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Flgure 1. Second vlrial coefflclents of ethanol. Curve Is from the 
Tsonopoulos correlation, eq 2 and 3. 

lation. His value of b for ethanol is 0.0572, and the resulting 
line is also shown in Figure 1. We reoptimized the constant b 
by using the five points of Kretschmer and Wlebe (5), the three 
points of Knoebel and Edmister (6) ,  and our seven points. We 
found that with the latest physical constants ( 7 ) ,  the value of 
b for ethanol should be 0.0532; this shift is not deemed sig- 
nificant in view of the scatter in Figure 1 and In view of the small 
data base. 

Glossary 
a 
b 
B 

parameter in eq 3, 0.0878 for ethanol (74) 
parameter in eq 3, 0.0572 for ethanol (74) 
second virial coefficient, m3 kmol-' 

f ( O ) ,  f( ' !  
f(2' 

P pressure, kPa 
PC critical pressure, kPa 
R 
T temperature, K 
TC critical temperature, K 
T ,  reduced temperature, T I T ,  
V volume, m3 kmol-' 
Z compressibility factor (PV IRT) 

functions of reduced temperature in eq 2 (74) 

gas constant, 8.31441 kPa m3 kmol-' K-' 

Reglrtry No. Ethanol, 64-17-5; toluene, 108-88-3; tetramethylsiiane, 
75-76-3. 
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Viscosity of Molten Sodium Salt Hydrates 

S. K. Sharma," C. K. Jotshl, and Amrao Slngh 
Department of Chemical Engineering and Technology, Panjab University, Chandigsrh - 760 0 14, India 

ViscoSny of molten sodlwn sail hydrates, NaOH.H,O, 
Na(CH,C00)4H20, Na2S203-5H,0, Na,CO3.10H20, and 
Na2HP0,*12H,O, sultabk for energy storage applications 
has been determined with a modifled Ubbeihode 
viscometer. The temperature dependence shows an 
Arrhenlw behavior whlch can be reprostented by an 
equation r] = A exp(EJRT), above the meltlng polnts of 
the salt hydrates studied. The values of activation energy 
(E,) of viscous flow are reported. 

~ ~~~~~~ 

Hydrated salts ( 7 -3) have been extensively investigated for 
thermal energy storage applications due to their high energy 
storage densities and low cost. Some of the salts recom- 
mended for this purpose show great supercooling as well as 
glass-forming tendencies which are undesirable. In  the case 
of tabular crystals, such as those of sodium acetate trlhydrate, 
supercooling is considerable. Viscosity is an important param- 
eter (4) ,  as lt influences the crystallization of such salts. Both 
the viscosity data as well as a generalized empirical corre- 
sponding states relationship which could be used to calculate 
the viscosities of a given class of melts outside the existing 
experimental range are lacking in the literature. The present 
investigation has been designed to determine the vlscoslty of 
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the most commonly recommended salt hydrates suitable for 
energy storage applications, so that the u t i l i  of each can be 
properly assessed. 

Theoretical and Experimental Section 

A modified Ubbelhode viscometer (5) has been used in the 
present investigation. The salient feature of this design is that 
the flow of melt through the capillary is caused by its hydrostatic 
pressure only. 

Poiseuille's equation applicable to the capillary flow is 

u = q / p  = at - b / t  (1) 

Values of the constants a and b have been calculated by using 
standard values of the density and the viscosity of carbon 
tetrachloride and benzene, available in the literature (6). With 
the least-squares method of curve fitting, new constants A and 
B for the instrument are calculated. These constants have 
been used to define a new correlation between viscosity and 
time, which can be represented as follows: 

q = A + B t  (2) 

For the viscometer used, the values of constants A and B 
are -0.363 and 0.0075, respectively. The accuracy of this 
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T a b l e  I. Viscos i ty  ( 9 )  of M o l t e n  Hydrated Sodium Sal ts  

temo. "C n. CP temD. "C n. CP 

64.2 
67.0 
70.0 

58.0 
60.5 
65.8 

48.5 
50.0 
55.0 

35.0 
40.0 

37.0 
40.0 

NaOH.H,O (mp 64 "C) 
10.542 75.0 
9.657 80.0 
8.541 

Na(CH3C00).3H20 (mp 58 "C) 
5.813 70.2 
5.315 73.5 
4.535 75.0 

Na2Sz03.5H20 (mp 48 "C) 
9.368 60.0 
8.877 65.0 
7.260 

Na2C03.10Hz0 (mp 33.9 "C) 
7.925 45.0 
6.466 50.0 

NazHP0,.12H20 (mp 36.1 "C) 
4.478 45.0 
4.410 50.0 

T a b l e  11. D e r i v e d  Va lues  of E ,  

7.212 
6.057 

1 2 t  

4.111 
3.608 
3.455 

6.269 
5.317 

5.371 
4.429 

3.927 
3.300 

salt hydrate E,, kJ /mol  

NaOH.H20 34.73 
NaCH,C00.3Hz0 28.98 
NazSz03.5Hz0 30.65 
Na2C03-10Hz0 32.28 
NaZHPO4.12H20 23.43 

equation has been checked by determining the viscosity of 
phenol. Agreement with the literature values is within f 1.5 % . 

Salt hydrates selected for the present studies were NaOH. 
H20, Na(CH3COO)-3H20, Na2S2O3.5H2O, Na2C03.1 OH,O, and 
Na,HPO,. 1 2H20. All these salt hydrates were recrystallized 
from BDH grade samples by using doubledistilled water. 
Melting points of the crystallized materials were evaluated from 
heating and cooling curves. These melting points were found 
to be in good agreement with those reported in the literature 
(7). After the molten salt hydrate was transferred to the vis- 
cometer, it was subjected to repeated solldification and melting 
cycles so as to eliminate any trapped air. The viscometer was 
equilibrated for 2-3 h in the thermostat before starting the 
experiment. 

Results and Dlscusslon 

Viscosities of the selected salt hydrates at various temper- 
atures above their melting points are reported in Table I. 
Figure 1 shows the plot of log q vs. reciprocal of absolute 
temperature. The linear nature of this plot confirms the Ar- 
rhenius behavior of these salt hydrates. The temperature in- 
terval is from the melting point to 20 OC above the melting 
point, which is the range generally recommended for charging 
the storage units. Thus, it can be inferred that the viscous flow 
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Figure 1. Plot of log (viscosity) vs. T-' for (1) NaOH.H,O, (2) NaC- 
H,COO.3H2O, (3) Na2S20,.5H,0, (4) Na,CO,-lOH,O, and (5) Na,HP- 

be concluded that intermolecular hydrogen bonds, due to water 
of crystallization, play an important role in the viscous flow of 
these melts. 

From the results of this study the temperature dependence 
of the viscosity of sodium salt hydrates such as NaOH.H,O, 
CH3COONa.3H20, Na2S203.5H20, Na2C03.10H20, and Na2HP- 
04.1 2H20 may be expressed by the following exponential 
equations: q = (3.715 X exp(34732lRT) cP, q = (1.549 
X exp(28988/RT) cP, q = (9.77 X exp(30654/RT) 
cP, q = (2.63 X exp(32282/RT) cP, and q = (5.37 X 
1 04) exp(23436/RT) cP, respectively. The deviation from the 
experimental values is f 0.14 % . 
Glossary 
a ,  b constants, eq 1 
A ,  B constants, eq 2 
t time of flow, s 
T temperature, K 
E" 
Greek Letters 
D viscosity, CP 
V kinematic viscosity, cm2/s 

Registry No. NaOH.H,O, 12200-64-5; Na(CH3COO).3H,0, 6131-90-4: 
Na,S,O,.5H,O, 101 02-1 7-7: Na,CO,.l OH,O, 6 132-02-1; Na,HPO,. 12H,O, 

04*1 2H,O. 

activation energy of viscous flow, kJ/mol 

10039-32-4, 
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q = A exp(E,/RT) (3) 1983, p 30. 

Energies of activation of viscous flow (E,) of these salt hydrates 
are given in Table 11. Contrary to this, hydrated salts of 
calcium nitrate, nickel nitrate, and zinc nitrate show non-Ar- 
rhenius behavior (8). This is most probably due to a difference 
in intermolecular forces between these two categories of salt 
melts. Results further varies 
with the number of moles of water of crystallization. I t  may 
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