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SUMMARY 

Entropy, enthalpy, pressure, and speed of sound of carbon dioxide com- 
puted for wide ranges of temperature and density are presented graphically. 
The temperature range is 250' K < T < 25,000° K (AT = 2500 K). The density 
range is -7.0 - < log p/po 5 +3.0 (Alog p/po = 0.2) 

INTRODUCTION 

The equilibrium thermodynamic properties of carbon dioxide (i .e,, 
entropy, enthalpy, pressure, and speed of sound) have been computed on an 
electronic digital computer for wide ranges of temperature and density. 
temperature range is 2500 K < T < 25,0000 K (AT = 250' K). 
is -7.0 2 log p/po 5 +3.0 (Aiog p/po = 0.2), where 
standard temperature and pressure. 

The 
The density range 

po is the density at 

The computations are based on the following assumptions. 
present in the mixture are C02,  02 ,  CO, 0 ,  O+, O++, C, C+, C++, e-. 
species behaves as an ideal gas. The thermodynamic properties of polyatomic 
species are approximated by the rigid rotator-harmonic oscillator model with 
constants appropriate to the lowest electronic state. Only the first few 
excited electronic states are considered. 

The species 
Each 

SYMBOLS 

a speed of sound, cm/sec 

a0 

b j 

Ci number of atoms/mole of type i at standard temperature and pressure 

C speed of light, cm/sec 

ci concentration of the jth species, moles/g 

speed of sound at standard temperature and pressure, cm/sec 

a constant for each species (eq. (5)) 

*j 2 energy of the 2th electronic level of the jth species, cm'l 



F j  

mi 
g j  2 

H 

Hj 

h 

h j o  

K i  

k 

LO 

mj 

mi j 

(mw)  j 

n j  

P 

PO 

R 

R 

R '  

R" 

S 

'j 

T 

TO 

x j  

Z 

2 

Gibb's f r e e  energy of t h e  j t h  species ,  cal/mole 

change i n  Gibb's f ree  energy f o r  i t h  reac t ion ,  cal/mole 

degeneracy of t h e  2th e l e c t r o n i c  l e v e l  of t h e  j t h  spec ies  

t o t a l  enthalpy ( ze ro  enthalpy a t  zero  temperature) ,  cal/mole 

enthalpy of t h e  

Planck's constant,  erg-sec 

energy of formation of t h e  j t h  spec ies ,  cal/mole 

equi l ibr ium constant  f o r  t h e  i t h  reac t ion ,  ( a t m  cn?/mole) 

Boltzmann's constant ,  ergs/'K 

Avogadro ' s number 

mass of t h e  j t h  spec ies ,  g 

number of i atoms i n  j t h  spec ies  

mass of one mole of j t h  species ,  g 

number of atoms i n  j t h  spec ies  

pressure,  dyn/crn2 

pressure of one atmosphere, dyn/cm2 

gas constant  f o r  co ld  carbon dioxide ( f o r  phys i ca l  u n i t s  s ee  

j t h  species ,  cal/mole 

- P i  

t a b l e  I V )  

0 un ive r sa l  gas constant ,  cal/mole K 

un ive r sa l  gas constant ,  a t m  cm3/mole 

un ive r sa l  gas constant ,  ergs/mole K 

t o t a l  entropy, cal/mole K 

entropy of t h e  j t h  spec ies ,  cal/mole K 

temperature,  O K  

s tandard temperature 273.16' K 

mole f r a c t i o n  of j t h  spec ie s  

compress ib i l i ty  f a c t o r  (moles of mixture pe r  cold mole) 

0 K 

0 

0 

0 



L 

s 

P i  

P i  j 

Y 

YO 

e 

e v j  2 

P 

P j  

Po 

summation over j of a l l  P i j ' s  

d i f f e rence  i n  the  s to ich iometr ic  c o e f f i c i e n t s  of t h e  j t h  spec ies  i n  
t h e  
minus c o e f f i c i e n t  on l e f t  s i d e )  

i t h  r eac t ion  ( c o e f f i c i e n t  on r i g h t  s i d e  of chemical equation 

i s e n t r o p i c  exponent 

i s e n t r o p i c  exponent a t  standard temperature and pressure  

c h a r a c t e r i s t i c  r o t a t i o n a l  temperature of t h e  j t h  species,  K 0 

c h a r a c t e r i s t i c  v i b r a t i o n a l  temperature of t h e  2th mode of t h e  j t h  
species ,  OK 

dens i ty ,  g/cm3 

dens i ty  of t h e  j t h  spec ies ,  g/cm3 

dens i ty  a t  standard temperature and pressure ,  g/cm3 

METHOD OF COMPUTATION 

The thermodynamic p rope r t i e s  of each species a r e  given by t h e  following 
equations ( c f .  r e f .  1). 

For a l l  spec ies  except carbon dioxide the f r e e  energy i s  

J 

The f r e e  energy of carbon dioxide i s  

3 



For a l l  species  except carbon dioxide t h e  enthalpy i s  

The enthalpy of carbon dioxide i s  

The constant b j  i s  

The entropy i s  

The pressure i s  

2 

The values of  t h e  phys ica l  cons tan ts  which were used i n  t h e  abovc equat ions 
a r e  tabula ted  i n  t a b l e s  I, I1,and 111. 
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The thermodynamic p rope r t i e s  of t h e  mixture may be found f r o m t h o s e  of 
t h e  ind iv idua l  species ,  according t o  t h e  equations,  

10 

P = C  P j  
j =i 

J x j  = 

The C j ' S  i n  t h e  above equations must be determined with t h e  h e l p  of t he  
chemical r eac t ion  equations and t h e i r  assoc ia ted  equi l ibr ium constants .  
p r inc ip l e ,  any s e t  of chemical r eac t ion  equations which contain each species  
a t  l e a s t  once may be solved for t h e  I n  p r a c t i c e  it i s  bes t  t o  s e l e c t  
a s e t  of chemical r eac t ion  equations which a r e  ordered according t o  r eac t ion  
energies .  The s e t  used i n  these  ca lcu la t ions  i s  shown below. 

I n  

C j ' S .  

CHEMICAL FBACTIONS 

+ 
2c02 = 2co + 02 0 = 0  + e -  

c o = c + o  O+ = o++ + e- 

+ o , = o + o  C = C  + e -  

C+ = c++ + e- 

No matter what s e t  i s  se lec ted ,  t he  equilibrium constants ,  K i ,  my  be 
evaluated from t h e  f r e e  energies  of t h e  cons t i tuent  species  and t h e  following 
equat ions 

j =i 

K i  = ( R ' T )  -pi e - ~ ~ i / ~ ~  
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10 
T-- 

Three a d d i t i o n a l  equat ions which in su re  t h e  conservation of t h e  bas i c  
spec ies  C,  0, and e’ are necessary.  

10 
T-- 

The term m i j  i s  t h e  number of i p a r t i c l e s  contained i n  t h e  j t h  spec ies .  
The term C i  i s  the  mass f r a c t i o n  of t h e  
reference s t a t e  ( e  .g., s tandard temperature and pressure)  . 

i t h  spec ies  i n  t h e  mixture a t  some 

The speed of sound has  been evaluated by numerical d i f f e r e n t i a t i o n  of 
The bas i c  equat ion def in ing  t h e  speed of sound i s  t h e  thermodynamic da ta .  

Since t h e  numerical data do not conta in  pressure  as a func t ion  of dens i ty  
w i t h  entropy as a parameter, it i s  necessary t o  expand equat ion (17) t o  g ive  

This equation contains  only p a r t i a l  de r iva t ives  with r e spec t  t o  
which a r e  the  independent va r i ab le s  i n  t h e  present  computations. 
t h e  p a r t i a l  de r iva t ives  i n  equat ion (18) were evaluated numerically.  

T and p 
four of 

The compress ib i l i ty  i s  given by 

The i s en t rop ic  exponent i s  given by 

it2 p 
y = -  

P 

6 

(‘20) 



The results are presented in figures 1 through 9 .  Figure 1 provides the 
key to a l l  of the data given in figure 2. Figure 2 contains the detailed 
results of the calculations. Lines of constant temperature and pressure are 
plotted in the enthalpy-entropy plane. Lines of constant density and sound 
speed ratio are plotted on the facing page for each of the 17 regions shown 
in figure 1. 

Figure 3 contains plots of the mole fractions of each species as a 
function of temperature for eleven values of the density ratio. 
through 9 show the pressure, enthalpy, entropy, speed of sound, compressibil- 
ity, and isentropic exponent as functions of temperature for eleven values of 
the density ratio. 

Figures 4 

I 

The values of gas constant, as well as the density, and speed of sound 
at standard temperature and pressure are shown in several systems of physical 

I units in table IV to facilitate use of the charts. 

DISCUSSION 

The assumptions which are made in these calculations are not uniformly 
valid over the entire ranges of temperature and density. At the highest 
densities the assumption that each species behaves individually as an ideal 
gas is bad. 
number of the higher electronic energy levels may have been included. In the 
medium temperature range the rigid rotator-harmonic oscillator approximation 
based on the lowest electronic level of the molecule w i l l  introduce an error. 

At the highest temperatures, above say 15,000° K, an insufficient 

The errors mentioned in the preceding paragraph may appreciably influence 
the values of the mole fractions shown in figure 3. In the case of the over- 
all thermodynamic variables these errors are less serious. A check against 
the results of reference 2 shows differences of only 1 percent in the equi- 
librium thermodynamic variables in spite of the rigid rotator-harmonic 
oscillator approximation used here. 
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TABLE I. - FUNDAMENTAL PHYSICAL CONSTANTS 
Universal gas constant: 

62 = 1.98647 cal/mole OK 
8' = 82.0561 atm c$/mole 0 K 

0 
62" = 8.3134X107 erg/mole K 

Planck's constant: 

h = 6.6256~10'~~ erg-sec 

Boltzmann's constant: 

k = 1.38054X10-16 erg/oK 

Pressure of one atmosphere: 

po = l.013X106 dyn/cm2 

Avogadro ' s number : 
Lo = 6 .02252x1023 molecules/mole 

Speed of light: 

c = 2.99793X1010 cm/sec 

9 



I 

TABLE 11.- ATO~IC CONSTANTS USED IN PROGRAPP 

'pe c i e  s 

02 

0 

O+ 

0++ 
- 

e 

GO2 

co 

C 

C+ 

C++ 

32.000 (1) 

16.000 (1) 

16.000 (1) 

16 .ooo 

5.4847~10'~ ( 1 

44 . o n  

28 . o n  

12.011 

12.011 

12.011 

1.21618 (1) 

2.1032 (1) 

1.8794 (1) 

4939 

-14 e23517 (1) 

1.8948 

.3118 

*0637 

7569 

00637 

h jo, kcal/molt 

a 

were taken. 
f o r  t h i s  r epor t .  

Numbers i n  ( ) r e f e r  t o  re ferences  from which t h e  phys ica l  cons tan ts  
Those phys ica l  cons tan ts  without re ference  numbers were computed 
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species 

02 

co 

0 

O+ 

TABLE 111 . - ~ E C T R O N I C  ENERGY LEVELS" 

Energy 
l e v e l ,  cm-1 

0 
7918 
13195 
36096 
49802 

0 
48687.5 
55901 
62299.4 
6 50 74.8 

0 
159 
227 

15868 
33792 

0 
26808 
26829 
40 46 7 
40 46 8 

Energy 
l eve l ,  emc1 

~ ~~ 

0 
113.4 
306.8 

202 71 
43183 5 
60312.1 

0 
16.4 
43 05 

10193 ' 7 
21648.4 
33735.2 

0 
64 

43000.2 
43021.8 
43050 7 

523 15 
52338 
52394 8 

0 

Degeneracy 

1 
3 
5 (5) 
1 
5 

1 
3 
5 (5) 
1 
5 

2 
4 

4 
6 

1 
1 

5 

2 ( 5 )  

3 ( 5 )  

Numbers i n  ( ) r e f e r  t o  references from which t h e  phys ica l  a 

cons tan ts  were taken. 
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TABLE 1V.- CONSTAWS FOR CARBON DIOXIDE 

Gas constant for carbon dioxide: 

0 R = 1.125~10~ ft2/sec2 R 

R = 1.881X106 cm2/sec2 K 

R = 1.881x102 m2/sec2 K 

0 

0 

Density at standard temperature and pressure: 

po = 0.3810~10-~ siugs/ft3 

Po - - 0.1964~10-~ g/cm3 

po = 0.1964~10~ kg/m3 

Sound speed at standard temperature and pressure: 

a. = O.8435X1O3 ft/sec 

a. = 0.2571x105 cm/sec 

a. = O.2571x1O3 m/sec 

Isentropic exponent at standard temperature and pressure: 

yo = 1.281 

Product of gas constant for carbon dioxide and standard temperature: 

RT, = O.5532XlO6 ft2/sec2 

RT, = O.5138X1Os crn2/sec2 

RT, = 0.2388~105 cal/g 

RT, = O.22l0X1O2 Btu/lbm 

RTo = 0.gggu<108 J/kg 

I 12 
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Figure 1.- Key to presentation of thermodynamic data for carbon dioxide.  
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Constant density , log,, PIP, 
-- Constant sound speed , ala, 

I IO 

I O 0  

90 

80 

70 

60 
k0 a 
\ 
I 

50 

40 

30 

20 

IO 

n 
"IO 14 18 22 26 30 34 38 42 

S/R 

(a) Region 1 - Concluded. 

Figure 2. - Continued. 
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Figure 2.- Continued. 
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