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Equations of state a re  presented in analytic form for liquid sodium, rubidium, and cesium,  
as obtained f rom experimental  PVT data. 

The present  authors with col laborators  have previously presented [1] results  of experiments on PVT 
curves of liquid sodium, rubidium, and cesium. Measurements were performed by the di latometr ic  method 
[2] at t empera tures  f rom 500 to 1000~K and p ressures  up to 500 atm for  sodium and 750 atm for rubidium and 
cesium. The e r r o r  in the PVT data obtained does not exceed 0.2% with respect  to density for all the metals .  
The present  study will offer equations of state for the metals studied based on the experimental  data obtained 
in [1]. The form of the equations selected was the following: 

P = Z A~Ip~T/' 
(1) 

where P is p r e s s u r e ,  Pa; p, density,  kg/m3; T, t empera tu re ,  ~ Aij , polynomial coefficients,  chosen by 
the l eas t - squares  method. The equations of state thus obtained were used to compile detailed PVT tables 
describing the propert ies  of sodium, rubidium, and ces ium,  which are  presented below; 

Sodium. Equation of state (1) approximating the PVT data obtained for liquid sodium [1] has the coeffi-  
cients shown in Table 1. 

The mean-square  e r r o r  in the approximation comprises  13.5 bar ,  which corresponds to a deviation of 
experimental  density values f rom calculated values of < 0.04%, i . e . ,  less than the e r r o r  of the experimental 
data (0.2%). 

The proposed equation of state for liquid sodium is applicable over a tempera ture  range f rom 500 to 
1000~ and f rom the saturat ion p r e s s u r e  Ps to 500 bar.  

TABLE 1. Coefficients Aij of Eq. (1) for Liquid Sodium 

i 

/ 0 1 2 

0 0,759850.101~ 
1 --0,173184-I07 

--0,217659. I08 
0,328027. I 0' 

0,140684.10 s 

TABLE 2. Density of Liquid Sodium, p.10 -3, kg /m 3 at T, ~ 

P . 1 0 - %  Pa 5C0 6C0 700 800 900  1000 

P$ 
IOO 
2oo 
3o0 
4oo 
5oo 

0,897 
0,899 
0,901 
0,903 
0,905 
0,906 

0,873 
0,875 
0,877 
0,879 
0,881 
0,883 

0,850 
0,852 
0,854 
0,856 
0,858 
0,860 

0,826 
0,828 
0,831 
0,833 
0,835 
0,837 

0,802 
0,805 
0,807 
0,810 
0,812 
0,814 

0,778 
0,781 
0,784 
0,786 
0,789 
0,792 
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TABLE 3. Pressure ,  Pa; Isothermal Compressibility, fiT, Pa-t; 
and Thermal Expansion a p, ~ -l ,  of IAquid Sodium at Various Mo- 
lar Volumes V, m~/kmole, and Temperatures T, ~K 

V. IO ~ 

25,5 
26 
26,25 
26,75 
27 
27,5 
27,75 
28,25 
28,5 
29,25 
29,5 

500 ] , 600 [ 700 

x,o-,"• %.,0, • %.,o, I i, 

I 
229, I 21,2 2,59 

22,2 
23,6 

2,60 
2,69 

I 
24,7 
26,2 

~p.  I 0 ~' 

2,68 
2,78 

L 800 900 1 000 

/ X I O-  i 
V" I0 s i [ PX PX • ~ T - 1 0 "  ~p- lO"  [$T : I0"  CZp.l O' ~T.10* '  a p . l O "  •  

25,5 
26 
26,25 
26,75 
27 
27,5 
27,75 
28,25 
28,5 
29,25 
29,5 

27,3 2,76 
28,9 2,85 

30,1 
31,9 

2,82 
2,92 

282,4 35,0 
l 46,9 37,3 

2,97 
3,07 
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Fig.  1 Fig.  2 
Fig. 1. I so the rma l  compres s ib i l i t y  of liquid sodium: 1) T = 500~K; 2) 750; 3) 1000; 4) 
fiT along sa tu ra t ion  line; 5) fiT along sa tu ra t ion  line [3]; 6) fiT at  493.15~ [4]. fiT.106, 
bar-X; V, cm3/mole .  

Fig.  2. I so the rma l  compress ib i l i t y  of liquid rubidium: 1) T = 500~K; 2) 750; 3) 1000; 
4) f i t  along sa tura t ion  line; 5) fiT along sa tura t ion  line [7]$ 6) f i t  at  473.15~ [5]; 7) f i t  
along sa tura t ion  line at 473.15~ [6]. 

The smoothed values of densi ty p p resen ted  in Table  2 were  calculated f r o m  the equation of s ta te  
thus obtained,  toge ther  with values of p r e s s u r e  P,  i so the rma l  compres s ib i l i t y  fl = - - V - I ( a v / a P ) T  and co-  
efficient of t h e r m a l  expansion ~p  = V -1 (aV/aT)p (Table 3). 

F igure  1 shows th ree  curves  of the i so the rma l  compress ib i l i t y  of liquid sodium.  Curve 4 shows 
compress ib i l i t y  along the sa tura t ion  line (P = Ps).  Fo r  compar i son ,  a l so  shown a r e  the compress ib i l i ty  
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TABLE 4. Coefficients Aij of Eq. (1) for  IAquid Rubidium 

i 
i 

0 I 1 2 I 

- -  0,551572.10 e 
--0,133705.107 0,II0035.10 s 

0'626332"103 ] 
0,127431.100 

--0,171719.103 

TABLE 5. Density of Liquid Rubidium ~. 10 -3, kg/m 3, at T, ~ 

p . l o - % P a  500  6 0 0  700 800  900  1000  

P$ 
100 
2OO 
30O 
4O0 
500 
6O0 
700 
8OO 
9O0 

10O0 

1,387 
1,395 
1,404 
1,412 
1,420 
1,428 
1,435 
1,423 
1,450 
1,458 
1,465 

,342 
,351 
,360 
,369 
,378 
,386 
,394 
,402 
,410 
,418 
,426 

1,298 
1,308 
1,318 
1,327 
1,336 
1,345 
1,354 
1,362 
1,371 
1,379 
1,387 

1,253 
1,264 
1,274 
1,284 
1,294 
1,303 
1,313 
1,322 
1,332 
1,341 
1,350 

1,207 
1,219 
1,231 
1,242 
1,253 
1,263 
1,274 
1,284 
1,294 
1,304 
1,313 

1,162 
1,176 
1,189 
1,204 
1,212 
1,224 
1,235 
1,246 
1,257 
1,267 
1,277 

T A B L E  6.  P r e s s u r e  P ,  P a ;  I s o t h e r m a l  C o m p r e s s i b i l i t y  f iT,  P a - 1 ;  a n d  T h e r m a l  E x p a n s i o n  ~ p ,  

q u i d  R u b i d i u m  a t  V a r i o u s  M o l a r  V o l u m e s  V ,  m 3 / k m o l e ,  and T e m p e r a t u r e s  T ,  ~ 
~ "i,  o f  L i -  

V. IO a 

59 
60 
61 
62 
6,3 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 

, , 0  ~ 0 

774,2 
458,8 
166,7 

51,7 2,79 
54,9 2,95 
58,3 3,11 

600 04 P.10 -5 700 ~ 800 

P-I! - s  ~T-10x' ~p.l ~T. 10" ap-10 ~ P.10 -~ ~T-10" ~p.104 

2,73 
2,89 
3,05 
3,22 

890,5 
634,9 
397,7 
177,6 

60,8 2,81 
64,5 2,97 
68,4 3,13 
72,6 3,31 

83816 
616,3[ 
409,8 ! 
217,9 
39,7 

67,7 2,87 
71,8 3,03 
76,1 3,19 
80,7 3,37 
85,6 3,55 

900 o 

P . l O  - *  [3T- 1 0 "  g p P - I O - *  . 1 0  4 

75,3 
79,8 
84,6 
89,7 
95, 1 

978,2 1 683,5 57,8 
410,4 61,4 
157,2 65,1 

2,90 
3,06 983,6 78,9 
3,22 801,2 83,6 
3,40 631,6 88,6 
3,58 473,8 93,9 

327,0 99,5 
257,5 105,5 
63,4 111,8 

811,9 
617,9 
437,6 
279,0 
I14,1 

2,75 
2,90 
3,05 
3,21 
3,39 
3,57 
3,77 

T A B L E  7. C o e f f i c i e n t s  A i j  of  E q .  (1) f o r  L i q u i d  C e s i u m  

i 
i 

0 2 

O, 802537.104 
0,315008-10 ~ 
O, 429652. lO-a 

, ! 
0'386907" 106 [ - -0 '  116060" 108 
0,731417.10" 

TABLE 8. Density of Liquid Cesium, p. 10 3, kg/m 3, at T ~ 

•- I 0 - ' ,  500  600  700  800  900  1000 
Pa 

P s  
1oo 
20O 
300 
4OO 
50O 
6O0 
700 
80o 
900 

10o0 

1,723 
1,738 
1,752 
1,765 
1,778 
1,791 
1,804 
1,817 
I, 829 
1,841 
1,854 

1,667 
1,682 
1,697 
1,711 
1,725 
1,739 
1,753 
1,766 
1,779 
1,792 
I, 805 

1,610 
1,627 
1,643 
1,659 
1,674 
1,688 
1,703 
1,717 
1.730 
1,743 
1,756 

1,552 
1,570 
1,588 
I, 605 
1,621 
1,637 
1,652 
I, 667 
1,682 
1,696 
1,711 

1,494 
1,514 
1,533 
I, 552 
1,570 
I, 587 
I, 603 
1,619 
1,635 
1,651 
1,666 

1,435 
1,457 
1,479 
I, 499 
1,519 
I ;537 
1,555 
1,572 
1,589 
1,606 
1,622 
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TABLE 9. Pressure P, Pa; Isothermal Compressibility fiT, Pa'i; and Thermal Expansion ap, ~ of Li- 
quid Cesium at Various Molar Volumes V, m3/kmole, and Temperature T,~ 

V. lO= 

72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 

s_oo , ~ 6oo 70o 

I Dr.,O,, %.,o ] p.,o- ,o,,%. ! P.10 -r' [5 T. 10'=i P. ]0- : '  ~T.10~tr 

941,2 
733,3 
537,8 
353,8 
180,6 
17,6 

64,81 
67,9 
71,3 
74,7 

2,63 
2,74 
2,87 
2,99 
3,12 
3,26 

f 

928,4 
742,6 
567,8 
403, I 
248,0 
I01,9 

70,6 
74,0 
77,6 
81,3 
85,2 
89,2 

2,68 
2,79 
2,91 931,7 
3,04 765,4 
3, 17 608,7 
3,31 461 ,C 

321,7 
190,4 
66,6 

i 

76,8 i 2,71 
80,5 2,82 
84,3 2,94 
88,3 3,07 
92,5 3,20 
96,8 3,33 

lO1,4 3,48 

800 jl - 900 

P'10-s ~'T 1011[r "10 P.10- '  ~T.101 C~p.10 ~ 

83,4 
87,3 
91,4 
95,7 
100,2 
104.9 
109,8 
I15,0 

946, I 
796,8 
656,0 
523,2 
397,9 
279,7 
168,1 
62,8 

2,1 '2 
2,~13 
2/. 5 967,2 90,4 2,71 
3,117 832,8 94,6 2.82 
3,,0 706,1 99,0 3,94 
3,14 586,4 103,6 3.06 
3,!8 473,4 108,6 3,18 
3,{3 366,7 113,5 3,32 

266,0 118,8 3,46 
170,8 124,3 3,60 
81,0 130.1 L75 

IO0O 

p . 1 0 - s  ~T.10t 

i 

991,0 97,9 
869,9 102,4 
755,5 107,1 
647,5 112,0 
545,4 117,2 
449,0 122,6 
357,8 128,3 
271,7 134,2 
190,3 140,5 
113,4 147,0 
40,8 153,9 

CZp �9 I{) 4 

2,67 
2,78 
2,90 
3,02 
3,14 
3,27 
3,40 
3,54 
3,69 
3,85 
4,01 

L 
I 
P 1 

/ 

f 

Fig. 3. I s o t h e r m a l  compress ib i l i t y  of liquid 
ces ium: 1) T -- 500~ 2) 750; 3) 1000; 4) ~T  
along sa tura t ion  line; 5) fiT along sa tu ra t ion  
line [9]. 

cu rve  along the sa tu ra t ion  Line obtained by m e a s u r e m e n t s  of the speed  of sound [3] (curve 5), and the value 
of ~T at  493.15~ and m o l a r  volume V = 25.5 cm3/mole ,  taken f r o m  [4]. 

The m a x i m u m  d ive rgence  of the compress ib i l i t y  values  obtained f r o m  the proposed  equation s ta te  
f r o m  the data of [3] does not exceed 3% (in [3] the a u t h o r s '  e s t ima te  of e r r o r  5~T = 3%), while the d i v e r -  
gence of the p r e se n t  ~ data f r o m  cor responding  values of [4] l ies within the l imits  of 1%. 

Rubidium. The coeff icients  of Eq. (1) approximat ing  our exper imenta l  PVT data for  rubidium in the 
liquid phase  [1] a r e  shown in Table  4. 

The m e a n - s q u a r e  e r r o r  of the approx imat ion  of the exper imen ta l  data  by the proposed equation c o m -  
p r i s e s  10 b a r ,  which co r responds  to a d i sc repancy  between exper imenta l  and calcula ted densi ty values  of 
not m o r e  than 0.08%. 

As was demons t r a t ed  in [1], our  densi ty data at low t e m p e r a t u r e s ,  and thus ,  the densi ty values ca l -  
culated with Eq. (1), a g r e e  well  with the data of Rosenbaum [5] and J a r zynsk i  [6] over  the p r e s s u r e  range  
studied (to 750 a tm) .  Moreove r ,  the s a m e  de g ree  of a g r e e m e n t  (within 0.2% in density) can be found in 
densi ty  values  f r o m  Eq. (1) at  higher p r e s s u r e s .  Based on this fac t ,  we can r ecommend  the following 
range  of appl icabi l i ty  for  Eq. (1) for  liquid rubidium: p r e s s u r e s  f r o m  Ps to  108 Pa  (1000 bar ) ,  and t e m p e r -  
a tu res  f r o m  500 to  1000~K. 

Smoothed densi ty values of liquid rubidium a r e  p resen ted  in Table  5. 

1 4 1 8  



Table 6 presen ts  values of p r e s s u r e ,  i so the rmal  compress ib i l i ty ,  and the rma l  expansion of fused 
rubidium at various molar  volumes and t e m p e r a t u r e s ,  as calculated f rom equation of s ta te  (1). 

F igure  2 presen ts  i so the rmal  compress ib i l i ty  curves  for  th ree  t empera tu re s  and along the saturat ion 
l ine.  Curve 5 shows compress ib i l i ty  obtained f rom speed of sound measurement s  [7], with the authors '  e s -  
t imate  of uncer ta inty  in fiT measurement s  being 6%. The d ivergence  of the presen t  data f rom that of [7] 
does not exceed 9%. The i so thermal  compress ib i l i ty  curve  shown in Fig. 2 for  200~ [5] d i f fers  f rom the 
compress ib i l i ty  values obtained with Eq. (1) by not m o re  than 3%. The d i f ference  in fiT values presented  
in [6] for  the sa tura t ion line at 200~ f rom the corresponding values calculated by Eq. (1) is less  than 2%. 

Cesium. The equation of s ta te  of liquid ces ium in the fo rm of Eq. (1), constructed f rom exper i -  
mental  PVT data of [1], has the coefficients Aij presented  in Table 7. 

The me a n - squa re  e r r o r  of the approximation is 7.5 bar ,  which cor responds  to  a deviation of calcul-  
ated density values f rom exper iment  of not more  than 0.1%. 

The recommended  range of application of the liquid ces ium equation of s ta te  is 500-1000~ at p r e s -  
sure  f rom Ps to 108 Pa (1000 bar) .  We have expanded the range of applicabili ty of the proposed equation 
over  p r e s s u r e  in compar i son  to the exper imenta l ly  studied p r e s s u r e  range [I], just  as in the case  of rubi -  
dium, on the basis of good agreement  of the low t e m p e r a t u r e  ces ium density values calculated by the p ro-  
posed equation with analogous data f rom [8]. 

Table 8 shows smoothed density values of liquid ces ium at various t empera tu re s  and p r e s s u r e s .  

The values of p r e s s u r e ,  i so the rmal  compress ib i l i ty ,  and the rma l  expansion for  various molar  
volumes and t e mpe ra tu r e s  calculated f rom Eq. (1) a r e  presented  in Table 9. 

F igure  3 shows i so the rmal  compress ib i l i ty  curves  for  T = 500, 750, and 1000~ and along the s a -  
tura t ion l ine,  together  with a curve  for fiT along the sa tura t ion line obtained in [9] by speed of sound mea-  
s u r e m e n t s .  The maximum deviation of the p resen t  fiT data f rom that of [9] compr i ses  7% (in [9] the 
au thors '  es t imate  of fiT uncer ta inty  was 5.3%). 

Thus,  the analysis  of e r r o r  in exper imenta l  data pe r fo rmed  in [1] together  with analysis  of the ap- 
proximated polynomials for  PVT curves  and the i r  der iva t ives  indicate sa t i s fac tory  re l iabi l i ty  of the p r o -  
posed equations of s ta te  for  alkali  metals  in the liquid phase.  

N O T A T I O N  

P, p r e s s u r e ;  V, volume; T ,  t empera tu re ;  Aij , coefficients of the polynomial;  f iT,  i so the rmal  com-  
press ib i l i ty ;  C~p, t he rma l  expansion. 
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