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An empi r i ca l  equation of s ta te  for  ni t rogen at high p r e s s u r e  and densi ty is cons idered .  It 
is shown that for  n i t rogen at densi t ies  g r e a t e r  than 0.6 g / c m  ~, by using avai lable  data [1-3] 
on stat ic  c o m p r e s s i o n  of gaseous  ni t rogen and shock c o m p r e s s i o n  of liquid ni t rogen,  it is 
poss ib le  to cons t ruc t  a M i e - G r i i n e i s e n  type equation of s ta te  which gives a p r e s s u r e -  
density re la t ionship  c lose  to exper iment  along the shock adiabat of liquid ni t rogen and 
a g r e e s  with the calculat ions of other  authors  for  t e m p e r a t u r e  values  beyond the shock-wave  
front  [2-3]. Heat capaci ty ,  entropy," and Grllneisen coefficient  values  beyond the shock-wave 
f ront  in liquid ni t rogen a r e  ca lcula ted .  

1 .  I n t r o d u c t i o n  

Stat is t ical  methods for  finding the equation of s ta te  of a dense substance  have not yet led to f o rma l  
solutions,  although they have proved  useful  in a number  of approx imate  numer i ca l  computat ions .  The v i r i a l  
t heo rem of c l a s s i ca l  mechan ics  is at p resen t  effect ive only at low and modera t e  dens i t ies  [4, 5], while cel l  
and hole methods do not a lways produce  sa t i s f ac to ry  ag reemen t  with exper imen t  [2, 5]. Thus,  in p rac t ica l  
calcula t ions  s i m p l e r  equations of s ta te  a r e  usual ly  employed [6-8]. The mos t  widely used is the M i e -  
Griineisen equation, usual ly wri t ten in the fo rm 

E(P ,  p) - -  Ex(p)=[P - -  p.,(p)llpr(p), (1.1) 

where  the index x indicates  t e r m s  connected with cold c o m p r e s s i o n  of the substance,  and F(p)  is the Griin- 
e i sen  coefficient,  weakly dependent on densi ty.  Assuming  that the molecu les  of the dense m a t t e r  p e r f o r m  
smal l  osc i l la t ions  about equi l ibr ium posi t ions,  the dependence of p r e s s u r e  on densi ty  and t empe ra tu r e  may  
be der ived f r o m  Eq. (1.1) as follows [6]: 

P = P (p) CvpT + Px (P). (1.2) 

An equation of s ta te  of this fo rm provides  a good descr ip t ion  of shock c o m p r e s s i o n  of a number  of con-  
densed subs tances  up to high densi t ies  [6, 9, 10]. It develops that for  n i t rogen it is a lso poss ib le  to con-  
s t ruc t  an empi r i ca l  equation of s ta te  of the f o r m  of Eq. (1.2), which desc r ibe s  avai lab le  exper imen ta l  data 
well .  We note that  the equation of s ta te  of rea l  van der  Waals  gases  [11] and the equation of s ta te  of ideal 
gases  a r e  spec ia l  ca ses  of Eq. (1.2), although they a re  der ived  f r o m  different cons idera t ions .  

2 .  E m p i r i c a l  E q u a t i o n  o f  S t a t e  a n d  S h o c k  A d i a b a t  

o f  D e n s e  N i t r o g e n  

Analysis  of  expe r imen ta l  da ta  [1] on c o m p r e s s i o n  of ga seous  n i t rogen to a densi ty of the o r d e r  of 1 
g / c m  3 and p r e s s u r e  of 10 kbar  indicates  that  ove r  the en t i re  in terva l  studied the behav ior  of the ni t rogen 
can be descr ibed  well  by an equation of s ta te  s i m i l a r  to Eq. (1.2), while at densi t ies  g r e a t e r  than 0.6 g / c m  3 
the following s tmpie  re la t ionship  is applicable:  

P--- '~4.3p-- t0) T-~ Px(p), (2.1) 

where  Px(P), a function dependent so le ly  on den~ may be identified with the cold p r e s s u r e  of Eq. (1.2). 
The exis tence  of a lower densi ty l imit  for  va l i d i t y .  . (2.1) is obvious.  Since the t h e r m a l  p r e s s u r e  of a 
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real gas cannot be less than the pressure of an ideal gas, from the 

inequality 

(24.3p--10) T> 9RT 

it follows that p > 0.53 g/era 3. Moreover, as will be shown below, Eq. 

(2.1) gives valid thermal pressure PT values for liquid nitrogen at 
the boiling temperature, lit should be noted now that according to Eq. 
(2.1) Px(P) of liquid nitrogen at a density of 0.82 g/cm 3 is negative 
and equal to 0.75 kbar, while Px(P) of gaseous nitrogen at the same 
density is close to zero, i.e., in fact Px(P) of nitrogen does depend on 
temperature also, although weakly.] 

Thus, the dependence of thermal pressure on density and tem- 
perature proves to be linear over a wide range, which suggests the preser- 
vation of this linearity at the higher density and temperature values at- 
tained behind a shock-wave front. A linear dependence of pressure 
on temperature at high densities also follows from Eq. (1.2). 

We will consider the conditions under which the expression for 
pressure behind a shock-wave front (neglecting P0) 

P=9o  Us U v (2.2) 

wil l  co inc ide  with p r e s s u r e  found f r o m  Eq. (2.1). We w r i t e  the sbeck -  
wave  ve loc i t y  Us as  a func t ion  of m a s s  ve loc i ty  Up behind the f ron t  
in the fol lowing m a n n e r :  

Us =SUp +C, (2.3) 

w h e r e  S and C a r e  s o m e  funct ions  of Up [7]. Then  f r o m  Eqs .  (2.2), 
(2.3) we  obtain  

P = 9oSU~ + PoCUv. (2.4) 

We add and s u b t r a c t  f r o m  Eq. (2.2) the second  t e r m  of Eq. (2.4), 

P=(Po Us Uv--poCUv)+poCUp 

and r e w r i t e  the resu l t ,  

24.39C ~ P~ 
P = 24 .39--  U~ } ~  + poCU~. (2.5) 

Now c o m p a r i n g  Eqs .  (2.1) and (2.5), we a r r i v e  at the  r e s u l t  

24"3pC -- iO, (2.6) 
Us 

which must be fulfilled along the shock adiabat, ff the behavior of the nitrogen behind the shock-wave front 
can be described by equation of state (2.1). With the aid of the equation for conservation of mass in the 
shock-wave front, 

90 _u _u, (2.7) 
p u~ 

and Eq. (2.3), which may be rewritten in differential form, setting S equal to dUs/dUp, since 

clU ~ 
Us = ~ Ui, + C, (2.8) 

it is simple to derive from Eq. (2.6) the equation of the shock adiabat in variables Us and Up, which may 
be written approximately as 

Us = Up § i.3 ]fS-~v, (2.9) 

where  the cons tan t  of in tegra t ion  of d i f fe ren t ia l  equat ion (2.8) is eva lua ted  f r o m  the  r e s u l t s  of  [3]. The 
shock  adiabat  c o n s t r u c t e d  f r o m  Eq. (2.9) is shown in Fig .  1 t oge the r  with e x p e r i m e n t a l  points  [3]. It is 
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evident that  ag reemen t  with exper iment  is good. Assuming that  
in the in te rva l  between the regions  where  Eq. (1.2) and Eq. (2.1) 
a re  valid the dependence of p r e s s u r e  on t e m p e r a t u r e  in the 
equation of s ta te  r ema ins  l inear  fo r  constant  density,  f r o m  c o m -  
pa r i son  of Eq. (2.5), which we m a y  rewr i t e  as 

p0Us U" 
P = (24.3p - -  t0) ~ + poCU,, (2.10) 

and equation of s ta te  (2.1), it follows that  behind a shock-wave  
front  in liquid ni t rogen 

T P~ Px(p)=poCUp. (2.11) 24.3p ' 

The change in t e m p e r a t u r e  with inc rease  in p r e s s u r e ,  and 
consequently,  density,  along the shock adiabat  of liquid ni t rogen 
is shown in Fig.  2. Also shown a re  the calculated points of [2], 
denoted by c i r c l e s ,  and the calculat ions of [3], denoted by a t r i -  
angle.  

In the approximat ion  of Eq. (2.9) f rom Eqs.  (2.7)-(2.9) and 
(2.11) we obtain the dependence of cold p r e s s u r e  on density: 

p 
= . ( , ,  = , 0  _,) 

This  function and the shock adiabat  a r e  shown in Fig.  2. 

The e las t ic  f rac t ion  of the internal  energy  of a shock-  
c o m p r e s s e d  m a t e r i a l  m a y  be found f r o m  the identity 

dEx + P ~ig=o, 

while the t h e r m a l  f rac t ion  of the in terna l  energy  is the d i f ference  between E x and the to ta l  in ternal  energy  

E ----- ~ (Vo - -  V) + Eo. 

The t h e r m a l  f rac t ion  E 0 is then equal to C v T 0 ,  where  CV,, the heat capaci ty  of ni t rogen at 75~ and a 
densi ty  of 0.82 g / c m  3, is taken equal to 4R, ~vhich leads t o ' a g r e e m e n t  of the value of C p / C v ,  and, conse-  
quently, also Pt [6] with the values  p re sen ted  in [12]. 

Knowledge of the t h e r m a l  f rac t ion  of the energy and the t e m p e r a t u r e  pe rmi t s  calculat ion of the n i -  
t rogen  heat  capaci ty  behind the shock-wave  front  (Fig. 3). An inc rease  in heat  capaci ty  at densi t ies  above 
1.67 g / c m  3 to values g r e a t e r  than 5R m a y  be produced by change in the effect ive mo lecu l a r  weight of the 
ni t rogen behind the shock-wave  f ront .  (In [3], f r o m  ana lys i s  of data on shock c o m p r e s s i o n  at a densi ty of 
1.65 g / c m  3 fusion of the n i t rogen was proposed.)  A sharp  dec rea se  in heat  capaci ty  at a densi ty  n e a r  1.2 
g / c m  3 suppor ts  the conclusion,  also made in [3], of the poss ibi l i ty  of c rys ta l l iza t ion ,  i .e.,  f r eez ing  of r o -  
tat ional  deg rees  of f r e edom  of the ni t rogen molecu les  behind the shock-wave  front .  Upon c rys ta l l i za t ion  
the ni t rogen ent ropy mus t  also dec rease ,  its value being de te rmined  by the second law of t he rmodynamics  
with the aid of Eq. (2.1): 

t 
S = Cv In T - -  24.3 In p - -  -~- 4- So. (2.12) 

It was  a s sumed  that C V va r i e s  with densi ty in the s a m e  fashion as along the shock adiabat .  In the future  
S o w i l I  be taken as ze ro .  The change in ni t rogen entropy along the shock adiabat ,  and a lso  the dependence 
of the Grllneisen coefficient  on density,  found f rom the equation 

P T  

r (p) - eE r, 

a r e  shown in Fig. 3. 

Equation of s ta te  (2.1) and Eq. (2.12) were  employed to ca lcula te  the unidimensional  i sen t ropic  d i s -  
charge  of ni t rogen c o m p r e s s e d  to 270 kba r  by a shock wave.  F igure  4 shows the m a s s  veloci ty  as  a func-  
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t ion of p r e s s u r e  in the flow as calculated,  toge ther  with the exper imenta l  r e su l t s  of [13]. A ce r t a in  d ive r -  
gence may  be explained by the ideal ized formula t ion  used in computat ion,  s ince in exper iment  the condi-  
t ions indicated occur  only at the ini t ial  moment .  

3 .  A n a l y s i s  o f  R e s u l t s  

The equation of s ta te  of dense nitro.gen obtained in the study, shown in Fig. 5, was compa red  with ex-  
pe r imen ta l  r e su l t s  on s ta t ic  c o m p r e s s i o n  of n i t rogen to densi t ies  of the o r d e r  of 1 g / c m  3 and p r e s s u r e s  
of 10 kba r  in the t e m p e r a t u r e  range  300-700~ [1], with the calculat ions of [4], which in the au thors '  opin- 
ion a r e  valid to p r e s s u r e s  of 25 kba r  and t e m p e r a t u r e s  of 300 to 6000~ and with resu l t s  of computing 
t e m p e r a t u r e  behind a shock-wave  f ront  [2, 3]. The dashed line indicates  the shock adiabat of liquid ni t rogen 
as ca lcula ted  f rom the r e su l t s  of the p re sen t  study. Regions in which the resu l t s  of the p resen t  study p r a c -  
t i caUy coincide with the resu l t s  of [1-4] a r e  c r o s s - h a t c h e d .  A densi ty c lose  to 0.55 g / c m  a is the natural  
l imit  of appl icabi l i ty  of the equation of s ta te  employed in the p re sen t  calcula t ions .  

Thus,  the  e m p i r i c a l  equation of s ta te  der ived  here in  not only desc r ibes  the resu l t s  of s ta t ic  c o m p r e s -  
sion of n i t rogen to densi t ies  of the o r d e r  of 1 g / c m  3 well,  but also a g r e e s  with e x p e r i m e n t a l  data on shock 
c o m p r e s s i o n  and i sen t rop ic  d i scharge  of ni t rogen up to densi t ies  of the o rde r  of 2 g / c m  3. 

4. Shock Adiabats of Liquid Argon, Deuterium, 

and Hydrogen 

It develops that the shock adiabats of liquid argon, deuterium, and hydrogen at sufficiently high pres- 
sures and temperatures behind a shock-wave front, when initial values may be neglected, as in the case of 
nitrogen, may be represented in the form 

U,= U p + c o n s t ] / ~ ,  

where  the constants  for  argon,  deuter ium,  and hydrogen,  r e spec t ive ly ,  a r e  equal to 1.8, 1.3, 1.43. This  
function ag ree s  well  with the expe r imen ta l  shock adiabat  of liquid argon [14] and p rac t i ca l ly  coincides with 
shock adiabats  of liquid deuter ium and hydrogen calcula ted in [15] for  p r e s s u r e s  up to 200 k b a r .  This  then 
pe rmi t s  the assumpt ion  that  in analogy to ni t rogen the "cold" compres s ion  p r e s s u r e  of these  subs tances  
may  be desc r ibed  with sufficient  a c c u r a c y  by a t h i r d - d e g r e e  power  function of the density.  

The author  e x p r e s s e s  his grat i tude to V.Mo Ti tanov for  his formula t ion  of the p rob l em and a t tent ive-  
ness  toward  the study. 
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