975; 1978; 1982).

Most of the JANAF tables have been fitted to polynomials by the NASA |

thermodynamics group. Polynomial coefficients for the species included in the
main JANAF volume (1971) have been published (Gordon and McBride,
1971) and are supplied with the NASA SP-273 computer program.

A second source comparable to the JANAF tables published in the Soviet
Union by Gurvitch et al. (1967) is not well known in the Western hemisphere.
Gurvitch et al. published with their tables a set of nine-term polynomials
that cover the temperature range 0-5000 K. This set of polynomials was
reprinted in a later publication of Alemasov et al. (1974). Unfortunately.
the explanation of how to use these polynomials is not clear, making their
use guesswork. ‘ i

The latest edition of the publication of Gurvitch et al. (1978) has gained
much prestige although only the Russian version is as yet available. The
spectroscopic data are well documented and a good discussion of the ther-
mochemical data is provided. The tables list Cp, Hr — Hy. ¢ = (G — Hp)
T. S7. and log Kp. However. K is calculated for equilibrium with gaseous
atoms rather than reference elements as in most sources (JANAF, 1971; 1974:
1975: 1978: Amer. Petrol Inst.: Stull, Westrum, and Sinke. 1969). AH%is given
only at 0 and 298.15 K. A seven-coefficient polynomial is fitted for ¢ only in
the temperature range 500-6000 K. This polynomial is unsuitable for most
combustion research since the room-temperature end is missing and extra-
polation into this range introduces a large error.

A publication devoted to stable organic molecules is the API-TRC Project
44 Thisisareliable thermodynamic data source calculated either by statistical
mechanics formulas or by approximation methods developed by Pitzer.
Rossini. and their co-workers over the vears. The main problems of this source
are the following: First. it covers temperatures up to 1000 K only (for some
older calculations up to 1500 K). In most cases this range is too low for
combustion calculations; Wilhoit's extrapolation method is recommended if
these tables are to be used at higher temperatures. Also, this source, owing to
its high cost. is not available in many libraries. Where it is available it is usually
not complete, and because of its complex indexing system, updating the
looseleaf supplements and finding the desired table are difficult. In addition. it
is almost impossible to determine which data sources were used for the
calculation of thermochemical values. and the spectroscopic values used are
not quoted as they are in the JANAF tables. (In 1984 the first n-alkyl
radical. tables of thermodynamic properties. were published by the API-TRC
Project).

Most of these drawbacks were corrected by Stull, Westrum, and Sinke
- (1969). In a regular-size volume the authors have included the ideal gas
thermodynamic functions of the API Project 44 as well as others that were not
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464 Thermochemical Data for Combustion Calculations

included in this publication. It contains data for 918 compounds. All values are
given, in the JANAF format, for the temperature range 298-1000 K. A
complete list of references and comments regarding the calculations and the
validity of the spectroscopic and thermal data are appended to each table. It
contains an additional data table for organic molecules on which limited
thermodynamic data is available.

Reid, Prausnitz, and Sherwood (1977) provide ideal gas C, data for 468
organic molecules as four-term polynomials. The valid temperature range of
these polynomials is not mentioned, nor is the data source, presumably mostly
Thinh et al. (1971). The absolute enthalpy polynomial (probably in the range
273-1000 or 298-1500 K) can also be found since the value of AH7%,qg is
mentioned. The entropy cannot be calculated since the integration constant is
not given. However, as mentioned earlier, these polynomials are useless
anyway for high-temperature combustion calculation since they cannot be
extrapolated far outside the range where they were fitted.

When making combustion calculations one usually needs in addition to the
thermochemical properties of the stable organic molecules those of organic
radicals or even ions. Unfortunately, in this domain there are very few sources
of data.

Duff and Bauer (1961) calculated some thermodynamic properties of
complex organic radicals. The values were given only in polynomial form
because of the uncertainties in the data obtained. As mentioned earlier, the

values were fitted to two polynomials with overlapping temperature ranges:”

300-2000 K and 1500-6000 K. (Note: in the J. Chem. Phys. publication,
Parts I and II of Table I were interchanged. The original report gives more

details and is therefore recommended.) This publication should be consid- !
ered as a pioneer work. and many of the spectroscopic values recommended

in it are still valid today.

The only other publication in which calculations of the thermodynamic
properties of a large number of organic radical species are reported is the
NASA report of G.S. Bahn (1973), which includes many serious mistakes.
These tables were later published as coefficients for NASA-type polynomials
by Wakelyn er al. (1975). Although the approximation idea used by Bahn is

interesting. AH ;, values are sometimes used in place of AH,qg values as if |
they were the same. which usually causes the “absolute enthalpy” values to be |

inconsistent: in most cases it is unclear to which of the possible isomers the
calculated species belong or even whether the species mentioned is a chain or a
ring compound: some values are simply wrong. It can be shown that these
tables or polynomials may lead to serious mistakes if used in chemical kinetics
or equilibrium calculations (Van Zeggeren and Storev. 1970).

In Appendix C a table of polynomial coefficients and ancillary information
1s givert. Most of the entries are based on the most accurate data currently
available. Some of them, although approximate. were included to provide
better representation than the values given by Bahn (1973) or Wakelyn and
McLain (1975).
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When properties of deuterated species are needed. the monograph of Haar,
Friedman, and Beckett (1961) is almost the only existing compilation. The

Russian monographs (Gurvitch, 1967: 1978) present data for some deuterated |
and tritiated species, as do the recent JANAF supplement (1982) and a report ,

of the author (Burcat, 1980). Thermodynamic properties for other isotopic
species have to be searched for in the primary literature (Chen, Wilhoit, and
Zwolinski, 1977; Chen, Kudchadker, and Wilhoit, 1979). ,

Finally, a word about statistical thermodynamic calculation methods.
Most of the published tables used the rigid rotor harmonic oscillator (RRHO)
approximation method. These calculations are accurate for most molecules up
to 1500 K. The JANAF (1971) calculations were based mainly on the RRHO
approximation. When values at temperatures above 3000 K are desired,
however, the RRHO values are too low. Unfortunately, anharmonicity
constants are still known only for very few molecules. Some publications do
include values obtained using anharmonicity corrections (Burcat, 1980;
McBride er al., 1963; McDowell and Kruse. 1963). There are still uncertainties
regarding the best way to calculate anharmonic corrections. McBride and
Gordon (1967) discuss the alternatives, of which NRRAO?2 appears to be the
best.

5. Approximation methods

In many cases it may be found that the molecule of interest has not been

spectroscopically investigated or that the spectroscopic knowledge is too |

limited to calculate the thermodynamic properties by ordinary statistical
mechanics methods. Approximation methods have to be used.

Benson and Buss (1958) have classified the different approximations
possible through additivity of properties. They called the roughest approxi-
mation possible, approximation of molecular thermodynamic property
through summation of the thermodynamic properties of the individual atoms
in the molecule, a “zero additivity rule.” The first additivity rule is then
summation of the properties of the bonds in the molecule. Graphical
extrapolations and interpolations of thermodynamic properties based on the
chemical formula. as done by Bahn (1973). fit in between the zero and first
additivity rules.

The second additivity rule (also used in Benson. 1976: Benson and O’Neal.
1970: O'Neal and Benson. 1973) utilizes the contribution of groups of atoms.
A second-order group is a central atom and its attached ligands, at least one of
which must be polyvalent. Benson and co-workers evaluated a large number
of group properties. mainly by averaging properties of many molecules or by
using kinetic information and least-squares-fitting the values rather than
relying on any single input. The properties of the entire molecule or radical are
evaluated by summing up all the group contributions. In addition. some third-
order corrections have to be added for specific molecules such as ring
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compounds or those having gauche or cis interactions or other steric factors,
The cited publications include tables of thermodynamic and thermochemical
properties. Most values are compiled or calculated for AH%, S° and C; at
298 K. For some species the calculation of Cp was continued for temperatures |
up to 1500 K. ‘

Benson’s method, although supposedly simple and easy to use, turns out in
practice to be so complex that few have discovered how to use it. It has been
programmed so that properties of unknown molecules can be evaluated
automatically for any temperature between 300 and 1500 K in a code named
CHETAH, the ASTM Chemical Thermodynamic and Energy Release |
Evaluation Program (Seaton, Freedman, and Treveek, 1974). This program
calculates the thermodynamic properties AH 7, 8%, C3, and the heat of
combustion AH, of the requested molecule as a side procedure. (Its main
objective is evaluation of possible energy release of a given compound in order
to characterize the relative hazard of the substance in industrial use.)
Properties of radicals cannot be evaluated with this program; they have to be
done separately (Benson, 1976, and the cited references above).

A higher quality approximation method for radicals was proposed by
Forgeteg and Berces (1967). This method uses the spectroscopic assignment of
the parent molecule, from which the vibrations relevant to the atom missing in
the radical are deleted. Other vibrations may then be adjusted according to
known ratios between bond lengths or force constants in the molecule and the
radical. Thereafter the ordinary statistical mechanics formulas can be used to
calculate the thermodynamic properties. Benson’s additivity method or other
estimates can be used to obtain the enthalpy of formation.

Reid et al. (1977) present an evaluation of most of the approximation |

methods available. These methods should only be used, however, as a last |
resort, after conventional methods have failed.

What should be done when needed thermodynamic properties cannot be "
found in one of the standard thermodynamic compilations? i

First, the literature should be searched for spectroscopic data, and if these |
are sufficient, the thermodynamic properties can be calculated by statistical |
mechanics formulas. McBride and Gordon’s program (1967) is recommended '
for this purpose. The latest verson, PAC3, includes. among many possible '
calculation methods, an accurate calculation method for internal rotation ‘

contributions, which are important when organic species are involved. and a e

subroutine which automatically calculates the coefficients of the NASA |
polynomials. Wilhoit's extrapolation method was recently included to thef
code. [
Among the parameters that have to be known for the calculation of |
thermodynamic properties are the rotational constants. If these are unknown |
then the three principal moments of inertia of the molecule have to be cal-
culated from assumed molecular bond lengths and angles. For this purpose
there are two documented computer programs (Brinkmann and Burcat. 1979;

Ehlers and Cowgill, 1964).

—
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For radicals, chances are that no spectroscopic data can be found for the
radical itself, and therefore the parent molecule has to be investigated.
Afterwards, the procedure of Forgeteg and Berces (1967) can be applied as
described above.

In case no spectroscopic information at all is available about a molecule,
then the properties must be estimated by analogies or through Benson’s
method.

6. Thermochemical polynomials in combustion
chemistry

Before dealing with the different uses of thermochemical polynomials in
combustion, the relevance of using thermochemical properties for elevated
temperatures must be discussed. The relevance of the enthalpy or entropy of
an organic molecule at 4000 K may be questioned (Chase, Downey, and
Syvernd, 1979) since these molecules can hardly exist even at 1000 K for more
than a few milliseconds. Modern technical and experimental devices, however,
require engineers and scientists to consider the behavior of fuel molecules that
have been brought in microseconds or less from ambient temperature to 2000— |
3000 K or more. It is clear that at such elevated temperatures large molecules
dissociate quickly. Some combustion processes, however, proceed on a
microsecond time scale. Thus, although large molecules cannot survive a few
seconds at combustion temperatures, they can survive a few microseconds.
and for studying their behavior over these limited time scales their thermody-
namic properties are important.

One of the simplest uses of thermodynamic polynomials is in the
calculation of steady-flow gas properties. such as behind a shock wave.
assuming “frozen chemistry.” In this case the specific enthalpy of the gaseous
mixture must be found for the calculation of the flow properties (pressure,
temperature. Mach Number. density, etc.). To find the molar enthalpy of the
mixture, the polynomial expressions for H7 are multiplied by the mole
fractions of each component and added. More sophisticated calculations are
involved in studying the equilibrium chemistry of a flame or behind a shock
wave. In this case the calculation of equilibrium composition is required, using
one of the methods that will be discussed in the next section. To find the
Chapman-Jouguet detonation velocity, the equilibrium chemistry of the
mixture has to be evaluated as well as the specific enthalpy. The equilibrium
composition is also needed for calculating adiabatic flame temperatures,
exhaust properties of rocket engine nozzles, and stagnation processes in
gasdynamic combustion lasers.

In kinetic modeling. one must calculate reverse rate constants of elemen-
tary reactions from forward rate constants. This is easily achieved from

k/k, = K, (14)
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The equilibrium constant calculated from thermochemical polynomials
[Eq.(6)] is Kp. Misidentifying K, with K} can cause confusion (Golden, 1971)
since K. = Kp only when the number of moles of products is equal to the
number of moles of reactants i.e., when An = 0. When this is not the case

K, = K, (R'T)™* (15) |

|

where R’ = 82.06 cm?® atm/mol K or 0.08206 1 atm/mol K. Kp is calculated |

from the free energy of reaction AG?

AG; =Y Gy(products) — Y Gi(reactants) (16)

and

Kp =exp(—AG; /RT) (17)

or from the equilibrium constants for the formation of each substance
participating in the reaction, as defined in Eq. (6), through

InKp =) InKp(products) — ¥ In K p(reactants) (18)

.

Reviews of the different methods for calculation of equilibrium com-;‘

position are given by Zeleznik and Gordon (1968), Van Zeggeren and Storey
(1970). and by Alemasov (1974). Basically. there are two methods: those based
on the calculation of the equilibrium constant K, and those based on the free
energy minimization. Superficially, both would appear to be the same since the
two properties are interconnected by Eq. (17). They differ in the method used
to solve the system of nonlinear equations: Minimization of free energy is
usually preferred for complex systems. The NASA program NASA SP-273
(Gordon et al., 1971) was noted by the.reviewers (Alemasov. 1974: Van
Zeggeren and Storey. 1970) to be one of the best codes available for calculating
equilibrium conditions in a variety of practical situations arising in com-
bustion science. There are others.

7. Required accuracy of thermochemical
information

Opinions about the accuracy of thermochemical data needed for combustion
research are educated guesses rather than facts. Unfortunately. no systematic
investugation has been carried out yet on this question.

The "well-determined species.” such as those appearing in JANAF tables or
API Project 44 tables or those published in the Journal of Physical and
Chemical Reference Data. are calculated to the third or fourth digit after the
decimal point. In the majority of cases the third digit after the decimal point
can be well reproduced but the fourth is sometimes doubtful. However. for
most calculations even the second digit after the decimal point is more than is
ever necessary. Thus. Cp and S may be known to two digits after the decimal
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point while there is seldom any need for this degree of accuracy. The value of
H;, however, is seldom known to better than 0.01 kJ while it would be
preferable to know it to 0.001 kJ. Whether this type of accuracy is really
needed in calculations is not clear, although general opinion holds that it is
usually not necessary. )
One property we would want to know to at least two digits after the deci-
mal point is log K. The reason for this is that K is the property used to

calculate back reaction rate constants when forward reaction rate constants |

are known or assumed. In chemical kinetics calculations this is of primary
importance and a difference of one unit in the second digit of log Kp causes
a 29, difference in the value of the calculated reverse reaction rate constant.
On the other hand, in the calculation of shock tube experimental properties
" where reactive species are highly diluted in a noble gas or nitrogen, there is
hardly any importance to knowledge of the exact properties of any species
other than the diluent itself.

Even the thermochemical values for “well-determined species,” such as
those appearing in JANAF tables, are changed from time to time as physical
constants or atomic weights change or mistakes are found. This should
concern combustion science only if the changes affect the second digit after the
decimal point. On the other hand, it is important to use reliable sources as
much as possible, and if there is a choice not to mix different thermodynamic
sources since they tend to differ at temperatures higher than 3000 K, where
anharmonicity effects may be important.

One must also realize that except for elements, stable compounds which
burn cleanly in oxygen. and small molecules or radicals whose electronic
spectra in dissociative regions have been thoroughly analyzed, standard
enthalpies of formation must be evaluated through difficult experiments
subject to interpretive difficulties. This means that the largest errors—by
far—in thermochemical calculations arise from uncertain enthalpies of

formation. Fortunately, it is a fairly straightforward matter to modify the |

polynomial representations to change enthalpies of formation when new

experimental results become available or sensitivity checks on AH ;45 are to |

be made (cf. comments in Appendix C).

There are also some technical uncertainties about whether values cal- |

culated by the RRHO method and values calculated including anharmonicity

corrections should be used in the same calculations. These uncertainties are
under consideration by the JANAF. NBS, and NASA thermodynamics teams.
Special care should also be taken when dealing with species such as CH 3.
CH,.CD,.CD;H.CD,H,. and CDHj; at temperatures beyond 3000 K. The
mixed isotopic species have been calculated in this compilation using only the
RRHO method. while CH;. CH,, etc.. were calculated using RRHO plus
electronic excitation (Appendix C). On the other hand. CH, and CD, were
calculated using both anharmonic and simple RRHO methods. It is the
author's recommendation to use together species that were calculated by
the same method. CDj. etc.. should be used together with CH, and CD, of the
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anharmonic method, while CD;H, CD,H, and CDH, should be used with
CH, and CD, calculated by the simple RRHO method. o

For the nonspecialist user of Appendix C who wants to know by which
method a species was calculated, the following should be noted:

(1) Anharmonic corrections were used if anharmonicity constants are given
together with the other molecular constants:

|

'

I

(2) RRHO formulas plus electronic excitation contributions were used if’

electronic levels are given;
(3) In all other cases the calculations were done using the RRHO formulas.

As a closing word of caution it should be noted that the values of the
polynomial coefficients generally have no meaning by themselves and that
virtually the same property values can be generated by different sets of
coefficients. Hence, judgment about the actual values of the coeflicients is
usually not possible, but it is possible to judge how well they collectively
represent the thermodynamic functions themselves.
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