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Exploratory Chemistry Division I 

Sandia National Laboratories, Livermore 

ABSTRACT 

The thermophysical properties (viscosity, surface tension, and density) 
of the molten equimolar mixture NaN03-KN03 have been determined over the 
temperature range 300-600°C in argon and in oxygen. The surface tension is a 
linear function of the temperature and can be represented by the expression 

y(dynes/cm) = 133.12 - 6.25 x 10-2T(OC) • 

The viscosity may be calculated from the equation 

n(cP) = 22.714 - 0.120T + 2.281 x 10-4T2 - 1.474 x 10-7T3 , 

for T in °c, with an uncertainty of 1.0%. The viscosity can be characterized 
by two activation energies •. For temperatures below 385°C, En = 4.5 kcal/mole; 
above 385°C, En = 3.2 kcal/mole, in argon and in oxygen. This suggests that 
at temperatures below 385°C free rotation of the nitrate ion becomes restricted, 
with a consequent increase in the activation energy for viscous flow. In 
argon the density is given by 

p(g/cm3) = 2.090 - 6.36 x 10-4T(OC) • 

However, if the melt is held at 600°C, for extended periods the density begins 
to decrease slowly due to formations of nitrite. After 72 hours at 600°C the 
density is given by 

p(g/cm3) = 2.062 - 6.11 x 10-4T(OC) • 
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, THERMOPHYSICAL PROPERTIES OF THE EQUIMOLAR 
MIXTURE NaN03-KN03 FROM 300-600°C 

Introduction 

The equimolar molten salt mixture NaN03-KN03 is being proposed as a 
heat-transfer fluid and thermal-energy storage medium for various solar energy 
applications. In these applications the maximum operating temperature will be 
in the range 500-600°C. Industrial experience and previous experimental 
investigations on this molten salt mixture have generally been confined to 
temperatures below 450°C. In order to provide data to solve various specific 
design problems associated with the use of these molten nitrate salts as heat 
transfer fluids, it is important that we know how the physical properties of 
these salts are affected by temperature and composition of the liquid and gas 
phases. It is the purpose of this report to present and comment on the 
viscosity, surface tension, and density data we have measured over the 
temperature range 300-600°C. 

Apparatus and Experimental Technique 

The thermophysical property data for the equimolar NaN03-KN03 mixture 
were taken by an instrument designed and built by the author at SNLL.l This 
instrument is based on the principle of a damped, one-dimensional, harmonic 
oscillator, i.e., the motion of a body suspended from a spring and OSCillating 
in a fluid. A description of the theoretical principles which govern the 
operation of this instrument, the details of construction, and its operation 
and response are discussed elsewhere. l Only an abbreviated description of 
the various modes of operation of this instrument will be given here. 

The heart of the apparatus is a quartz spring OSCillator, an electromagnet 
for remotely starting the spring oscillating, a position transducer for remote 
readout of the spring extension (linear variable differential transformer-­
LVDT), and a gold plate suspended in a liquid whose viscosity is being measured 
(see Figure 1). It is the viscous drag exerted on this plate by the liquid 
which causes damping of the oscillatory motion of the quartz spring. 

The liquid being studied is contained in a gold crucible mounted on a 
pedestal fastened to a screw and yoke arrangement.* This is attached to the 
bottom flange of an intermediate quartz tube. The pedestal and screw are 

*For simplicity only the screw is shown in Figure 1; however, Figure 2 shows 
the yoke clearly. 
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Figure 1. Viscometer Assembly (cutaway) 
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connected by a machined stainless steel rod which passes through a compression 
fitting designed to maintain the integrity of the atmosphere within the 
viscometer. This arrangement permits the crucible and its contents to be 
raised or lowered smoothly and slowly about 4 cm. It is the ability to lower 
the crucible which is central to the surface tension measurement, as will be 
clear from later discussion. 

A thermocouple sheathed in stainless steel is fed through a fitting in 
the bottom flange and bent to allow its tip to be immersed in the liquid. In 
this way the temperature of the liquid can be monitored continuosly. A gold 
sheath on the tip of the thermocouple prevents any reaction between it and the 
liquid. The bottom flange also has a tube welded into it for admitting gas 
into the heated zone. 

A clam-shell-type furnace, mounted on the supporting structure, is 
fastened around the quartz tube to heat the contents of the crucible (Figure 2). 
This furnace and its associated controller are capable of maintaining the 
temperature of the crucible contents to within ± 0.5°C of the set point. The 
vertical temperature gradient over the 5 cm height of the crucible is < 1°C. 

Viscosity 

It is possible to show2 that for a damped harmonic oscillator the ratio 
of any arbitrary zeroth oscillation to the nth successive one is given by 

(1) 

where p is a constant. The quantity 0, known as the logarithmic .decrement, is 
given by 

1 Yo o = - R.n - (2) 
n Yn 

and is therefore a measure of the rate of damping of the oscillations of the 
spring. Solomons and White3 have shown that w is directly related to the 
viscOSity of the damping medium by the equation 

YnP = Do-E 

where nand p are the viscosity and density of the liquid being studied • 
Both D and E are instrument constants: 

(3) 

The constants D and E were evaluated blmeasuring 0 for molten KN03, 
whose viscosity and density are well known, and for a set of specially 
prepared organic liquids whose viscosity and density are accurately known. 
These liquids, supplied by Cannon Instrument Co., have a viscosity range of 
1.5-5.0 cPo 
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Figure 2. Viscometer Assembly 
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Figure 3 shows the relationship between the quantity rnp and 
the experimentally measured values of the logarithmic decrement for these 
materials. The equation 

fT\P = 70.00 15 + 0.040 

was obtained from a least-squares fit of the data. Each data point in Figure 3 
is the average of 10 measurements. The average standard deviation is 0.25%. 
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Figure 3. Viscometer Calibration Plot 

Surface Tension 

In addition to functioning as a viscometer, the apparatus can be con­
verted to an instrument for measuring surface tension with a few minor modi­
fications. 1 

By slowly and continuously separating the liquid and the plate immersed 
in it, and measuring the maximum force exerted on the plate (which occurs just 
before the column of liquid supported by the plate breaks), one can determine 
the surface tension of the liquid by the formula 

y = p F cos e (4) 
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where Y is the surface tension; F is the maximum force exerted on the plate, 
which detected as an apparent increase in the weight of the plate; P is the 
perimeter of the plate; and a is the wetting angle, generally assumed to be 
zero if the liquid wets the plate. The gold plate in these experiments was 
1.609 cm wide and 0.0262 cm thick. 

Densi ty 

The apparatus can also function as an Archimedean densitometer. l The loss 
in weight (~w) of a solid of known volume (V) is related to the density of the 
liquid (p) in which it is immersed by 

(5 ) 

Therefore, the density of a liquid is given simply by the difference in LVDT 
reading, converted to weight, with and without liquid surrounding the solid, 
divided by its volume. For increased accuracy of the density measurements the 
thin plate was replaced by a larger volume bob. The bob presently used is 
made of gold-plated zirconium and is in the form of a right circular cylinder 
with a tapered top and bottom to permit drainage. A small post with a hole 
drilled through it extends from the top taper to provide a means of attaching 
the bob to the LVDT. 

For measurements of density using Archimedes· method it is necessary that 
the volume of the immersed body be accurately known. This was determined by 
immersing the bob in several liquids of known density. The volume of the bob 
was determined to be 1.3518 ± 0.0005 cm3• l 

Results and Discussion 

The thermophysical properties that we determined for the equimo1ar 
NaN03-KN03 mixture are presented and discussed in this section. These data 
cover the range 300-600°C and were taken in argon and in oxygen to determine 
what effect, if any, the composition of the atmosphere might have. Variations 
in the oxygen partial pressure will result in changes in the nitrite/nitrate 
ratio, cf. Eq. (6), which may have an effect on the thermophysica1 properties, 
particularly if this ratio becomes large. It was found that, with the 
exception of the density, the thermophysica1 properties are unaffected by 
atmospheric composition. This statement must be treated with some caution, 
however, since extended exposure of the melt to an argon atmosphere at 600°C 
will result in the production of increasingly large quantities of nitrite. 
This is a consequence of the thermal decomposition of nitrate, 

(6) 
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So that the dependence of the thermophysical properties on nitrite concentra­
tion may be more fully characterized, the MN03/MN02 system (M being Na or K) 
is presently being studied in detail. 

The NaN03 and KN03 in these experiments were recrystallized from distilled 
lwater at least once and vacuum dried at 150°C before use. At the conclusion 

, 'of each experiment the salt was analyzed for its nitrite content. This 
analysis involved the oxidation of the N02 by Ce(IV) and back-titrating with 
oxalate. A more complete discussion of this method is given in Reference 5. 

Where they are available, literature values are compared with our data. 

Surface Tension 

The surface tension of the equimolar NaN03-KN03 mixture is given in 
Table I and Figure 4. Over the range 300-600°C in both argon and oxygen these 
data can be satisfactorily represented by the equation 

y(dynes/cm) = 133.12 - 6.25 x 10-2T(OC) (7) 

with an uncertainty of ± 0.5% • 

TABLE I 

SURFACE TENSION OF EQUIMOLAR NaN03-KN03 

T(OC) y (Expt) (dynes/cm) y (dynes/cm)4 1 (dynes/cm)5 

257 117.1 120.0 117.9 
267 116.5 119.2 117.0 
2BO 115.6 11B.2 115.7 
307 114.4 116.3 
350 111.3 113.0 
400 10B.1 109.7 
450 105.0 
500 101.7 
547 109.0 
594 96.0 

The excellent agreement between our data and those of Krivovyazov et 
al.,6 Table I and Figure 4, suggests that the data of Reference 4 are incorrect • 
The agreement between these two sets of data is particularly reassuring since 
the data of Krivovyazov et al. were obtained by a different method, maximum 
bubble pressure vs. plate detachment. A more complete discussion of this 
difference is given in Reference 1. 

The close agreement between the surface tension values measured in oxygen 
and argon, Figure 4, implies that the presence of small concentrations of 
nitrite « 7 wt%) has little effect on the surface tension of the nitrites. 
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Figure 4. Surface Tension of NaN03-KN03 vs Temperature 

This result would be expected since the nitrates have a lower surface tension 
that the corresponding nitrites and thus would tend to concentrate at the 
surface. 7 

Density 

The density of the equimolar NaN03-KN03 mixture in argon or oxygen is 
presented in Table II and Figure 5. The first set of data can be represented 
by the equation 

( 8) 

with an uncertainty of ± 0.5% from 300-600°C. We have found, however, that if 
the melt is held for 72 hours at 600°C in an argon atmosphere there is a 
decrease in the density. The new values of the density are given by 

pi = 2.074 - 6.36 x 10-4T (9) 

This decrease in density is attributed to the presence of ~ 7 wt% nitrite in 
the melt which results from the thermal decomposition of nitrate, Eq. (6). 
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TABLE II 

DENSITY OF EQUIMOLAR NaN03-KN03 

T(°e) p(Expt) (g/cm3) p4(g/cm3) 

298 1.905 1.900* 
347 1.873 1.872 
400 1.836 1.835 
442 1.810 1.805 
498 1.774 
555 1. 735 
595 1.709 

72 hours at 6000 e in argon 
607 1.686 
506 1. 757 
406 1.813 1.831 
298 1.877 1.900* 

*Extrapolated • 
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Figure 5. Density of NaN03-KN03 vs Temperature 
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Viscosity 

The viscosity of the equimolar NaN03-KN03 mixture between 300 and 600°C, 
in argon and oxygen, is shown in Figure 6. For comparison, values of the 
viscosity from Reference 4 are included. To facilitate comparison the solid 
line in Figure 6 is drawn through the literature data. It can be seen that 
agreement between the two sets of values is quite good. The viscosity may be 
calculated from the equation 

n(cP) = 22.714 - 0.120T + 2.281 x 10-4T2 - 1.474 x 10-7T3 

for T in °c, with an uncertainty of 1.0%. 
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Figure 6. Viscosity of NaN03-KN03 vs Temperature 

If we make the assumption that for ideal or near-ideal solutions the 
temperature dependence of the viscosity may be written in the formS 

(10) 

where En is the activation energy for viscous flow and Rand T have their 
usual meanings, then tn n should depend linearly on the reciprocal of the 
absolute temperature. In Figure 7 our viscosity data and the recommended 
literature values are plotted as tn n against liT. Rather than a single 
straight line the data are seen to fallon a smooth curve which is asymptotic 
to a straight line at both the low and high temperature limits. The change in 
slope appears to be in the vicinity of 385°C. Above this temperature En, 
calculated from the limiting slope, is 3.2 kcallmole while below it 
En = 4.6 kcal/mole. 
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Figure 7. Log Viscosity of NaN03-KN03 vs Inverse Temperature 

It is possible that the change in slope of this curve at 385°C is caused 
by the presence of nitrite in the melt arising from the thermal decomposition 
of nitrate, Eq. (6). However, if this were the case one would expect to see 
different values of the viscosity in oxygen and argon; this was not observed. 
A pronounced curvature of that part of the plot above 385°C would also be 

. expected as a consequence of the increased production of nitrite at the higher 
temperatures; this was also not observed. Therefore, the presence of small 
amounts of nitrite appears to have negligible effect on the viscosity of 
nitrate melts. 

In general, for low viscosity liquids the temperature dependence of the 
viscosity is best given by Eq. (10).9,10 For a number of liquids, however, 
behavior similar to that shown in Figure 7 has been observed.9 Two examples 
of this are illustrated in Figure 8 where values of in n vs l/T are plotted 
for methylene iodide (CH2I2) and water (H20).11,12 Spectroscopic evidence 
suggests that rotation of the CH2I2 molecules is restricted because of steric 
hindrance13 ; hydrogen bonding plays a similar role in H20. The conclusion 
which these data suggest is that in those instances where molecular rotation 
is restricted because of either steric hindrance or strong intermolecular 
attraction, e.g., hydrogen bonding, the temperature dependence of the viscosity 
cannot be adequately described by a single value of En. This conclusion has 
been supported by molecular volume calculations9 which show that in those 
instances where the molecules are free to rotate about at least two axes, 
Eq. (10) is obeyed over the entire liquid range. However, the onset of 
non-Arrhenius viscosity behavior occurs at that temperature at which rotation 
about two axes becomes restricted. That is, a molecule whose rotation is 
restricted is less able to translate freely than one whose rotation is free, 
because it is more difficult for the restricted molecule to rotate into a 
favorable orientation for moving past its neighbors. 
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A corollary is that spherical molecules should obey Eq. (10). Figure 9 
shows a plot of tn n vs l/T for the equimolar mixture NaCl-KC1,14 which is 
composed of spherically symmetric ions. 15 It can be readily seen that Eq. (10) 
is obeyed over the entire 170°C temperature range for which data are available 
(727-897°C). 
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Figure 9. Log Viscosity of NaCl-KCl vs Inverse Temperature 
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In contrast to the spherically symmetric chloride ion, the nitrate ion 
is a planar species of finite thickness and a star-shaped symmetry.16 It is 
inferred, therefore, that because of the non-spherical symmetry of the nitrate 
ion, rotation is restricted at temperatures below 385°C, with a consequent 
increase in En. 

While the change in activation energy for viscous flow that was observed 
for NaN03-KN03 could be satisfactorily explained by postulating changes in the 
rotational modes of the nitrate with temperature it may also be considered to 
arise from equivalent processes such as loosening of the melt structure or a 
change in the molecular packing. 

The discontinuity in viscosity observed in the nitrate melt should 
correspond· to a thermodynamic transition of the second or third order,9 i.e., 
dCp/dT = 0 in the former case and d2CD/dT2 < 0 or > 0 in the latter. 
Experiments are now being done to confirm this discontinuity.17 

The transport properties of liquids, particularly those which have a 
tendency to form glasses, may often be represented by the Vogel-Tamman 
equation,19 

R,n n = A + __ B __ 
T - T o 

( 8) 

where A and B are constants and To is the fundamental reference temperature 
for transport processes in liquid. It is the ideal-glass transition tempera­
ture and represents the lower temperature limit of the fluidlike regime. That 
is, at this temperature the Viscosity becomes infinite for the equimolar 
NaN03-KN03 mixture. A fit to our Viscosity data could only be obtained for 
To ) 200°C, which ;s only 25°C below the liquidus temperature. For comparison, 
Moynihan 19 has estimated that the glass transition temperature for KN03 is 5°C. 

Summary· 

We have determined the viscosity, surface tension, and density for the 
equimolar mixture NaN03-KNO~ in both argon and oxygen. Both the surface 
tension and viscosity of thlS salt mixture are unaffected by small concentra­
tions of nitrite (~7 wt%) , formed by thermal decomposition of nitrate in an 
argon atmosphere, while the density was lowered slightly. The viscosity showed 
a change in activation energy at 385°C, which was attributed to a freeing of 
one of the rotational modes of the nitrate ion as the temperature increased 
above this value • 
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