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E Q U A T I O N  O F  S T A T E  A N D  E Q U A T I O N S  O F  

T H E R M O D Y N A M I C  P R O C E S S E S  I N  D E N S E  L I Q U I D S  

A N D  G A S E S  ( N I T R O G E N  A N D  A R G O N )  

V. P. Dobrodeev  and N. A. Mochalova  UDC 536.71 

An isothermal equation of state of dense hquids and gases is suggested that decrtbes, with rather high 

accuracy, the available experimental data for nitrogen and argon within a wtde range of temperatures and 

allows one to perform extensive extrapolation with respect to density. 

In a great  number  of engineer ing  devices nitrogen and argon are  used as a working body.  To des ign these 

devices and technological  processes implemented  by them one should know the equation of s ta te  of l iquefied and  

gaseous ni t rogen and  argon at high pressures  within a wide range of temperatures .  

A great  number  of the equations of s ta le  are  known that descr ibe  the the rmodynamic  proper t ies  of ni trogen 

and argon dense  liquids and  gases [1-7 1. However,  only some of them allow the de te rmina t ion  of pa rame te r s  within 

the range of pressures  in which exper imenta l  data  a re  absent .  These  include various modif icat ions of the Tale  

equation [2 I. At T = idem this equation has the form 

v = v 0 [1 - C l n  (p + B) / (p  + B0) I ,  (1) 

where B = B(T);  C = 0.3678. It proper ly  descr ibes  the volumetric behavior  of ni trogen and argon at pressures  of 

from 300 to 1200 MPa. The  Tate  equation of s tate is among those that  have been theoret ical ly  subs tan t i a t ed  18, 

9 I. However,  it has the crucial drawback that  at a very high pressure  volume becomes negative. A simple empirical  

equation of s ta te  sugges ted  in [7 I is free of this drawback 

~ p = a +  h l n p ,  (2) 

where a = a (T) ;  b = b(T). But this equation is unsui table  for de te rming  the volume of substance in a metas tab le  

state (a supe rhea ted  liquid) at negative absolute  pressures  [10 ]. 

In l 11, 12 ] it is shown that the equation of an isentropic process in a liquid has the form 

v = v 0 I(P0 + Bs)/(P + 13s)]1 ,~ , (3) or /9 = Po [(P + Bs)/(Po + Bs)]1/,~ 

where Bs = Bs(s); x = x(s).  
Calcula t ions  showed that the isothermal  equation of s ta te  

v = v 0 I(Po + B) / (p  + B)I  I , n  , (4) or P = P 0  I(P + B)/'(P0 + B)I l /n  

where 13 = B(T);  n = n(T) ,  which is analogous to expression (3), holds for many liquids and dense  gases if 

P/Per  >- I~ �9 

Table  1 gives the values of the parameters  n and B of Eq. (4) for known exper imenta l  isotherms of ni trogen 

dense liquid and gas ( forp/pcr  >- Pmin/Pcr = 2). }{ere the relative mean and maximum deviat ions (0) of the values 

of ni trogen dens i ty  calculated by equation of s tate (4) from the exper imenta l  data  on each isotherm are  presented .  

The table also gives s imi lar  deviat ions for Eq. (2). It follows from the table thal the deviation of the results  of 
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TABLE I. Values of the Coefficients of the Equation of State (4) for Nitrogen and Relat ive Deviat ions of the Values 

of Molar Volumes of Nitrogen Calcula ted by Eqs. (2) and  (4) from the Test Data on Exper imenta l  I so therms  

Isotherm, K 

115.66 

145.08 

175.83 

205,52 

252.56 

280.93 

308.79 

247.5 

273.3 

297.4 

320.8 

294.65 

453.15 

473.15 

573.15 

673.15 

308.15 

373.15 

473.15 

573.15 

673.15 

Maximum 

pressure  on 

isotherm,  MPa 

295 

532.5 

834.6 

998.8 

1055.4 

1056.7 

1051.2 

1600 

2000 

2200 

2200 

658.6 

506.6 

810.6 

1013.2 

1013.2 

1000 

1000 

1000 

1000 

1000 

Reference 

[2, p. I12-113 

I2, p. 1151 

I131 

12, p. 109 1 

Coefficients of Eq. (4) 

6.6711 

6.5068 

5.5184 

5.1865 

4.3334 

4.6310 

4.4641 

4.7231 

4.5212 

4.4452 

4.3599 

4.4138 

4.1500 

4.0527 

3.8279 

3.7409 

4.4301 

4.1393 

4.1012 

3.8165 

3.7510 

6, '~ ( n u m e r a t o r -  mean 

deviat ions;  denomina to r  - 

maximum devia t ions)  

B, MPa 

11.46 

- 2 . 5 9  

- 1 5 . 8 8  

- 2 5 . 7 4  

- 3 9 . 1 3  

- 4 4 . 2 3  

-54 .21  

- 4 1 . 6 5  

-45 .21  

- 5 0 . 7 7  

- 5 6 . 5 5  

- 5 1 . 2 0  

- 1 0 3 , 6 7  

-105 ,68  

-117 .81  

- 1 2 6 . 6 3  

- 5 1 . 6 3  

- 6 3 . 2 7  

- 1 1 0 . 0 9  

- 1 1 5 . 9 0  

-125 .71  

Eq. (2) 

0 .62/0 .04 

0 .06/0 ,19  

0 .10/0 .20  

0 .08/0 .13  

0 .04/0 .10  

0 .06/0 .15  

0 .09/0 .12  

0 .12/0 .22  

0 .15/0 .60  

0 ,15/0 .62  

0.15/0,41 

0.13/0.21 

0 .09/0.16 

0 .30/0.73 

0 .37/1.14 

0 .46/1 .00  

0 ,05/0 .32 

0 .15/0 ,47 

0 .25/0 .79 

0 .19/0.68 

0.23/0.61 

i Eq. (4) 

0.03/0 ,06  

0 .4 /0 .72  

0 .06 /0 .10  

0.03/O.O7 

0 .02/0 ,07  

0 .05/0 ,19  

0 .021/0 .30  

0 .03/0 .08  

0 .03/0 .09  

0 .02 /0 .05  

0 .02/0 .04  

0 .05/0 .14  

0 .02/0 .04 

0 .04/0 .07  

0 .16/0 .36  

0 .20/0 .37  

0 .03/0 .08  

0 .07/0 .22  

0 .08/0 .17  

0 .06/0 .13  

0 .11/0 .23  

calculations by Eq. (4) from the lest data  does not exceed the error  of the exper iment  and  that Eq. (4) gives bel ier  

resulls  than does Eq. (2). 

In Tables  2 and 3 for ni trogen and argon dense liquids and gases values of lhe pa ramete r s  tz and  B and 

lhe derivatives d n / d T  and d B / d T  are  given thal were obta ined from the exper imenta l  values presented  in ]2 ] and 

from tables in [1, 51. 

In Fig. 1 the curves n = rt(7") and B / P c r ( r  ) for nitrogen and argon are presented.  Both cu~'es  are  vir lual ly 

the same, i.e., nitrogen and argon dense  liquids and gases at 0.6 < r < 3 are the rmodynamica l ly  s imi lar  in their  

isolhermal  processes.  

Equation (4) holds for argon,  if P / P c r  >-- P m i n / P c r  = f ( z )  (see Fig. 1). It is seen from the figure lhal  the 

parameters  n and l,' are lhe monotonical ly decreasing functions of r. They are independent  of Ihe value of initial 

pressure P0 if P /Per  > Pmin /Pcr  �9 Near  the critical tempera ture  (r = 1) the paramete r  B changes its sign: in l i qu id  

B is positive and in a dense gas it is negative. The pa ramele r  B, which has the dimension of pressure ,  is associa lcd  

wilh lhe value of inlernal  pressure:  

Pin = (Ot~/Ov)I" = T ( a p / O T )  v - p = (;"' :/0 - 1) = (o:~*o) n (p + lr - p .  
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TABL2. Values of the Parameters n, B, d n / d T ,  d B / d T  for Nitrogen Dense Liquid and Gas 

T, K n B, MPa d n / d T ,  1/K d B / d T ,  MPa/K 

65 

80 

100 

125 

150 

200 

250 

300 

350 

400 

450 

500 

550 

600 

650 

7O0 

750 

800 

13.5 

8.85 

7.70 

6.75 

6.03 

5.22 

4.70 

4.45 

4.30 

4.18 

4.10 

4.00 

3.03 

3.85 

3.8 

3.7 

3.6 

3.5 

35.9 

31.9 

15.5 

2.0 

-8 .2  

-26 .5  

- 4 2  

- 5 4  

- 6 7  

-81 .5  

- 9 4  

-104  

- 1 1 2  

-118  

- 1 2 6  

-137  

-146  

- 155 

-0.084 

-0 .050 

-0.033 

-0 .024 

-0.013 

-0.08 

-0 .06  

-0 .05  

-O.04 

-0 .03 

-0 .02 

-0 .017 

-0.017 

-0 .017 

-0,017 

-0 .017 

-0.017 

-0 .62  

-0 .77  

-0 .46  

-0.41 

-0 .33  

-0 .29  

-0 .27  

-0 .255  

-0 .24  

-0 .22  

-0 .20  

-0 .18 

-0 .17  

-0 .17  

-0 .17 

-0 .17  

-0 .17 

TABLE 3. Values of the Parameters n, B, d n / d T ,  d B / d T  for Argon Dense Liquid and Gas 

T, K n B, MPa d n / d T ,  1/K d B / d T ,  MPa/K 

90 

100 

I10 

120 

130 

140 

150 

160 

170 

180 

190 

200 

210 

220 

230 

240 

250 

3O0 

400 

5OO 

600 

673 

9.5 

8.52 

7.90 

7.70 

7.55 

7.35 

7.12 

6.75 

6.40 

6.10 

5.80 

5.50 

5.35 

5.25 

5.15 

5.05 

5.00 

4.80 

4.45 

4.15 

3.85 

3.65 

44 

37 

30 

20 

12 

5 

-1 .5  

-6 .5  

- 1 0  

- 1 3  

-15 .5  

- 18  

-21 

- 2 4  

-28  

- 3 2  

- 3 5  

- 5 9  

-92  

-113  

-123  

-127  

-0 .09  

-0.082 

-0 .03  

-0.015 

-0 .015 

-0 .015 

-0 .025 

-0.032 

-0.032 

-0.032 

-0.032 

-0 .03 

-0.026 

-0 .020 

-0 .015 

0.010 

0.009 

0.005 

0.004 

0.003 

0.0025 

0.002 

-0 .8  

-0 .7  

-0 .75  

-0 .79  

-0 .80  

-0 .78 

-0 .73  

-0 .60  

-0 .40  

-0 .30  

-0 .25  

-0 .25  

-0 .25  

-0 .34 

-0 .40  

-0 .47  

0.45 

0.38 

0.27 

0.17 

0.09 

0.0.5 
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Fig. 1. The values of the parameters n and /3/pc r from Eq. (4) for nitrogen 

and argon dense liquids and gases, which holds a l p ~ p c  r -> 2 for nitrogen and 

P/Per  -> Pmin/Pcr for argon: 1) nitrogen, 2) argon, 3) Pmin/Pcr for argon. 

With the quantities n, B, d n / d T ,  and d B / d T  being known, the isothermal entropy difference is found from 

the equation 

p , , {  n-, t s - s 0 = f ( 8 v / S T ) p d p  = - (OVo /OT)  p (pO  + 1 3 ) ~  [ ( p  + B ) / ( p O  + tY)] n _ i - 

PO 

Vo (Po + B) dn 
n (n - I) d T  

p + B  (n- 1 )." n n- 1 l ( p  + l? n 
In ~Po + ~ j  n - t (1(.o + tY)'J(Po + B)  I " i 1) 

ip  - p o  
+ v 0 d l Y / d T  lp  0 +-------~ [(Po + B)/(p + z01 

I /" tl 

,,-1 )t 
r/ 

n -  1 ( [ ( p + 1 3 ) / ( p o +  B )  I " - 1 . 

The isothermal en iha lpy  di f ference is determined by the expression 

(5) 

P 

h - h o = f l y  - T (8v /OT)p  ] dp = (,s" - s0) T + 
PO 

n - I 

, , - ,  - ,  (6) 

The equation for vo lat i l i ty  has the form 

n--I } 
1 P VO (PO + 1; )  n . . . .  

In U//O) = ~ f vdp  - R T  n - l " [ ( p  + l ~ ) /  (PO + 13) 1 " - l . 
PO 

To estimate the possibi l i t ies of extensive extrapolat ion with respect to pressure for argon, approx imate 

values of n and 1/were found using the data of [2, pp. 117-118 I at T = 348.15 K on the basis of the volume values 

at pressures of 24,5.2, 204.2, and 343.2 MPa. The maximum value of 6 obtained in calculat ions by Eq. (4) with 

approx imate n and 1~ (n = 4.34, B = O0.S MPa) at a pressure of 1667.1 MPa (i.e., 4.86 times h igher than the 

max imum used in determinat ion of n and 13) is 1.48%. 

Analysis of tile results of calculations on the basis of tables of I 1, 5 I al lows onE" to conclude that in nitrogen 

and argon dense l iquids and gases thermodynamic processes at a constant value of some function of stale (z = T, 

.v, k...) are describcd by the equation 

(p + I~:) v n~ = idem, (7) 
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where B z = ]3z(Z), nz = nz(Z) .  

Pressure and volume on the lines of solidification and melting (in liquid and solid phases), on the line of 

boiling (at P / P c r  >-- Pmin/Pcr ), and also for argon in a crystall ine state at constant  z (from the data of Table  VIII 

from 151) are related by the same equations. 

The line of melting of solid argon at T = 8 6 -  107 K is described, with a maximum error of 0 .1%,  by the 

equation 

vv = VTo [(P0 + Bi . ) / (P  + ]3~.)I I J"J ,  (8) 

where n). = 3.8, 13). = 861.67 MPa (by the data of 15 1). 

Specific volumes of liquefied argon on the solidification line up to T = 300 K were found with the aid of 

Eq. (4) and Table 3. Pressure of solidification and melting is determined by formula (1.68) from [5 I: 

p = 0 . 4 9 9 3 1 3 ( T -  30.179) 143~  148.494 MPa ,  (9) 

which holds up to T = 273 K. For T > 273 K the solidification pressure was found from the verified formula (9) 

for obtaining an agreement  with the experimental  value of the solidification pressure (Psol = 1324 MPa at t = 22~ 

(Table 5.12, 12 1)) : 

1.43057 
p = 0 . 4 9 9 3 1 3 ( T -  30.179) - 1 4 8 . 4 9 4 - 0 . 4 8 1 8 ( T -  273.15) MPa.  

Specific volumes of liquefied argon on the line of solidification at T = 8 8 - 3 0 0  K are found, with a maximum 

error of 0 .8%,  by the equation 

v = v o I(Po + B ~ ) / ( p  + B~)I,  (10) 

where n,~ = 6.21, 13;. = 243.695 MPa. 

Specific volumes of liquefied argon on the boiling line at P / P e r  > 2.12 iT < 123 K) are found, with a 

maximum error of 0 .8%,  by the equation 

v = v 0 [(P0 + ]3 ' ) / (P  + B')  1 l ' n  , (11) 

where n = - 7 . 3 2 ,  ]3 = 0.29456 MPa. 

Specific volumes of liquefied nitrogen on the solidification line up to T = 300 K were found by Eq. 4 and 

Table 2. The pressure on the line of solidification is determined by the Mills a n d G r i l l i c q u a t i o n  11 1, which holds 

up to 300 K: 

Psol = - 160.662 + 0.09,57894 7 "1'791 MPa.  

Within the entire range of temperatures of from 65 to 300 K specific volumes of nitrogen are determined,  

with a maximum error of 0 .016%, by Eq. (10), where n,~. = 4.587, II). = 384.064 MPa. 

Specific volumes of liquefied nitrogen on the line of boiling for T -< 100 K are described, with a maximum 

error of 0 .87%, by Eq. (11), w h e r e n  = - 7 . 7 8 ,  ]3 =0.15131 MPa. 

Just as in Eq. (4), in Eqs. (7), (8), (10), and (I 1) the values of the parameters nz and ]3: do not depend 

on the value of Po, if ,o 0 'Per  > Pmin"Pcr. 

In Eq. (7) the parameters nz and tJz are determined by the following relations 

l " /d=- l . f l z  0 r e : p -  mzoP 0 K z -  Kzo 
n . -  - - m + p ( 0 m : / 0 p ) : -  - ( a K  ~ a p )  = n . ( z )  

P - PO P - PO P - -  P0 

]3. = ( m : -  nz) p n z = l.,'(j3zn z) - p = ] 3 z ( z )  (12) 
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In d e n s e  l iquids and  gases  the Gr i i ne i s en  p a r a m e t e r  112 I 

2 

: v ~Ou) : - c  v -/3c v a T  

is a s lowly va ry ing  quant i ty .  If at s = idem it is a s s u m e d  to be cons tan t ,  then  we ob ta in  the equa t ion  for an i sen l ropc  

in the form 

T/To = I(P + /",O"(Po + B,O I e/~ = (,o/PO)e. (14) 

Specific work of compression and expansion at s = idem and ~: = idcm is determined by the formulas [12 ] 

K - I  

) - , ;  

Lsexp = h I - h2s = f d p / p  - (K - l ) p  I ! - - -  " 
?s [Pl + B) 

(15) 

T h e  fo l lowing e x a m p l e s  al low one  to e s t ima te  the accuracy  of the sugges t ed  equa t ion  of s ta te  a n d  the  equa t ions  of 

t h e r m o d y n a m i c  processes  for n i t rogen  and  a r g o n d e n s e  l iquids and  gases.  

Example 1. To d e t e r m i n e  t h e r m o d y n a m i c  pa r ame te r s  of n i t rogen  at T = 100 K and  p = 100 MPa.  

From the tables  of 11 ] at T = 100 K and  p = 1.0 MPa we take the known values:  p = 689.64 k g / m  3, s O = 

3.375 k . I / ( k g . K ) ,  /7.o = 174.6 k J / k g ,  d v o / d T  = 1 .2862 .10  - 5  m 3 / ( k g . K ) .  F rom T a b l e  2 we find n = 7.70, 13 = 15.5 

MPa,  d n / d T  = - 0 . 0 4 8  I / K ,  d B / d T  = - 0 . 7 6  M P a / K .  From Eqs. (4) - (6)  at p = 100 MPa we ob ta in  the  fo l lowing 

v a l u e s : p  = 887.91 k g / m  3, s = 2.890 k J / ( k g . K ) ,  h = 247.9 J / k g .  T h e  e r rors  of the  d e t e r m i n a t i o n  of the  p a r a m e t e r s ,  

as c o m p a r e d  with [1 ], a re  0 .036% for dens i ty ,  0.01 ~'o for en t ropy ,  and  0 . 0 4 %  for en lha lpy .  

Example 2. To d e t e r m i n e  t h e r m o d y n a m i c  pa rame te r s  of n i t rogen  a f te r  i sen l rop ic  c o m p r e s s i o n  to p = 39 

MPa and  T = 150 K. T h e  init ial  pa ramete r s :  T = 110 K, Po = 1.5 MPa,  so = 3.600 k J / ( k g . K ) ,  P0 = 621.53 k g / m  3, 

h = 199.0 k J / k g .  

Us ing  the values  of p ressu re  and  dens i ty  at th ree  points  from [1 I and  the equa t ions  

, , 2 _ p o  p'- o = , ;  = p 2 _  po 2J o, , , 6 ,  P2" nz n. 

P2 - Pl P2 - Pl ~ (,o2/P0) nz - 1 

and  Eq. (13) at z = s  = 3.600 k J / { k g - K ) ,  we find nz = g  = 8.69, H s = 13.9126 MPa,  0 = 1.4168. At p = 39 MPa from 

Eqs. (3), (14),  and  (15) we o b t a i n : p  = 716.3 k g / m  3, T = 134.49 K, h = 254.45 kJ /kg .  T h e  e r ro rs  of d e t e r m i n a t i o n  

of dens i ty  a re  0 . 7 6 % ,  e n l h a l p y  0.13 <fro, and  t e m p e r a t u r e  1.893/o. 

At the s a m e  values  of ~:, B s, and  (J and  f ini te  T = 150 K from Eqs. (14) and  (15) we ob ta in  p = 89.373 M Pa, 

p = 773.62 k g / m  3, h = 321.8 k J /kg .  T h e  er rors  of d e t e r m i n a t i o n  of p re s su re  are  0.0037/,,, d ens i t y  0 . 0 0 2 % ,  and 

e n i h a l p y  0.31 ~,.  

Example 3. To d e t e r m i n e  n i l rogen  dens i ty  a f te r  ad iaba t ic  th ro t t l ing  at h = 230.5 k J / k g ,  to p = 34.375 and  

57.155 MPa. T h e  init ial  pa ramete r s :  P0 = 100 MPa,  7 o - 90 K, Po = 910.47 k g / m  3, s = 2.706 k J / ( k g .  K). 

Us ing  lhe values  of p ressure  and  dens i ty  al lh ree  poinls  from I1 I, we find by Eqs. (16) at z = h = 230..5 

k J / k g  = idem n h = 3.85; B h = 16.52 MPa.  By Eq. (7) at p = 34.375 MPa we f i n d p  = 734.23 k g / m 3 ;  at p = 57.155 

MPa we have p = 808.27 k g / m  3. T h e  e r ro r  of dens i lv  d e t e r m i n a t i o n  in the both cases  is 0.21 <'/<,. 

Example 4. To d e t e r m i n e  the t h e r m o d y n a m i c  proper t ies  of a rgon  at T = 100 K in a s table  s ta te  at p = 30 

MPa and in a m e l a s t a b e l e  s la te  at p = - 10 MPa. 

Wc a s s u m e  the t h e r m o d y n a m i c  pa r ame te r s  of argon from 1.Slat  T =  100 K and  p = 1 Ml ' a  to be known:  

vo = 0 . 7 6 1 1  10 -3  m3 /kg ,  ho = 90.08 kJ/kg,  s o = 1.527 k J / ( k g .  K), (,h,0, OT}c• p = 3 . 9 6  10 -~5 m 3 / ( k g  �9 K). F rom Tab le  
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3 we have n = 8.52, B = 37 MPa, d n / d T  = - 0 . 0 8 2  l / K ,  d B / d T  = - 0 . 7  M P a / K .  By Eqs. (4)-(6)  we obta in  at  p--- 

30 MPa: v=  0 .7121.10  -3  m3/kg ,  h = 102.20 kJ /kg ,  s = 1.435 k J / ( k g - K ) .  The  errors  of de te rmina t ion  of the specific 

volume are  0 .013%,  cn tha lpy  0 .25%,  arc  entropy 0 .20%. 

At p = - 10 MPa from Eqs. (4)-(6)  we obtain v = 0 .7923.10  -3  m3/kg,  h = 86.83 kJ /kg ,  s - s O = 0.0528 

k J / ( k g ' K ) .  In Table  5.6 of [10] the following values are  given: v = 0 .795 .10  -3  m3/kg,  h = 86.65 kJ /kg ,  s - so = 

0.053 k J / ( k g .  K). The  errors  of de te rmina t ion  of the specific volume are  0 .34%,  en tha lpy  0 .21%,  and  the di f ference 

s - so 0 .4%.  

E x a m p l e  5. To d e t e r m i n e  t e m p e r a t u r e  in c ry s t a l l i ne  a rgon  a f te r  omn id i r e c t i ona l  shock ( i sen t rop ic )  

compress ion  to p = 50 MPa. The  ini t ial  pa ramete r s :  s = 0.8250 k J / ( k g . K ) ,  TO = 70 K, p = 0.1 MPa,  v 0 = 

0.6008" 10 -3  m3/kg.  Using the values of pressure  and specific volume of argon at three points from 15 1, we obta in  

by Eqs. (16) and  (13) at z = s = 0.8250 k J / ( k g .  K) the values of x = 7.4, B s = 275.4 MPa, 0 = 2.799. From Eq. (14) 

we find T = 74.55 K. The  er ror  of t empera tu re  de te rmina t ion  is 0 .02%.  

T h u s ,  the  s u g g e s t e d  equa t ion  of s t a t e  a n d  the equa t ions  of t h e r m o d y n a m i c  p roces ses  (7) can be 

recommended  for practical  calculat ions of the rmodynamic  pa ramete r s  of ni trogen and argon dense  liquids and gases  

at high pressures  within a wide range of tempera tures ,  including extensive ext rapola t ion  of the known da ta  to h igher  

pressures .  

The  au thors  express  thei r  gra t i tude  to Professor  Sh. A. Piralishvil i  for valuable  advice and  remarks  and to 

g radua te  s tuden t  M. N. Sergeev for his help in processing the results .  

N O T A T I O N  

v, specific volume; p, pressure;  Po, pressure  taken as zero for reference;  v0, specific volume at this pressure ;  

p, densi ty ;  s, entropy;  T, absolu te  tempera ture ;  h, enthalpy;  f,  volatil i ty;  6 = I Vexpe r - V c a l c l / V c a l c  , % ,  relat ive 

deviat ion;  R, universal  gas constant ;  u, internal  energy;  ?'/'70 = T(Op/OT)v/p,  thermal  coefficient of pressure;  

a / a  0 = (T/v)(Ov/OT)exp,  r e l a t i v e  coe f f i c i en t  of v o l u m e t r i c  e x p a n s i o n ;  [3 z = - (Ov/Op)z /V,  c o e f f i c i e n t  of 

compress ib i l i ty  in the process of z = idem; mz = p(Op/Op)z /p  = I/(/3z.p); Kz = v(Op/Ov)z, elast ici ty modulus  in the 

process of z = idem [14 ]; a, sound velocity; co, heat  capacity at constant  pressure;  cv, heat capaci ty  at constant  

volume; r = T/Tcr.  Subscript  cr refers to critical parameters .  
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