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ABSTRACT

In this paper the results of material investigations of sodium nitrate (NaNO;) with a melting
temperature of 306 °C as a phase change material (PCM) are presented. The thermal stability was
examined by long duration oven tests. In these experiments the nitrite formation was monitored.
Although some nitrite formation in the melt was detected, results show that the thermal stability of
NaNO; is sufficient for PCM applications. The compatibility of graphite foil and molten NaNO;
was also examined. Results show that the molten NaNOs oxidizes graphite. Measurements on
thermophysical properties of NaNOs are also reported. These properties include the thermal
diffusivity by the laser flash method and the heat capacity by a heat flux differential scanning
calorimeter. Reliable temperature dependent thermophysical values of the density, heat capacity,
diffusivity and conductivity are identified. Results show that there is a lack of consistent
conductivity and diffusivity data in the solid phase.

1. INTRODUCTION

This paper considers the latent heat storage concept using phase change materials (PCMs). PCMs
are in particular advantageous for two phase heat transfer fluids. In this concept, both the heat
carrier and the PCM undergo a phase change at approximately the same temperature.

Our ongoing research focuses on high temperature latent heat storage designs for the two phase
heat carrier water-steam in the temperature range 120 to 350 °C. The condensation and
evaporation temperature of the carrier is pressure dependent and occurs between 120 °C (2 bar)
and 350 °C (165 bar). Depending on the water-steam pressure, a suitable PCM needs to be
identified [1]. Appropriate PCMs for this temperature range are anhydrous alkali nitrate/nitrites
and their mixtures, if requirements such as handling, thermal stability, steel compatibility and
economic aspects are taken into account [2]. The research focuses on latent heat storage systems
for industrial process heat utilization in the low temperature range (120-250 °C) and solar thermal
power generation in the high temperature range (250-350 °C). Solar thermal power technologies
using optical systems for concentration of sunlight can be classified into dish, tower and through
systems. An example were sodium nitrate (NaNOs) could be utilized as PCM are direct steam
generating parabolic troughs. This systems aim for a pressure of around 100 bar. At this pressure
the water-steam phase change occurs at a temperature of around 310 °C. This temperature suits the
melting temperature of NaNOs.

2. GENERAL ASPECTS AND PHASE TRANSITIONS OF SODIUM NITRATE

Sodium nitrate (NaNQO3) is found in naturally occurring deposits. These deposits contain various
other salts and require processing to obtain pure NaNOs;. On a large scale, NaNOs-rich deposits in
Chile are exploited. Smaller but also significant quantities are produced synthetically [3,4].



The colorless or white crystalline salt has a molar mass of 84,99 g/mol. NaNOs; is very soluble in
water. It is hygroscopic, but does not form hydrated solid phases. The two major grades of NaNO;
are technical and agricultural. NaNOs is used as a fertilizer as well as in a number of industrial
processes. The industries include glass, enamel, porcelain, explosives and charcoal briquettes
manufacturing. Some grades of NaNO; contain anticaking agent. Molten salt mixtures containing
NaNO; are employed as heat-treatment baths, as heat transfer fluids and as sensible heat storage
media [3,4].

Lumdsen and Jriri reviewed experimental data of the melting temperature and the melting
enthalpy of pure NaNOjs [5,6]. Both authors report the average melting temperature at 306 °C. The
reported enthalpy data vary stronger in a range from 172 to 187 J/g [5,6]. The average values are
177 J/g [5] and 178 J/g [6]. NaNOj; has been also considered for differential scanning calorimeter
(DSC) calibration with a recommended value of 178 J/g [7]. There is some larger discrepancy in
terms of the second order transition enthalpy at around 275 °C. Values from 12 J/g (drop
calorimeter) to 45 J/g (DSC) are reported [6]. An experimental difficulty with molten NaNOs is the
creeping tendency. Here, a thin film of molten salt forms on the surface. The salt wets and spreads
spontaneously on many crucible surfaces [8, 9].

3. THERMAL STABILITY OF SODIUM NITRATE AND NITRITE FORMATION

The thermal decomposition of NaNOs can be divided in three characteristic regions [10-16]:
1. Little nitrite formation: Above the melting temperature (T,,) to about 450 °C
2. Nitrate-Nitrite equilibrium: about 450 °C to 700 °C
3. Decomposition of the nitrite with release of nitrogen oxides above 700 °C

Literature about the low temperature region (T, to 450 °C) is generally limited. Kust reported
about experiments of the eutectic KNO3-NaNOs with Ty, = 222 °C. They found small amounts of
nitrites at temperatures as low as 295 °C in the melt. Due to the experimental procedure it was
assured that this nitrite was not due to impurities in the nitrate. The nitrite ion concentration
reached equilibrium within 7 to 16 hours at temperatures between 295 and 340 °C [13].

To improve the data basis for the thermal stability of NaNOs in the low temperature region, long-
duration test of NaNO; at 350 °C were performed at the DLR. The NaNOs was purchased from
BASF. The technical non-food grade salt has a purity of min. 99 %. The major impurities are
NaNO2 (50), Na,COs (400), NaCl (250) and Na,SO4 (300) with maximum values in mg/kg. The
salt was heated in a borosilicate glass beaker which was placed in a batch furnace (air at
atmospheric pressure). For nitrite analysis, the melt was dissolved in deionised water. Mass losses
of the melt were monitored with an analytical balance at room temperature. The results show that
about 0.1 wt% NO," forms within a few hours in the melt. This value remains constant within 24
hours. The value increases to 0.2 to 0.25 wt% NO;" after about 2600 hours. The first melting cycle
showed mass losses from 0.1 to 0.3 wt%. This loss is attributed to moisture in the salt. Mass
variations during the 2600 hour were monitored four times and were found to be smaller than +/-
0.05 wt%. Overall, the measurements showed that NaNOj is thermally stable at 350 °C and that
small amounts of nitrite are formed.

It is well known that molten nitrates decompose to nitrites in the intermediate temperature
region from about 450 to 700 °C. The thermal dissociation is reversible and the equilibrium
reaction can be written for NaNOj as follows [8,11-16].

NaNO, (I) & NaNO, (1) + £ 0,(9)



Kinetic data of the oxidation and the decomposition of different alkali metal nitrates have been
reported. They include KNO3;/KNO, [10-12,15], KNO3;-NaNO3;/KNO,-NaNO, [8,12] and
NaNO3/NaNO, [12,15]. The time to reach equilibrium depends on parameters such as the reaction
direction (decomposition or oxidation), the atmosphere and the experimental setup (usually
bubbling of gas through the melt). At higher temperatures the equilibrium is reached generally
faster compared to lower temperatures. The reported times range from days at low temperatures to
tens of minutes at high temperatures.

In the following, we describe examinations of the effect of nitrite impurities on the melting
behaviour of NaNO;. A known method for purity determination is the use of the van't Hoff law.
This law describes the melting temperature reduction due to impurities, where R = 8.31441
J/(mol.K) is the molar gas constant, H, the melting enthalpy (J/mol) and T, the melting
temperature (K) of the pure material, T the temperature where the impure material is completely
liquid (K) and x;(t) the molar fraction of the impurity (Figure 1, right). Figure 1 on the left shows
two DSC-measurements carried out by the DLR. Compared to pure NaNOs, it can be seen that due
to the addition of NaNO, the melting range broadens and the melting temperature is reduced.
Bader presents a method to calculate the DSC heat flux depending on the impurity fraction [17].
Figure 1 on the right shows the calculation for NaNOs;. DSC-measurement and this calculation
show a good agreement considering that no desmearing of the DSC-signal was applied.
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Figure 1: NaNO; with and without NaNO, impurity: DSC-measurement (left), calculated DSC-heat flux (right)

From the above discussion about NO," in NaNOj it can be concluded that heating of the PCM far
above the melting temperature may lead to some constraints, since the NO,™ leads to a change in
the NaNO; melting behaviour. Here, the kinetics of the equilibrium reaction may or may not allow
full oxidation of the nitrite to nitrate on cooling.

At high temperatures (above about 700 °C), further decomposition takes place with the evolution
of the oxides of nitrogen in the gas phase. Here, KNOs; has been found slightly more stable
compared to NaNO; and the eutectic KNO;-NaNOs [8,10,15]. Experimental difficulties with salt
creeping have been reported. At temperatures large than 500 °C creeping salt in contact with
materials such as stainless steel or quartz leads also to the liberation of nitrogen oxides [8].

In the following the discussion of the three temperature regimes is summarised. Figure 2 shows the
nitrite concentration in different alkali metal nitrates depending on the temperature. Although data
below 350 °C are limited, own measurements and work by Kust show that the nitrite formation at
this temperature is below 0.5 wt%. Hence, for the PCM application, if a maximum temperature of
350 °C is assumed, changes in the melting behaviour of NaNOj; can be neglected.
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Figure 2: Literature and DLR measurement data of the nitrite concentration in alkali metal nitrates.

4. COMPATIBILITY OF MOLTEN SODIUM NITRATE AND GRAPHITE

NaNOj; has a low thermal conductivity and this leads to a limited charge and discharge power of
storage systems. Various methods have been proposed to enhance the heat transfer of the poorly
conducting PCMs. They include the encapsulation of the PCM, the development of composite
materials and the use of heat transfer enhancement structures in the PCM [1]. The concept using
heat transfer enhancement structures was successfully demonstrated and showed high heat transfer
rates. As structural material graphite foil is promising. This foil is advantageous in terms of a high
conductivity, a low density and its economics. In the following experiments of the chemical
compatibility of molten NaNOs and this foil are discussed.

Literature data about the stability of graphite in molten NaNOjs is limited. Abald reports about the
incompatibility of molten NaNO; with graphite at 310 °C without further reference [18]. Also, it
was found that nitrate salts oxidize graphite seals at temperatures above about 350 °C [19]. Below
300 °C graphite seals show a good compatibility with molten KNO3;-NaNO; [12].

In the following we report about own compatibility experiments of NaNOs and graphite foil. In the
experiments technical grade NaNOs with a purity of at least 98 % supplied by SQM (type SSI) was
used. The major impurities are chlorides (0.48), sulphates (0.15) and nitrites (0.02) with maximum
values in percent. For oven tests graphite foil supplied by SGL was used (type F05010Z). This foil
had a mass of about 3 g, a density of about 1 g/cm® and the dimensions 30x2x0.05 cm. For
thermogravimetric (TG) measurements, ground expanded graphite was purchased from SGL
Carbon (type GFG50). This powder has a dso value of about 50 um.

TG measurements were conducted at atmospheric pressure in argon with a heating rate of 5
K/min with a commercial system (Netzsch STA 449). For gas analysis, this system is coupled to a
quadrupole mass spectrometer via a SiO, capillary tube (Netzsch QMS 403C). Reference
measurements of the single salt and the single graphite showed no significant mass loss. The TG-
measurement in Figure 3 on the left hand side shows that there is a mass loss of a NaNOs;-graphite
powder blend at around 350 °C. In addition, gas evolution from about 300 °C can be detected by
the mass spectrometer. We repeated this compatibility test with p.a. grade NaNO; with no
significant difference compared to the technical salt.



Oven experiments were carried out at atmospheric pressure in air at constant temperature. The
graphite foil was fully immersed in 100 g NaNO3 melt and weight down with an alumina disc. The
crucible material was borosilicate glass. Figure 3 on the right hand side shows the mass loss versus
time related to the initial total mass of NaNOs and graphite. The mass loss at 350 °C due to the
oxidation of the graphite in the melt is clearly visible. At 310 °C the rate is much smaller, but
extrapolation of the experiment leads to a rate of about 6 wt% per year. In addition, a follow-up
examination of the salt by DSC showed that there was a significant broadening of the melting peak
and a reduction of the melting temperature of about 20 K. For the PCM-storage application, it can
be concluded that such a rate would not be acceptable.
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Figure 3: Stability of molten NaNO; and graphite; thermogravimetry with gas analysis (left) and oven test (right)

S. THERMOPHYSICAL PROPERTIES OF SODIUM NITRATE

The density of NaNO; at room temperature is well known with a value of 2.260 g/cm?® at 25 °C
[20]. Literature data of the linear expansion coefficient in the solid state are also available. For
polycrystalline NaNOs;, the room temperature value is 40E-6 1/K [21]. The linear expansion
coefficient increases steadily up to a maximum at the solid-solid conversion of NaNOj; at around
275 °C. For higher temperatures, up to the melting temperature, the coefficient drops again [20,
22]. Using this literature expansion data, we calculated the density in the solid state from room
temperature up to the melting temperature (Figure 4). Petitet reviewed data about the volume
change on melting AV related to the volume in the solid state at the melting temperature at
atmospheric pressure V and reported the following AV/V; values in percent: 8.3, 9.6, 9.7, 10.0 and
10.7 [23]. In this work a value of 9.7 % from Schinke was assumed (Figure 4)[24]. This value is
also the average of the five reported numbers. Figure 4 shows that the approach to calculate the
liquid density at the melting temperature from the room temperature density, the linear thermal
expansion coefficient and the volume change on melting is consistent with available literature data
in the liquid range [25-29].

Heat capacity data of NaNOs are available from various authors and have been reviewed by Jriri
(Figure 4)[6,21]. Original publications have been obtained and references are listed by Jriri. There
is some discrepancy between older values mainly measured by drop calorimeters and newer values
measured by DSC. Older values, in particular in the liquid range, are higher. Nguyen-Duy used a
drop calorimeter and these exceptionally high values are not included here.

Own measurements of the heat capacity were made with a heat flux type DSC (Netzsch DSC404)
in Argon flow (100 ml/min) with a heating rate of 10 K/min. NaNO; was purchased from Merck



(purity 99,99 %) and used without further purification. The sample mass of about 20 mg was
checked before and after the DSC measurement with a microbalance. Aluminium crucibles with a
lid were used. Sapphire was utilized as heat capacity reference material with heat capacity data
recommended by Netzsch. Figure 4 shows the average values from six newly prepared
measurements. The maximum deviation from all measurements was +/- 4 % of these average
values. For a temperature range from 80 to 190 °C and from 350 to 380 °C, the own measurement
agrees to within +/-3 % with literature values from Rogers, Takahashi, Carling and Jriri [6]. The
heat capacity in the liquid range is approximately constant, but measurements at high temperatures
are difficult for two reasons. First, NaNOs in the liquid state strongly wets common container
materials. As a result, the salt creeps out of the container [9,30]. Second, there is nitrite formation
in the melt, so that measurements refer to the binary NaNO,-NaNOj system.

The thermal diffusivity was measured by a variety of methods. They include the hot wire method
using an insulating coating [31], optical techniques [32,33] and the stepwise heating method [34-
36], as well as laser flash methods using two-layer [37] and three-layer arrangements [38]. In the
liquid range at the melting temperature, the average of all this values is 0.163 mm/s. This value
agrees with the calculated value using the relation a = k/(p-c,). With the exception of
measurements by Kobayasi [36], no work in the solid range could be identified (Figure 4). Own
thermal diffusivity measurements of NaNOj in the liquid and solid state were carried out by the
laser flash method using a three layer arrangement with a platinum crucible and a commercial
apparatus (Netzsch LFA457). A single laser pulse beam illuminates the bottom area of a platinum
crucible. The heat penetrates through three layers: the platinum crucible (thickness 0.30 mm), an
either liquid or solid salt sample (0.66 mm, diameter 12 mm) and the platinum lid (0.31 mm). The
bottom and top of this crucible were coated with a thin graphite layer in order to enhance the
absorption and emission. The temperature rise versus time at the rear surface of the lid is measured
by a liquid nitrogen cooled InSb photocell. The atmosphere was nitrogen (100 ml/min). A
mathematical model describes the temperature rise versus time signal and was fitted to the
experimental data using a non-linear regression algorithm. This three layer model includes the
thicknesses of the three layers and thermophysical properties of the layers, as well as a correction
of the heat losses and the laser pulse length. First, the compressed salt powder was melted in the
crucible. Subsequently, the thermal diffusivities in the liquid and then in the solid state were
measured isothermally. Three measurement series with a newly prepared crucible fill and three
shots per temperature were carried out. The reproducibility in the liquid state was generally high.
Virtually all single shots had an error smaller +/-5 % compared to the overall average. The salt
layer thickness is the major cause of measurement uncertainty. For example an error of 0.01 mm in
thickness leads to an error of 3 % in the diffusivity value. The reproducibility in the solid state was
rather poor, so that the measurements can only give an indication of the diffusivity. Before and
after the measurement series, the accuracy of the layer arrangement was verified by pure water
measurements at room temperature compared to a literature value [21].

A comprehensive review and a recommendation of the thermal conductivity of molten NaNOj
has been given by Nagasaka. Original publications and data have been obtained, but literature
references are not listed here and are given by Nagasaka [36,39,40]. The recommended value is
rather low, since many other high values are thought to include systematic errors due to radiation
and convection [39]. Solid state values differ widely, so that no consistent data could be identified.
One possible reason for this discrepancy may be differences in the crystal structure in solid NaNO;
(e.g. single or polycrystalline).
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Figure 4: Thermophysical properties of solid and liquid NaNO3; the melting temperature of NaNOs is 306 °C.
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6. SUMMARY AND CONCLUSIONS

This paper focused on fundamental material aspects of sodium nitrate (NaNO3) as a PCM for latent
heat storage. The impact of nitrite formation in the NaNO; melt on the PCM utilisation has been
examined. Literature values show that NaNO; melts form considerable amounts of nitrite in the
temperature range from 450 to 700 °C. The examinations show that NaNO; in molten NaNOs3
results in a reduction of the NaNOj; melting temperature. Hence, the maximum temperature of
NaNOs; utilised as a PCM is limited. Own long-term measurements show that NaNO; at 350 °C is
thermally stable and nitrite formation can be neglected. Experiments on the compatibility of
molten NaNO3 and graphite foil have been also presented. Results show that the molten NaNO;
slowly oxidizes graphite foil at 310 °C. This prohibits the long-term use of graphite foil in the
NaNO; melt. Thermophysical properties of NaNO; in the liquid and solid range have been
reviewed. Own measurements on the heat capacity and the thermal diffusivity have been
presented. In the liquid range at 306 °C, consistent thermophysical data according to the relation k
= a'p-c, have been identified. In the solid range, reliable density and heat capacity data are
available, but there is a lack of consistent diffusivity and conductivity values. Measurements show
that the diffusivity drops from room temperature to the melting temperature. Near the melting
temperature, similar values in the solid and liquid range are observed.
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