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Abstract—Equations are presented for calculating the isobaric heat capacity, enthalpy and entropy of gases
resulting from the combustion of fuels (taking dissociation into account). A computer program is described that
was developed for determining the thermodynamic properties of these gases and their mixtures as a function of

temperature, enthalpy, or entropy.

The properties of gases in the ideal gas state are cal-
culated for substances most frequently encountered in
calculations of thermal power processes. Among these
are nitrogen N,, oxygen O,, carbon oxide CO, carbon
dioxide CO,, water steam H,O, sulfur dioxide SO,, air,
atmospheric nitrogen, nitrogen oxide NO, nitrogen
dioxide NO,, argon Ar, neon Ne, and hydrogen H,.

Air consists (by volume) of 78.03% nitrogen,
20.99% oxygen, 0.94% argon, 0.01% hydrogen, and
0.03% carbon dioxide [1].

Atmospheric nitrogen consists (by volume) of
98.76% nitrogen, 1.19% argon, 0.01% hydrogen, and
0.04% carbon dioxide [1].

The following constants are used in these calcula-
tions: the absolute gas constant R = 8.31451 J/(mol K),
the molar masses of individual gases (Table 1), and the
standard pressure p, = 0.1 MPa.

THE PROCEDURE FOR CALCULATING
THE THERMODYNAMIC PROPERTIES
OF INDIVIDUAL GASES

The thermodynamic properties of substances and
their mixtures in the ideal gas state are described by the
system of equations from [2], which employs a unified
form of the equation for isobaric heat capacity

% zm+za@6 M

where T = T/T* is the relative temperature (7 is the gas
temperature, K, and 7% = 1000 K); q; is the array of
coefficients that are specific for each gas; R is the abso-
lute gas constant, J/(mol K); and ¢, is the isobaric heat
capacity, J/(mol K).

The coefficients a; for all substances except water
steam and single-atom gases have been determined
using the least square method; they are based on the
data from [3] for the temperature range from 200 to
2500 K and are given in Table 2. These coefficients
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allow the values from [3] to be calculated with the fol-
lowing standard error: 0.67 x 107 for oxygen,
0.23 x 10~ for nitrogen, 0.60 x 10~ for carbon dioxide,
0.19 x 10* for carbon oxide, 0.80 x 10~ for nitrogen
oxide, 0.54 x 107 for nitrogen dioxide, 0.44 x 10~ for
sulfur dioxide, and 1.5 x 107 for hydrogen.

When water steam is in the ideal gas state, its iso-
baric heat capacity has previously been described in the
International equation (IF-95) [4] in terms of an equa-
tion that was taken from [5], where it was derived using

Table 1. List of unique gas identifiers

Gas Molar mass, | Unique
kg/mol identifier

Nitrogen N, 0.0280134 0
Oxygen O, 0.0319988 1
Carbon oxide CO 0.0280104 2
Carbon dioxide CO, 0.0440098 3
Water steam H,O 0.0180152 4
Sulfur dioxide SO, 0.064059 5
Air as a single gas Air 0.02896431986 6
Atmospheric nitrogen as 0.02815922054 7

a single gas N3

Nitrogen oxide NO 0.0300061 8
Nitrogen dioxide NO, 0.0460055 [3] 9
Argon Ar 0.039948 [3] 10
Neon Ne 0.020179 [3] 11
Hydrogen H, 0.0020158 [3] 12
Air as a mixture of gases Air;, | 0.02896431986 13
Atmospheric nitrogen as 0.02815922054 14

a mixture of gases N;:ix
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data from [6]. In subsequent years, however, new calcu-
lations of the properties of water steam in this state
were carried out [7-9], whose results at high tempera-
tures differ from data in [6]. A new equation for water
steam is therefore presented in this paper, which is
based on the data from [7] and describes these proper-
ties with a root-mean-square error not exceeding
0.32 x 1072, The coefficients of Eq. (1) for air and atmo-
spheric nitrogen were determined by summing the
coefficients for components (using the procedure for
calculating mixtures, which is described below) taking
into account their concentrations given above.

The discrepancies between the isobaric heat capac-
ity values calculated from Eq. (1) and similar values
obtained from some other studies are presented in Fig. 1.

The greatest discrepancies are observed for water
steam. When temperatures are below 1200 K, all data
except those from [3] are in strong agreement with one
another (the error does not exceed £0.1%). As the tem-
perature increases, however, discrepancies grow. It is
interesting to note that at 7= 2500 K, the values calcu-
lated from [5] are 0.8% greater and those calculated
from [7] are 0.8% lower than those obtained using the
proposed method. Deviations in the values calculated
using the equation from [1] within its applicability lim-
its from 223 to 1773 K do not exceed 0.2%.

The results calculated by Eq. (1) for carbon dioxide
coincide with the values from [3, 10, 11] over the entire
temperature range with an error not exceeding 0.04%.
Discrepancies with the data from [12] remain within
0.1% only at temperatures not exceeding 1300 K; the
discrepancies with data from [1] reach 0.4% at 1800 K.

The results obtained for nitrogen and oxygen were
found to be in very strong agreement with the data from
[10]: the discrepancy for nitrogen was within 0.016%
and for oxygen 0.003%. At temperatures below 1500 K
a similarly strong agreement is observed with the val-
ues calculated from the data in [13] (within 0.01%), and
from [14] (within 0.03%). The discrepancy from the
datain [1] is somewhat greater: for nitrogen it is 0.08%,
and for oxygen it is more than 0.1% (at the boundaries
of the temperature range). Accordingly, for air at tem-
peratures to 2000 K the difference from the data in [15]
is not more than 0.02%, and from the datain [1] it is not
more than 0.06%.

Strong agreement is observed between the figures
calculated by (1) and the data from [10] for sulfur diox-
ide (within 0.01%), and for carbon oxide (within
0.04%). The discrepancy between the results for carbon
dioxide and the data in [1] does not exceed 0.09%.

Expressions for calculating other properties of gases
can be obtained from Eq. (1) using well-known thermo-
THERMAL ENGINEERING  Vol. 52
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dynamic relationships. For example, the following
expression was obtained for calculating enthalpy &

6
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where A, is an integration constant, which is deter-
mined from [3].

The following relation holds for calculating gas
entropy s at pressure p:

5 = 50— Rln(li), 3)

where s, is the entropy at standard pressure p, = 100 kPa,
which is calculated by the formula

6
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e @
a; (1Y% Sin
*%m@ R

where s, is an integration constant (which was determined
from the data in [3] taking into account the changeover
from the old standard pressure p, = 101.325 kPa to its
modern value p, = 100 kPa), and p is the gas pressure kPa.

The integration constants in (2) and (4) are deter-
mined from the condition of equality of the specific
enthalpy and specific entropy calculated from these
equations to their values at the check points taken from
[3] (Table 3).

THE COMPUTER PROGRAM
FOR CALCULATING THE THERMODYNAMIC
PROPERTIES OF INDIVIDUAL GASES

Relations (1)—(4) were used to develop computer
programs for calculating the properties of gases in
accordance with a procedure similar to that used for
developing the WaterSteamPro, a computer program
for calculating the properties of water and water steam
[16]. These two programs have now been incorporated
into a single unit. This enables users to employ the
functions for calculating properties of gases in all com-
puter programs where the WaterSteamPro can be used.

The following basic functions have been determined
in the package for calculating the properties of gases,
which correspond to relationships (1)—(4):

wspgCPIDT(id, T); &)
wspgHIDT(id, T); (6)
wspgSOIDT(id, T); @)
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Fig. 1. Discrepancies between the isobaric heat capacity values calculated by (1) and data of other researchers. Source of data:

(D) [12-15]; (2) [11; 3) [3]; (9 [10]; (5) [8, 111; (6) [9]; (7) [7]; (8) [16], and (9) [4, 5].

wspgSIDPT(id, p, T), (®)

where id is a unique gas identifier, T is the tempera-
ture, K, and p is the pressure, Pa.

When the user wishes to calculate the properties of
a specific gas, he or she must specify its unique identi-
fier (Table 1). This identifier specified, the program
itself then finds the coefficients for relations (1)—(4). It

is important to note that the same identifier will be
assigned to each gas in subsequent versions of the pro-
gram.

Notice that air and atmospheric nitrogen appear
twice in Table 1. In the first case they appear as individ-
ual gases (the program regards them not as a mixture of
gases but as a unique gas, whose properties are equiva-
lent to those of the mixture of the gases constituting it).

THERMAL ENGINEERING  Vol. 52
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Dissociation cannot be taken into account for them
because the program does not store information on their
components. In the second case these are mixtures of
gases, and for them it is possible to calculate dissocia-
tion and to determine their components. This was done
to facilitate a comparison and generate calculations
using the proposed procedure. The user himself can
select the best suitable option.

Apart from initial functions (5)—(8), there are addi-
tional functions, which allow the following parameters
to be calculated:

molar mass, kg/mol

wspgMMID(id); )
specific gas constant, J/(kg K)
wspgGCID(id); (10)

specific volume determined from the Clapeyron-
Mendeleyev equation

wspgVIDPT(id, p, T), 1
wspgVIDT(id, T). (12)
The last function is calculated at standard pressure.

The program can also be used to determine inverse
relations, namely, to calculate temperatures from spe-
cific enthalpy or entropy. To this end, we developed the
following functions (using the Newton method), which
allow the roots of functions (6)—(8) to be determined
more exactly:

wspgTIDH(id, h); (13)
wspgTIDSO0(id, s,); (14)
wspgTIDPS(id, p, ). (15)

These functions make possible the quick and easy
calculation of adiabatic expansion and compression
processes.

THE PROCEDURE FOR CALCULATING
THE THERMODYNAMIC PROPERTIES
OF GAS MIXTURES

The properties of gas mixtures can be determined
using the same functional relations (1)—(4) that were
used for individual gases

i za, . za, iz ) .6
A 6
mix _ * i,mix __i+1 )
R T [Z 1 T +a; i InT
i=0
’ (17)
12 B
az mlx(l)l 7 + hint, mix
7—i R
i=8
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Table 3. Values of enthalpy and entropy at check points
(T, =298.15 K and p, = 101.325 kPa)

Gas k.p», kJ/mol S J/(mol K)
N, 8.670 191.498
0, 8.680 205.035
CcO 8.671 197.548
CO, 9.365 213.674
H,0 9.908 188.724
SO, 10.548 248.110
Air iy 8.6490411 198.721001
Ng: 8.6408291 191.637836
NO 9.179 210.636
NO, 10.208 240.057
Zr 6.197 154.732
Ne 6.197 146.214
H, 8.468 130.570

However, the relation for standard entropy, which is
given by

6

S0, mix (ai mix i)
— = dy lm'+z —mT
R 0, mix i

=1 (18)

2
-6
al mlx(l)l + sO,int,mix + As(),mix
6—i R R

i=17

now contains a term that expresses the change in the
entropy when the gases are mixed

ZX In(x;).

j=1

A
SO mix _ (19)

The coefficients for the mixture are calculated by
the following formulas:

N
ijai,j;

ai, mix — (20)
J=1
N
hint, mix — ijhint,j; (21)
j=1
N
Sint, mix — Z 'xjsint,j’ (22)

Jj=1

where x; is the molar (or volume) share of the jth gas
appearing in a mixture consisting of N gases, and q; ; is
the ith coefficient of the jth gas.
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* nitrogen: xy, = 78.03%
* oxygen: X0 = 20.99%
* argon: Xo, = 0.94%
+ hydrogen: xy,= 0.01%
* carbon dioxide: Xco, = 0.03%

The identifier of a new mixture is obtained:
Gases are “added” to the mixture:

wspg ADDGASMO2MIX (air_mix, wspgO,, xq ) =1

wspgADDGASMO2MIX (air_mix, WSpgAT, X,,) =2
wspgADDGASMO2MIX (air_mix, wspgH,, xy ) =3

* by volume:
+ by mass:
air_id = wspgNEWGASFROMMIX (air_mix)

wspgMMID(air_id) = 28.96431996 g/mol

The following volumetric fractions of the air components are assumed

air_mix = wspgNEWMIX(0) air_mix =8

wspgADDGASMO2MIX (air_mix, wspgN,, xy ) =0

wspgADDGASMO2MIX (air_mix, wspgCO,, X ) =
The volumetric or mass fractions of the initial gases in the mixture are determined:

wspgGASMFINMIX (air_mix, wspgO,) = 20.99%
wspgGASMFINMIX (air_mix, wspgO,) = 23.1890%

The parameters of the mixture are calculated and the unique identifier for the mixturebased gas is formed:

It is now possible to calculate, for example, the molar mass of the mixture or specific enthalpy:

wspgMMID(wspgN,) = 28.0134 g/mol
wspgMMID(wspgO,) = 31.9988 g/mol
wspgMMID(wspgAr) = 39.948 g/mol
wspgMMID(wspgH,) = 2.0158 g/mol
wspgMMID(wspgCO,) = 44.0098 g/mol

4

air_id =20

wspgHIDT (air_id, 500 K) = 503 kJ/kg

Fig. 2. Example of calculating a mixture (air consisting of nitrogen, oxygen, argon, hydrogen, and carbon

dioxide).

THE PROGRAM FOR CALCULATING
THE THERMODYNAMIC PROPERTIES
OF GAS MIXTURES

A concept of creating mixtures was proposed for
calculating mixtures of initial gases. This concept con-
sists in the following. The user notifies the program that
anew mixture has to be calculated. This is done by call-
ing the function

wspgNEWMIX(). (23)

Function (23) assigns a unique identifier to the new
mixture, which will then be used for determining the
parameters of this mixture. Every time this function is
called it gives a new identifier to the mixture. Their total
number is limited by the resources of the system; its
maximal value cannot be greater than 2147483647.

The identifier thus obtained is then used to call a
function that takes into account the “addition” of gases
to the mixture:

wspgADDGASM2MIX (mix_id, gas_id, mass), (24)

where mix_id is the mixture identifier obtained earlier
when function (23) was called; gas_id is the identifier
of the gas that is added (see Table 1); and mass is the
mass of the gas that is added. It should be noted that the
user can specify not only absolute, but also relative val-

ues of the mass of a gas in the mixture (for example,
mass content d).

Another function for taking into account the addi-
tion of a gas into a mixture appears as follows:

wspgADDGASMO2MIX (mix_id, gas_id, moles), (25)

where moles is the quantity of moles of the gas that is
added.

The approach implemented in these functions is
somewhat different from the commonly adopted one, in
which the fractions (mass and volume) of the sub-
stances composing the mixture are usually specified.
Everything is much easier in the new approach.

Suppose, for example, that the user wants to calcu-
late the properties of a mixture consisting of 1 kg of air
and 10 g of water steam. There is no need to find the rel-
ative fractions of these substances in the mixture; the
only thing that has to be done is to call function (24)
with the following parameters: gas_id = 7, mass = 1,
gas_id = 4, and mass = 0.01. The program itself will
determine the necessary fractions of substances in the
mixture.

Function (25) is used in a similar way. The parame-
ter moles can be specified as a quantity of moles or as a
volume fraction of the substance in the mixture.

THERMAL ENGINEERING  Vol. 52
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Figure 2 shows a fragment of the calculation of the
properties of air as a mixture of gases.

After all of the components are added to the mix-
ture, the coefficients for Eqs. (16)—(19) must be deter-
mined. This is done by calling the following function:

wspgNEWGASFROMMIX (mix_id). (26)

Once all required parameters are calculated, func-
tion (26) will return the gas identifier gas_id for the
mixture specified by the parameter mix_id. The gas
identifier gas_id thus obtained can be used when call-
ing functions (5)—(15) for calculating the properties of
gases.

The program can identify for the user the fraction of
each component in a mixture at any time in the course
of calculating its properties. This is done by introducing
the following functions:

for the mass fraction of the gas with the identifier
gas_id in the mixture with the identifier mix_id

wspgGASWFINMIX(mix_id, gas_id),

for the molar (volume) fraction of the gas with the
identifier gas_id in the mixture with the identifier
mix_id
wspgGASMFINMIX (mix_id, gas_id).

The program that has been developed can be used to
calculate mixtures of gases that are themselves mix-
tures of other gases; that is, a mixture composed of mix-
tures of primary gases can be calculated.

To this end, Eq. (19) is written in the form

N .
AS(), mix AS{), mix
___R___ = _Z[xj(lnxj——-k—-—)},

j=1

where As{), mix 18 the mixing entropy of the mixture of
which gas j is composed.

The function for calculating the fraction of a gas that
is a component of a mixture is augmented with a special
mechanism, which allows the total fraction of the gas to
be determined even though it is part of mixtures of
which the mixture being studied is composed. This pos-
sibility can be used to calculate, for example, the frac-
tion of oxygen in flue gases from a gas-turbine unit; it
may also be used when a consecutive calculation of
mixtures has to be carried out: first for dry air, then for
humid air (a mixture of dry air and water steam), then
for a mixture of humid air and the products that result
from burning fuel in the combustion chamber, and then
for the mixing of the mixture thus obtained with the
cooling air, and so on. The program will itself scan all
components of the mixture and determine the fraction
of the gas in it.

When calling functions (23) and (26), the program
allocates a memory space for saving data on the mix-
tures and gases composed of them. If the user wishes to
allocate this memory, this can be done using the follow-
ing special functions:

THERMAL ENGINEERING  Vol. 52
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to allocate the memory occupied by data on a gas
composed using a mixture

wspgDELETEGAS(gas_id);

to allocate the memory occupied by data on a mix-
ture

wspgDELETEMIX (mix_id).

THE PROCEDURE FOR TAKING INTO ACCOUNT
DISSOCIATION IN GAS MIXTURES AT HIGH
TEMPERATURES

The equations described above were set up without
considering the dissociation of gases at high tempera-
tures. If we wish this effect to be taken into account, the
chemical equilibrium of the components in the given
mixture must be calculated. Quite a number of methods
and computer programs are now available for calculat-
ing this equilibrium [17-19]. Most of these methods
and programs require a considerable amount of itera-
tive calculation for the precise determination of the
chemical equilibrium of a mixture, because this
involves the necessity of solving systems of nonlinear
equations.

However, the calorific effect of dissociation within
the required temperature range can be approximated
accurately enough without knowing the precise equilib-
rium composition of the mixture. An approximate
method was therefore used to calculate this effect,
which was proposed in [10]. This method is based on
the assumption that under conditions typically encoun-
tered in power engineering applications and at temper-
atures below 2000 K, the change in the properties of
interest depends mostly on the formation of products of
the following reactions:

1 1
H,0 H, + 1O ; 1O O;
U ~——>01, 2 25 2 o= U3
1 1 1 1
§H20+Z‘_OZ<_>OH; §N2+ 502<_>NO.

The equilibrium constants for these reactions were
represented in [10] (using the data from [18, 19]) by the
empirical formula

K; = A;exp(B;/T). 27)

The values of A; and B; are given in Table 4. The vari-
ables U; are then introduced, which characterize the
concentration of the reaction products

Xco, ( p )O3 B,
)
: : Xo,\Po T

(28)
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Table 4. Coefficients of Eqgs. (27)-(34)

C, D., E GJ x
Gas| 4 Bi. K ymdl k)| Tmol | xKimol
CO |20413.2 [-33086.5| —-19.5 |-1.15x10°| 9.483
H, 1075.5 |-30283.3| —65.2 3.03%x10°| 7.277
OH 165.95 | -19526.8| —18.7 5.72x10%| 3.136
H 1491.75 | -27488.0| -3.60 | 3.93x10°| 5.826
(0] 3235.34 | -30807.8 | -21.8 1.50x 10°| 7.659
NO | 4.55420 |-10973.6| -5.60 1.62x 10%| 9.940
-05 B
U, = A,—22 (ﬂ) exp(-—z), (29)
[xo.\Po T
02
0.25 B
U; = Az, /xy,04 xo(ﬁ) CXP(—S), (30)
\Po T
-05 B
Us = 4T £ exp( 3H): (1)
Po T
05 B
P 5
Us; = A £ —|; 32
5 5 xoz(po) eXp(T) (32)
Bg

and the total value

6
Ug = 1+ U,

j=1

The contribution that the thermal effect of each reac-
tion introduces into the isobaric heat capacity at tem-
peratures from 1000 to 2000 K is given by the formula

D, E;

V,=C;+ -+ (34)

T 1

The coefficients of (34) are also given in Table 4;

changes in the thermodynamic properties of the mix-
ture due to dissociation are calculated as follows:

6
A%c) = UIHIZI UV
Adisp0 T i ng

U =B,

Adis 0 AR T inVj

T U.o B,

After that, the properties of the mixture of dissociat-
ing gases are determined by summing the values thus
obtained with the values calculated by (16)—(19)

0 _ ()
C)-— p, mix

dis 0

+A

dis

h?iis = hmlx +A h

Sgis = mlx"’Adls °

When implemented in practice, this method will
allow the user to determine, without iterative calcula-
tions, the thermodynamic properties of a mixture of
dissociating gases with high accuracy at temperatures
to 2000 K.

The user can specify settings for the mode when the
dissociation effect is taken into account, using the fol-
lowing function:

wspgSETCALCDISSMODE(mode),

where mode is the number of the mode connected with
taking the dissociation effect into account (when
mode = 0, the thermal effect of dissociation is not cal-
culated; when mode = 1, the effect of dissociation is
calculated at all temperatures; and when mode = 2, the
effect of dissociation is calculated only for tempera-
tures above 1200 K).

This study was supported by a grant from the
Russian Fund for Fundamental Research.
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