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Equations of state have been constructed for carbon dioxide in the The authors of the present paper have correlated

temperature range 273°~4000° K and at pressures up to 1000 X 10% N /m? all the experimental material and have composed an

giving an accurate description of the gaseous and liquid phases; the equation of state which accurately reflects the exper-

leftoand ngfn boundary curves have also been formed ([he.flm from imental thermal and caloric data for CO,. For tem-

273" to 800° K, the second from 770° to 4000°® K). There is shown to . R N .
peratures in the range 273°-800° K and pressures in

be good agreement between the calculation quantities and the data of

other authors. the range 1-100 - 10° N/m?, the equation was consti-

tuted in terms of clementary functions in the form
In the design of contemporary thermal power plant

in which carbon dioxide is used as a working substance Pe o (@) + & (U,); +Bw v+
or a component of gas mixtures, knowledge is re- RT, (1)
quired of a number of thermophysical properties of Ly ()4 () ¥ F A (o) v
this substance over a wide range of temperature and
1 i Y 24 13
pressure. The existing tabulated data [1-5], however, The elementary functions aq, @y, £, ... have the form
cover narrow ranges of the parameters, have been
obtained by various methods, and show poor inter- 8 7
agreement, Alw) Ea’ W, Zb‘ l .
It should be added that following publication of [1-5], N - T
experimental investigations were carried out of the
compressibility to 1073° K [6], of the velocity of sound The values of the coefficients of this equation of
[7], of the enthalpy [8], and of the specific heat [9]. state are given in the table.
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Fig. 1, Comparison of the calculated values of specific
heat cp (kJ/kg- °K) with the data of [1] and [11]: a) cal-
culated values; b) values of [11]; c) values of [1]; 1) at
pressure 101,3. 10° N/m?; 2, 3) 202,6 - 10°; 4) 303,9 -
. 10%; 5) 405,2 - 10%; 6, 7) 1013, 0 - 10%; 8) 50.65 - 10°,
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We note that the equation of state (1)'accurately de-
scribes both the gaseous and the liquid phases of CO,,
including both boundary curves.
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Fig. 2, Coinparison of the calculated values of speci-

fic heat ¢, (kJ/kg - °K) with the experimental data of

[9]: a) calculated values; b) according to [9]; 1) at

pressure 75+ 10° N/m?; 2) 70 - 10°; 3) 60 - 10°%; 4) 50 .

- 10%; 5) 45 - 10%; 6) 40 - 10%; 7) 35 - 10%; 8) 30 - 10%;
9) 20 - 10°%; 10) 10 - 10°,

Analysis shows that, starting from T = 770°K, for
P =1-600 - 10° N/m? it is sufficient to restrict our-
selves, in composing the equation of state, to only the
two virial coefficients B(t) and C(T).

The virial coefficients were found from the experi-
mental data on compressibility, and were extrapolated
into the high temperature region by the method de~
scribed in [10]. _

For the region T = 770°-4000° K and P = 1-600 X
x 10% N/m? of the parameters, the equation of state
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was set up in the virial form, reduced to the form

L + At e + A F) e

RT,
where A, -Bdgt; A, = Cdi™
The coefficients A; and A, were represented analyti-
cally as

)

4, - 3.18607 + 0.315748 - T — 38.2447 . L 4 176489 L
=

T

L 1

—352.087 - L — 345.930. L £ 310341 . L —
3 4 T5

T T

L.

—5632.78 - L 4345576 -
©® T

A, = 1.65195 + 0.0700493 - T — 10.5592 - L +
T

+-36.1373 - L 42.6338- L. 112.070 - L +
- - -

2

+481.306 - = —673.419 - - + 349.463 - -
T 1 T

The upper limit of temperature, 4000° K, was cho-
sen from considerations of the need to know the proper-
ties of CO, as a molecular component (without allowing
for its dissociation) of the products of combustion of
organic fuels, which are investigated ordinarily up to
T ~ 3000°-4000° K.

A verification of (1) and (2) against numerous ex-
perimental thermal data has shown that these equa-
tions are accurate, The accuracy of description of the
most reliable data on compressibility [6, 11-15] is
0.1-0.3% on the average over the whole range of tem-
perature and pressure investigated, including the liq-
uid and the boundary curve, and it is only in the region
above critical (at the sections where the isotherms
bend) that 6Pv reaches 1%.

It should be noted that the method described in [10]
allows us to obtain data on compressibility at high tem-
peratures with an accuracy of the order of 0,3-0.5%.

Elementary Functions of the Equation of State for CO,

aj

Afw) N l a, | a5 l e
: |
% i —0.85458 —22.17446 §7.83910 —146.35219
2y —1 | 0.47958 5.50789 —20,57483 33.37070
| —I1.0 57.43943 —244.48793 13335161
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Fig. 3. Dependence of the latent heat of evaporation r
(k3 /kg) of carbon dioxide on temperature: 1) calculated
values; 2) values of Michels [11]; 3) -- Vargaftik [2];

4) Newitt et al. [1); 5,6,7, 8,9, 10-- respectively,
Molier, Langen, Jenkins and Pai, Kees, Eikelberg,
and Planck and Kupriyapov [19].

From the well-known differential relations of ther-
modynamics, on the basis of the equations of state that
have been obtained, the caloric data were calculated
for CO,,

It is of interest to analyze and compare the caloric
quantities resulting from the calculation with the avail-
able experimental and handbook data,

Comparison of the calculated values of enthalpy and
entropy with the data of [1-5, 8, 16, 17] in the tem-
perature range 273°-1500° K, and at pressures up to
1000 - 10° N/m? has shown that the discrepancy in en-
thalpy is 0,5~4.0 kj/kg, and of entropy—up to 0.3%.

Comparison of the experimental and tabulated val-
ues of the specific heat cp [1-5, 9, 16] with the calcu-
lated values has shown that at an overwhelming ma-
jority of points, the deviations from the latest experi-
mental measurements of Cp [9], and from the tabulated
data of [3, 5, 18] do not exceed 1% (this is shown par-
tially in Fig. 1.2).

The experimental measurements of specific heat
in the saturated state, c's, [18] agree with the calcu-
lated values to 0.5%.

The high accuracy of the calculated values of the
thermodynamic properties in the saturated state is
confirmed by the fact that the heat of evaporation cal-
culated according to the equation of state (1), r =i" —
— i', is in good agreement with the data of [1, 2, 11,
19] (see Fig. 3).

As a result of the analysis that was conducted, it
was established that the tabulated values of cp [1] can-
not be regarded as reliable.

We note that the calculated and experimental values
of the velocity of sound [7] are in good agreement in
the whole single-phase region, including the critical
region. The majority of the experimental values differ
from those calculated by amounts up to 1%.

The good agreement of the calculated values, evalu-
ated from the equations of state (1) and (2) with the
various experimental and tabulated data, gives cause
to believe that these equations are reliable. We used
them to calculate detailed tables of specific volumes,
enthalpy, entropy, specific heat Cp, velocity of sound,
and adiabatic index, These calculations were per-
formed on an electronic computer,

The thermodynamic quantities in the ideal gas statc
were obtained from [20].

The critical parameters for CO, are: T = 304.19° K;
Po = 73.816 - 10° N/m?; d; = 0,4682 g/cm®.

NOTATION
o = dfde; = T/Te; = Plfe.
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