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Thermodynamic properties of working substances on jet engine cycle studies* 
 

Hisao FUTAMURA*1 
 

ABSTRACT 
Thermodynamic properties of chemical equilibrium air is calculated and compared with available data. Thermodynamic 

functions are tabulated and partial pressures of spiecies are drawn on charts. 

Keywords; thermodynamics; chemical equilibrium; sandard atmosphere; themodynamic function; equation of state; virial 

coefficient 
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1 8) 

  [kg/kmol]   

 N2 28.0134 0.78084 0.78084 

 O2 31.9988 0.209476 0.990316 

 Ar 39.948 0.00934 0.999656 

 CO2 44.00995 0.000314* 0.99997 

 Ne 20.183 0.00001818 0.99998818 

 He 4.0026 0.00000524 0.99999342 

 Kr 83.80 0.00000114 0.99999456 

 Xe 131.30 0.000000087 0.99999543 

 CH4 16.04303 0.000002 0.99999743 

 H2 2.01594 0.0000005 0.99999793 

JIS W 0201-1990  

 N2O 44.0128 0.0000005* 0.99999843 

( ) O3 47.9982 0.0000007  0.99999913 

( ) O3 47.9982 0.0000002  0.99999913 

 SO2 64.0628 0.000001  1.0 

 NO2 46.0055 0.0000002  1.0 

 I2 253.8088 0.0000001  1.0 

* , . 
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2 8) 

[km] [K/km] 

[K] [Pa] 

-2.00 -6.5 301.15  

0 -6.5 288.15 101325 

11 0.0 216.65 22632 

20 1.0 216.65   5474.8 

32 2.8 228.65    868.01 

47 0.0 270.65    110.90 

51 -2.8 270.65     66.938 

71 -2.0 214.65      3.9564  

84.8520 187.65      0.39814 

 

1 , . ,

, , , , , , , ,

. 1 , , ,

, , 4% .ISO US 

Standard Atmosphere 1976 . 

 

20 ,

. , , .

, , ,

NACA 1921 “STANDARD ATMOSHERE” 9),1950 ICAO ,

”STANDARD ATMOSPHERE-TABLES AND DATA FOR ALTITUDES TO 65,800FEET”10)

11). 

, , 180 300K, 1/100000 1

. , , . 

US Standard Atmosphere 1976 (86km ) 3 . 

 

3 8) 

    

 K 1.380622 10-23 Nm/K 

 NA 6.022169 1026 Kmol-1 

 R* 8.31432 103 Nm/kmolK 

 g0 9.80665 m/s2 

 P0 1.013250 105 N/m2 

 r0 6.356766 106 Km 

 T0 288.15 K 

 S 110 K 

  1.458 10-6 kg/(smK1/2) 

  1.40  

  3.65 10-10 m 
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, ,86km , ,

. 

, ,

. 45 , 45 32 33

. 
 

, ,

, . 

Cv(T) , Pv=nRT

. , , , U U=Cv(T)T

Cv(T) ,Pv=nRT .

, , , . ,

, , ,

Z=Pv/RT 1 , . 

, ,

, , .

, 1 ,

,1 . , ,

. 

, , , ,

Gi(P,T) , ,

, ,

, P f . 

 

, .

. ,

, , . 
 

JANAF , , . M M+,M-

 

M = M+ + e- 

 

M + e- = M- 

, , ,  

Kp(T) = Kf(T)_M+ Kf(T)_e- / Kf(T)_M =[P_M+][P_e-]/[P_M] = 2/(1- ) 

Kp(T) = Kf(T)_M- / Kf(T)_M Kf(T)_e- =[P_M-]/[P_M][P_e-] = /(1- )2 

.  

Kf(T)_M+ Kf(T)_e- / Kf(T)_M =[P_M+][P_e-]/[P_M] =[P_M+]2/[P_M] 

Kf(T)_M- Kf(T)_e- / Kf(T)_M =[P_M-][P_e-]/[P_M] =[P_M-]2/[P_M] 

. log Kf = 0 , , 
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[P_M+] = (Kf(T)_M+ Kf(T)_e- / Kf(T)_M)* [P_M]= Kf(T)_M+ / Kf(T)_M [P_M] 

[P_M-] = (Kf(T)_M- Kf(T)_e- / Kf(T)_M)* [P_M]= Kf(T)_M- / Kf(T)_M [P_M] 

. 

Ar, Ne, Kr, Xe Ar+, Ne+, Kr+, Xe+ ,  

Ar  Ar+ + e- , log Kf = 0 , 

Kp(T) = P_Ar+ P_e- / P_Ar 

log Kp(T) =log Kf_Ar+ +log Kf_e- - log Kf_Ar = log Kf_Ar+ 

Kp(T) = Kf_Ar+ 

<<1 , = Kf_Ar+ . 4 . 
 

4  

T/K _Ar+ _Ne+ _He+ _Kr+ _Xe+ 

300K      
1000K      
2000K      
3000K      
6000K      

 

C,N,H,O ,NO2
-,CO2

- logKf>0 .

[P_M+] [P_e-],[P_M-] [P_e-] , ,

, ,

. , ,

0.01% 3000K

. 

 

,

, ,

. , . 

2.2.1 , , , 

1) NACA ( 12~14), 

2) ( 15,16), 

3) MIL ( 17) 

4) ( 18,19) 

5) ( 20) 

, ,

,  

,U.S. Standard Atmosphere1962 , .SI
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,

. 

Hilsenrath et al., 196021),H. D. Baehr et al., 196122), AGARD23),

Pearson et al. ,196524), J. H. Keena et al. , 198328), JANAF25)30), W. C. Reynolds, 

197926), ,198327), , 199529), ,200631),

,200632), CRC Handbook of Chemistry and Physics, D. R. Lide et al. ,200933) 

, , ,SI .

0K,273.15K(0 ),298.15K,298.16K, 1 ,1bar  
 

21~23,26~29,31~33 , ,

, , 34~44 ,

, , ,Lemmon
34)  

, , , ,

,  
 

, Keenan Kaye

.

, ,

, 3.4

, ,JANAF logKf_M

. 
 

M M=CaHbOcNd  

aCO2+b/2H2O+(c/2-a-b/4)O2+d/4N2 CaHbOcNd 

,  

Kp_M(T)=[P_ CaHbOcNd]/[P_CO2]a[P_H2O]b/2[P_O2](c/2-a-b/4)[P_N2]d/2 

=Kf_CaHbOcNd/Kf_CO2
aKf_H2Ob/2Kf_O2

(c/2-a-b/4)Kf_N2
d/2 

. 

 

CaHbOcNd+e-= CaHbOcNd
- 

Kp_M-(T)=[P_ CaHbOcNd
-]/[P_ CaHbOcNd][P_e-] 

=Kf_CaHbOcNd
-/ Kf_CaHbOcNd Kf_e- 

 

CaHbOcNd= CaHbOcNd
++e- 

Kp_M+(T)=[P_ CaHbOcNd
+][P_e-]/[P_ CaHbOcNd] 

=Kf_CaHbOcNd
+ Kf_e-/ Kf_CaHbOcNd  
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JANAF ,H3O+ Hydromium , H3O , H-O

, 2H2O=H3O++OH-

.  

Kp_H3O+(T)=[P_ H3O+][P_OH-]/[P_ H2O]2 

=Kf_H3O+ Kf_OH-/ Kf_H2O2
  

 

Hilsenrath, ,Lemmon 1

1 ,450K 1500K .1500K Hilsenrath

. , ,3000K , .3.4

, .JANAF 3 4  (

3 Ar ). ,

. 200K

, ,

 

 

 
1  

 

. P,V,T

, , . ,

. 

1) PROTHERO45) 

Cp0= a1+a2x+a3x2+a4x3+a5x4+a6x5+a7x6  (0.3 x 2) 

Cp0= a8+a9x+a10x2+a11x3+a12x4+a13x5+a14x6 (  2 x 6) 

 X=10-3 T 

2) 46) 

Cpj= a1+a2/ +a3/ 2+a4/ 3+a5/ 4  (1.2 ) 

Cpj= a6+a7 +a8 
2+a9 

3+a10
4  ( 1.2) 

=T/1000, 
CO,CO2,O2,H2,H2O,OH,H,O,NO,N2 
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3) REYNOLDS24) 

P= RT+ 2[A1T+A2T1/2+ AiT3-i]+ 3 AiT7-i+ AiT11-i+ 5A13 

+ 6(A14/T+A15/T2)+ 7A16/T+ 8(A17/T+A18/T2)+ 9A19/T2 

  +[ 3(A20/T2+A21/T3)+ 5(A22/T2+A23/T4)+ 7(A24/T2+A25/T3) 

+ 9(A26/T2+A27/T4)+ 11(A28/T2+A29/T3) 

+ 13(A30/T2+A31/T3+A32/T4)]e- 2 

     Cv=mixture N2,O2,Ar 

4) 29) 

Cp
0= ai(T/T0)bi 

3) 200MPa , 32  

 

JANAF 4 ,1087 ,N,O,C,H Ar,Ne,He,Kr,Xe

, 90 . 

 

1)  

 
2  
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2) (1, 10, 100bar) 

 
3  

 

2 3 ,2500K 2000K

1% NO , , H2,CH4

, O2 NO+ 2500K 10-9

,  
 

3 , , , ,

, .  

, JANAF 4 ,

, CRC, Hilsenrath . 

, , U.S. Standard Atmosphere1976  
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Lemmon . ,N2,O2,Ar

,CO2 .  

C  

, , ( 47~54) & 55)

, , , ,

55  

 

, .

. , ,

. , , , ( ) ,

. , ,

. 

, 35 . 34

Sharjah (Salmela and Grantham 1972). 

 , (

) . , , ,

, , .

34 1000mb 3.5 104[ ppm] . ,

. ,

, . 

, , . ,

. .

, 10 , 5 .

, . Vostok 3470m

-88.2 Riordan 1970 . 

-88 0.1ppm , . ,

. , ,

. 

( )

. , -40 .

. 10km .

,8km .

(Gringorten 1966). 400mb , 6 8km

,5,25,50,75,95% .

.  

1950 , , , , , ,

, . ,

. 
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1959 , .

.

. , ,

.

. 

Advanced Research Projects Agency PRINCIPIA

,

.JANAF Dow Chemical .

,JANAF

. .  

5.1  

T [K] 
Cp0 

[J/molK] 

S0 

[J/molK] 

[G0-H0(Tr)]/T 

[J/molK] 

H0-H0(Tr) 

[kJ/mol] 
fH0 

[kJ/mol] 

298.15 29.101 198.821 192.701 0.000 -0.12357 

500 29.819 213.999 195.063 5.932 -0.12361 

1000 33.047 235.673 204.582 21.662 -0.12391 

1500 35.075 249.500 211.882 38.746 -0.12424 

2000 36.207 259.758 217.319 56.590 -0.12459 

2500 36.945 267.921 221.464 74.849 -0.12504 

3000 37.479 274.707 224.681 93.501 -0.12563 

3500 37.887 280.516 227.201 112.346 -0.12637 

4000 38.212 285.598 229.180 131.374 -0.12725 

4500 38.489 290.115 230.727 150.550 -0.12825 

5000 38.761 294.184 231.922 169.862 -0.12936 

5500 39.046 297.891 232.824 189.311 -0.13061 

6000 39.400 301.303 233.478 208.919 -0.13200 
    

5.2 (1bar) 

T [K] 
Cp0 

[J/molK] 

S0 

[J/molK] 

[G0-H0(Tr)]/T 

[J/molK] 

H0-H0(Tr) 

[kJ/mol] 
fH0 

[kJ/mol] 

298.15 29.101 198.816 192.699 0.000 -0.12361 

500 29.818 213.994 195.062 5.932 -0.12365 

1000 33.047 235.671 204.579 21.662 -0.12073 

1500 35.075 249.585 211.788 38.746 -0.00465 

2000 36.200 260.184 216.712 56.584 0.67550 

2500 36.822 268.792 218.930 74.654 3.58296 

3000 36.629 274.388 216.043 91.697 15.37266 

3500 35.075 273.805 208.023 105.037 43.28322 

4000 33.293 269.962 202.727 116.264 71.47294 

4500 32.534 269.204 200.984 129.412 85.59067 

5000 32.217 270.186 197.471 143.400 97.69987 

5500 31.785 270.327 189.457 156.031 120.58383 

6000 31.041 267.618 176.641 165.322 164.32865 
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5.2 (10bar) 

T [K] 
Cp0 

[J/molK] 

S0 

[J/molK] 

[G0-H0(Tr)]/T 

[J/molK] 

H0-H0(Tr) 

[kJ/mol] 
fH0 

[kJ/mol] 

298.15 29.101 179.671 198.407 0.000 -0.12361 

500 29.818 194.849 204.634 5.932 -0.12365 

1000 33.047 216.527 223.724 21.662 -0.12060 

1500 35.075 230.443 240.505 38.746 -0.00449 

2000 36.204 241.043 255.034 56.590 0.62363 

2500 36.897 249.780 267.405 74.789 2.48082 

3000 37.167 256.787 276.791 92.891 7.79079 

3500 36.729 260.816 282.000 109.447 20.86577 

4000 35.494 260.612 284.563 123.190 42.68511 

4500 34.125 258.144 288.749 135.253 64.70081 

5000 33.281 256.754 295.178 147.995 79.97098 

5500 32.826 256.678 300.909 161.477 92.87576 

6000 32.470 256.557 303.771 174.427 110.95243 

      

5.3 (100bar) 

T [K] 
Cp0 

[J/molK] 

S0 

[J/molK] 

[G0-H0(Tr)]/T 

[J/molK] 

H0-H0(Tr) 

[kJ/mol] 
fH0 

[kJ/mol] 

298.15 29.101 160.527 204.115 0.000 -0.12361 

500 29.818 175.705 214.206 5.932 -0.12364 

1000 33.047 197.384 242.868 21.662 -0.12020 

1500 35.076 211.304 269.219 38.747 -0.00308 

2000 36.207 221.910 293.329 56.594 0.60989 

2500 36.923 230.680 315.483 74.837 2.13300 

3000 37.352 238.086 335.624 93.302 5.22605 

3500 37.434 243.917 353.262 111.329 11.32297 

4000 37.066 247.524 368.198 128.121 21.98599 

4500 36.274 248.542 381.470 143.064 36.97313 

5000 35.323 247.708 394.919 156.495 53.34747 

5500 34.500 246.453 409.362 169.466 68.08466 

6000 33.932 245.593 423.932 182.599 81.34458 

      
 

1) , (I) ,

,NAL TM-230, 1972  

2) , (II) NO ,

,NAL TM-273, 1975  

3) , , ,NAL 

TM-293, 1976  

4) , , ,NAL TM-434, 1981  

5) , ,
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