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A latent-heat thermal storage prototype was tested under real working conditions with steam produced by a parabolic-trough collector test facility at the Plataforma Solar de Almería. The prototype contained KNO 3 /NaNO 3 eutectic mixture as phase change material (PCM) and expanded graphite fins arranged in a "sandwich configuration" for improving thermal conductivity. In this paper, experimental data such as steam quality, PCM temperature distribution, stored/delivered energy and thermal power have been analyzed for a selected day. A mismatch between steam quality results and the corresponding PCM temperature/time curves has been observed. Furthermore, it has been noted that stored/delivered energy and the resulting thermal power are 40 kW th h and 50 kW th , respectively, and hence, lower than the expected from design parameters.

The reasons for these deviations seem to be deficient thermal insulation at the top of the prototype, use of working conditions other than design, and also thermal inertia introduced by excess PCM mass. In this paper, we also demonstrate the applicability of the quasi static model for describing the general performance of a latent thermal energy storage module with a sandwich configuration. In our particular case, the model fits the experimental data quite well when 8 W/mK is taken as the storage medium thermal conductivity. However, for a more accurate description, a sensible heat exchange term should be introduced in the model.

Introduction

Direct steam generation (DSG) in parabolic-trough solar collectors (PTC) is a promising technology for producing electricity by means of concentrated solar thermal energy [START_REF] Almanza | Electricity production at low powers by direct steam generation with parabolic troughs[END_REF].

Its feasibility has already been proven by the DISS projects [START_REF] Zarza | Direct steam generation in parabolic troughs: Final results and conclusions of the DISS project[END_REF]. On the other hand, it is well known that the integration of a heat storage system into a solar thermal power plant improves both performance and dispatchability [START_REF] Hermann | Survey on thermal energy storage for parabolic trough power plants[END_REF]. Within the framework of the European DISTOR Project, one of the prototypes evaluated was a latent heat thermal energy storage (TES) module based on a "sandwich configuration" [START_REF] Steinmann | Latent heat storage for solar steam systems[END_REF][START_REF] Steinmann | Latent heat storage systems for solar thermal power plants and process heat applications[END_REF] and with a rated power of 100 kW th . This prototype was installed at the Plataforma Solar de Almería (PSA) and connected to the DISS facility for testing under real working conditions with steam produced by a parabolic trough collector (PTC) loop. The test campaign performed at the PSA proved the feasibility of this kind of latent storage prototype when operating under real conditions [START_REF] Tamme | DISTOR-Final Periodic Activity Report[END_REF]. A first evaluation of the experimental results was already made in a previous paper and some deviations from expected behaviour were reported [START_REF] Bayón | Explaining the experimental behaviour of a 100 kW thermal storage module with nitrate salts as PCM[END_REF].

This paper presents a more detailed analysis of these experimental measurements and the main reasons for that unexpected behaviour are identified. Since these deviations are related to TES module design, some improvements for future prototypes are suggested.

Additionally, a simplified analytical model, suitable when the storage medium is a composite, has been used to simulate the behaviour of this sandwich-configuration prototype. The general agreement between calculated and experimental data confirmed that this model can be used for designing such a TES module in a first approach. However, to describe every detail of TES behaviour over time, a more accurate treatment is needed. In this way this paper outlines some recommendations for improving the model.

Experimental procedure

The storage prototype tested under real conditions consisted of a bundle of 36 parallel tubes comprised of six pipes arranged in six passes. The sketch in Figure 1 shows a topview of the TES module (a) and side-view of the core (b). For the "sandwich configuration" module design the tube bundle is embedded in a block of PCM, the conductivity of which is enhanced by fins made of a conductive material [START_REF] Steinmann | Latent heat storage for solar steam systems[END_REF][START_REF] Steinmann | Latent heat storage systems for solar thermal power plants and process heat applications[END_REF]. A diagram of the PCM/fins sandwich configuration is shown in Figure 2.a. The PCM was 54%-w KNO 3 /46%-w NaNO 3 eutectic mixture, and the conductive fins were 490x490 mm 2 1-mm-thick expanded graphite (EG) foil spaced 10-mm apart and perpendicular to the pipes (see Figures 1 and2). The storage prototype was filled with 2100 kg of PCM with a melting point of 221ºC and latent heat of fusion of about 100 kJ/kg [START_REF] Kamimoto | Investigation of nitrates salts for solar latent heat storage[END_REF]. This means that the maximum stored or delivered latent energy would be about 210•x10 3 kJ or 58 kW th h and the expected charging/discharging time should be around 35 min for a design power of 100 kW th .

In charge tests, the TES prototype was fed by saturated steam from the DISS-test facility parabolic-trough collectors through an inlet at the top (see Figure 1) [START_REF] Zarza | Direct steam generation in parabolic troughs: Final results and conclusions of the DISS project[END_REF]. In discharge tests, saturated water entered through another inlet at the bottom of the prototype (see Figure 2). Heat transfer fluid (HTF) parameters like mass flow ( m & ), inlet temperature (T HTF-in ) and inlet pressure (P in ) were recorded every 5 s during charge/discharge tests. Design working conditions were m & =0.080 kg/s, saturated steam at T HTF-in ~ 235ºC in charge mode and saturated water at T HTF-in ~200ºC in discharge mode [START_REF] Tamme | DISTOR-Final Periodic Activity Report[END_REF].

To evaluate the thermal performance of the TES prototype (i.e., thermal power and stored/delivered energy) HTF steam quality (x), and hence steam flow, at module outlet over time must be known. However, steam flow could not be directly obtained since a mixture of liquid water and steam was leaving the storage module. Therefore, to obtain the steam flow, a mixer fed with cold water was used to completely condense the TES outlet mixture and determine its enthalpy, from which steam quality can be calculated by applying an energy balance. The prototype test campaign lasted from the 15 th of October to 12 th of December 2007. Within this period it was possible to complete only 13 valid charge and 6 valid discharge tests because there were so many cloudy days [START_REF] Valenzuela | D4.6: Testing and evaluation report of the 100 kW module test campaign[END_REF].

Tests performed on the 8 th of November were chosen for discussion of TES module performance because HTF parameters were stable (especially in charge mode) and very close to design working conditions. In Table 1 HTF working conditions used in charge/discharge tests are plotted with the corresponding latent heat (L lv ). During charging, superheated steam fed the storage module, since inlet temperature (T HTF-in ) was higher than the saturation temperature (T HTF-sat ) corresponding to the measured working pressure. This ensured that steam quality at the module inlet was always equal to 1, but resulted in a condensation temperature below inlet temperature, and hence below design (235ºC).

PCM temperature distribution inside the prototype was monitored in six vertical sections by thermocouples installed in ad-hoc structures and data were recorded every 5 s for all charge/discharge tests. The sketches in Figure 1 show the position of the sections where temperatures were measured (S1 to S6) and in Figure 2.b thermocouple distribution is shown in relation to the tube bundle for Segments S2 to S5. In these segments, there are two sets of thermocouples, four in the middle (TM2-TM6) and four on the left (TL2-TL6). Segments S1 and S6 have only two thermocouples on the left (TL2 and TL6) and two on the right part (TR2 and TR6). Temperatures recorded by thermocouples in Segments S1 and S6 as well as thermocouples on the left (TL2-TL6) of segments S2 to S5, are not considered in this study. As displayed in Figure 2.b, thermocouples on the left are farther from the tube bundle and closer to the module walls. Actually, due to both low PCM thermal conductivity and thermal losses to the environment, almost no PCM melting was observed around thermocouples on the left. Therefore temperatures recorded by them could not be used for discussion of TES module performance. The same was observed for the thermocouples in Segments S1 and S2, which were also too far from the tube bundle for heat to influence them. Thus only thermocouples in the core of tube bundle (TM2 to TM6) have been used to evaluate the thermal behaviour of the TES prototype in this paper.

Mass flow and steam quality: results and discussion

HTF mass flow was measured at the TES module inlet during both charging (superheated steam) and discharging (saturated water). The corresponding time curves are shown in Figure 3.a. As you can see, it is not easy to maintain a constant mass flow throughout the test although mean mass flow corresponds to the nominal one. Charge and discharge steam quality curves are shown in Figure 3.b. The end of discharging is easy to recognize from these curves, as it takes place when steam quality at the module outlet drops to zero. So in the tests performed on the 8 th of November, discharging was complete after about 45 min. In contrast, the end of charging is not so easy to identify, since apparently some condensation was taking place (x<1) even after 1 h 30 min (see Figure 3 b). Nevertheless, the rise in steam quality appearing at around 45 min could be an indication that charging had ended. The reason for the condensation observed after that rise is discussed in the following sections.

PCM temperature over time: results and discussion

As discussed in Section 2, only information from thermocouples in the middle of the storage module (TM2-TM6) was used to check PCM temperature and hence melting/freezing state. It is interesting to note that only vertical temperature differences were observed (i.e., between TM2 and TM6), whereas they were similar in all segments (i.e., from S2 to S6). Therefore, mean temperatures were calculated for thermocouples in the different segments but at the same vertical position (<TMJ>
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TMJ with J=2, 4, 5 and 6) and these means were used to study PCM temperature variation inside the TES module during both charging and discharging. In principle, four regions should be distinguished when PCM temperature is recorded over time:

• Region I: PCM temperature rises/falls to melting point (sensible heat).

• Region II: PCM melts/freezes while temperature remains constant (latent heat).

• Region III: PCM temperature rises/falls to nearly HTF temperature (sensible heat). • Region IV: Constant temperature: no heat exchange between HTF and PCM.

In Figure 4, PCM temperature over time at each vertical position is shown for both charging (a) and discharging (b). In charge mode (Figure 4.a) the temperature curves of all vertical regions are observed to perform as expected, with a nearly flat region at PCM melting temperature (221ºC), at the end of which all PCM between the pipes should have melted. Afterwards, liquid PCM is heated up to a constant temperature below T HTF-in = 228ºC. The transition between regions III and IV, which indicates the end of charging, occurs after 45 min. Note that it was also at 45 min when the rise in the steam quality curve was observed (see Figure 3.b). In Figure 4.a, it is interesting to note that <TM6> temperatures are higher than the corresponding to other vertical positions.

However, considering that water steam enters the TES module from the top, and therefore close to TM6 (see Figure 1 and Figure 2.b), there might be more condensation in this zone, resulting in higher energy transfer to the surrounding PCM. Actually, PCM temperature increases so fast here that the characteristic flat profile of Region II is not observed.

In discharge mode (Figure 4.b), a dramatic, very fast drop in temperature is observed in both <TM5> and <TM6> (i.e., thermocouples at the top). This is a direct consequence of the strong thermal losses at the top of the storage module due to an insufficiently insulated removable cover. These thermal losses are clearer during discharging, because of the combined effect of two heat sinks (i.e., HTF and environment). As in charging, temperatures recorded by the rest of the thermocouples behave as expected and show the four regions mentioned above. In this case, however, Region II is much shorter and Region III is much longer. This is due to the wider temperature difference between the HTF and the PCM during discharging than during charging. Therefore PCM freezes faster (Region II) and solid PCM cooling down lasts longer (region III). The transition between Regions III and IV is also observed to take place after about 1 hour, which is not the end of discharging (i.e., 45 min) indicated by the corresponding steam quality curve (see Figure 3.b). The reason for that is explained in the following section.

Simulation of PCM temperature over time

Each of the four regions described above is characterized by a specific temperature, which can be calculated as a function of time by applying the following energy balance: 

0 SM = + + Envir HTF Q Q Q & & &
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which leads to the temperature equations for the storage medium (T SM ) displayed in Table 2 for Regions I, II, III and IV. During charging, the HTF delivers both sensible heat (as it enters as superheated steam) and latent heat. However during discharging, the only energy gained by the HTF is latent heat, since it enters the module as saturated water. In both processes Region IV begins when there is no more energy to be exchanged by HTF and hence 0 = The different parameters taken for the calculations are given in Table 2 and either depend on prototype design or are experimentally obtained (e.g., HTF temperature and steam quality). The duration of each region (i.e., t 1 , t 2 and t 3 ) is taken from the experimental curves shown in Figure 4.

Temperature/time curves calculated for charge and discharge tests are plotted in Figure 5. In charge mode (Figure 5.a), calculated temperature curves in Regions I, II and III fit the experimental plots quite well, assuming the uncertainty range of temperature measurements (± 1.5 ºC). However, in Region IV, if experimental steam quality is used, the calculated temperature (dashed line in Figure 5.a) becomes higher than the HTF temperature, which is not possible. This is because steam quality during charging is lower than x=1 (see Figure 3.b), which means that there is still some water condensation and 0 ≠

HTF Q &

. Only if steam quality is assumed to be equal to 1 after 45 min, do calculated temperatures fit the measured ones. There therefore seems to be a contradiction between temperature measurements in the core of the module, which indicate that charging has ended, and the steam quality curve, which indicates that charging has not yet ended, since there is still some condensation. If the heat supplied by the steam is not transferred to the core of the TES prototype, then it must be transferred to the sides. In fact, temperatures recorded by thermocouples on the sides (TL1 to TL6) were observed to rise continuously throughout charging. This means that steam probably condensed in the pipes on the sides, while in the pipes in the centre there was no more condensation because storage medium and HTF were already in equilibrium. Consequently, if steam quality is not the same in all pipes, different mass flows inside of them should be expected.

Temperature/time curves have also been calculated for discharge mode using the equations given in Table 2 and Regions III and IV. The calculated curve for Region III actually slopes less than experimentally observed, which leads to a constant temperature in Region IV higher than measured. For calculated temperature curves to fit to the experimental measurements, either HTF mass flow has to be increased to 0.12-0.13 kg/s or PCM mass has to be decreased from 2100 kg to 1200-1500 kg. These two possibilities are explained in more detail below.

Since calculated curves are compared to temperatures measured between the pipes in the centre of the module, an increase in mass flow means that this parameter is higher in these centre pipes than in those on the sides. In principle, tube bundle design ensures that HTF inflow is equally distributed in all pipes. However, mass flow could be altered if the pipes produced different amounts of steam, and steam quality was therefore not the same in all of them. During discharging, outer pipes could still produce steam if the temperature in the surrounding storage medium were high enough, while pipes in the centre would not if the storage medium were already too cold. Actually, in the discharge test performed on the 8 th of November, the temperature of the centre thermocouples was observed to drop sharply after about 30 min, while temperatures of side thermocouples were still high. Therefore, some vaporization in the pipes on the sides can happen, while in the centre pipes there is only liquid. The uneven TES prototype performance in terms of steam content and hence of mass flow during charging is again observed during discharging.

The other possibility for fitting the calculated curve to the experimental temperature/time plots is to consider a smaller effective PCM mass than the amount actually added to the storage module. Data recorded in Table 1 show that the total TES prototype volume is 1,505 m 3 . On the other hand, the PCM volume that can be homogeneously melted/frozen by the tube bundle distribution (i.e., tube bundle volume)

is only 1,040 m 3 . The space between these two volumes (0.465 m 3 ) contains no EG foil (see Figure1 and Figure 2.b) and is filled with PCM. This introduces an excess PCM mass which transfers heat from/to HTF rather inefficiently, not only because there is no EG foil, and PCM thermal conductivity is not improved, but also because the tube bundle is rather far from it. Taking into account the PCM density (see Table 1), the excess volume contains about 950 kg of PCM, which is 45% of the total added mass (i.e., 2100 kg). This means that the PCM mass that can be homogenously melted/frozen (i.e., the effective PCM mass) is around 1150 kg, which turns out to be quite close to the amount proposed for the calculated curve that fits the measured temperature over time in discharge mode.

In our opinion, this excess PCM mass is responsible for the differences in steam content between pipes in the centre and on the sides, and therefore, in mass flow during charging and discharging. Much care should therefore be taken in future storage prototype designs in adjusting both TES module volume and tube bundle/PCM arrangement in order to reduce any excess of PCM mass as much as possible.

Stored/delivered energy: results and discussion

Considering HTF conditions (i.e. pressure and temperature) measured at the TES module inlet (charge) and outlet (discharge), together with the corresponding variation in steam quality over time (see Figure 3.b), evolution of the prototype power can be calculated. The charge and discharge power curves are plotted in Figure 6. It may be seen that the power peak is higher during discharging and attains a maximum of around 90-100 kW th . The discharge power curve is also observed to decrease much more quickly than the charge curve. This is because discharging proceeded faster than charging, since the temperature gap between T HTF-in and T m was wider in the first (see Table 1).

The energy exchanged by the storage prototype as a function of time is calculated by integrating the power curves. In Figure 7 the variation in energy accumulated and released by the TES module has been plotted over time. The charge curve shows that we could attain the theoretical 58 kW th h latent energy corresponding to 2100 kg PCM mass, or even higher if charging were long enough. However, only part of that stored energy can be recovered during discharging. As may be seen, the maximum energy delivered (and hence efficiently stored) is around 40 kW th h. shows that the energy delivered by the storage medium should be higher during discharging than during charging because temperature intervals during discharging are wider (Figure 8 (left)). Also we can see that the stored/delivered energy corresponding to 1150 kg PCM mass is about 40-50 kW th h, which is the amount of energy obtained from the experimental measurements. Moreover, the plot shows the maximum energy that could be stored in charge mode given enough time. This energy corresponds to the total amount of PCM (2100 kg) and is about 70 kW th h. However, the experimental results have shown that only the energy accumulated by the effective PCM mass (1150 kg) is delivered during discharging. Therefore the presence of excess PCM mass does not produce any thermal improvement, since the energy that could accumulate during charging will not be recovered during discharging.

Simulation of TES prototype behaviour

During melting and freezing processes, the phase-change interface position is calculated by energy balance. If the effects of sensible heat are negligible compared to those of latent heat (i.e., Stephan number, Ste, is close to zero), the corresponding energy equation becomes independent of time. This simplification is called quasi static approximation [START_REF]Handbook of Thermal Engineering[END_REF]. Morisson et al. [START_REF] Morisson | Thermal energy storage systems for electricity production using solar energy direct steam generation[END_REF] used this approximation for simulating a latent heat storage unit with a block of EG/PCM composite, and the results were compared with a more detailed numerical model. In general, differences observed between the predictions made by the two methods were negligible. As the convenience of using this simplified model when the latent storage medium is a composite (i.e., with homogeneous thermophysical properties) has been proven, we then wanted to study the validity of this approach when the storage medium has two independent components, as in the case of PCM and graphite arranged in a sandwich configuration.

The quasi static approximation in cylindrical coordinates describes a semi-infinite solidification/fusion front around a pipe, with a convective heat transfer coefficient (h) between HTF and storage medium, and considers that the storage medium remains at melting point during both charging and discharging. This means that the model can only be applied to Region II (see Section 4), since this is where latent heat is exchanged.

With this model, the melting/freezing front over time, r m (t), can be found by Equation 1, which results from the energy balance between the HTF and the storage medium on the tube walls [START_REF]Handbook of Thermal Engineering[END_REF]: [START_REF] Almanza | Electricity production at low powers by direct steam generation with parabolic troughs[END_REF] where is the Fourier number. As Biot number value 100 was taken, assuming a heat transfer coefficient (h) typical for water condensation/vaporization processes [START_REF] Morisson | Thermal energy storage systems for electricity production using solar energy direct steam generation[END_REF].
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We have also considered that all storage medium thermophysical properties are those given for the PCM in Table 2, except for the thermal conductivity (k SM ). Actually, since the storage medium is composed of PCM and graphite foil fins, thermal conductivity should be somewhat higher than for the PCM (i.e., 0.5 W/mK).

Other parameters are either experimental measurements like steam quality (x), HTF mass flow ( m & ) and HTF temperature (T HTF-in ) or prototype design features, which can be found in Table 1 as well. By means of an iterative process using different k SM values, charging/discharging times have been calculated and compared with the time intervals experimentally observed for Region II. The best agreement between calculated and experimental times is found when k SM = 8 W/mK is assumed.

Figure 9 shows the melting/freezing fronts over time for both charge and discharge tests performed on the 8 th of November. The first thing observed is that the front radius at the end of both processes is larger than half the distance between tubes (r 0 = D 0 /2) (see Figure 2.b). However, the quasi static model considers that the end of charging/discharging occurs when a PCM cylinder with r 0 is melted/frozen, which is not absolutely true. This assumption is good enough for a first approximation, but it neglects that the amount of PCM that occupies the space between r 0 and √2r 0 must still be melted/frozen. Therefore charge/discharge will be really completed when r m reaches a certain value between r 0 and √2r 0 . In our prototype, r 0 = 42.5 mm and √2r 0 = 60 mm, and as displayed Figure 9, both charging and discharging are complete when the corresponding fronts reach around 50 mm, which is quite reasonable in view of the discussion above.

Considering that the energy for condensing/vaporizing the HTF is removed/supplied by heat conduction, the rate of condensation/vaporization along a tube (z coordinate) as a function of time for Region II is given by:
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Therefore, steam quality over time at the prototype outlet can be found by integrating Equation 2 over the whole tube length (L). In charge mode this results in:
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In discharge mode the resulting equation for steam production is:
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It should be pointed out here that the steam quality found with these equations corresponds to only one pipe. Assuming that mass flow distributes equally inside all pipes, the mass flow to be used in the calculations has to be the total measured mass flow divided by 6. On the other hand, we have to consider that each 4-meter-long tube is six-pass arranged (see Figure 1) and hence HTF inside the TES prototype covers L= 24 m length. In Figure 10, calculated steam qualities for both charging (a) and discharging (a) have been compared to the corresponding measured curves in Region II.

In both cases, the storage medium thermal conductivity was 8 W/mK.

In charge mode (Figure 10.a), the calculated curve may be seen to fit the measured steam quality quite well except for the beginning of Region II. The measured curve actually shows higher steam quality, which means that real HTF condensation is lower than expected from calculation. Some reasons for such behaviour could be the following: a) Not all tubes condense the same amount of vapour. b) Condensation does not occur along the whole tube length.

c) The quasi static approximation cannot be applied at the beginning of charging.

At this time, the Stephan number is 0.15, which means that sensible heat represents a non-negligible 15% of total heat transferred to the storage medium.

Therefore a model that also included a sensible heat term would be advisable at the beginning of Region II.

In discharge mode (Figure 10.b), the calculated steam quality curve fits the experimental one quite well if 11 m tube length is taken instead of the design 24 m. This indicates that HTF vaporization does not take place along the whole tube length (Reason b). As previously shown in Section 4, temperatures at the top of the prototype during discharging (i. e. <TM6> and <TM5>) decreased very fast due to deficient thermal insulation. Therefore, if PCM is cold, no vapour can be generated in these areas and the steam quality at the prototype outlet is lower than expected. On the other hand, neither can we ensure that all the tubes perform the same way in terms of steam production (Reason a). The amount of steam observed after Region II in Figure 10.b probably arises from sensible heat exchange. This is supported by the fact that the Stephan number in this case is 0.37, which is too high to disregard the sensible heat contribution.

To summarize, the inaccuracies observed when describing the performance of our TES prototype by means of the quasi static model arise from various factors. One of them is the uneven steam condensation/production not only along the pipe length but also depending on pipe position. Another one is the non-negligible sensible heat exchange that takes place at the beginning of charging and at the end of discharging. In any case, if insulation at the top of the module were good enough and both storage medium/tube bundle and module volume were better fitted, the quasi static model could be used for explaining TES prototype performance at least in a first approach. However if a more accurate simulation is desired for describing a latent TES prototype with sandwich configuration, the sensible heat contribution should be included in the model equations.

Conclusions

A thermal storage prototype with an EG/PCM sandwich configuration designed for 100 kW th power was tested by using steam produced by the DISS parabolic-trough collector test facility. In this paper, a test day with stable working conditions was chosen for studying TES prototype performance. Measured data, like steam quality, charge/discharge power, stored/delivered energy and PCM temperature distribution, have been analyzed. Steam quality curves clearly showed when discharging ended, while the end of charging was not so easy to detect since apparently some condensation always took place. PCM temperature over time measured in the prototype core showed the expected behaviour for both charging and discharging. A region of latent heat transfer at constant temperature surrounded by two regions of sensible heating (charge) or cooling (discharge) and a final region with a constant close to the HTF temperature were identified. Both maximum stored/delivered energy and mean power turned out to be lower than design because there was a large amount of PCM unable to store/deliver thermal energy efficiently. This excess of mass induced strong thermal inertia, which impeded identification of the end of charging and led to irregular hydraulic behaviour between outer and inner tube bundle pipes.

A quasi static analytical model was used to simulate the EG/PCM sandwich configuration storage prototype. Except for some disagreement at the edges of the latent heat exchange region, this model fitted the measured results quite well when 8 W/mK was taken as storage medium thermal conductivity, and could therefore be used for predicting, in a first approach, storage prototype performance. The deviations observed were due to design problems like deficient thermal insulation at the top and excess PCM, testing conditions different from design and neglect of the sensible heat contribution in the quasi static model.

From this study the following suggestions for future latent heat storage prototypes can be made:

• PCM mass should not exceed the amount that can be homogeneously melted/frozen by the tube bundle.

• Thermal insulation to environment is crucial and has to be ensured around the whole prototype.

• For a detailed description of TES module with sandwich configuration, it is necessary to improve the quasi static model by introducing a sensible heat term at both beginning and end of latent heat exchange regions. 

  where, as indicated by the subscripts, Q & represents the energy gain/lost (+/-) by either HTF or storage medium (SM), which includes both PCM and EG fins, or by external environment. Assuming that Envir Q & in the core of the TES module is negligible compared to both SM Q & and HTF Q & , the energy balance becomes:

  storage medium, Region I involves sensible heat exchange. During this period, temperature either rises (during charging) or falls (during discharging) until reaching the PCM melting point (T m ). From that moment, PCM either melts or freezes at a constant temperature and exchanges only latent heat until all phase change has ended. The amount of latent heat exchanged and the duration of Region II depend on TES module geometry and hence on PCM-EG/tube bundle arrangement. However, since T SM remains constant in Region II and the duration is found from the experimental measurements, it is unnecessary to calculate temperature.

  plotted in Figure 5.b. By comparing Figures 5.band 4.b, calculated curves may be seen to fit the experimental plots in Regions I and II but not in
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 7 also shows that charge and discharge curves cross each other at about 45 minutes, which is coincident with the time when steam quality rose in charge mode (see Figure3. b). Therefore, if the energy exchanged by the prototype is 40 kW th h and the charge/discharge time is 45 min, the resulting mean power under design working conditions is 50 kW th . In order to explain why the storage prototype delivered 40 kW th h instead of the expected 58 kW th h, the energy exchanged by the storage medium (PCM/EG foils) can be calculated by taking the temperature cycles during both charging and discharging into account. For the calculations the mean initial and final temperatures measured in the core of the prototype have been used. Charge and discharge temperature cycles are shown in Figure8(left). The corresponding energy balances calculated as a function of PCM mass including both latent and sensible heat, are plotted in Figure8(right). This graph clearly
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 1 Figure 1. Sketch of TES prototype dimensions: (a) top view and (b) side view (All dimensions are given in mm).
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 1 Figure 1. Scheme of PCM/fins sandwich configuration (a) and tube bundle arrangement inside the storage prototype together with thermocouple positions in sections S2 to S5 and graphite foil dimensions (b) (All dimensions are given in mm).
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 3 Figure 3. Mass flow (a) and steam quality (b) curves measured during both charge and discharge tests.
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 4 Figure 4. Time evolution of PCM temperatures measured in storage module core for charge (a) and discharge (b) processes.
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 5 Figure 5. Calculated curves for time evolution PCM temperature in storage module core for charge (a) and discharge (b) processes.
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 6 Figure 6. Charge and discharge power curves of TES prototype.
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 7 Figure 7. Time evolution of thermal energy exchange for charge and discharge processes.
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 8 Figure 8. PCM energy balance for both charge and discharge processes.
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 9 Figure 9. Time evolution of melting/freezing front in region II obtained with the quasi static model for both charge and discharge processes.

Figure 10 .

 10 Figure 10. Comparison of calculated and experimental steam quality curves in region II for both charge (a) and discharge (b) processes.

  Number of tubes N t = 36 Tube length L t = 4 m Volume = N t D 0 2 L t = 1.040 m 3 Charging mode: T HTF-in = 234 ºC P in = 27 bar T HTF-sat = 228 ºC L lv = 1821 kJ/kg m & = 0.085 kg/s Working conditions Test day: 08/11/200 Discharging mode: T HTF-in = 195 ºC P in = 14 bar T HTF-sat = 195 ºC L lv = 1959 kJ/kg m & = 0.077 kg/s m PCM = 2100 kg L sl = 100000 J/kg T m = 221 ºC Solid c PCM-s = 1420 J/kgK k PCM-s = 0.5 W/mK ρ PCM-s = 2040 kg/m 3 PCM properties Liquid c PCM-l = 1500 J/kgK k PCM-l = no data ρ PCM-l = 1950 kg/m 3 Graphite properties c G = 710 J/kgK k G = 150 W/mK ρ G = 1000-1100 kg/m 3

T

  SM =constant>T HTF-in

8 Appendix A. Nomenclature

  

	L lv	Latent heat of water-vapour phase change (J/kg)
	L sl	Latent heat of PCM solid-liquid phase change (J/kg)
	m &	Mass flow rate (kg/s)
	m &	Mean mass flow rate (kg/s)
	m PCM PCM mass (kg)
	m EG	Expanded graphite mass (kg)
	P	Pressure (bar)
	PCM Phase change material: 54%-w KNO 3 /46%-w NaNO 3 eutectic mixture
	ρ	Density (kg/m 3 )
	r i	Tube radius (mm)
	r m (t)	Radial position of melting/freezing front (mm)
	r 0	Radial position of the melting/freezing front at the end of charging/discharging
		process (mm)
	SM	Storage medium: PCM/EG in sandwich configuration
	t	Time (s)
	τ	Dimensionless time
	T	Temperature (ºC)
	T HTF-in Heat transfer fluid temperature at prototype entrance (ºC)
	T m	PCM melting temperature (ºC)
	Ste	Stephan number
	x	Steam quality
	z	Coordinate of flow direction (m)
	Bi	Biot number
	c	Specific heat (J/kgK)
	D 0	Distance between tubes (mm)
	EG	Expanded graphite
	Fo	Fourier number
	h	Convective heat transfer coefficient (W/m 2 K): included in Biot number
	HTF	Heat transfer fluid
	k	Thermal conductivity (W/mK)
	L	Tube/pipe length (m)

Table captions Table 1 .

 captions1 TES prototype dimensions, working conditions for charge and discharge tests carried out on 8 th of November and thermophysical properties of both PCM and graphite.

Table 2 .

 2 Equations used for calculating temperature time evolution curves in storage module core during both charge and discharge processes.

Table 2

 2