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Abstract 

In the frame of Task 4/WP-15, a lab-scale setup based upon the “electric resistance 

approach” has been developed and put into operation to measure the charging/discharging 

status of a phase change material (PCM) storage system. 

PCM storage systems are favourable for direct steam generation (DSG) plants. At 

the moment, temperature sensors detect the charging/discharging status of these systems. 

However, during charging/discharging the system has a temperature plateau and is 

isothermal. For this reason, the charging status, defined as the ratio of the mass fraction of 

liquid PCM to the total PCM mass, cannot be detected directly. As a consequence, WP 15 

Task 4 aims to identify alternative parameters and methods to determine the charging status 

of PCM storage systems. 

For high-temperature PCM systems, other sensor systems than temperature sensors 

have not been previously considered. Hence, this report outlines an overview and 

classification of alternative methods. Existing alternative PCM measurement methods in the 

low temperature range are reviewed (e.g., ice storage). The adaptation of these methods to 

the high temperature range is assessed. Intrinsic properties, such as optical transparency, 

electric resistance and density, of high-temperature PCM (anhydrous salts) are evaluated.  

The selected alternative measurement approach detects differences between the solid 

and liquid phase of the PCM in terms of the electrical resistivity and the filling level due to 

density changes. One major challenge of this approach is the electrode design in the high-

temperature environment. Lab-scale tests with several different electrodes were performed. 

Within the project a novel electrode was developed (patent pending). The design allows for 

the integration of the electrode in a PCM storage system. For the electric resistance 

approach suitable measurement parameters (e.g., frequency, voltage) were identified. Within 

the project, a signal generation and data acquisition unit was developed. Also, a graphical 

user interface within the control software of the PCM-storage was programmed. A lab-scale 

experimental setup clearly demonstrated differences in the electrical conductivity of several 

orders of a magnitude between the solid and the liquid phases of high-temperature PCMs. 

The feasibility of the detection of the charging/discharging status on larger-scale systems 

was proved. Measurements with electrodes on a prototype storage system with about 160 kg 

PCM demonstrated the approach.  

Keywords: Phase change materials (PCM), latent heat storage, high-temperature electrode 
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Nomenclature: 

CSP – concentrating solar power 

DSG – direct steam generation 

HTF – heat transfer fluid  

NaNO3 – Sodium nitrate 

KNO3 – Potassium nitrate 

PCM – phase change material 
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1. Introduction 

 

Concentrating solar power (CSP) plants differ among each other in terms of the heat 

transfer fluids (HTFs). HTFs include thermal oil, molten salt, air and water/steam. PCM 

storage systems are a suitable option for the two-phase heat transfer fluid water/steam in 

DSG plants [1]. Phase change materials (PCM) considered in the literature for latent heat 

storage cover a wide temperature range from -100 °C to 1000 °C (Figure 1). DSG plants 

require PCMs with a phase change temperature in the range 200 to 350 °C.  Typical PCMs 

are inorganic alkali nitrate/nitrite salts and their mixtures. One example is sodium nitrate 

(NaNO3) with a melting temperature of 306 °C and a melting enthalpy of 178 J/g. Another 

example is an eutectic mixture of 54wt% potassium nitrate (KNO3) and 46wt% NaNO3 with 

a melting temperature of 222 °C and a melting enthalpy of 108 J/g. 

 

 

Figure 1. Overview of PCM classes as a function of temperature. 
 

For high-temperature PCM storage system developments, current systems utilize 

temperature sensors to gain information on the charging/discharging status of these systems. 

The charging status can be defined as the ratio of the mass fraction of liquid PCM to the 
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total PCM mass. Figure 2 shows the detected temperature signal during charging (plateau 

with dashed red ellipse on the left hand side) and during discharging (plateau with dashed 

red ellipse on the right hand side). For PCM storage, these isothermal plateaus are 

characteristic. However, the detected temperatures cannot be easily correlated to the 

charging status of the PCM storage. In particular this is true for PCM-storage operation with 

partial charging/discharging and operation close to the phase change temperature. As a 

consequence, the work reported here aims to identify alternative parameters and methods to 

determine the charging status of the PCM storage. 

 

 

Figure 2. Signals of temperature sensors in a PCM storage unit with NaNO3 during the 
charging and discharging process. 
 

The charge and discharge power of PCM-storage systems is typically limited by the poor 

thermal conductivity of PCM. It has been demonstrated that the finned tube design can 

effectively overcome this limitation. Figure 3 shows schematically the growth of the PCM 

on the fins during the solidification (discharge) process. The figure schematically shows that 

complex solidification fronts will form within PCM storage systems with fins. Additionally, 

voids form in the solidification process due to PCM contraction. 
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Figure 3. Scheme of a PCM-storage with water/steam as heat carrier in a tube and fins 
within the storage material volume; the scheme shows the status during discharging. 
 

Section 2 is a critical literature review on relevant research and development on PCM-

storage measurement methods, high-temperature electrode designs and intrinsic material 

properties of high-temperature PCMs. Section 3 focuses on lab-scale and large-scale 

experiments on high-temperature PCM measurement methods. 
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2. Theoretical part 

2.1. PCM measurement methods for ice storage systems 

 

There are at least two methods for measuring the charging status of water/ice PCM 

storage systems. The thickness of growing ice layer on the heat exchanger surface can be 

detected by the difference in electrical conductivity between ice (solid PCM) and water 

(liquid PCM). Figure 4 on the right hand side shows a sensor design with a series of 

electrodes. Another method measures the water level in the PCM tank (Figure 4 left). The 

measurement is based on the difference of conductivity between air (gas phase) and water 

(liquid PCM).  

 

 

Figure 4. Commercial ice-storage sensors: water level sensor (left) and electrical 
conductivity ice-layer sensor (right) [2]. 

 

It should be noted that there is a significant difference between water/ice and most of 

the other PCMs. Water increases about 9 % in volume when it changes to ice. In other 

words, the volume change on melting related to the solid phase ∆V/Vs of water/ice is 

negative, whereas almost all PCMs have a positive value. This aspect has a direct impact on 

the design of the sensor system. Hence, it is not possible to directly transfer ice storage 

concepts to other PCMs with a positive ∆V/Vs value. 

Ezan et al. developed a measurement method to determine the solidification front in 

an ice storage system [3]. They classified the electrical conductivity measurement methods, 

which can be used for monitoring ice formation, as follows: 

 Resistance measurement using Ohm’s law and alternating and direct current circuits 

 Inductance based measurement methods 

 Capacitance based measurement methods, which utilizes the dielectric effect 
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2.2. PCM measurement methods for paraffin Storage systems 

 

Researchers examined alternative PCM measurement methods for paraffin PCM-

storage systems at the Brandenburg University of Technology within a research project [4]. 

The following intrinsic PCM properties of paraffin were analysed: 

 Dielectric constant 

 Ultrasonic velocity  and ultrasonic attenuation 

 Thermal expansion of encapsulated paraffin 

 Optical transparency 

 

For further development, the optical transparency was selected. An optical sensor was 

engineered for the paraffin PCM storage. In addition, for PCM-composites in walls, a heat 

flux sensor was engineered and tested. 

2.3. High‐temperature electrode design 

 

Several applications require suitable high-temperature electrodes. As “high-

temperature”, electrode operation beyond 300 °C is considered. At temperatures beyond 

300 °C, polymers such as PE, PTFE and PEEK are thermally not stable. Hence, electrical 

insulator made of polymers cannot be used. High temperature, high pressure and corrosive 

media applications typically utilize ceramic electrical insulator. Hence, these high-

temperature electrodes require a suitable metal-ceramic joint design. The following are 

selected examples of areas for high-temperature electrodes with ceramic-metal joints: 

 Electrodes for molten metals [5] 

 Electrodes for water/steam multiple-phase flow [6] 

 Ignition electrode for internal combustion engines 

 (Reference) electrodes for corrosion at high-temperatures [7] 

 

These high-temperature electrodes with ceramic-metal joints are based on a rigid (inflexible) 

design. Figure 5 shows rigid high-temperature electrodes for molten metals as an example. 

Non-rigid high-temperature electrode designs could not be identified. 
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Figure 5. Photograph of rigid electrodes for molten metals [5]. 
 

2.4. Intrinsic material properties of high‐temperature PCMs 

 

In order to identify a suitable measurement approach, some relevant material 

properties of anhydrous alkali metal nitrate salts are reviewed. 

For molten salts, the physical properties can be divided into non-electrolyte and 

electrolyte properties. Molten salts have non-electrolyte properties similar in magnitude to 

those of room temperature liquids, in spite of the obvious temperature differences [8]. The 

molten alkali nitrate salts are clear waterlike liquids. Potentially glass fibre sensors could be 

installed in the PCM to detect the transparency. Own experiments on alkali metal nitrate 

salts showed that the transparency depends on different aspects. For example, different 

cooling rates result in different crystal sizes and transparencies (e.g. for NaNO3). Some 

Ca(NO3)2 rich melts also form glass phases which are highly transparent in the solid phase. 

Opaque white samples have also been obtained (e.g. KNO3-NaNO3 eutectic).  Due to the 

heterogeneous behaviour, sensor development on transparency detection was discontinued. 

Bloom states that the dielectric constant of molten salt electrolytes is not known but 

many investigators arbitrarily assign it to a value of 3 or 4 [8]. Frederikse gives dielectric 

constants of different anhydrous solid salts. The dielectric constant depends on temperature, 

frequency and direction (for anisotropic solids). Typical values of alkali nitrate salts range 

from 4 to 10 in the solid phase [9]. The capacity is directly proportional to the dielectric 

constant for several simple geometries (e.g., parallel plate arrangement, concentric 

cylinders) [10].  Within this work, capacity measurements on the difference between molten 

and solid salt were performed. However, the temperature effect was strong compared to 

differences between solid and liquid phase. Hence, this method was not developed further. 
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The gas phase has a low dielectric constant with values close to unity. Work on capacitive 

filling level sensors to distinguish between molten salt and gas phase was not carried out. 

Figure 6 shows the density of sodium nitrate in the liquid and solid phase. It can be 

seen that the density decreases in the solid and liquid phase with increasing temperature. At 

the melting temperature of 306 °C, there is a large volume change of melting ∆V compared 

to the volume of the solid salt at the melting temperature Vs. The value ∆V/Vs is about 

11 %. In other words, a filling level of a fully charged molten PCM storage of 100 % can be 

assumed. In the solidification process the salt significantly contracts and some voids are 

formed. 

  

Figure 6. Density of sodium nitrate (NaNO3) as a function of temperature [11]. 
 
 

Figure 7 plots the electrical conductivity of two alkali metal nitrates and one salt 

mixture. It can be seen that all salts have similar electrical conductivities in the liquid phase. 

The electrical conductivity is almost constant in the liquid phase. In the solid phase, the 

electrical conductivity steadily increases from room temperature to below the melting 

temperature. Upon melting the electrical conductivity increases about two orders of 

magnitude. 
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Figure 7 also compares the electrical conductivity to other materials. At room 

temperature, alkali metal nitrate salts are insulators. Just below the melting temperature, 

they are semiconductors with a low electrical conductivity. Above the melting temperature, 

they are semiconductors with a high electrical conductivity. 

For the further development, electrical and spatial (density) based methods were 

selected. For these intrinsic material properties, differences between the solid and liquid 

alkali nitrate PCM can be clearly detected. 

 

 
Figure 7. Electrical conductivity of alkali metal nitrates vs. temperature [12-14]. 
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2.5. Summary 

 

The major findings of the literature review can be summarized as follows: 

 There are lessons to be learned from commercial ice-storage systems for high-

temperature PCM storage measurement devices. 

 There are not only two phase in a PCM storage system (usually solid and liquid), but 

also a third gas phase due to the volume expansion on melting (or PCM contraction 

during solidification). 

 Additional fins in the storage volume lead to more complex distributions of solid 

PCM, liquid PCM and voids compared to designs without fins. 

 Flexible high-temperature electrodes (similar to flexible mineral insulated 

thermocouples) to detect different PCM phases and voids could not be identified. 

 The management of partial-load operation of PCM storage system is critical. For ice 

storage systems, this aspect is described. In order to ensure reliable operation, 

additional ice thickness sensors are utilized. 

 The methods can be classified in two broad categories. These are external concepts 

based on the heat balance of the PCM systems (1) and internal concepts (2). Internal 

concepts utilize intrinsic PCM property changes during the process of melting and 

solidification (e.g. electrical, optical and spatial). Figure 8 summarizes the major 

measurement methods described in literature. 

 

Figure 8. Classification of PCM measuring methods. 
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3. Experimental part 

3.1. Lab‐scale experiments 

 

Molten salts are usually good ionic conductors with high electrical conductance 

values [Bloom]. Electrical conductivity measurements with direct current result in 

undesirable ion movement in the melt. Hence, measurements with alternating sine current 

were performed. 

For lab-scale experiments a eutectic mixture of 54wt% potassium nitrate (KNO3) 

and 46wt% sodium nitrate (NaNO3) was prepared. The crucible material was aluminium 

oxide. The two electrodes were made of aluminium foil. The temperature of the solid and 

molten salt was monitored by a mineral insulated type K thermocouple within the salt. The 

setup was placed on top of a heating plate (Figure 9). 

 

 

Figure 9. Photograph of the Setup with KNO3-NaNO3 salt, aluminium stripes as electrodes, 
aluminium oxide crucible and heating plate without insulation (left)  
 

In total, three different circuit setups were realized (Figure 10). For the first 

impedance measurements (Setup 1), a commercial precision LCR-meter (Agilent 5284A 

Precision) was utilized. Subsequently, a second setup with commonly available 

measurement equipment was analysed (oscilloscope, frequency generator, measuring 

resistor). The second setup led to a third setup which is discussed in the next section 

(prototype development). 
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Setup 1 Setup 2 Setup 3 

 

 

 

Figure 10. Circuit diagrams of three measurement setups: RLC-meter (Setup 1), resistor 
measurements (Setup 2) and final data acquisition for large-scale experiments (Setup 3). 
 

Figure 11 plots experimental results of Setup 1 and Setup 2 using different 

frequencies. It can be seen that results of the two measurement setups agree closely for the 

three frequencies 107 Hz, 1 kHz and 10 kHz. Measurements show high impedance values in 

the solid phase of the salt (below the melting temperature of 222 °C). The drop of the 

impedance from the solid phase to the liquid phase could be clearly detected (for both 

methods and for all frequencies). Impedance values were higher for lower frequencies for 

most cases. Measurements in the solid phase just below the melting temperature were an 

exception with similar values for all frequencies. Overall, the measurements demonstrated 

the feasibility of the “electric resistance approach” in a lab-scale experiment. 



16 

 

 

 
Figure 11. Results of impedance measurements of KNO3-NaNO3 with Setup 1 and Setup 2. 
 
 

3.2. High‐temperature electrode development 

 

In order to detect the charging/discharging status of PCM-systems, designs with 

multiple electrodes are required. Figure 12 shows a design with 0.3 mm stainless steel wires 

in horizontal and vertical direction as electrodes and a high-temperature resistant polyimide 

frame (Sintimid PUR HT, Ensinger GmbH). The design aimed to detect the PCM melting 

front at each cross-point of the horizontal and vertical wires. 

Results show that the detection of the phase front may only be feasible for the 

melting process. Also, it would be necessary to locate the feed wires within the solidified 

PCM. Hence, the design shown in Figure 12 would result in some major limitations for the 

detection of the charging/discharging status of PCM-systems. It was concluded that a design 

with electrically isolated electrodes is advantageous. 
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Figure 12. First high-temperature electrode design with stainless steel wire (in red) as 
electrodes and high-temperature resistant polyimide frame (grey). 

 

 

Figure 13 shows lab-scale tests on an assembly with multiple electrical insulated 

electrodes in order to detect the melting front in PCM-storage systems. As an electrical 

insulator, a high-temperature resistant hollow polyimide assembly was utilized. Eight M3 

stainless steel screws within this assembly served as electrodes. Compressed expanded 

graphite (CEG) plates next to the assembly increased the heat transfer and led to a uniform 

melting front. Figure 14 shows similar lab-scale tests using multiple glass capillary tubes 

which include a stainless steel wire. 
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Figure 13. High-temperature electrode design with stainless steel screws as electrodes and 
high-temperature resistant polyimide assembly as electrical insulator; technical drawing 
(left), photograph of the setup with solidified salt (middle) and photograph of part of the 
setup with partial molten salt at the bottom (right). 
 

 
Figure 14. High-temperature electrode design with stainless steel wire as electrodes within 
glass capillary tubes as electrical insulator. 
 
 

Experiments with the three setups (Figure 12 to 14) showed that the PCM melting 

front can be detected. For example, Figure 15 shows the measurement signals vs. time of the 

melting of a solidified PCM block on a hot plate of the setup shown in Figure 14. However, 
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some major limitations occurred. They included the leak tightness of the screw-polyimide 

joint, the fragility of the glass capillary tubes, creeping molten salt within glass capillary 

tubes and a maximum temperature limit of about 300 ° due to the polyimide. Also, no 

suitable design for larger assemblies in a PCM-storage could be identified. 

 

Figure 15. Measurement results of the high-temperature electrode design with stainless steel 
wire as electrodes within glass capillary tubes as electrical insulator. 
 

Another high-temperature electrode design utilized two wire (or stripe) spirals on a 

rod. Figure 15 shows different setups that were tested. As electrode materials aluminium foil 

stripes and stain steel wires with 0.3 mm diameter were used. Rods were made of polyimide 

and glass. The rods were immersed in a glass beaker filled with alkali metal nitrate salt. The 

melting front progressed from the bottom to the top of the beaker using a hot plate (similar 

to the setup shown in Figure 13 on the right hand side). Previous assemblies (Figure 12 to 

14) focused on single point measurements. The setup shown in Figure 16 focused on a 

continuous detection of the melting front of the PCM in one dimension along the rod. The 

amount of liquid PCM was correlated to the electrical resistance between the two spirals. In 

order to increase the sensitivity of the method, spirals rather than two straight rods were 

used. 

Measurement results for the melting process of a solidified PCM from the bottom to 

the top showed that the measured resistance could be clearly correlated to the height of the 
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melting front along the rod (or amount of liquid PCM compared to the total PCM mass). 

Based on the equivalent circuit diagram of the two wire electrode (Figure 16 right), it can be 

shown that there is a non-linear correlation between the melting front position and the total 

impedance (Figure 17). Figure 17 plots measurement results of the aluminium foil electrode 

and confirms the theoretical prediction from the equivalent circuit diagram. Overall, it 

seems feasible to detect for example a molten salt filling level with this setup. Limitations of 

this continuous detection method include the following: fragile glass rods, temperature 

limitation of the polyimide, limitation to melting processes in only one direction or filling 

levels measurements. 

  

          
Figure 16. High-temperature electrode design with two wire spirals as electrodes on a rod; 
polyimide rod with aluminium foil (left), polyimide rod with stainless steel wire (middle 
left) glass rod with stainless steel wire (middle right) and equivalent circuit diagram (right).  
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Figure 17. Measurement result and theoretical predicted values of aluminium foil electrode 
for the continuous detection of the melting front. 
 

The described initial experiments (Figure 12 to 16) led to the following electrode 

requirements: high-temperature resistant (> 300 °C), electrically insulated measurement tip, 

flexible integration in the PCM-storage unit (e.g., like mineral insulated thermocouples), 

detection of the two PCM phases and voids/gas phase. 

In order to meet these requirements, an alternative electrode design was developed. 

Based on commercially available components, a first prototype electrode was constructed by 

laser welding within the project (Figure 18). The electrode design includes a metallic 

measurement tip, a ceramic-metal-joint, a ceramic isolator and a metallic tube filled with 

electrically insolating powder (published patent [15]). 

 

 
Figure 18. Photograph of novel high-temperature electrode.  
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3.3. Feasibility test on existing PCM‐prototype 

 

Based on the first two measurement setups (Figure 10), a third setup was designed. 

The customized electronic circuit included sinus signal generation, signal processing, 

multiplexing of electrodes and data acquisition. Figure 19 shows a photograph of the signal 

generation and data acquisition unit. This unit was integrated in an existing programmable 

logic controller (Siemens SPS). Figure 20 shows the wiring diagram of the electronic 

measurement devices. This third setup not only included hardware development, but also 

software developments. Software developments included microcontroller programming of 

the signal generation and data acquisition unit and the programmable logic controller with 

graphical user interface (Siemens Step7 and WinCC). Figure 21 shows a screenshot of the 

graphical user interface to display electrode signals. 

 

 

Figure 19. Photo of the signal generation and data acquisition unit with microcontroller. 
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Figure 20. Interconnection of the signal generation and data acquisition unit and the 
programmable logic controller (SPS). 
 

 

Figure 21. Graphical user interface to display electrode signals. 
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A feasibility test of PCM-measurement electrodes on an existing PCM prototype storage 

system was carried out. Figure 22 gives schemes and photographs of this prototype system. 

The prototype consists of a tube register with aluminium fins (Figure 22, middle right) and a 

container filled with PCM (Figure 22, left). The heat transfer fluid within the tubes was 

thermal oil. There is a void space between this finned register and the PCM container. This 

void space contained six stainless steel rods (diameter about 2 mm) with different lengths 

(Figure 22, right). 

 

 
Figure 22. Integration of electrodes in a PCM-prototype storage system; scheme of the 
storage system without insulation (left), photograph of the storage system (middle left), 
photograph of the integrated tube register with aluminium fins (middle right) and position of 
the electrodes within the PCM volume (right). 
 

For the charging and discharging processes, the thermal oil inlet temperature of the 

PCM-storage system is kept constant by an external heating and cooling thermal oil loop. 

As a PCM sodium nitrate with a melting temperature of 306 °C was utilized. First, the 

storage system was fully charged. The thermal oil inlet temperature and the fully liquefied 

PCM had a temperature of about 330 °C. The PCM has a low density (or high volume) in 

the liquid phase. Hence, all electrodes are covered by molten salt. This results in a low 
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voltage (or low resistance) as shown in Figure 23 at the time zero (value about 0.2 V for all 

electrodes). 

The discharging process, or the solidification of the PCM, was initiated by lowering 

the thermal oil inlet temperature to 290 °C. Figure 23 shows that after a short period of time 

a constant thermal oil inlet is reached. The PCM contracts upon solidification. This leads to 

a lower molten salt filling level within the electrode space next to the container walls. 

Measurement results show that Electrode 6 (top electrode) has reached the maximum 

detectable resistance value after about 30 Minutes. This can be attributed to the sinking 

molten salt level in the PCM container and air surrounding Electrode 6. After some time, 

Electrode 5 and 4 also detect a rising electrical resistance. Unlike Electrode 6, all other 

electrodes did not detect the maximum resistance values. This aspect could be caused by 

frozen salt rather than air surrounding the Electrodes 1 to 5. The Electrodes 1 to 3 detected 

almost the same signals. This indicates a similar solidification process of the salt region in 

the lower part of the storage system. After about 5 hours, a constant thermal oil outlet 

temperature was reached. After this time period, also electrode signals were almost constant. 

Hence, the solidification process within the PCM-storage system could be clearly detected 

by the “electric resistance approach”. 

 

 

Figure 23. Measurement results of the “electric resistance approach” on an existing PCM 

storage system. 
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4. Summary and conclusion 

At the time of writing, there is no convincing method readily available to determine 

accurately the charging/discharging status of high-temperature phase change material 

(PCM) storage systems for solar direct steam generation plants. The limitation of simple 

temperature sensors in PCM systems was outlined. Partial load operation of PCM storage is 

an example of temperature sensor limitations. Such operation modes clearly require novel 

alternative concepts to measure the charging/discharging status of PCM storage systems. 

The reported work reviewed developments for low-temperature PCM storage systems. In 

particular commercial ice storage systems utilize successfully alternative measurement 

methods. Hence, there are lessons to be learned from ice storage systems. However, 

knowledge of ice-storage system cannot be simply transferred to high-temperature PCM 

systems. There are oppositional characteristics on the volume change on melting. Also, 

high-temperature electrode design is inherently more difficult due to the limited material 

choice. 

For alternative measurement methods, intrinsic material properties of high-

temperature PCMs were evaluated. They included the transparency, dielectric constant, 

density and electrical conductivity of alkali metal nitrates. It was found that transparency 

and dielectric constant properties are less suitable. There are pronounced differences in solid 

and liquid values of the density and the electrical conductivity of alkali metal nitrate salts. 

Hence, the further development focused on changes in these properties. Density changes can 

result in spatial level changes of molten salt in the PCM storage. Alkali metal nitrates are 

poor electrical conductors in the solid phase and they are good ionic conductors in the liquid 

phase.  

In lab-scale test the electrical conductivity in the solid and liquid phase of alkali 

metal nitrate salts was analysed. Suitable measurement parameters, such as voltage and 

frequency levels were identified. For the selected “electric resistance approach”, no suitable 

high-temperature electrode could be identified. In this work several different electrode 

designs were developed. Tests of these designs revealed the major limitations such as leak 

tightness of components for low viscosity molten salts, fragility of the glass and ceramic 

electrodes, up-scaling and integration of electrodes in storage systems and limitations with 

regard to the material choice of the high-temperature resistant electric isolator. In order to 
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overcome most of the limitations, within the project a novel electrode was developed (patent 

pending).  

Another major focus was the integration of the alternative PCM measurement 

method with several electrodes in an existing prototype latent heat storage system. A 

customized electronic circuit included sinus signal generation, signal processing, 

multiplexing of electrodes and data acquisition was designed. This design not only included 

hardware, but also some major software developments. We tested the alternative PCM 

measurement method using several electrodes in a PCM-prototype storage system with 

thermal oil as a heat transfer fluid and sodium nitrate with a melting temperature of 306 °C 

as a PCM. Measurements with the signal generation and data acquisition unit and the PCM-

prototype storage system clearly demonstrated the feasibility to detect the 

charging/discharging status with the alternative PCM measurement method. 
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Abstract 

 

In the frame of Task 4/WP-15, a lab set-up based upon the RHTS (reflux heat 

transfer storage) concept has been developed and put into operation to measure the 

calorimetric and heat transfer properties of phase changing materials utilized for thermal 

storage in a temperature range between 200 and 400oC.  

Initially, this system was designed for testing the compatibility and thermal stability 

of storage materials used in the RHTS system developed as part of the EU-funded FW6 

DISTOR project (contract no. SES6-CT-2004-503526). It was shown that the lab system has 

highly efficient heat transfer characteristics proper to thermosyphons and pool boilers and 

the capability to operate as a calorimeter aimed to quantify the variable latent heat storage 

capacity during thermal charge and discharge cycles.  

Presently, this capability has been expanded for different phase change materials 

such as metal alloys and molten inorganic salts having a melting/eutectic point within the 

prescribed temperature range relevant to the solar parabolic trough CSP (concentrating solar 

power) systems. In addition, this work involved investigating errors inherent in 

measurements taken by the system, mitigating thermal losses to the environment, and 

calibrating the mass flow rate of the heat transfer fluid (HTF, e.g. Dowtherm-A) circulating 

through a closed loop of pipes in the system by natural convection under varied process 

conditions.  

This report outlines in detail the PCM (phase change material) measurement system 

design and describes a mathematical model developed for thermal analysis and heat flow 

characteristics. Results of the measurements performed thus far are depicted and they 

demonstrate an adequate performance of the measurement system in terms of both validity 

and reliability, suggesting that this instrument can present a solid base for studying and 

testing thermal storage materials.  

Farther experiments are proposed to focus upon identifying additional chemically 

and thermally stable PCM/HTF combinations for thermal storage as well as further 

advancement of the system aimed at running long-term multicycle tests for PCM samples. 

Keywords: Phase change materials, Latent heat storage, Heat transfer performance, 

Thermal storage measurements and analysis. 
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Nomenclature: 

CSP – concentrating solar power 

DSC – differential scanning calorimetry 

DTA – differential thermal analysis 

ΔHHTF – change in enthalpy of the HTF  

ΔHloss – thermal losses from the system  

ΔHPCM – change in enthalpy of the PCM  

ΔHsys – change in Enthalpy of the system 

ΔHVessel – change in enthalpy of vessel material 

HTF – heat transfer fluid 

L(R)HS – left(right) hand side 

mHTF - mass flow rate (g/s) of HTF 

PCM – phase change material 

RHTS - reflux heat transfer storage 

TGA - thermo-gravimetric analysis 

THTF – temperature of HTF 

TFurnace – temperature of furnace 

TPCM – temperature of PCM 
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1. Introduction 

 

Phase change materials (PCM) considered in the literature for latent heat storage 

integrated into CSP systems for electricity generation are mainly inorganic salts (pure 

substances and eutectic mixtures), e.g. NaNO2, NaNO3, KNO3 etc., operational in the 

temperature range from about 250 to 550°C. PCMs designated for thermal storage are 

usually composed of technical grade materials rather than pure chemicals for which 

accurately measured thermochemical data are tabulated in literature. For the development of 

an efficient thermal storage system it is crucially important to carry out calorimetric 

measurements and lifetime tests working with representative materials samples under 

heating/cooling conditions closely approaching the highly transient thermal storage process 

of a full scale system. 

The calorimetric technique widely applicable for the measurement of the enthalpy of 

solid and liquid substances used for thermal storage, such as various inorganic salts, metal 

alloys, etc., is based on the DSC/DTA method [1, 2]. However, a single method cannot be 

suitable for all possible materials and, moreover, it is always useful to have thermochemical 

data obtained from different methods to allow more accurate and statistically reliable 

results. Specifically, for latent heat storage employing phase change materials, it is very 

important to run the thermal storage cycles of charging and discharging inside a calorimetric 

system in order to measure temperatures along with the evolved heat directly. In the 

literature different types of custom-built high-temperature calorimeters are discussed [3]. 

However, each of such devices was designed to solve a specific problem and cannot be 

readily adopted to accommodate the thermal storage testing conditions.  

A lab scale apparatus capable for testing thermal storage materials simultaneously 

with carrying out calorimetric measurements and studying heat transfer effects developed in 

the system was reported elsewhere [4]. This system was initially designed for investigating 

the compatibility and thermal stability of storage materials used in the RHTS (reflux heat 

thermal storage) system developed as part of the EU-funded FW6 DISTOR project. It 

demonstrated highly efficient heat transfer characteristics and the capability to operate as a 

calorimeter aimed to quantify the latent heat storage variability during thermal charge and 

discharge cycles. 
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This apparatus consists of a temperature controlled furnace for heating a sampler 

vessel containing PCM (max 1.5 kg) to a temperature over the melting point (up to 400oC). 

Along with PCM, the sampler vessel contains some amount of HTF (heat transfer fluid, e.g. 

thermal oil Dowtherm-A, about 200-300 ml), which is boiling inside the vessel and its vapor 

is used to transfer heat from the PCM sample to a water filled condenser, both connected in 

a closed loop by pipes and a coiled heat exchanger. A number of thermocouples were set in 

the PCM, HTF, and water bulk to monitor the temperatures continuously. Multiple cycles 

with different rates of heat charge and discharge were made possible by controlling the 

furnace temperature ramp and the HTF vapor flow rate. The heat flow in the system could 

be evaluated in accordance with the heat balance, so that the amount of energy supplied to 

the water is equal to the decrease of enthalpy of the sampler vessel, taking into account the 

calibrated heat losses. 

In response to the Task 4 of Work Package 15 “New Measurement System for PCM 

storage” including the objectives of “Development of a measurement concept for 

calorimetric and heat flow parameters under the saturated pool boiling conditions of high-

temperature heat transfer fluids, in lab scale (WEIZMANN)” and “Design and construction 

of a prototype measurement device (DLR, WEIZMANN) we decided to adopt the RHTS 

concept for calorimetric measurements and testing PCM for latent heat energy storage 

systems. This involved making modifications to the existing lab scale apparatus necessary to 

promote the following functions of the measurement system under development: 

 Accurate heating control, monitoring and recording of temperature and pressure in 

numerous points in the system using a data acquisition system; 

 Accurate and reliable regulating of heat discharge using a metering valve in the HTF 

vapor flow loop;  

 Minimal thermal losses to the environment; 

 Working with different PCM samples including molten salts and metal alloys; 

 Developing a modeling program to analyze the obtained data and evaluate the 

essential thermal storage parameters. 
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2. Background of the RHTS concept 

 

The RHTS concept is based on a synergistic effect of phase change processes of 

melting and vaporization occurring in the thermal energy storage medium. For this purpose, 

a low melting point HTF, for instance liquid metal or synthetic organic oil, is added to the 

PCM, to deliver thermal energy between the storage medium and a heat sink (e.g. a heat 

exchanger, steam generator) located out of PCM via evaporation and reflux condensation of 

the HTF. This heat transfer pattern is similar to one effectively utilized in thermosyphons, 

heat pipes and pool-boilers. It is important  that the storage vessel be thoroughly evacuated 

of water vapors and other gases in the beginning and kept continually leak-tight for both 

vacuum and pressure conditions.  

Choosing the HTF involves several prerequisites including high-temperature 

stability, chemical compatibility and mutual insolubility with the PCM, non-corrosiveness to 

the structural materials, low density in comparison with the PCM, and a sufficient vapor 

pressure (about 1 bar abs) at the operating temperature.  

Feasibility of this storage concept was successfully demonstrated using PCM-HTF 

systems composed respectively of sodium chloride salt and sodium metal for a storage 

temperature of 800oC [5] and zinc metal alloy (Zn70Sn30) and thermal oil Dowtherm-A for 

370oC [4]. 

 

 

 

 

Figure 1. Schematic diagram of the RHTS concept. In the case of the same HTF used in the 
solar field and in the storage, the bottom heat exchanger is no longer needed. 
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Figure 1 illustrates the RHTS concept intended to produce high temperature steam 

for a parabolic through CSP plant when the solar steam generation process is temporarily 

interrupted. HTF is used to transfer heat between the thermal storage medium - PCM and 

two heat exchangers (HE) placed externally to the PCM compartment at the bottom and the 

top of the storage vessel. The top HE, i.e. steam generator, is fed with high pressure water 

(return condensate) to produce superheated steam during the storage discharge cycle. The 

bottom HE is used to charge the thermal storage. It is immersed in the liquid HTF and 

connected to the solar working fluid, e.g. a flow of solar superheated steam or solar-heated 

synthetic oil. During heat charge cycles, due to pool-boiling of the HTF, there is intensive 

flow of vapors up through the transport channels distributed in the PCM. By condensation 

directly on the surface of the PCM, the latent energy of vapors is transferred across the PCM 

bulk. On discharge, the heat flow direction is reversed. The hot PCM causes the liquid HTF 

to evaporate and the vapors transmit heat to the top located steam generator via the 

mechanism of condensation.  

3. Methodology of testing PCM 

The testing procedures for thermal storage materials regarding the target temperature 

of 400oC are described below on the example of a PCM-HTF system examined in the initial 

stage of the RHTS development [4]:  

 PCM: Zinc-Tin alloy containing 70%wt Zn (Zn70Sn30). This substance is a non-

eutectic (hypoeutectic) composition that melts gradually between the eutectic -198.5oC 

and liquidus - 370oC temperatures. It needs a high-temperature HTF close to 400oC, 

such as exiting a solar parabolic troughs system, to charge the storage. On discharge, the 

release of heat is due mainly to the latent heat of zinc solidification and partly to the 

sensible heat of the dual-phase (liquid-solid) mixture of the alloy.  

 HTF: eutectic mixture of 26.5% biphenyl and 73.5% diphenyl oxide which is produced 

commercially as a high-temperature (max 400oC) thermal oil (e.g. Dowtherm-A, 

Therminol VP-1). Equilibrium vapor pressure of this HTF is about 7.2 bars at the 

storage temperature of 370oC. 
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Specimens of the chosen PCM and HTF chemicals were subjected, separately and 

jointly, to a sequence of laboratory testing procedures under a constant temperature of 

400oC and maintaining a variable temperature between 200 and 400oC. Alloy Zn70Sn30 

was specifically manufactured using the base metals of technical-purity grade by Numinor 

Chemical Industries Ltd (Israel). The major impurity determined in the product was iron 

which was the material of the crucible employed in the alloy production. The HTF was 

purchased as a commercial product Dowtherm-A produced by Dow Chemical Co.  

3.1. Ampoule tests 

 

The test procedure included the following steps: 

 Preparing hermetically sealed glass ampoules (10 ml capacity) filled with a few grams 

of Zn70Sn30 alloy (particles of a size 2-3mm) along with a few milliliters of the liquid 

HTF. In some of the ampoules, stainless steel (316L) pieces were added to test the effect of 

a potential storage structure material. 

 Placing the ampoules into a laboratory high-temperature oven and holding them at 

400oC at least 8 hours. The heating routine was repeated 3-4 times at regular intervals with 

each ampoule. 

 Post-test visual inspection of the ampoules at ambient temperature for: integrity (some 

might burst), change of color, physical state, additional phases, etc. 

 Examining the content of ampoules by means of Differential Thermal Analysis (TA 

Instruments TG/DTA Q600 system) and FTIR Spectroscopy (Brukner FTIR Analyzer 

TENSOR 27). 

 

Figure 3. A glass ampoule before (left) and after (right) heating at 400oC for 8 hours. The 
ampoule was initially loaded with Zn70Sn30 particles and Dowtherm-A, the colorless 
liquid, and sealed by welding.  
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As is shown in Fig. 3, some visible changes could be typically observed after the 

first heating of the test ampoules:  

1. The solid particles became fully fused as a result of heating above the liquidus point, 

370oC; 

2. The liquid, first transparent and colorless, appeared to be yellowish-red. The same 

change in color occurred when the HTF was sealed in ampoules and heated above 

200oC with no presence of supplemental materials. This change of color (no 

difference in the FTIR spectrum could be detected) has no consequences on the 

performance of the thermal storage; 

3. No further visible modifications of the ampoules content were discovered after 

repeating the heating procedure several times.  

About 20 ampoules containing PCM-HTF-Steel samples were tested accordingly. 

All of them, without exception, showed satisfactory results in terms of thermal stability and 

compatibility of the storage materials verified by DTA and FTIR analyses. In addition, the 

remarkable thermal stability of the tested PCM-HTF system was verified under continuous 

30-days heating in the glass ampoules at 400oC. 

 

 

Figure 4. The lab set-up design composed of the sampler vessel containing PCM and 
condensed HTF, electric furnace, metering valve and water-filled condenser. Points of 
measurements are shown indicating: T-temperature, P-pressure. 
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3.2. Heat cycling tests 

Figure 4 represents a diagram of the laboratory set-up used for testing the storage 

materials under thermal conditions typical of a full-scale system. A temperature controlled 

furnace is used to heat the sampler vessel containing alloy Zn70Sn30 (1500 g) and 

Dowtherm-A (450 ml) to a temperature of 390-400°C. As shown in the diagram, the 

sampler vessel together with vertical tubes (1) and (2) and coil (3) form a closed loop for 

HTF flow. A metering valve (Swagelok – BMRW, V51), installed on the tube (2) is used to 

block the fluid flow while heating of the sample is activated. The valve has a micrometric 

regulator so that flow can be metered very accurately, over a range of 0 to 6 turns, which 

corresponds to a flow of 0 to 1 mL/min (based on water calibration) in the range of HTF 

pressure utilized in the system, 0 – 10 bar.  

Table 1. Points of measurements applied in the heat cycling tests as shown in Fig. 4. 

Parameter and Maximal 
Experimental Value 

Notation No. of  
Points 

Sensor Accuracy 

PCM temperature inside the 
sampler vessel, 380oC 

TPCM 2 TC type K 
 

1.5oC 
 

HTF temperature inside the 
sampler vessel, 400oC 

THTF 2 

HTF vapor temperature in tube 
(1), 400oC 

TVapor 1 

HTF condensate temperature 
in tube (2) , 80oC 

TCond 1 

Furnace temperature, 450oC TFurnace 3 
Water bulk temperature, 60oC  TWater 6 TC type T 0.5oC 
HTF vapor pressure in the 
sampler vessel, 10 bar  

PVapor 1 Pressure 
transducer 

0.05 bar 

After melting the PCM sample and reaching the required temperature, the furnace is 

switched off and the valve is opened to allow HTF to flow and circulate. During that period 

the heat of the storage is transferred to the water condenser by HTF due to the subsequent 

processes of liquid evaporation taking place in the sampler vessel, rising of the vapors in the 

tube (1) and vapor condensation occurring in the coil. By gravity the HTF condensate 

returns through the tube (2) back to the sampler vessel. The points of measurements include 

temperature in different location of the system and HTF vapor pressure, as shown in Figure 

4 and specified in Table 1. The experimental data are transferred to a PC using a data 

acquisition system. 



40 

 

 

Multiple cycles with different rates of heat charge and discharge were made possible 

by controlling the furnace and metering valve correspondingly. After each cycle the hot 

water was replaced with the same quantity of the room temperature water. According to the 

energy balance, the heat supplied to the water equates the decrease of enthalpy of the sample 

taking into account the heat losses evaluated in specifically performed experiments 

beforehand.  

In the case of proper operation, the vapour pressure of HTF should follow closely the 

thermodynamic equilibrium data available for this fluid. If the thermal fluid fails due to 

thermal decomposition or reacting with PCM or other materials in direct contact, a 

significant deviation of pressure from the equilibrium value at the operating temperature 

could be expected. In total, more than a hundred thermal cycles such as shown in Fig. 5-

LHS, with the same load of storage materials were performed. Similar to the run depicted in 

Fig. 5-RHS, all the other experimental results exhibited without exception excellent thermal 

stability of the Zn70Sn30 - Dowtherm-A storage materials system under the corresponding 

variations of temperature between 200 and 380oC. 

Figure 5. Typical PCM temperature (T) and HTF vapor pressure (P) experimental data 
measured inside the sampler vessel of the lab set-up. LHS: a fragment of the multicycle 
test; RHS: vapor pressure P vs. temperature T (white curve – equilibrium data for 
Dowtherm-A [6], black strip – experimental points obtained from one thermal cycle of 
sample heating and cooling). 
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4. Adjustment of the measurement system 

Some necessary modifications to the lab system were made to allow more accurate 

measurements and evaluation of the calorimetric and heat transfer properties of PCM 

samples. 

4.1. Estimation and Control of Heat Losses 

It is important to minimize thermal interaction between the sampler vessel and the 

furnace on the stage of discharge, when the furnace is off and the heat is released from the 

storage to the water condenser. Depending on the temperature difference δT between the 

furnace interior and the PCM inside the vessel, the heat transfer between the two bodies has 

a direction either toward (when δT>0) or opposite (when δT<0) the vessel. Quantitatively, 

the furnace’s effect upon the thermal storage value could be quite significant and therefore 

should be dealt with accordingly.    

An estimation of the heat flow to/from the vessel was approached by discharging the 

system at a specific flow rate and varying several furnace parameters, such as the angle of 

the furnace door opening and the operation of the furnace convection fan. These factors 

revealed a strong influence on the heat balance in the system thus have proven themself as 

effective means of thermal isolation (the method used to reduce heat transfer) for the 

sampler vessel. A series of experiments was conducted to identify the extent of furnace door 

opening that was necessary to maintain thermal equilibrium between the vessel and the 

furnace (δT=TFurnace-TPCM ~0, referring to points of measurement shown in Fig. 4). This 

allowed comparing the system heat balance with and without vessel ‘isolation’ in order to 

estimate the thermal effect of the furnace during the storage heat discharge.  

Parameters for heat discharge in both the isolated and non-isolated tests were 

determined for the max HTF mass-flow rate (full opening of the valve) by quantifying the 

amount of heat transferred from the storage vessel to the water-filled condenser using the 

equations (1) – (3) below:  

Hloss  Hsys HH2O      (1) 
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Here,  is the thermal losses from the sampler vessel, calculated from the 

difference between , the total change in enthalpy of the storage system (defined below), 

and HH2O
 the enthalpy change of the water contained in the water condenser. 

Hsys  HPCM  HHTF  HVessel     (2) 

Here, Hsys is the sum of the change in enthalpy of all components of the system: the 

PCM, the HTF and the stainless steel vessel. 

OHpOHOH TCmH
222

     (3) 

Here, HH2O
 is the change in enthalpy of the water mass mH2O contained in the 

condenser, calculated from Cp , the specific heat of water (4.1806 J/g K) and the change in 

temperature of the water over the course of the experiment.  

The temperature measurements are shown in Fig. 6, and the furnace parameters and 

heat balance results are outlined in Table 2. 

 

 

Figure 3: Graphs showing the charge and discharge cycle of the test system under 

the conditions of non-‘insulation’ (LHS) and ‘insulation’ (RHS). Both discharge cycles were 

conducted under full HTF flow and other conditions as outlined in Table 1. The insulated 

case shows the effect of the, furnace fan operation, and furnace door partial closure. The 

dashed line indicates the point of discharge. 

 

 

 

 

 

 

 

 

 

 

Hloss

Hsys

  

 

    (a)      (b) 

Figure 6. Graphs showing the charge-discharge cycles under the system conditions of 
non-‘isolation’ (a) and ‘isolation’ (b). Both discharge tests were conducted under full HTF 
flow and other conditions as outlined in Table 2. The isolated case shows the temperature 
equilibrium attained by the furnace fan operation and furnace door partial closure. The 
dashed line indicates the end of charge and beginning of discharge. 
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Table 2. System parameters for non- and ‘isolated’ storage discharge. The isolation column 
indicates whether (Y) or not (N) furnace parameters were adjusted to control thermal 
insulation of the vessel used. Furnace Fan and Door Angle show the internal convection fan 
state and extent of door opening utilized upon discharge (an angle of 0 indicates a fully 
closed and 90o – the fully opened state). The losses column refers to the results of the heat 
balance between the HSYS and HH20. All values of H are in kJ. Measurements are based 
upon a 300 sec period of discharge. 

Isolation Furnace 
Fan  

Door 
Angle

HSYS HPCM HHTF HVes HH20 Losses

N Off 90  150  41  33  76 91 59 

Y On 5  127  31  31  64 132 -5 
 

Figure 6(b) shows that by adjusting the system parameters upon discharge as 

outlined in Table 2, the proper isolation of the storage vessel is achievable, leading to the 

temperature equality TFurnace ≈ TPCM. Upon non-isolated discharge of the system 59 kJ was 

lost from the system, while under isolated conditions a relatively small negative value of -5 

kJ was calculated. It is expected that this value falls within the signal to noise ratio of the 

temperature measurements and subsequent calorimetric calculations, and can essentially be 

regarded as almost zero. In principle, a higher resolution of thermal losses is possible, if 

necessary, by a finer tuning of the system parameters. 

4.2. HTF Flow Rate Determination 

The natural convection circulation flow of HTF through the system was calculated 

from temperature measurements and enthalpy calculations for the HTF, PCM and water 

filled into the condenser. This value is important as it is the principal parameter used in heat 

balance calculations and directly governs the quantity of heat released from the storage. 

Several influential variables of the process were constrained by keeping the temperature of 

the sampler vessel constant over the course of discharge to obtain a constant flow and to 

reduce error which could have been introduced to the calculation from changes in HTF 

pressure, should the system be discharged as per the normal operating procedure. This was 

achieved by optimising furnace parameters of the system, and maintaining a constant 

PCM/HTF temperature over the course of the experiments, as shown in Fig. 7.  
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Figure 7. Temperature profile of constant vessel heating for the determination of HTF flow 
rate. This experiment was carried out using a constant furnace temperature of 450 C, 40% 
opening of the valve. The furnace door was completely closed and the fan was in operation. 
TFurnace refers to the temperature of the furnace and TPCM is the temperature of the Zn70Sn30 
alloy and TWater is the water temperature. The linearity of the water graph results from a 
constant flow rate of the HTF under the conditions of the experiment. 

  

System parameters were optimized for two flow rates, 40% and 60% of the 

maximum flow achievable by the system. Flow rate was determined by calculation using the 

following equation: 

   (4) 

Where, Qw is the amount of heat supplied to the water in the water-filled condenser, 

QHTF represents the change in HTF heat,  is the mass transfer rate (g/s) of the HTF 

through the system, HHTF is the change in enthalpy of the HTF over the temporal period 

defined by . Equation 4 was rearranged to solve for the mass transfer rate of HTF ( ) 

by: 

 

      (5) 

 

An average per % flow rate was calculated as about 8.10-3 g/s/%_valve_opening, 

based on several experiments conducted.  
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Figure 8. Comparison of the simultaneous temperature measurements for PCM (Zn70Sn30) 
and water during a heat discharge cycle with model simulation results. 

4.3. Thermal Analysis Model 

In total, there were more than a hundred thermal cycles performed with different 

loads of storage materials. The obtained experimental data were used in the development 

and validation of a thermal analysis model based on heat balance equations written for the 

transient RHTS process activated in the measurement system: 

dt

tTHd
mq PCMPCM

PCM

]][[
1


     (6) 

dt

tTHd
Mq HTFHTF

HTF

]][[
2


      (7) 

]][[]][[(
.

3 tTHtTHmq CHTFHTFHTFHTF      (8) 

lossi Qq 
3

       (9) 

lossOHpOH qqtTcm  3][
22

     (10) 

1][ qtTAk       (11) 

In the set of expressions above, Eq. (6) describes the change of PCM enthalpy ∆HPCM (alloy 

quantity mPCM, bulk temperature TPCM) in time t, Eq. (7) - enthalpy change of liquid HTF 

held in the sampler vessel (fluid quantity MHTF, bulk temperature THTF), Eq. (8) – the heat 

transferred by vapor flow (HTF circulation mass rate  mHTF, condensate temperature TC) 
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between the sampler vessel and the water container, Eq. 9 is a heat balance equation for the 

sampler vessel and transport tubes, including heat losses Qloss (convection and radiation), 

Eq. 10 is a heat balance equation for the water container (water quantity mH2O, specific heat 

cp, bulk temperature TH2O), including heat losses qloss, and Eq. 11 determines the heat 

transfer coefficient k at the PCM-HTF interface in the sampler vessel, taking into account 

the surface area A and mean temperature difference between the substances ΔT. 

 The adequateness of the thermal analysis model to experimental data is shown in 

Fig. 8. The model solutions were obtained using the numerical package of Mathematica 8. 

Enthalpies and other properties of the storage materials needed in calculations were 

measured in the lab, specifically for the Zn-based alloy PCM using the TGA instrument, and 

regarding Dowtherm-A and stainless steel the data were taken from the literature.  

5. Molten salt Demonstration Test and Evaluation 

The choice of PCM involves a number of options taking into consideration the 

factors of high-temperature durability, chemical compatibility with the HTF, the desire for a 

high latent heat value and density of the substance, commercial availability and the price. 

Along with the metal alloy investigated previously, we intend to examine some cheap and 

widely available thermal storage materials that can be utilized for latent heat storage based 

on the RHTS technology.  

For this purpose, PCM and HTF systems based on nitrate salts of Na/KNO3 and 

Dowtherm-A have been set for lab experiments using the developed methodology for testing 

thermal storage materials (section 3). This included high-temperature test-tube examination 

and calorimetric measurements using the calorimetric set-up developed.  

The measurements conducted for potassium nitrate salt KNO3, melting point 334oC, 

are depicted below showing the main results of thermal analysis and heat flow evaluation 

performed.  

5.1. Testing procedures 

Figure 9 presents enthalpies of the selected storage materials system based on the 

literature sources that were verified by lab measurements with the particular chemical 

samples in use. 
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Figure 9. Enthalpy data for KNO3 [7] and Dowtherm-A (liq) [6] used in the thermal 
analysis. 

  

The combination of KNO3 and Dowtherm-A was tested in glass ampoules by raising the 

oven temperature above the salt melting point of 334oC, up to 360oC, for a various time 

periods extending to a few tens hours, Fig. 10 (LHS). The results of post-test analyses done 

using the TGA/DTA and FTIR instruments were favorable in terms of the adequate 

chemical stability and compatibility of the selected storage materials, verified concerning 

the PCM melting point and the HTF IR spectrum and vapour pressure vs. temperature. 
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Figure 10. The LHS photo shows a glass ampoule containing a few grams of potassium 
nitrate and Dowtherm-A after heating during several hours at a temperature 360oC. In the 
RHS photo is the measurement system with the sampler vessel located in the furnace. 

 
About 800 g of KNO3 and 250 ml of Dowtherm-A were charged into the sampler 

vessel, which was set up in the furnace, as shown in Fig. 10 (RHS). The calorimetric system 
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“isolation” and upper charge temperature of 360oC. More than ten different cycles were 

performed successfully without showing symptoms of abnormal operation.  

 

  

Figure 11. The simultaneous temperature profiles measured in the molten potassium nitrate 
salt - TPCM and water - TWater under the full HTF mass flow, 0.8 g/s. The locations of 
thermocouples are as shown in Fig. 4. 

5.2. Experimental results  

The molten salt temperature profile (Fig. 11, LHS) explicitly shows the constant 

temperature solidification process characteristic for crystalline substances, as it is the 

potassium nitrate salt subjected to the described measurements. 

The results of thermal analysis calculations revealed the following values of 

calorimetric and heat transfer parameters of the KNO3 – Dowtherm-A system for the heat 

discharge process demonstrated: 

 PCM thermal storage capacity: 100 j/g, 
 HTF circulation rate  mHTF: 0.8 g/s, 
 PCM-HTF bulk temperature difference ΔT:  < 10 K, 
 PCM-HTF interface:  

o heat flux: ~ 10 kW/m2, 
o heat transfer coefficient k: ~ 1 kW/m2K. 

The obtained estimates indicate very high heat transfer rates resulting from such 

factors as nucleate boiling of HTF in the sampler vessel, intensive vapor generation and 

natural circulation of the fluid within the closed loop. The overall thermal conductivity of 

the calorimetric system could be represented as, 

hT
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Here, T is a temperature difference between the sampler vessel and the entrance to 

the water container (~ 1-2 K), h is a length of the transport tube 1 (Fig. 4, 1.2 m).  The 

estimated value of ~500 W/m-K is comparable to the thermal conductivity of copper metal 

(401W/m-K). Based on this result, the performance of the calorimetric set-up can be 

compared to the performance of the other super-efficient thermal systems utilizing reflux 

condensation heat transfer, such as thermosyphons and pool boilers [8]. 

6. Conclusion 

 

The development and design of a lab PCM measurement system for calorimetric and 

heat flow parameters of thermal storage have recently been accomplished and its 

performance has been demonstrated by testing two different PCM samples: Zn-based alloy, 

Zn70Sn30, and potassium nitrate salt, KNO3. In the present configuration the apparatus 

provides thermal measurements for PCM samples of about 800-1500g in the temperature 

range between 200 and 400oC (the upper limit temperature of the HTF used) and enables 

simultaneous studying calorimetric properties of the loaded PCM and heat transfer effects 

developed in the system.  

The measurement system is accompanied with a mathematical model based on heat 

balance equations written for the transient heat transfer process activated in the calorimetric 

set-up that was developed to assist in performing the thermal analysis including the 

evaluation of calorimetric and heat transfer properties of PCM under test. 

Over the next year, work is planned to focus upon identifying and testing chemically 

compatible and thermally stable PCM/HTF combinations having a melting/eutectic 

temperature close to 400oC, as well as the further modification of the measurement system 

aimed at long-term multicycle tests of the PCM samples by upgrading the data acquisition 

software and incorporating a simpler structure for the sampler vessel. 
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