
122

�S, m 
 1.717 × 10	4 MPa	1 ,

b 
 3.2682 ,

1.4 COMPRESSIBILITY AND SPEED OF SOUND

1.4.1 ADIABATIC COMPRESSIBILITY

Summary

Recommended values for the adiabatic compressibility of liquid sodium and sodium

vapor are given in Table 1.4-1 and graphed, respectively, in Figs. 1.4-1 and 1.4-2.  The dashed lines

in the graphs represent the uncertainties in the recommended values.  Estimated uncertainties as

a function of temperature are given in Tables 1.4-2 and 1.4-3.

For liquid sodium, the recommended values for the adiabatic compressibility, �S, in

MPa-1 are calculated from

(1)�S 
 �S, m

1 �
�

b
1 	 �

,

where the adiabatic compressibility at the melting point, �S, m, is equal to

the constant b is 

and the parameter � is defined by

(2)� 


T 	 Tm

TC 	 Tm

.

Tm and TC are, respectively, the temperatures at the melting point (371 K) and critical point

(2503.7 K).

The adiabatic compressibility of sodium vapor was calculated from the heat capacity

at constant volume , the heat capacity at constant pressure , and the isothermalCV CP

compressibility  using the thermodynamic relation�T

(3)�S 
 �T

CV

CP

.
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Table 1.4-1    Adiabatic Compressibility of Sodium

Temperature
(K)

Liquid
�S x 104

(MPa-1)

Vapor
�S

(MPa-1)

400
500
600
700
800
900

1.75
1.86
1.99
2.13
2.28
2.46

3.14 x 109

8.12 x 106

1.36 x 105

7.31 x 103

8.14 x 102

1.48 x 102

1000
1100
1200
1300
1400
1500
1600
1700
1800
1900

2.66
2.88
3.14
3.45
3.81
4.24
4.77
5.42
6.27
7.39

3.78 x 101

1.24 x 101

4.90
2.24
1.14 

6.39 x 10-1

3.83 x 10-1

2.46 x 10-1

1.67 x 10-1

1.19 x 10-1

2000
2100
2200
2300
2400
2500

8.87
11.3
15.2
22.9
45.6

1291.31

8.79 x 10-2

6.78 x 10-2

5.44 x 10-2

4.61 x 10-2

4.45 x 10-2

3.74 x 10-1

Discussion

Adiabatic Compressibility of Liquid Sodium & The parameter b in Eq. (1) for the

adiabatic compressibility (�S) of liquid sodium was obtained by fitting the adiabatic

compressibilities from the melting point to 1773 K.  The adiabatic compressibilities in this

temperature range were calculated from the liquid density  and speed of sound in liquid sodium'l

(v) using the relation

(3)�S 

1

'l v
2

.
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Table 1.4-2 Estimated Uncertainties in the Recommended Values for 
Adiabatic Compressibility of Liquid Sodium

Temperature
(K)

�S
(MPa-1) Uncertainty, 


�S

�S

(%)

 371 � T � 1400

1400 < T � 2000

2000 < T � 2200

2200 < T � 2400

2400 < T � 2503

�S 
 1.717 × 10	4

1 �
�

b
1 	 �

where b 
 3.2682 ,

� 


T 	 Tm

Tc 	 Tm

,

Tm 
 371 K ,

Tc 
 2503.7K .

2

25

37

49

55

Table 1.4-3 Estimated Uncertainties in the Recommended Values for the
Adiabatic Compressibility of Sodium Vapor

Temperature
(K)

�S
(MPa-1) Uncertainty, 


�S

�S

(%)

 371 � T �  500

 500 < T � 1000

1000 < T � 1600

1600 < T � 2000

2000 < T � 2200

2200 < T � 2503.7

           �S 
 �T

CV

CP

 50

 35

 30

 60

 80

100
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'C 
 219. ,

f 
 275.32,

g 
 511.58,

h 
 0.5,

for 371 K < T < 1773 K .

The liquid density  is given by'l

(5)'l 
 'C � f 1 	
T
TC

� g 1 	
T
TC

h

,

where the parameters for density in kg#m-3 and temperature (T) in kelvins are

and 'C, the density at the critical temperature, is 219 kg#m-3.  

The recommended equation for the speed of sound (v) in m#s-1 is the quadratic equation

determined by Fink and Leibowitz(1) who fit the available speed of sound data from the melting

point to 1773 K; their equation is

(6)v 
 2660.7	 0.37667T 	 9.0356 × 10	5 T 2

In Fig. 1.4-3, recommended values for the adiabatic compressibility of liquid sodium

are compared with values from assessments by Fink and Leibowitz,(1) Hornung,(2) and Bystrov et

al.(3)  Equations of similar form to Eqs. (1-6) were used by Fink and Leibowitz and by Hornung.

Bystrov et al. used a linear equation to represent the speed of sound in sodium and a seven-term

polynomial to represent the liquid density.  They used Eq. (4) to calculate the adiabatic

compressibility in the range of experimental data and to extrapolate to high temperatures.  Values

from all three assessments are in excellent agreement (within 2%) through 1600 K.  Disagreement

between the values calculated by Bystrov et al. and values from other assessments increases with

increasing temperature above 1600 K.  Deviations of values calculated in these assessments from

the recommended values are shown in Fig. 1.4-4.  The deviations shown in the graph in Fig. 1.4-4

were defined as
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(7)Deviations

�S(Other) 	 �S(Recommended) 100%

�S(Recommended)
.

The increasing deviation with temperature of values calculated by Bystrov et al. arises

from their choice of equations for the density and the adiabatic compressibility which do not have

the correct physical behavior at the critical point.  Extrapolation of these equations beyond the

range of experimental data leads to large differences.  Values calculated by Bystrov et al. are low

by 63% at 2400 K and by 98% at 2500 K.  Values calculated by Hornung and by Fink and

Leibowitz are within 2% of the recommended values through 2000 K, the highest temperature

calculated by Hornung.  At 2400 K, values calculated by Fink and Leibowitz deviate by -5%.  The

magnitude of the deviation increases as the critical point is reached because of their selection of

a different critical temperature and critical density than the one recommended in this assessment.

Adiabatic Compressibility of Sodium Vapor & The adiabatic compressibility of

sodium vapor was calculated from the isothermal compressibility (�T) and the heat capacities at

constant pressure (CP) and constant volume (Cv) using the thermodynamic relation given in Eq. (3).

These thermodynamic properties are defined below in Eqs. (8-10).  The isothermal compressibility

(�T) of sodium vapor was calculated from the instantaneous volumetric thermal-expansion

coefficient  and the thermal-pressure coefficient  using the thermodynamic  relation�P �V

(8)�T 


�P

�V

.

The heat capacity at constant pressure of sodium vapor has been calculated from the

heat capacity along the saturation curve  using the thermodynamic relationsC
)

(9)CP 
 C
)
�

T�P�)

'g

,

where �P is the thermal-expansion coefficient, �
)
 is the partial derivative of the pressure with

respect to temperature along the saturation curve, and 'g is the vapor density.  The heat capacity

at constant volume of saturated sodium vapor was calculated using the thermodynamic relation
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(10)CV 
 CP 	

T �P �V

'g

,

where CP, �P, 'g, and �v are, respectively, the heat capacity at constant pressure, the instantaneous

volumetric thermal-expansion coefficient, the density of sodium vapor and the thermal-pressure

coefficient.

The instantaneous volumetric thermal-expansion coefficient for sodium vapor �P g

was calculated from the relation

(11)�P g



�
) g

1 	

�
)

�V

,

where the coefficient of thermal expansion along the saturation curve  for sodium vapor�
) g

is defined as

�
) g


 	
1
'g

0'g

0T
)

.

The vapor density  was calculated from the enthalpy of vaporization , the'g �Hg

temperature derivative of the vapor pressure , and the liquid density  using the relation�
)

'l

(13)'g 


�Hg

T�
)

�
1
'l

	1

,

where

(14)�
)



0P
0T

)

.

The vapor pressure, P, is given by an equation derived by Browning and Potter:(4)
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a 
 11.9463,

b 
 	12633.73,

c 
 	0.4672.

for 371 K < T < 2503.7K ,

(15)ln P 
 a �
b
T

� c ln T .

Then �
)
, the temperature derivative of the pressure along the saturation curve, is

(16)�
)

 	

b

T 2
�

c
T

exp a �
b
T

� c ln T ,

and the coefficients in Eqs. (15, 16) for P in MPa and T in kelvins are defined as

The enthalpy of vaporization, �Hg, in kJ#kg-1, is given by

(17)�Hg 
 393.37 1 	
T
TC

� 4398.6 1 	
T
TC

0.29302

where TC is the critical temperature, 2503.7 K, and T is the temperature in kelvins.  The liquid

density  used in the calculation of the vapor density in Eq. (13) is defined in Eq. (5).'l

The thermal-pressure coefficient (�v) used in Eqs. (8, 10, 11) is defined below in Eqs.

(18, 19).  Below 1600 K, the thermal-pressure coefficient was calculated using the quasi-chemical

approximation.(5)  Values calculated via the quasi-chemical approximation were fit to an equation

so that a functional form is available for calculation of all the vapor properties.  This equation for

�V in MPa#K-1 is
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for 371 K � T � 1600 K ,

a 
 8.35307 ,

b 
 	12905.6 ,

c 
 	0.45824 ,

d 
 2.0949 × 10	3 ,

e 
 	5.0786 × 10	7 .

for 1600 K � T � 2500 K ,

�
C
V 
 �

C
)

 4.6893 × 10	2,

A 
 	 2.5696 × 10	3,

B 
 3.5628 × 10	5,

TC 
 2503.7K .

(18)�V 
 	
b

T 2
�

c
T

� d � 2 eT exp a �
b
T

� c ln T � dT � eT2

where

At the critical point, the thermal-pressure coefficient (�v) must equal �
)
, the slope of the vapor

pressure curve.  Above 1600 K, the thermal-pressure coefficient was extrapolated to the critical

point using the same form of equation used by Fink and Leibowitz:(1)

(19)�V 
 �
C
V � A 1 	

T
TC

1
2
� B 1 	

T
TC

where

The superscript C and subscript C in Eq. (19) denote the value at the critical temperature (TC).  The

parameters A and B in Eq. (19) were determined by matching the value and temperature derivative

of the thermal-pressure coefficient at 1600 K.  The equation fitting the thermal- pressure coefficient

below 1600 K and the extrapolation to the critical point are shown in Fig. 1.4-5.   The derivative

of the vapor pressure, �
)
, has been included in the figure.



130

for 2000 K � T � 2503.7K ,

E 
 2128.4 ,

F 
 0.86496 .

The heat capacity at constant pressure, CP, defined in Eq. (9), is a function of the heat

capacity along the saturation curve.  The heat capacity along the saturation curve, C
)
, is defined

as

(20)C
)

 T

0S
0T

)

.

It is related to the partial derivative of the enthalpy along the saturation curve by

C
)



0H
0T

)

	

�
)

'g

,

where the enthalpy of the vapor along the saturation curve is the sum of the enthalpy of liquid

sodium on the saturation curve and the enthalpy of vaporization;

(22)H(g, T) 	 H(s, 298) 
 H(AVG, T) 	 H(s, 298) � �Hg .

The enthalpy of vaporization, �Hg, is given in Eq. (17).  Below 2000 K, the liquid enthalpy in

kJ#kg-1,  was calculated from the CODATA equation(6) given by Cordfunke and Konings:(7)

(23)
H(AVG, T) 	 H(s, 298.15)
 	 365.77� 1.6582T 	 4.2395 × 10	4 T 2

� 1.4847 × 10	7 T 3
� 2992.6T	1 .

Above 2000 K, the law of rectilinear diameters was used to extrapolate the average of

the liquid and vapor enthalpies to the critical point.  The enthalpy of sodium vapor relative to the

solid at 298.15 K is the average enthalpy plus one half the enthalpy of vaporization.  In kJ#kg-1, the

average enthalpy is given by

(24)H(AVG, T) 	 H(s, 298.15)
 E � FT

where

Thus, the enthalpy of sodium vapor is
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H(g, T) 	 H(s, 298.15)
 E � FT �
1
2

�H (25)

for 2000 K � T � 2503.7K .

Values for the adiabatic compressibility of sodium vapor were available only in the

assessment by Fink and Leibowitz.(1)  Values from their assessment are compared with

recommended values in Fig. 1.4-6.  Deviations of values given by Fink and Leibowitz from values

recommended in this assessment, defined as in Eq. (7), are within 10% for most of the temperature

range, as shown in Fig. 1.4-7.  Large deviations occur at both low and high temperatures.  The low

temperature deviations are due to differences in the thermal-pressure coefficient and enthalpy of

vaporization at the low temperatures.  Fink and Leibowitz calculated the thermal-pressure

coefficient and the enthalpy of vaporization from the quasi-chemical approximation below 1600

K.  In this assessment, values from the quasi-chemical approximation were fit with equations to

provide mathematical functions for calculation for the entire temperature range.  These differences

led to differences near the melting point.  The 25% deviation at 2400 K arises from differences in

dependent parameters as the critical temperature is approached.  Different values were chosen for

the critical temperature in the two assessments.  Fink and Leibowitz used 2509.4 K, whereas

2503.7 K has been selected for the critical temperature in this assessment.

Although values for the adiabatic and isothermal compressibilities of sodium vapor are

not available from the assessment by Bystrov et al.,(3) the ratio of the vapor heat capacities, which

is related to the ratio of the vapor compressibilities, is given in their assessment.  The

thermodynamic relation between these two ratios is

(26)
�T

�S




CP

CV

.

In Fig. 1.4-8, values for this ratio from the assessment of Fink and Leibowitz,(1) the assessment by

Bystrov et al.,(2) and this recommendation are compared.  Percent deviations of the ratios from

these assessments relative to the ratios calculated from the recommended values are shown in Fig.

1.4-9.  For most of the temperature range, deviations are within 4%.  Higher deviations were found

with respect to the ratios from Fink and Leibowitz at 400 K and above 2400 K.  At 2000 K, the

ratio given by Bystrov et al. deviates by about 9%.
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Uncertainty

The uncertainties in the recommended values for the adiabatic compressibilities of

liquid sodium and sodium vapor have been calculated from uncertainties in the dependent

parameters assuming that all uncertainties are independent.  If xi are the dependent parameters, the

square of the uncertainty in the calculated quantity  is given by
�S

(27)
�S
2

 M

0�S

0xi

2


xi
2 ,

where 
xi are the uncertainties in the dependent parameters.  

Adiabatic Compressibility of Liquid Sodium & Differentiating Eq. (4) for the adiabatic

compressibility of liquid sodium leads to Eq. (28) for the uncertainty

(28)
�S 
 
'l
2
� 4 
v 2 ,

where (
'l) is the uncertainty in the liquid density and (
v) is the uncertainty in the speed of sound.

Calculated uncertainties in the adiabatic compressibility of liquid sodium are 2% from 371 through

1400 K.  They increase to 25% at 2000 K and to 55% at 2500 K.  Calculated uncertainties are

tabulated as a function of temperature in Table 1.4-2.  Comparison of calculated uncertainties with

deviations of other assessments from the recommended values (graphed in Fig. 1.4-4) shows that

values from Fink and Leibowitz(1) and from Hornung(2) are within 2% of the recommended values

for the entire temperature range.  However, values calculated by Bystrov et al.(3) deviate by -10%

at 1900 K and by -98% at 2500 K.  These large deviations at the higher temperatures are consistent

with the high calculated uncertainties.  They arise from the use of polynomial equations for

extrapolation of density and speed of sound to the critical temperature.

Adiabatic Compressibility of Sodium Vapor & Because the functional forms of the

thermodynamic properties used to calculate the adiabatic compressibility of sodium vapor are so

complex and these properties are not independent, the square of the uncertainties cannot be

calculated from the square of the uncertainties of the dependent parameters.  Consequently, the

uncertainties in the calculated adiabatic compressibilities of sodium vapor were calculated from
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the uncertainties in the fundamental properties used to calculate the dependent variables in Eq. (3).

Uncertainties in the adiabatic compressibility of sodium vapor were calculated from the

uncertainties in the thermal-pressure coefficient, the vapor enthalpy, and the enthalpy of

vaporization using the approximation

(29)
�S 
 
�V
2
� 
Hg

2
� 
�H 2 .

Calculated uncertainties have been included as dashed lines in Fig. 1.4-2 and are

tabulated as a function of temperature in Table 1.4-3.  The maximum uncertainty in each

temperature range has been included in the table.  High uncertainties (50%) are calculated below

500 K.  These are consistent with the large deviation between values calculated by Fink and

Leibowitz and by the recommended equations (see Fig. 1.4-7).  Uncertainties decrease to 35% from

500 to 1000 K, and 30% from 1000 to 1600 K.  Above 1600 K, they increase with temperature.

These estimated uncertainties are consistent with the estimated uncertainties given by Fink and

Leibowitz.(1)  However, they are considerably higher than deviations between values calculated by

Fink and Leibowitz and by the recommended equations.  These deviations are on the order of 3%

for the 800 to 2100 K temperature range.  They increase to 25% at 2400 K.  Although no other

values of adiabatic compressibility of the vapor are available for comparison, comparisons with

ratios of isothermal compressibility to adiabatic compressibilities of Bystrov et al.(3) indicate

deviations are on the order of 3% for temperatures between 800 and 1900 K.  At 2000 K, the

deviation was -8.7%.  Thus, uncertainties estimated using Eq. (29) appear to be conservative.

1.4.2 ISOTHERMAL COMPRESSIBILITY

Summary

Recommended values for the isothermal compressibility of liquid sodium and sodium

vapor are given in Table 1.4-4 and graphed, respectively, in Figs. 1.4-10 and 1.4-11.  The dashed

lines in the graphs represent the uncertainties in the recommended values.  Estimated uncertainties

as a function of temperature are given in Tables 1.4-5 and 1.4-6.
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Table 1.4-4    Isothermal Compressibility of Sodium

Temperature
(K)

Liquid
�T x 104

(MPa-1)

Vapor
�T

(MPa-1)

400

500

600

700

800

900

   1.93

   2.12

   2.34

   2.60

   2.89

   3.23

5.56 x 109

1.12 x 107

1.82 x 105

9.75 x 103

1.10 x 103

2.03 x 102

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

   3.64

   4.11

   4.66

   5.33

   6.15

   7.16

   8.44

 10.1

 12.4

 15.7

5.32 x 101

1.79 x 101

7.30      

3.43      

1.81      

1.04      

6.48 x 10-1

4.29 x 10-1

3.03 x 10-1

2.26 x 10-1

2000

2100

2200

2300

2400

2500

 20.6

 28.4

 42.1

 70.8

156. 

547. 

1.78 x 10-1

1.50 x 10-1

1.36 x 10-1

1.41 x 10-1

1.99 x 10-1

8.88      
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Table 1.4-5 Estimated Uncertainties in the Recommended Values for 
Isothermal Compressibility of Liquid Sodium

Temperature
(K)

�T
(MPa-1) Uncertainty, 


�T

�T

(%)

 371 � T �  500 

500 < T � 1000

1000 < T � 1600 

1600 < T � 2000 

2000 < T � 2200 

2200 < T � 2503.7

�T 


�S C
)
�

T
'l

�
)
�
)
� �S�)

C
)
	

T
'l

�
)
�
)
� �S�)

 50

 35

 30

 60

 80

100

Table 1.4-6 Estimated Uncertainties in the Recommended Values for the
Isothermal Compressibility of Sodium Vapor

Temperature
(K)

�T
(MPa-1) Uncertainty, 


�T

�T

(%)

 371 � T �  500

 500 < T � 1600

1600 < T � 2000

2000 < T � 2200

2200 < T � 2400

2400 < T � 2503.7

                   �T 


�P

�V

 50

 15

 30

 40

 50

100
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The isothermal compressibility  for liquid sodium was calculated from the thermodynamic�T

relation

(30)�T 


�S C
)
�

T
'l

�
)
�
)
� �S�)

C
)
	

T
'l

�
)

�
)
� �S�)

,

where �S is the adiabatic compressibility, C
)
 is the heat capacity along the saturation curve, �

)
 is

the thermal-expansion coefficient along the saturation curve, �
)
 is the temperature derivative of the

vapor pressure along the saturation curve, and 'l is the liquid density.

The isothermal compressibility of sodium vapor was calculated from the instantaneous

volumetric thermal-expansion coefficient of sodium vapor (�
'
) and the thermal-pressure coefficient

 using the thermodynamic relation�V

(31)�T 


�P

�V

.

Discussion

Isothermal Compressibility of Liquid Sodium & The isothermal compressibility of

liquid sodium was calculated from the thermodynamic relation given in Eq. (30).  The adiabatic

compressibility (�S) used in Eq. (30) is defined in Eqs. (1, 2, 4).  The liquid density ('l) is  given

in Eq. (5).   The temperature derivative of the vapor pressure along the saturation curve  (�
)
) is

given in Eq. (16).  The thermal-expansion coefficient along the saturation curve (�
)
) is defined in

terms of the liquid density in Eq. (32):

(32)�
)

 	

1
'l

0'l

0T
)

.

The heat capacity along the saturation curve (C
)
) is related to the partial derivative with

respect to temperature of the liquid enthalpy increment along the saturation curve according to the

thermodynamic relation
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for 2000 K � T� 2503.7K ,

E 
 2128.4 ,

F 
 0.86496 .

(33)C
)



0H
0T

)

	

�
)

' l

.

Equation (23) is the recommended equation for the liquid enthalpy increment along the saturation

curve below 2000 K.  Above 2000 K, the liquid enthalpy is calculated from the average enthalpy

(Eq. [24]) minus one half the enthalpy of vaporization (Eq. [17]); i.e.,

(34)H(AVG, T) 	 H(s, 298.15)
 E � FT 	
1
2

�Hg

where

Isothermal compressibilities for liquid sodium have been calculated by Bystrov et al.,(3)

Hornung,(2) and Fink and Leibowitz.(1)  In Fig. 1.4-12, values from these assessments are compared

with recommended values.  There is good agreement between recommendations from all

assessments through 1300 K.  Deviations of recommended values from values from other

assessments defined as

(35)Deviations

�T(Other) 	 �T(Recommended) 100%

�T(Recommended)
,

are shown in Fig. 1.4-13.  Above 1500 K, values from the other assessments are lower than the

recommended values.  From 1200 to 2400 K, values calculated by Bystrov et al. are closest to the

recommended values.  This may be because both calculations used the CODATA equation for the

enthalpy of liquid sodium up to 2000 K.

Isothermal Compressibility of Sodium Vapor & The isothermal compressibility of

sodium vapor was calculated from the instantaneous volumetric thermal-expansion coefficient for

the vapor and the thermal-pressure coefficient using the thermodynamic relation given in Eq. (31).

The vapor instantaneous volumetric thermal-expansion coefficient is defined in Eqs. (11-17).  The

thermal-pressure coefficient is given in Eqs. (18, 19). 
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In Fig. 1.4-14, the recommended values for the isothermal compressibility of sodium

vapor are compared with values calculated by Fink and Leibowitz.(1)  Values calculated by Fink

and Leibowitz are higher than recommended values at all temperatures.  Deviations defined in

accord with Eq. (35) are shown in Fig. 1.4-15.  Highest percent deviations are at the high and low

temperatures.  From 700 through 2100 K, deviations between these two calculations are within 6%.

The high percent deviations at low temperatures arise from differences in the thermal-pressure

coefficient in the two calculations, as discussed above.

Uncertainty

The uncertainties in the recommended values for the isothermal compressibilities of

liquid sodium and sodium vapor have been calculated from uncertainties in the dependent

parameters.  If the dependent parameters (3i) are independent of each other, then the square of the

uncertainty in the calculated quantity (
�T) is given by

(36)
�T
2

 M

0�T

0xi

2


xi
2 ,

where 
xi are the uncertainties in the dependent parameters.  

Isothermal Compressibility of Liquid Sodium  &  The isothermal compressibility,

calculated using Eq. (30), is a function of thermodynamic variables which are functions of some

of the same variables.  For example, liquid density enters Eq. (30) not only explicitly but also

through the adiabatic compressibility, the thermal-expansion coefficient along the saturation curve,

and the heat capacity along the saturation curve.  Vapor pressure enters both through the derivative

along the saturation curve and through the heat capacity along the saturation curve.  So the

assumptions for application of Eq. (36) are not valid.  Because of the complicated relationships

between the dependent parameters, the uncertainty in the isothermal compressiblity of liquid

sodium has been approximated by

(37)
�T 
 
'l
2
� 
�S

2
� 
C

)

2 ,

where (
'l) is the uncertainty in the liquid density, (
�S) is the uncertainty in the adiabatic

compressibility, and (
C
)
) is the uncertainty in the heat capacity along the saturation curve

calculated from
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(38)
C
)

 4 
Hl

2
� 4 
P 2

� 
'l
2 .

The uncertainties calculated using Eqs. (37, 38) do not differ significantly from

uncertainties calculated using other approximations such as calculation of uncertainties from the

basic parameters (H, �Hg, P, v, 'l).  Calculated uncertainties in the isothermal compressibility of

liquid sodium are shown in Table 1.4-5.  They range from 3% from 371 through 1000 K to 65%

above 2400 K.  Comparison of these estimated uncertainties with deviations of other assessments

from the recommended values for the isothermal compressibility shows that the deviations are

within the estimated uncertainties for most of the temperature range.  Deviations are on the order

of 3% or less from 371 through 1000 K.  Between 1000 and 1600 K, all deviations are within 6%

except for those from Fink and Leibowitz.(1)  The percent deviation for values calculated by Fink

and Leibowitz are 10% at 1500 K and 13% at 1600 K.  The 30% deviation of values from Fink and

Leibowitz are included in the 30% uncertainty from 1600 to 2000 K.  The 45% and 60%

uncertainties for the temperature ranges 2000 to 2200 K and 2200 to 2400 K are greater than any

deviations between calculated values in the different assessments.  However, deviations at 2500

K are greater than the 65% uncertainty given for temperatures greater than 2400 K.  This is because

the isothermal compressibility becomes very large as the critical point is approached and different

values are selected for the critical temperature in the different assessments. 

Isothermal Compressibility of Sodium Vapor & The uncertainties in the recommended

values for the isothermal compressibility of sodium vapor were estimated using Eq. (36) and the

thermodynamic relation for isothermal compressibility of sodium vapor given in Eq. (8).  The

uncertainties were estimated from the uncertainties in the instantaneous volumetric thermal-

expansion coefficient for sodium vapor and the thermal-pressure coefficient according to

(39)
�T 
 
�P
2
� 
�V

2 .

Uncertainties calculated with Eq. (39) are given for each temperature range in Table 1.4-6.

As for the adiabatic compressibilities, a high percent uncertainty (50%) is calculated

for low temperatures (371 to 500 K).  This is consistent with the large deviations between values

from this calculation and values from Fink and Leibowitz(1) at low temperatures.  At 400 K, the 
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(4

for 371 K � T � 1773 K .

for 1773 K < T � 2503.7K .

deviation is 33%.  The large percent deviation arises from the use of an equation to represent the

thermal-pressure coefficient and the enthalpy of vaporization at low temperatures rather than use

values from the quasi-chemical approximation.  Uncertainties are 15% from 500 to 1600 K.  Then

they increase with increasing temperature to 100% at 2503 K.  Calculated deviations between

values given by Fink and Leibowitz and recommended values lie within the estimated uncertainties.

1.4.3 SPEED OF SOUND

Summary

Below 1773 K, the speed of sound (v) in liquid sodium in m#s-1 is given by the

quadratic equation determined by Fink and Leibowitz(1) from fitting the data from 370 to 1270 K

of Leibowitz et al.(8) and date from 1010 to 1770 K form Chasanov et al.(9)

(40)v 
 2660.7	 0.37667T 	 9.0356 × 10	5 T 2

Above 1773 K, the speed of sound in liquid sodium is calculated from the liquid adiabatic

compressibility  and the liquid density  using the thermodynamic relation�S 'l

(41)v 

1

'l �S

Recommended values for the speed of sound in liquid sodium are given in Table 1.4-7 and shown

in Fig. 1.4-16.  Estimated uncertainties in the recommended values have been included as dotted

lines in Fig. 1.4-16 and are given in Table 1.4-8.

Discussion

The liquid density of sodium is given in Eq. (5).  The adiabatic compressibility of

liquid sodium is defined in Eqs. (1, 2).  In Fig. 1.4-17, values for the speed of sound calculated

from Eqs. (40, 41) are compared with values calculated by Fink and Leibowitz,(1) Bystrov et al.,(3)

and  the  extrapolation of the  quadratic equation  (Eq. [40]) to  the critical  point.   This  
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Table 1.4-7    Speed of Sound in Liquid Sodium

Temperature
(K)

Speed of Sound
(m # s-1)

400

500

600

700

800

900

2496

2450

2402

2353

2302

2249

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2194

2137

2079

2018

1956

1892

1827

1759

1676

1587

2000

2100

2200

2300

2400

2500

1487

1372

1235

1060

810

180
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Table 1.4-8 Estimated Uncertainties in the Recommended Values for 
Speed of Sound in Liquid Sodium

Temperature
(K)

v
(m ## s-1) Uncertainty, 


v

v

(%)

 371 � T � 1600

1600 < T � 1773(a)     
v 
 2660.7	 0.37667T

	 9.0356 × 10	5 T 2

1

1.3(a)

1773 < T � 2000(a)

2000 < T � 2200(a)

2200 < T � 2400(a)

2400 < T � 2503(a)

           v 

1

�S 'l

10(a)

16(a)

22(a)

25(a)

 (a)From 1700 to 2503.7 K, the uncertainty is approximated by 

v
v

(%) 
 	48 � 0.029 T

extrapolation is labeled "quad-ext" in the figure.  Bystrov et al. represent the speed of sound with

a linear equation, which they extrapolate to the critical point.  Extrapolation of these polynomial

representations of the speed of sound to the critical point do not give proper physical behavior for

the speed of sound or for the adiabatic compressibility (calculated from the speed of sound) at the

critical point.  The extrapolation used here is identical to that used by Fink and Leibowitz.(1)  It

gives proper physical behavior at the critical point.

Deviations between recommended values and those of Bystrov et al. and Fink and

Leibowitz, defined as

(42)Deviations

v(Other) 	 v(Recommended) 100%

v(Recommended)
,
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are shown in Fig. 1.4-18.  Values given by Fink and Leibowitz and those recommended here are

identical through 1773 K.  Above 1773 K, deviations increase with temperature due to differences

in the density and critical temperature in the two assessments.  Values given by Bystrov et al. agree

within 1.3% through 1700 K.  Above 1700 K, deviations increase with temperature, as shown in

the figure.  At 2400 K, deviations are 71%.

Uncertainty

Uncertainties in the recommended values for the speed of sound have been estimated

from the deviations of the various assessments and the uncertainties given in these assessments.

From 371 through 1600 K, the uncertainty is estimated as 1%.  All recommended values are 

within this uncertainty in this temperature range.  Above 1600 K, uncertainties increase with

temperature according to the equation 

(43)

v
v

(%) 
 	48 � 0.029T .

At 2500 K, uncertainties are estimated as 25%.  This uncertainty is lower than the deviation

between recommended values and those given by Bystrov et al.  Because the equation used by

Bystrov et al. does not have the proper behavior near the critical point, larger deviations than

estimated uncertainties may be expected.
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Fig. 1.4-1  Recommended Values for the Adiabatic Compressibility of Liquid Sodium
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Fig.1.4-2  Recommended Values for the Adiabatic Compressibility of Sodium Vapor
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Fig. 1.4-3  Comparison of the Recommded Values for the Adiabatic Compressibility of Liquid Sodium 
with Values from Other Assessments
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Fig. 1.4-4  Deviation of the Recommended Values for the Adiabatic Compressibility of Liquid 
Sodium from Values from Other Assessments
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Fig. 1.4-5.  The Thermal-Pressure Coefficient (γV) and the Temperature Derivative of the Vapor Pressure 
along the Saturation Curve (γσ)
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Fig. 1.4-6  Comparison of Recommended Values for the Adiabatic Compressibility of Sodium Vapor 
with  Values from Fink and Leibowitz1 
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Fig. 1.4-7  Deviations of the Adiabatic Compressibility of sodium Vapor Calculated by Fink and 
Leibowitz1 from Recommended Values
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Fig. 1.4-8  Comparison of the Ratio of the Recommended Values for the Heat Capacity at Constant 
Pressure and Constant Volume for Sodium Vapor with Values of the Ratio from Other Assessments
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Fig. 1.4-9  Deviations of the Values of the Heat Capacity Ratios for Sodium Vapor Calculated by Fink 
and Leibowitz and by Bystrov et al. from Recommended Values
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Fig. 1.4-10  Recommended Values for the Isothermal Compressiblity of Liquid Sodium
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Fig. 1.4-11 Recommended Values for the Isothermal Compressiblity of Sodium Vapor
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Fig. 1.4-12 Comparison of the Recommended Values for the Isothermal Compressibility of Liquid 
Sodium with Values from Other Assessments
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Fig. 1.4-13  Percent Deviations of the Recommended Values for the Isothermal Compressibility of Liquid 
Sodium from Values from Other Assessments
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Fig. 1.4-14 Comparison of Recommended Values for the Isothermal Compressibility of Sodium Vapor 
with Values from Fink and Leibowitz1 
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Fig. 1.4-15 Percent Deviations of the Recommended Values for the Isothermal Compressibility of Sodium 
Vapor from the Values from Fink and Leibowitz1

0

5

10

15

20

25

30

35

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Temperature, K

Is
ot

he
rm

al
 C

om
pr

es
si

bi
lit

y 
D

ev
ia

tio
n,

 %

Fink & Leibowitz



Fig. 1.4-16  Recommended Values for the Speed of Sound in Liquid Sodium

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

2600

200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600

Temperature, K

S
pe

ed
 o

f S
ou

nd
, m

/s



Fig. 1.4-17  Comparison of Recommended Values for the Speed of Sound in Liquid Sodium with Values 
from Other Assessments
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Fig. 1.4-18  Percent Deviations of the Recommended Values for the Speed of Sound in Liquid Sodium 
from Values from Other Assessments
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