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An equation of state has been found for nitrogen that satisfies the p, 
v, T data in the temperature interval 83.15-1g0 ~ K at reduced densi- 
ties a~ = 1.8-3 (and pressures up to 700 bar). 

Existing tables of the thermodynamic properties of 

nitrogen, even the most recent [1-3], do not contain 
sufficiently complete information about the properties 

of the liquid phase, although this information is valu- 

able in a number of branches of technology. The avail- 

able equations of state of nitrogen [2, 4-7], valid over a 

broad region of temperatures and pressures, and the 

equations of state of liquid nitrogen [8, 9] do not de- 

scribe with experimental accuracy the p, v, T data 

for the liquid, including the saturation and solidifica- 
tion curves. This has made necessary the construction 
of an equation of state suitable for calculating the ther- 
mal and caloric properties of liquid nitrogen. 

The equation of state was constructed on the basis 

of reference p, v, T data obtained as a result of the 

analysis and correlation of experimental data on the 

density of liquid nitrogen [4, 8, i0, II]. The data were 

correlated with respect to isotherms and isobars, since 
the isobars of the liquid in p, T coordinates have a 

small curvature over a broad interval of variation of 

the parameters (except for the near-critical region). 

P 

690 -~' 

/ , j -  
o o/ ,,'>'<~ , 

670 

a85i~ii / 
Q60~ 200 000 80O 800 fl 

Fig. i .  Isotherms of liquid nitrogen from 
the experimental data of different authors: 
a) Golubev and Dobrovol'skii [11], b)Van 
Itterbeek and Verbeke [10], and c) Bene- 
dict [4]; 1) for 77.31 ~ K; 2) 77.35; 3) 90.26; 
4) 90.15; 5) 123.15; p in kg/dm3; p in bar. 

The most detailed experimental data on the density 
of liquid nitrogen are those obtained by Golubev and 

3 4 2 - 3 4 8 ,  1967 

DobrovolTskii [ii] for the pressure interval 49.4-485 

aim and the temperature interval - 195.8 ~ to - 140 ~ C. 
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Fig. 2. Isobars of liquid nitrogen close 
to solidification curve: a) data of Golu- 
bey and Dobrovol' skii [11], b) Grilly 

and Mills [14]; 1) for 491.4 bar 2) 393.1; 
3) 295.3; 4) 197.2; 5) 99.1; 6) 50.1; p in 

kg/dm3; T in ~ K. 

The previously published data of Benedict [4] for the 

-150 ~ C and -183 ~ C isotherms, embracing the pres- 

sure range 700-1250 atm, agree with the values given in 

[11] correct to 0.1-0.2%. The experimental results of 

Van Itterbeek and Verbeke in the temperature interval 

65.85-90.60 ~ K at pressures up to 150 kgf/cm 2 [8] and 

on the 77.31 ~ K and 90.26 ~ K isotherms up to 574 kgf/ 
/cm 2 and 842kgf/cm 2 [10] are for the most part too high 

(upto0.7-1.3% at highpressures, Fig. 1). In [Ii I thehy- 

drostatic weighing method was employed, and in [8, I0 ] 

the less reliable method of determining the dependence 

of the derivatives (Sp/Op) T on pressure and then cal- 

culating the density by integration. Therefore the re- 

salts of Golubev and Dobrovol'skii [11] and Benedict [4] 

were taken as standards for most isotherms. In the 

temperature interval 125~ ~ K to obtain a smooth 

correlation with the data on gaseous nitrogen [3] the 

isobars were drawn between the points of [3, Ii], fitted 

to within 0.1-0.2%. Correlation with the saturation 

and solidification curves had an important influence on 
the choice of reference data below 85 ~ K. In this con- 

nection it is desirable to examine our data briefly for 

the above-mentioned curves. 

As reference data for the saturation curve of nitro- 
gen we took mainly the data of [12], which generalize a 

large amount of accumulated experimental material. 
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Fig. 3. Temperature functions A(T), B(T) and C(T) of the equation of 
state for liquid nitrogen. 
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In the in te rva l  63.15~ ~ K the dens i t i es  of the boil ing 
l iquid were  co r r ec t ed  s l ight ly to fit the value at the 
t r ip le  point d e t e r m i n e d  f rom the r e su l t s  of [14]. For  
the so l id i f ica t ion  curve  we used the re l i ab le  data ob-  
t a i nedby  Mil ls  a n d G r i l l y  [13, 14]. In [13] these  authors  
inves t iga ted  the dependence of so l id i f ica t ion  p r e s s u r e  
on t e m p e r a t u r e  in the in te rva l  3 .5-3600 kgf /cm 2, and 
in [14] d e t e r m i n e d  the specif ic  vo lumes  on the so l i d i -  
f ica t ion curve  at p r e s s u r e s  of 79-3556 kgf/cm2; in 
both s tudies  the expe r imen ta l  data were  desc r ibed  
ana ly t i ca l ly  with expe r imen ta l  accuracy .  

Upon ex t rapo la t ing  the i soba r s  cons t ruc t ed  on the 
ba s i s  of the data of [11] to so l id i f ica t ion  t e m p e r a t u r e s  
we obtain va lues  of the densi ty  exceeding the va lues  of 
[14] b y 0 . 2 - 0 . 6 % .  In o rde r  to fit  the sol id i f ica t ion curve,  
at t e m p e r a t u r e s  below 85 ~ K the i soba r s  were  drawn 
between the points of [11] and [14], so that the dev ia -  
t ions  did not exceed 0 .1-0 .3% (Fig. 2). As a r e su l t  we 
obta ined a r e f e r e n c e  ne twork  of i so the rms  and i soba r s  
e m b r a c i n g  the t e m p e r a t u r e  in te rva l  63.15~ ~ K at 

p r e s s u r e s  up to 700 bar .  
In o rde r  to desc r ibe  the t he rmodynamic  p rope r t i e s  

of l iquid  n i t rogen  we used  an equat ion of s tate  in the 
f o r m  

p = A (T) p~ + B (T) p.§ + C (T) p~+4. (1) 

A cheek showed that for this  l im i t ed  number  of t e r m s  
the e x p e r i m e n t a l  data on mos t  of the i so the rms  are  
well  sa t i s f i ed  when n is taken equal to unity. 

The t e m p e r a t u r e  funct ions  of the equat ion of s tate  
(1) were  d e t e r m i n e d  by l i n e a r i z a t i o n  of the i so the rms .  
F r o m  the r e f e r e n c e  data  on the i s o t h e r m s  we ca lcu-  
lated the complexes*  

yl = ( p p~ ) 1 B + C (p2 + p2s), (2) 
,, P 9~ P 2 - -  92 

the cons t ruc t ion  of which as a function of p2 + p2 s made 
it  poss ib le  to d e t e r m i n e  the va lues  of C. After  smoo t h -  
ing and ana ly t i ca l  r e p r e s e n t a t i o n  of the function C(T) 

the new complexes  

Y2 p - -  C p5 A + B p2 (3) 
P 

2 were  formed.  By cons t ruc t i ng  Y2 as a function of p 
on the i s o t h e r m s  we found va lues  of the funct ion B(T), 
which was also smoothed  and de sc r i bed  ana ly t ica l ly .  
Then  f rom al l  the r e f e r e n c e  data we d e t e r m i n e d  the 
function A(T). 

In Fig. 3 the single symbols relate to the limiting, 
and the double symbols to the optimal values of the 
functions giving best satisfaction of the reference data. 
In order to obtain good correlation between the theo- 

retical values of the thermodynamic properties of the 

liquid and the data for the gas at high densities the 

temperature functions were determined up to 140 ~ K. 

Within the assumed limits the functions C (T) and B(T) 

are linear and are described by the expressions 

C (T) = 6237.03 - -  8_826 T, (4) 

*Here and in what follows the s u b s c r i p t  s denotes the 
dens i ty  and p r e s s u r e  in the s a tu r a t i on  s ta te .  

B (T )=  - -  6405.70 + 31.675 T. (5) 

The function A(T) has a more  compl ica ted  conf igu ra -  
tion and is approximated  by the polynomial  

A (T) = 377.556 --  1.22038 02 - -  

--  0.098336 04 -}- 0.0007383 0 ~, (6) 

where  0 = 0.1(T - 140). 
Subst i tut ion of express ions  (4)-(6) in Eq. (1) with 

n = 1 leads  to an equation of state for l iquid n i t rogen  
in which the p r e s s u r e  is m e a s u r e d  in bar ,  densi ty  in 
kg /dm 3, and t e m p e r a t u r e  in ~ K. 

Equation of state (1) c lose ly  desc r ibes  the t he rma l  
proper  tie s of n i t rogen  in the t empera tu  re in te rva l  63.15 ~  
140 ~ K and the reduced densi ty  in te rva l  w = 1 .8-3 .1  
(up to 700 bar) .  A compar i son  of the ca lcu la ted  densi ty  
values  and the r e f e r e nc e  va lues ,  including data on the 
s u p e r c r i t i c a l  i so the rms  at high dens i t ies ,  showed that 
for 192 points out of 235 the devia t ions  do not exceed 
0.1% and only at two points r each  0.22 and 0.33%; the 
mean  square  deviat ion is 0.08%. 

The overwhelming ma jo r i t y  of the expe r imen ta l  data 
of Golubev and Dobrovol '  ski i  [11] in the t e m p e r a t u r e  
in te rva l  88.15-133.15 ~ K a re  sa t i s f ied  by the equat ion 
of s tate  within the l imi t s  of expe r imen ta l  e r r o r  i0 .1% 
(Table 1). In the in te rva l  77.35-83.15 ~ K the ca lcula ted  
densi ty  values  a re  lower than the expe r imen ta l  va lues  
of [11] by 0.1-0.3%, which is a consequence  of the 
choice of r e fe rence  data (Fig. 2). 

The densi ty  values  ca lcu la ted  f rom the equat ion of 
s ta te  on the i so the rms  90.15 ~ K and 123.15 ~ K at p r e s -  
s u r e s  up to 700 bar  are  in a g r e e m e n t  with the e x p e r i -  
men ta l  data of Benedict  [4] c o r r e c t  to _+0.1~ There  
a re  deviat ions  f rom the data of Van I t t e rbeek  and Verbeke 
that have the s ame  magni tude and s ign as the devia t ions  
of the data of [8, 10] f rom the r e l i a b l e  r e s u l t s  of [4, 11]. 

It is of i n t e r e s t  to compare  the expe r imen ta l  dens i ty  
values  on the sa tu ra t ion  and so l id i f ica t ion  curves  with 
the ca lcu la ted  values  obtained us ing the equation of 
s tate  and a l so  the equat ions  of the vapor  p r e s s u r e  [12] 
and fus ion [13] cu rves .  

It is c l ea r  f rom Table  2 that the equat ion of s tate  
de sc r ibes  with high accu racy  the s a tu r a t i on  curve  at 
t e m p e r a t u r e s  up to 103.15 ~ K, and only at h igher  t e m -  
p e r a t u r e s  does the d i s c r epancy  exceed the e r r o r  of 
the r e f e r e n c e  data [12]. On the so l id i f ica t ion  curve  
the ca lcu la ted  values  a re  somewhat  higher  than the 
e x p e r i m e n t a l  data of [14] (Table 3), but the devia t ions  
l ie within the l im i t s  of expe r imen ta l  e r r o r  (0.2%). We 
note that in cons t ruc t ing  the ne twork  of r e f e r e n c e  data 
we admi t ted  a sys t ema t i c  devia t ion f rom the points  of 
[14], s ince sa t i s fy ing  them more  c lose ly  would have 
led to a g r e a t e r  deviat ion f rom the data of [11] at low 
t e m p e r a t u r e s .  

In o rde r  to check the poss ib i l i t y  of us ing  the p r o -  
posed equat ions  of s tate  for  d e t e r m i n i n g  the ca lo r i c  
p r o p e r t i e s ,  on the bas i s  of the t he rmodynamic  r e l a -  
t ions we obta ined e x p r e s s i o n s  for ca lcu la t ing  the e n -  
t ropy and enthalpy of l iquid  n i t rogen:  

s= s ' - -0 ,1  x 
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Table 1 

C o m p a r i s o n  of Ca lcu la t ed  Values  of the Densi ty  of Ni t rogen  p (kg/dm a) 
and the E x p e r i m e n t a l  Data of [11] 

p, 78-I5 ~ K 83.15 ~ K 88.15 ~ K 

? Pexp P Pexp P bar Pexp 

50,05 0,8168 
99.10 0.8272 
197.2 0.8456 
295.3 0.8602 
393.1 0.8738 
491.4 0,8858 

~Pav, % 
~Pmax,% 

0.25 
0.34 

0.8144 
0.8245 
0.8426 
0.8584 
0.8725 
0.8850 

0.7935 
0.8052 
0,8262 
0.8432 
0.8578 
0.8710 

0.13 
0.22 

0.7928 
0.8044 
0.8244 
0.8418 
0.8570 
0.8706 

0.7700 
0.7837 
0.8066 
0.8262 
0.8418 
0.8565 

0.06 
0.13 

103, p, 93.15 ~ K 98.15 ~ K [5 ~ K 

bar Pexp ~ pexp p 

50.05 
99,10 
197.2 
295.3 
393.1 
491.4 

Pexp P 

0.7460 0,7464 
0.7613 0.7617 
0,7872 0,7875 
0.8094 0.8084 
0.8265 0,8263 
0.8420 0.8420 

0.06 
0.12 

113,15~ K 

Pexp P 

0.6352 0.6350 
0.6683 0.6683 
0.7107 0.7109 
0.7422 0.7419 
0.7670 0,7663 
0,7868 0.7868 

0.04 
0,09 

0.7215 
0.7392 
0.7680 
0.7925 
0.8116 
0.8281 

0.06 
0.13 

Pexp 

0.5552 
0.6139 
0.6728 
0.7092 
0.7370 
0.7600 

0.7215 
0.7393 
0.7684 
0.7915 
0.8111 
0.8279 

0.6955 
0.7163 
0.7488 
0.7758 
0.7964 
0.8143 

~Pav,i% 
~Pmax,% 

P, 
bar 

0.08 
0.12 

123,15 ~ K 133.15 ~ K 
P 

50.05 
99.10 
197.2 
295.3 
393.1 
491.4 

~Pav, o~ 
~Pmax, 

0,06 
0.11 

0,5546 
0.6140 
0.6724 
0,7092 
0.7373 
0,7603 

~exp P 

0.5528 
0.6322 
'0.6757 
0.7086 
0.7338 

0.12 
0.25 

0.7700 
0.7833 
0.806t 
0.8251 
0.8416 
0.8562 

0 .6952  
0.7163 
0.7495 
0,7749 
0.7957 
0.8140 

0.5514 
0.6325 
0.6765 
0.7087 
0.7338 
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Table 2 

Compar i son  of Calculated Values of the Density of Liquid Nitrogen on 
the Saturat ion Curve and Reference  Values 

I 
T, [ Pexp, 6~ T, ~ K Bar Pexp,  8~. ~ K bPlr P' ' P' 

kg/dm 3 kg/dm a kg/dm kg/dm a % I 

63,15 0.1253 
70 0.3859 
78.15 1.113 
80 1.369 
83.15 1.907 

0.8653 
0.8390 
0.8038 
0.7959 
0.7806 
0.7557 
0.7463 

0.8653 
0.8384 
0.8031 
0.7947 
0.7799 
0.7555 
0.7461 

0 
0.07 
0.09 
0.15 
0.09 
0.03 
0.03 

93.15 4.672 
98,151 6.823 

100 ] 7.775 
103.151 9.616 
ll0 [ 14.67 
113.15[ 17.54 
120 25.15 

0,7294 
0.7016 
0.6906 
0.6707 
0.6227 
0,5966 
0.5242 

0.7297 
0.7020 
0.6913 
0.6721 
0.6263 
0.6018 
0.5285 

--0.04 
--0.06 
--0.10 
- -0 .21  
--0.58 
--0.87 
--0.82 

Table 3 

Compar i son  of Calculated Values of the Density of Ni t rogen on the 
Solidif ication Curve and the Exper imenta l  Data of [14] 

p, or~ Pexp', s ~, 8g z [ Pexp., 3 80, 
bar kg/dm kg/dma I bPar T~ o, '0 kg/dm kg/dm a % 

19,61 
58.84 
98.07 

137.3 
166.7 
196.1 
245.2 

63.571 0.8668* 
64.43 1 0.8698* 
65.28. 0.8715 
66.121 0.8746 
66.74[ 0.8769 
67.36 0.8792 
68.37 0,8828 

Walue calculated from 

0.8669 --0.01 294.2 
0.8699 --0.01 343.2 
0.8730 --0,17 392.3 
0,8759 --0.15 441.3 
0.8781 ~0 ,14  490.3 
0.8801 --0.10 588.4 
0,8837 --0.10 686.5 

69.38 
70.38 
71.35 
72.32 
73.29 
75.18 
77.04 

0.8864 
0.8897 
0.8930 
0.8960 
0.8990 
0.9046 
0.9099 

0.8868 
0.8900 
0.8931 
0.8962 
0,8991 
0.9051 
0.9107 

the equation given in [14]. 

--0.05 
--0.03 
--0.  Ol 
--0,02 
--0.  O1 
--0.06 
--0.09 

Table 4 

C o m p a r i s o n  of Enthalpy and Ent ropy  Dif ferences  Calcula ted  f r o m  the 
Data of Stobridge [2], Din [1], and Equation of State (1) 

T, 
o K 

70 
80 
90 

100 
110 
120 

T. 
~ 

70 
80 
90 

100 
110 
120 

16.6 
15.1 
13.1 
9,8 
4,2 

--7.1 

aQ0,. s, kJ/kg 

12] (1) 

16.8 
15.1 
13.0 
9.9 
4.8 

- -6 .9  

as206, s, k j /kg 'deg 

[2] (1) 

--0.107 --0.105 
~0.125 --0.124 
m 0 . 1 4 6  m 0 . 1 4 7  
~0.174 --0,173 
--0.217 --0.212 
--0.299 ~0 .296  

8, 
kJ/kg 

- -0 .2  
0 
0.1 

--0.1 
- -0 .6  
- -0 .2  

8, 
kJ/kg.deg 

a~2o2, n, kl /kg 

[1] (11 

11.2 12.7 
8.6 9.6 
1.9 4.6 

--13.5 --7.1 

kj/kg 

- -1 .5  
- - 1 . 0  
- -2 .7  
- -6 .4  

--0.002 
--0.001 

0.001 
--0.001 
--0.005 
--0.003 

[I] (I) 

--0.144 --0.144 
--0.166 --0,171 
--0.  222 --0,209 
--0.348 --0.293 

~'%o~.~' kJ/kg'deg 

0 
0,005 

--0.013 
--0.055 

8j 
kJ/kg.deg 
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i = i ' +  0.1 [ (A --TA')In• + + (3B-- 7B') • 

Calcu la t ions  b a s e d  on Eqs.  (7) and (8) do not  p r e s e n t  
d i f f i cu l t i e s ,  s ince  the va lues  of s '  and i' were  p r e -  
v i ous ly  d e t e r m i n e d  in [3]. 

The c a l c u l a t e d  va lues  of the c a l o r i c  p r o p e r t i e s  of 
l iqu id  n i t rogen  have been  c o m p a r e d  with l i t e r a t u r e  
data;  in view of the d i f f e r ences  in r e f e r e n c e  points  we 
c o m p a r e d  the quan t i t i e s  Ai = i - i '  and As = S -- S' on 
the i s o t h e r m s .  The b r o a d e s t  r ange  of p r e s s u r e s  is 
c o v e r e d  by  Dirt 's  t ab l e s  [1], which conta in  only five 
l iqu id  i s o t h e r m s .  On the 90 ~ K, 100 ~ K, and 110 ~ K i s o -  
t h e r m s  at  a p r e s s u r e  of 700 a tm  the d i s c r e p a n c i e s  with 
r e s p e c t  to Ai do not exceed  3 k J / k g ,  and the d i s c r e p -  
anc i e s  with r e s p e c t  to AS, 0.02 k J / k g . d e g .  A t t e m p e r a -  
t u r e s  of 120 and 125 ~ K, c lo se  to the  c r i t i c a l t e m p e r a -  
tu re ,  the dev ia t ions  roughly  double.  More  d e t a i l e d  than 
the t ab le s  g iven in [1] a r e  those  of S tobr idge  [2] which 
c o v e r  the t e m p e r a t u r e  i n t e r v a l  63.3~ ~ K, but  in 
th is  c a s e  the m a x i m u m  p r e s s u r e  is  only  3000 p s i a  
(206.8 bar ) .  F o r  th is  p r e s s u r e  the va lues  of Ai and As 
a c c o r d i n g  to the da ta  of [2] and Eq. (1) a r e  in good 
a g r e e m e n t  (Table 4). The s a m e  tab le  g ives  the r e s u l t s  
of a c o m p a r i s o n  with the da ta  of [1] at  202.6 ba r .  The 
a g r e e m e n t  with the l a t t e r  is  not so good, which is  
ev iden t ly  a t t r i b u t a b l e  to s h o r t c o m i n g s  of the method  
used  to c o m p i l e  the t ab le s  in [1]. 

Mage and c o w o r k e r s  [15] have a l so  pub l i shed  a tab le  
of the en tha lpy  of n i t rogen  in the t e m p e r a t u r e  r ange  
77.37~ ~ K at  p r e s s u r e s  f r o m  1.013 to 206.8 ba r  
ob ta ined  on the b a s i s  of e x p e r i m e n t a l  da t a  on the s p e -  
c i f ic  hea t  Cp [15] and the ad i aba t i c  t h r o t t l e  ef fec t  [16]. 
The va lues  of Ai for  l iqu id  n i t r o g e n  at  206.8 ba r  o b -  
t a ined  f rom equat ion  of s t a t e  (1) and the da ta  of [15] 
co inc ide  to within 1 - 3  k J / k g ,  the g r e a t e s t  dev ia t ions  
be ing  o b s e r v e d  on the n e a r - c r i t i c a l  i s o t h e r m s .  

The r e s u l t s  p r e s e n t e d  in Tab l e s  1 - 4  ind ica te  the 
r e l i a b i l i t y  of the equat ion of s t a t e  obta ined ,  which can  

be recommended for calculating detailed tables of the 
thermodynamic properties of liquid nitrogen. 
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