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Stat is t ical  p roces s ing  on a computer  of the mos t  re l iable  p, v, and T data provided the bas i s  
for  the plotting and d iscuss ion  of the equation of s ta te  for gaseous  krypton wi thT  =120-1300~ 
and p = 1-1000 ba r .  

Much exper imenta l  data has been  accumula ted  on the the rmodynamic  p rope r t i e s  of iner t  gases  (He, 
Ne, At ,  Kr ,  Xe) for a compara t ive ly  wide range  of t e m p e r a t u r e s  and p r e s s u r e s .  Howeve r , a s  demons t ra ted  
by a su rvey  of the handbook l i t e r a t u r e  (see,  for example ,  [1-3], etc.) ,  the e a r l i e r  der ived equations of 
s ta te ,  as a rule ,  encompass  only a por t ion  of the exper imenta l ly  invest igated range  of s ta te  or they are  in 
need of re f inement ,  and the r e c o m m e n d e d  tables  a re  nei ther  complete  nor s tandardized.  This  c i r c u m -  
s tance led the authors ,  once again, to genera l i ze  the exper imenta l  data on the rmodynamic  p r o p e r t i e s  for 
the c lass  of ma te r i a l s  under d iscuss ion ,  to der ive  exper imenta l ly  valid equations of s ta te  by means of a 
uniform procedure ,  and to calculate  the requ i red  tabular  ma te r i a l  by means of these equations. In p e r f o r m -  
ing this work,  the authors  t r ied ,  in addition to all e l se ,  to ensure  that the analyt ical  appara tus  is convenient 
for  computer  utilization. 

Within the f r a m e w o r k  of the formula ted  p rob lem,  it is recognized  as expedient [4] to seek  the equa-  
t ion of s ta te  in the fo rm of a v i r ia l  expansion in powers  of density 

-.P = 1 + ~Bt (T)p  ~, 
z = p R T  

i = I  

(i) 

in which the v i r i a l  coeff icient  (or the t e m p e r a t u r e  functions) a re  approximated  by empi r i ca l  polynomials  
of the fo rm 

B i ( T ) = ~  b~j~ ' (2) 

i=0 

where  ~r = T / T o t .  The ini t ia lequat ion of s ta te  is thus brought  to the fo rm 

z=  1+ E b,j#..r 
; =  I ] - -0  

(3) 

The authors  developed three  methods of de te rmin ing  the coeff icients  {bij } for Eq. (3) by means of a high-  
speed compute r ,  and these  methods were  covered  in detail  in [4-6]. Here  we employ a d i rec t  method of de-  
r iva t ion  for the interpolat ion equation of s ta te  [4]. According to this method, the coeff icients  {b i j}of  Eq. 
(3) a r e  found on the bas i s  of a s ta t i s t ica l  t r ea tmen t  of the exper imenta l  t he rmodynamic  data with r e spec t  to 
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T A B L E  1. L i s t ing  of E xpe r imen t a l  Inves t iga t ions  of the T h e r m o -  
dynamic  P r o p e r t i e s  of Krypton  above the N o r m a l  Boil ing Poin t  

l Measured Interval Interval 
Year Authors quantities T, ~ p, atm Source 

In the one-phase region 

1901 
1952 
1954 
1962 
1962 
1966 
1967 

1937 
1937 
1952 
1956 
1961 
1967 

Ramsay and Travers 
Beattie et  aL 
Whalley and Schneider 
Fender and Halsey 
Thomas and Steenwinkel 
Trappeniers et al. 
Wit et al. 

At the liquid-vapor equilibrium line 

Meihuizen and Crommel in  
Mathias Crommel tn  and Meihuizen 
Michels etal .  
Freeman andHa l sey  
Beaumont et  aL 
Blagoi et al. 

p,~,  T 284--510 ,~o 1O0 [ [8] 
p, v, 273--573 21--4151 [9] 
p, v, T 273--873 10--80 [ [10] 

105--140 p<l I [11] 
11o-27o p<l [12] 

p,v .  V 273--423 18--30321 [131 
B1 110--224 P<I I [14] 

, p" 126--208 [16] 
p~ 116--209 [17] 
PH 116--121 [18] 
PH 83--119 [19] 
a' 117--202 [20] 

two v a r i a b l e s  (p and 7). The sought  se t  of coef f ic ien ts  {bij} c o r r e s p o n d s  to the bes t  de sc r i p t i on  of  the t h e r -  
m o d y n a m i c  s u r f a c e  F(z,  p ,  T) = 0 in the sense  of  mean  squa re  devia t ion of z. The r e q u i r e d  t h e r m o d y n a m i c  
quant i t i es  w e r e  a l so  ca lcu la ted  on a digi ta l  c o m p u t e r ,  with a p r o g r a m  which r e a l i z e s  an a lgo r i thm [7]. 

Below we give the r e s u l t s  found f r o m  krypton .  

Or iginal  Expe r i m e n t a l  Data.  It fol lows f r o m  Table  1 tha t  the t h e r m a l  p r o p e r t i e s  of c o m p r e s s e d  
k ryp ton  in the o n e - p h a s e  r eg ion  w e r e  s tudied at T _> 273~ Only the second  v i r i a l  coeff ic ient  BI(T ) was  
m e a s u r e d  at the low t e m p e r a t u r e s .  The c o m p a r a t i v e  ana lys i s  of the expe r imen t a l  da ta  given in Table  1 
d e m o n s t r a t e d  that  the va lues  of BI(T ) de r ived  in [9-14] ag ree  s a t i s f a c t o r i l y  with each  o t h e r ,  but the p, v, 
and T da ta  of [9] devia te  s y s t e m a t i c a l l y  f r o m  the m e a s u r e m e n t s  of the A m s t e r d a m  l a b o r a t o r y  [13] at  e leva ted  
p r e s s u r e s ,  and the d i f f e rences  r e a c h  0 .5-0 .6%in  a n u m b e r  of  c a s e s .  This  d i f f e rence  is not s u r p r i s i n g ,  
s ince  the gas  s p e c i m e n -  the r e s e a r c h  w o r k  with this s p e c i m e n  is d e s c r i b e d  in [9] - conta ins  impur i t i e s  of 
xenon (0.9%). In addit ion,  no c o r r e c t i o n  f ac to r  to al low for  the p r e s e n c e  of  m e r c u r y  vapor s  in the subs tance  
be ing  inves t iga ted  [21] was  in t roduced  in [9] fo r  the m e a s u r e d  va lues  of  Popt- 

In i t ia l ly ,  i n d e r i v i n g  the equat ion  of s ta te  for  ga seous  Kr ,  as  the init ial  p, v, and T da ta  we used the 
m e a s u r e m e n t s  of  [13] and [10] for  the c a s e  in which t > 0~ while for  the c a s e  in which t < 0~ the a v e r -  
aged va lues  for  BI(T ) w e r e  taken  f r o m  [11, 12, 14]. It was  found, howeve r ,  that  the da ta  f r o m  [10] did not 
p rov ide  for  suff ic ient ly  r e l i ab le  ex t r apo la t ion  of  the equat ion of s ta te  to high t e m p e r a t u r e s  and p r e s s u r e s .  
A s i m i l a r  s i tua t ion  a r i s e s  for  c e r t a i n  o the r  iner t  g a s e s .  A spec ia l  inves t iga t ion  was  t h e r e f o r e  unde r t aken  
to develop an eff ic ient  means  of  ex t rapo la t ing  the " l o w - t e m p e r a t u r e "  expe r imen t a l  p, v,  and T data  to high 
t e m p e r a t u r e s .  The r e s u l t s  of this inves t iga t ion  a r e  d e s c r i b e d  in [22] and they r e d u c e  to the following. It 
was  e s t ab l i shed  that  the (z - 1)v = cons t  i so l ines  in the p - T d i a g r a m  a re  s l ight ly  d i s t o r t ed  and f o r m  a g r id  
of r e g u l a r l y  spaced  l ines ,  changing  the s ign of c u r v a t u r e  on pa s s ing  th rough  (z - 1)v = 0. In a c c o r d a n c e  with 
the equa t ion  of s ta te  (1), s ince  [(z - 1)v]p= 0 = B1, the isol ine  (z - 1)v = a plot ted f r o m  the " l o w - t e m p e r a t u r e "  
expe r imen t a l  data,  can be extended in the p - T d i a g r a m  to the h igher  t e m p e r a t u r e s ,  all  the way to T a for  
p = 0, w h e r e  a = B l, and we can ca lcu la te  the p, v, and T f u n c t i o n s  o f the  gas  being inves t iga ted  (with the 
r e q u i r e d  a c c u r a c y )  in a spec i f i c  zone of  e leva ted  t e m p e r a t u r e s  and p r e s s u r e s .  

Fo r  Kr ,  as  " l o w - t e m p e r a t u r e "  data  we used the [22] expe r imen ta l  da ta  of the A m s t e r d a m  l a b o r a t o r y  
[13], and the r e q u i r e d  va lues  of B 1 w e r e  found with the aid of the 1 8 : 6  potent ia l  whose  c h a r a c t e r i s t i c  p a r a m -  
e t e r s  a r e  e / k  = 221.3~ and b 0 = 0.6435 cm~/g.  

F igu re  1 shows the r eg ion  of  s ta te  in which  the p robab le  e r r o r  in the p,  v,  and T data  for  k ryp ton ,  as  
ca lcu la ted  in [22] by the a b o v e - c o n s i d e r e d  method,  is .in the o r d e r  of 0.2-0.3%. We used  these  t heo re t i ca l  
da ta ,  toge the r  with the m e a s u r e m e n t s  f r o m  [13] and [14], to  cons t ruc t  the equat ion of  s ta te  for  g a s e o u s  Kr.  

The t e m p e r a t u r e  dependence  of the p r e s s u r e  for  the s t a tu ra t ed  Kr  vapor  is g iven  by the e m p i r i c a l  
equa t ion  

7 . 
Ps = Z A~iT'i' (4) 
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TABLE 2 
Values of bijfor j equal to 

0 1 I 3 4 

0,4915444 
--0,1362322 
--0,1335165 

0,3264436 
--0,2169021 

0,046289 

--1,092102 
0,370673 
0,3733153 

--0,7569125 
0,6682404 

--0,1500961 

i 
0,717090 i 0,170102 ---1,065307 1,445104 
0,0568949 --0,086791 
0,0810234 0 
0,3141063 0 
0,1017273 0 

--0,1136513 
--0,36832437 

0 
0 
0 
0 
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Fig. 1. Zone of specif ied initial values  for  the compress ib i l i t y  of krypton  in the plane of independent 
v a r i a b l e s  for the equation of state (p in k g / m  s and T in ~ 1) [13]; 2) [14]; 3) [22]; 4) sa tura t ion  
curve.  

Fig. 2. H i s t o g r a m s  of deviat ions for  va r ious  data groups:  a) [13]; b) [14]; c) [22] (used in the con-  
s t ruc t ion  of the equation of state); d) [9]; e) [10] (not used in the contruct ion of the equation of state); 
the sca le  for  the segment  [0, 1]: a) 0.025%; b and c) 0.05; d) 0.2; e) 0 . 1 .  

whose coeff icients  have been found f rom the exper imenta l  data of the A m s t e r d a m  l abora to ry  [17] and a r e  
equal to 

Aso = --  40,25808, A s =  --  115,5962, 
A s, = 258,0686, A s5 = 17,72264, 
A s =  -- 584,9822, Ase= - -  24,42784, 
Ass= 516,3658, As= 28,10447. 

The deviat ion of ps~ t [17] f rom the values calculated in accordance  with (4) is usually s m a l l e r  than 
0.06%and amounts  to 0.12% at only a single point. In our  case ,  Eq. (4) is an auxi l iary equation in the p r o -  
cedure  for  the calculat ion [7] of the t he rmodynamic  quanti t ies on the l i q u i d - v a p o r  equi l ibr ium line f rom 
Tnbp to T c r  , but it may stand alone,  since it r e f l ec t s  the value of Ps be t t e r  than the logar i thmic  equations 
of [15-17]. 

F rom Eq. (4) the p a r a m e t e r s  of the nodal point on the l i q u i d - v a p o r  equil ibrium line a re  the following. 
the c r i t i ca l  point T c r  = 209.40~ P c r =  54.997 bar ;  the t r ip le  point T O = 115.78~ P0 = 0.7357 bar;  the n o r -  
mal  boiling point Tnbp = 119.73~ 

The equation of s ta te  for  gaseous  Kr has the fo rm 

z = l + ~  b~" t j  p~' (5) 
i=l ]=0 

where  v = T/209.4;  p is e x p r e s s e d  in units of g/cmS; the mat r ix  of the coefficients  

.llsill = (s 1, ~=, s s, sa, s s, so)= (4, 4, 3, 2, 2, 2). 

The equation of s ta te  (5) r ep roduces  the original  p, v, and T data with a m e a n - s q u a r e  e r r o r  of 0.013% 
(with r e spec t  to z). The quality of approximat ion  for  the s epa ra t e  m e a s u r e m e n t  groups  is i l lus t ra ted  by the 
h i s t o g r a m s  shown in Fig. 2, where  n = n(6z) shows the deviat ions of the theore t ica l  values  of z f rom the 
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Fig. 3. Second v i r ia l  coefficient  for  krypton (cmS/g): 1) [13]; 2) [14]; 3) [10]; 4) [11]; 
5) [12]; 6) [9]; 1-6) expe r imen ta l  data; solid line) calculat ion according to Eq. (5). 

Fig. 4. Curve for the invers ion  of krypton  in t h e p - T d i a g r a m  (in ba r  and OK): 1) a c -  
cording to the equation of state (5); 2) according  to a genera l ized  equation [23]; 3) 
accord ing  to the equation of s ta te  cons t ruc ted  with cons idera t ion  of the data [10]; 4) 
sa tura t ion  curve .  

expe r imen ta l  va lues .  Here  n is the number  of exper imenta l  points whose deviat ions f rom the theore t ica l  
points  fal ls  within the in terval  5z% 

As we can see  f rom Fig. 2, the law governing the dis t r ibut ion of deviat ions with r e spec t  to the or iginal  
data  is one that is near ly  normal ,  while in t e r m s  of magnitude the deviat ions a r e  eve rywhere  s m a l l e r  than 
the probable  inaccuracy  in the or iginal  data. 

The values of Bt(T) calculated f rom the equation of s ta te  a re  in sa t i s f ac to ry  ag reemen t  with the ex-  
pe r imen ta l ly  found values  (Fig. 3). 

Control calculat ions with (4) and (5) demons t r a t ed  that the calculated values for  the densi ty p"  of the 
sa tu ra ted  vapor  a re  in r a t he r  good ag reemen t  with the m e a s u r e m e n t s  of the Leiden l abo ra to ry  [16]. This 
indicates  that the equation of s ta te  (5) can be used for  the calculat ion of the the rmodynamic  quanti t ies  of 
gaseous  Kr ,  not only in the one-phase  region,  but also on the upper  boundary curve .  

Among the advanta~:es of Eq. (5) we also have the fact that,  unlike the initial equation const ructed 
f rom the exper imen ta l  data of [10] and [13], it exhibits  a "normal  shape"  for the r ight -hand branch  of the 
invers ion  curve  (Fig. 4). 

Tables  of Th e rm odynam i c  Quanti t ies.  Using the equation of s tate  (5) that has been der ived  here ,  the 
authors  calculated and tabulated the following the rmodynamic  quanti t ies:  p ' ,  z, h, s,  Cp, Cv, a,  6 T = - ( O h  

/ aP)T ,  # = (3T/3P)h, Pt = T(Op/OT)p. 

The the rmodynamic  quanti t ies  for  gaseous  Kr,  to the bes t  of our knowledge, has  been tabulated only 
for  the in terval  between 0 and 150~ for  equal values  of the densi ty dA [13]. 

Compar i son  showed that for  all t e m p e r a t u r e s  f rom 0 to 150~ in the density in terval  d A = 600 the en-  
t ropy  and enthalpy values  which we have calcula ted a r e  in good ag reemen t  with those  that  a re  tabulated [13] 
and the d ivergence  does not exceed 8 . 1 0  -4 k J / k g ' d e g  and 0.4 k J /kg ,  r espec t ive ly .  The d i f fe rences  in the 
magni tudes of the i sobar ic  heat  capaci ty  Cp and the speed of sound a re  insignificant and, as a ru le ,  l e s s  than 
0.5%. The p a r a m e t e r s  (z, p) found f r o m t h e  tabular  [13] values  0 f p o n  the curve  for  the invers ion  of Kr  v i r -  
tual ly  coincide with the va lues  calcula ted f rom the equation of s ta te  {5). 

In conclusion, we note that  the equation of s ta te  der ived  in this pape r  is r e c o m m e n d e d  for  the ca lcu la -  
t ion of the the rmodynamic  quant i t ies  of gaseous  Kr in the range of p r e s s u r e s  f rom 1 to 1000 b a r ,  but only at 
t e m p e r a t u r e s  above 270~ For  t e m p e r a t u r e s  as low as 120~ we can use Eq. (5) with sufficient a s su rance ,  
but only at densi t ies  p -< 0.3-0.4 g / c m  s, including the sa tura t ion  curve.  At g r e a t e r  dens i t ies  and with T 
= 250-120~ as well  as in the n e a r - c r i t i c a l  region the requ i red  calculat ion accuracy  cannot p re sen t ly  be a s -  
sured  because  of the absence  of exper imenta l  data. 
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