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Abstract

:

Choosing the right phase change material (PCM) for a thermal energy storage (TES) application is a crucial step in guaranteeing the effectiveness of the system. Among a variety of PCMs available, the choice for a given application is established by several key factors, e.g., latent heat, stability, and melting point. However, phenomena such as subcooling—for which PCM cools in a liquid state below its solidification point—can lead to a reduction in the amount of energy stored or released, reducing the TES overall effectiveness, and also in some inaccuracies when modeling the problem. Thus, understanding the effects of subcooling on PCM performance is crucial for modeling and optimizing the design and the performance of TES systems. To this end, this work analyzes the PCM discharging phase in a cold thermal energy storage coupled to a chiller system. A first conduction-based predictive model is developed based on enthalpy–porosity formulation. Subcooling phenomena are encompassed through a control variable formulation, which takes its cue from the operation of a thermostat. Then, thermal properties of the PCM, i.e., the phase change range and specific heat capacity curve with temperature, are evaluated by using differential scanning calorimetry (DSC), in order to derive a second predictive model based on these new data, without including subcooling, for the sake of comparison with the first one. Experimental results from the storage tank confirm both model reliability and the fact that the PCM suffers from subcooling. Between the two numerical models developed, the first one that considers subcooling proves it is able to predict with satisfactory accuracy (RMSE < 1 °C) the temperature evolution on different tank levels.
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1. Introduction


A phase change material (PCM) is a substance with a high fusion heat which is capable of storing and releasing large amounts of energy via melting and solidifying at a constant temperature [1]. Specifically, when melting, it absorbs heat from its surroundings; when solidifying, it releases heat. The temperature at which the PCM changes phase is called the melting or solidification point—specific to each PCM—and strongly affects the PCM choice. Most commercial PCMs are organic compounds [2], such as paraffin wax, but some inorganic compounds, such as salts, are also used. Inorganic PCMs tend to have higher melting points and latent heat of fusion than organic ones [3]. However, organic PCMs are chemically neutral and have homogeneous melting. The main types of inorganic PCMs are salt and metal hydrates, while the main types of organic PCMs are paraffin waxes and non-paraffins [3]. PCMs are usually used in one of two ways:




	
As a heat storage material, in which case they are used to store heat from a certain source, e.g., the sun, power plants, or to control temperature fluctuations, for instance with IT equipment.



	
As a cold storage material, in which case they are used to store cold energy from a refrigeration system and release it when needed.








The main advantage of PCMs is their high latent heat, which means that they can store large amounts of heat per unit mass, while the main drawback is their low thermal conductivity. This means that PCMs are not very effective at spreading heat and this weakness limits their self-sufficient usage. This has paved the way for a range of strategies to be developed to improve heat transfer, i.e., using fins [4], increasing the heat transfer surface with encapsulation [5], using nanofluids [6] and metal foams [7,8]. Therefore, PCMs can be tailored to meet the needs of specific applications. For instance, the selection of PCM type and size, as well as the choice of suspending medium, can be adjusted to optimize heat transfer and energy storage. Further, PCMs can be encapsulated using polymeric shells [5]. These capsules are typically around 100 microns in size and contain the PCMs in a solid state. Recent developments in the field of microencapsulated phase change materials have focused on improving their performance, durability, and cost effectiveness. Researchers have been exploring various promising solutions, focusing on the heat transfer [9], and their integration in thermal energy storages [10]. However, there are also some significant disadvantages for using latent heat storage, which include:




	
Slow thermal transients: one of the biggest disadvantages of latent heat storage is that the time required for fusion/solidification generally exceeds that required for specific applications. This limits the amount of heat that can be stored.



	
High costs: another significant disadvantage of latent heat storage is its high cost. This is because PCMs are generally expensive.



	
Phase change handling: another drawback of latent heat storage is that it can be difficult to manage PCM volume expansion during phase change.








However, PCMs are rising above the most suitable solutions to control temperature and heat release in heat transfer systems, such as heat sinks and thermal storage systems. Numerical modelling of these materials is well established, and various experimental analyses on their usage for thermal management or latent heat storage have been carried out [11]. Most of these approaches are based on 1D or 2D modelling [12,13], and little effort has yet been made for 3D models due to their high nonlinearities and computational times [14]. As regards 1D and 2D models, the most used ways to describe the phase transition are (i) enthalpy–porosity method; (ii) apparent heat capacity method; (iii) source-based method [1]. These approaches can reveal significant discrepancies from the experimental evidence, and the main reasons can be the temperature dependence of thermophysical properties, or the ideal shape of the step function used to model the phase transition; above all, the neglect of phenomena as subcooling and thermal hysteresis might also affect the modeling quality. When using these approaches, subcooling and hysteresis are rarely considered [15] because of the model complexity. To this end, a fundamental point is the distinction between the definitions of subcooling and hysteresis. According to the subcooling, PCM requires cooling to a temperature below the theoretical solidification point before it starts to crystallize; this has an impact on how latent heat is released and used [16]. This translates in PCM not crystallizing at the theoretical solidification point. Therefore, the subcooling degree is the term used to describe the discrepancy between actual and theoretical solidification temperatures. On the other hand, thermal hysteresis causes the phase change material solidification temperature to deviate from its melting temperature [17]. Thus, PCMs have distinct enthalpy values in the same condition and melt and solidify at different temperatures [18]. Whenever a comparison was made between models with and without hysteresis, it was found that the poor accuracy of the non-hysteresis model in representing the melting and solidification processes of the PCM storage represents an important limitation [19,20]. Thus, it further emphasizes the importance of considering hysteresis effects in simulations involving PCM materials. Since heating and cooling can show different thermal behaviors because of their nucleation mechanisms, we generally refer to distinction as hysteresis. A graphical comparison of the differences between subcooling and hysteresis is provided in Figure 1, showing which temperature ranges are labelled as subcooling or hysteresis.



The nucleation rate of PCM is proportional to two main factors: the nucleation rate factor, which affects the hysteresis, and the atomic diffusion probability, which influences the subcooling [21]. During the solidification process, the temperature of PCM steadily falls. When the temperature falls below freezing, two contrasting effects occur: the nucleation power increases while the rate of nucleation drops. When the temperature continues to fall to the lower one reached under the cooling load, atomic diffusion becomes constrained because of the lower temperature, and the nucleation rate reduces rapidly. In this work, we will focus on subcooling, which indicates that, at least within some temperature range, distinct states can exist at the same temperature. This point represents the main issue when adding subcooling in numerical models.



1.1. Subcooling: Literature Review


There is still no harmony about the inclusion of subcooling in numerical models. The major point is the unpredictable behavior of PCM with the subcooling level. The occurrence of crystallization is reliant on several factors and thus is case-sensitive. The rate of cooling [22], volume of liquid PCM [23], thermal history of PCM [24], roughness of surfaces [25] and additives [26], are all factors that have a more or less significant influence on the probability of subcooling occurring.



The challenge in modeling supercooling consists in accurately simulating the thermal behavior of PCMs during the solidification phase while preserving continuity of enthalpy, temperature, and melt fraction [27]. The subcooling is incorporated into models using a variety of methods, such as including an instantaneous isenthalpic transformation between the PCM crystallization temperature and its enthalpy curve of melting [28]. However, this model is only partially validated because the numerically modeled recalescence process does not fit well with experimental temperature data. Alternatively, a heat source term to model recalescence can be added into each node of the numerical model when the node temperature falls below the nucleation temperature or when the liquid node is in direct contact with a solid neighbor node [29]. The subcooling can also be considered by dividing the solidification phase into four stages: regular solidification; liquid cooling while the PCM is in a metastable state; kinetic nucleation to model the temperature increase during recalescence; and cooling of the solid phase [30]. Other researchers have proposed alternative methods that utilize temperature functions, solidified-fraction functions, and heat source terms [31]. Finally, a novel formulation that considers the effective heat capacity as negative during the recalescence process has been recently proposed [32], which allows for modeling the temperature increase during recalescence.




1.2. Aims and Originality


Based on the presented literature survey, it emerges that PCM subcooling is a major challenge in the efficient use of phase change materials for practical applications, as well as in modeling accuracy. Several numerical and experimental studies have been conducted to model PCM, but most of them have ignored the subcooling effect. This is where the current approach comes into play. Using a control variable approach—which draws inspiration from the working principle of a thermostat—the effect of the subcooling is included in the 2D conduction-based finite element model. This approach is then applied to a case study regarding the solidification of a biological PCM, i.e., PureTemp15, in a shell-and-tube heat exchanger for cold thermal energy storage. By comparing experimental and numerical temperature evolutions, we show that more accurate results can be achieved, if one includes the subcooling effect within the model, without increasing the model’s complexity. Therefore, in this work, the originality of using a control variable approach for PCM subcooling modeling emerges, and special emphasis is placed on its benefits and its limitations. Furthermore, these model outcomes are compared with numerical results based on data from the DSC analysis.





2. Materials and Methods


This section describes how to define the mathematical model that encompasses the subcooling. To this end, we firstly introduce the thermophysical properties of the phase change material (PCM) here analyzed, and the heat storage system in which it is integrated. In detail, evidence on the experimental apparatus and its operation are provided. These allow for the definition of two numerical models, with the first including subcooling, while the second considers no subcooling with outcomes from the DSC analysis performed on the PCM.



2.1. Latent Heat Thermal Energy Storage: Shell-and-Tube Heat Exchanger


In this work, a biological PCM, i.e., PureTemp15 by PureTemp LLC, Minneapolis, MN, USA, was employed. The PureTemp15 was integrated in a cold thermal energy storage system coupled to a chiller. This storage system—depicted in Figure 2—works with water as the heat transfer fluid. It is a shell-and-tube heat exchanger that presents PCM and flowing water on shell and tube sides, respectively. All details on the storage geometry, chiller operation, and thermophysical properties of PureTemp 15 can be found here [14]. The tank height (L) is 1.35 m and the distance between the thermocouples housing (Ltc) is 0.195 m. The working principle is as follow: during charging, the cold water from the chiller enters the shell-and-tube storage and causes the PCM to cool down, releasing heat. By doing so, PCM solidifies since its transition point is about 15 °C, while cold water is at about 8 °C. Then, in the discharging phase, water enters the storage system, becomes warmer than the PCM, causing the latter to rise in temperature and then to melt. In this way, charging and discharging processes continue cyclically, involving a storage/release of thermal energy that benefits the chiller operation.



Although the PCM should have the same solidification and melting temperature, it was found [14] that this does not happen for a variety of reasons, i.e., PCM hysteresis, non-uniformity of water distribution in the tubes, stratification of the PCM, and subcooling. In particular, the latter occurred extensively, so a model capable of simulating this effect was evaluated in this work.




2.2. Conduction-Based Model


The easiest way to model the heat transfer inside PCM is to solve the energy balance alone with no inclusion of liquid PCM motion. This reduces the high non-linearities arising from the momentum equation and allows for faster convergence. On the other hand, where natural convection plays an important role—with high Rayleigh number values—this approach can lead to significant deviations from experimental results. From the initial 3D configuration, this work used the assumption of a 2D axisymmetric model to perform the thermofluidic–dynamic analysis. Therefore, the model is defined as in Figure 3.



According to the enthalpy–porosity formulation [33], the energy equation can be expressed as:


      ρ c     P C M     ∂ T   ∂ t   = ∇ ⋅    k  P C M   ∇ T   +  S h   



(1)




where (ρc)PCM is the product between the density and the specific heat of the PCM, that represents the volumetric heat capacity; kPCM is the thermal conductivity; t the time; T the temperature; p the pressure; and μPCM the dynamic viscosity. An appropriate source term (Sh) is modelled to include the latent heat contribution in the PCM phase transition:


   S h  = −  ρ  P C M    L f    ∂ φ   ∂ t    



(2)







This term depends on the PCM density, the latent heat of fusion (Lf), and a term that considers the liquid PCM fraction (φ), specified as the amount of liquid on the total PCM:


  φ ( T ) =   T −  T S     T L  −  T S    =   T −  T M  + Δ  T M    2 Δ  T M    =             0               f o r       T <  T S      0 < φ < 1         f o r        T S  ≤ T ≤  T L              1               f o r         T >  T L               



(3)




where TM is the melting temperature; while TL and TS are the liquidus and solidus temperatures, i.e., TM ± ΔTM.




2.3. Analogy with Thermostat


The evolution of the temperature during the subcooling can be assumed to be similar to the one that characterizes a thermostat working principle. Figure 4 resumes this analogy between an ideal thermostat and subcooling during the PCM charging phase. In control theory, an on–off controller is a form of feedback controller that changes between two states. A classic example is a domestic thermostat, which switches off/on to regulate the home temperature at a designed temperature. Thus, a temperature sensor placed within the system—which can be a room as well as a water tank—makes the thermostat (Figure 4) turn the heater on when the temperature drops below a certain lower limit, and turn it off when it exceeds an upper limit.



Without considering thermal inertia, the reaction of the system is ideally instantaneous, and the temperature is guaranteed to be inside the ΔT control band. Likewise, the PCM behavior during subcooling is such that, after it reaches a bottom temperature equal to Tsc, the temperature increases because the thermostat-like subcooling effect is switched off; this happens until the phase change is reached. In conclusion, one can argue that a thermostat-like control process can be applied to include the subcooling effect within the PCM modelling behavior, to include it in a mathematical model.




2.4. Subcooling Model


As discussed in the literature review, an issue of including subcooling in numerical models lies in the enthalpy dependence on temperature. When resorting to a simplified model, from the evaluation of enthalpy vs. temperature curve, one can evaluate the derivative dh/dT to smear the latent heat of fusion peak, to also be included in a c(T) function [16]. When the subcooling is included, the enthalpy does not depend on T anymore since, at the same temperature, one can found two different enthalpy values (Figure 5). Looking at the cooling phase (blue line), the PCM temperature decreases until it approaches the solidification one. At this point, while normally there is a phase transition with a release of the stored latent heat, when subcooling occurs the temperature continues to drop to Tsc. Once this temperature has been reached, the solidification of the PCM, in liquid phase until that point, begins. After that, so-called recalescence occurs, i.e., to the detriment of a portion of the latent heat, the PCM temperature increases, and the enthalpy returns to follow the initial path. Thus, in the interval between Tsc and TS, it can be seen that depending on whether the PCM is in the cooling or heating phase, it has two different enthalpy values.



To overcome this challenge, this work introduces a new approach that considers subcooling by means of control variables. As for a thermostat, subcooling should be activated/turned off depending on the temperature history of the PCM. In detail, we introduce two Boolean control variables, named φstate and Qstate. The first is responsible for the change in the liquid fraction behavior, i.e., it activates subcooling if the temperatures drop down; on the other hand, the second controls the recalescence, i.e., how fast the release of latent heat is inside the PCM to cause a temperature increase after subcooling occurs. Both variables can vary from 0 (Off) to 1 (On). What allows these variables to change their binary state is a condition (an inequality, in this case defined on temperatures) that can be fulfilled depending on the history of the system temperature. Then, depending on whether the inequality is more or less respected, the state of the variable changes from 0 to 1, or vice versa. The following scheme (Figure 6) resumes the logical framework applied to the “cold charging” phase.



The function of φstate is to control the phase during subcooling. Thus, as depicted in Figure 6, φstate starts from an initial value of 1, and then it remains equal to 1 until the temperature does not reach the subcooling temperature Tsc. From this point, its value becomes 0 and continues to be 0 until the transient finishes, as the effect of subcooling does not occur a second time. As regards the second control variable Qstate, looking at Figure 4 one can observe a difference as it starts from 0 and continues to be off until the temperature reaches onset crystallization point (Tsc). Then, it is switched on, reaching Qstate = 1, until the nearly constant temperature section is reached (TS). At this point, Qstate needs to be deactivated. The reason why we need both φstate and Qstate is that we must maintain the two phenomena independently: indeed, the role of Qstate is just to determine how fast the temperature raises up from Tsc to Ts.



Therefore, in order to include the introduced subcooling effect, via control variables, in our mathematical model, we have to introduce the variable φnew, as well as a modified form of both Sh and keff. To this end, φnew is defined as:


   φ  n e w   ( T ) =  φ 1  (  T  s c   )  φ  s t a t e   +    φ 2  (  T S  ) ( 1 −  φ  s t a t e   )  



(4)




where φ1 and φ2 are the liquid fractions computed with respect to the subcooling temperature and the solidification temperature, respectively (see Figure 7). Therefore, during the cooling, φ1 is equal to 1 until the temperature reaches Tsc, and becomes 0 for lower temperatures. Likewise, φ2 stays equal to 1 until T = TS and then becomes 0. By doing so, in the first stage the PCM will follow the φ1 curve that imposes a value of the liquid fraction equal to 1 until the subcooling point is reached. As soon as the temperature drops below this value, φstate turns into 0 and the original curve (φ2) becomes the new liquid fraction curve to be followed.



On the other hand, the way the variable Qstate influences the PCM behavior is explained in the following equation. This variable defines a new contribution in the energy equation due to recalescence. Specifically, this term reduces the overall “cold energy” that can be stored by the PCM, of a quantity that is the energy required to bring the temperature back from subcooling to solidification temperature. Thus, an energy source term (Ssc) needs to be summed to the original one (Sh) that accounts for latent heat. In detail, the integral of the thermal power exchanged between the two time instants Tsc and TS is equal to the stored energy with respect to the corresponding temperatures, Tsc and TS. It is summarized as follows:


     ∫   t  s c      t S      S  s c     d t    =    ∫   T  s c      T S      c  P C M    ρ  P C M      d T  



(5)







Referring to the mean value (    S ¯   s c    ) and considering the control variable governing its activation (Qstate), the contribution is written as:


    S ¯   s c   =  Q  s t a t e    c  P C M    ρ  P C M   (  T S  −  T  s c   ) / Δ  t  s c    



(6)




where Δtsc is the time interval that defines how long the subcooling lasts, i.e., how much time is required for the system to go from Tsc to Ts. In the presented model, Δtsc needs to be set according to experimental results and therefore involves a calibration process of the model. The source term for the energy equation is formulated as:


   S  t o t   =  S h  +   S ¯   s c   = −  ρ  P C M    L f    ∂  φ 2    ∂ t   ( 1 −  φ  s t a t e   ) +  Q  s t a t e    c  P C M    ρ  P C M   (  T S  −  T  s c   ) / Δ  t  s c    



(7)







Lastly, the effect of subcooling on the thermal conductivity is encompassed through the definition of an effective property (keff), whose definition is strictly linked to the one of φnew:


   k  e f f   =  k s  + (  k l  −  k s  )  φ  n e w    



(8)







Equation (8) makes the effective thermal conductivity equal to kl until φnew is equal to 1, after which the actual value of keff depends on the melt fraction value (φ2).




2.5. DSC-Based Model


The second predictive model proposed in this study is here shown. From the DSC analysis, one can evaluate the main parameters associated with melting/solidification, i.e., melting/crystallization temperature, enthalpy, and latent heat. The melting temperature is the temperature at the onset of the peak, evaluated by the intersection between the baseline and the tangent to the decreasing branch on the inflexion point [34]. The enthalpy of fusion is computed as the integral over the curve and the baseline with respect to the time.



The thermal analysis of PureTemp15 is performed using the differential scanning calorimetry (DSC) 250 from TA Instruments, with a sample weight of 7.19 mg. Data were sampled every 0.1 s and the following test schedule was adopted:




	
isotherm at 40 °C (2 min);



	
ramp from 40 °C to 0 °C, at −0.5 °C/min;



	
isotherm at 0 °C (2 min);



	
ramp from 0 °C to 40 °C at +0.5 °C/min.








Figure 8 shows the normalized heat flow exchanged—by dividing the heat flow signal by the sample weight—with the sample during solidification and melting together with the experimental apparatus used to perform the evaluation. Results from the present biological PCM sample show a latent heat of 181.89 J/g if referred to the solidification and 180.61 J/g if referred to the melting, which is in good agreement with the certified values from the PureTemp15 catalogue. The peak temperature for solidification and melting are 8.98 °C and 13.46 °C, respectively.



The DSC analysis is propaedeutic to the evaluation of the specific heat that is used in the DSC-based model to properly define the energy stored by the PCM during the phase change. Thus, considering that when a material is heated at a constant rate, the heat flow into it is related to its specific heat, we can evaluate this property as follows:


   c   =  1 m    d H   d t     d t   d T    



(9)




where m is the sample mass; dH/dt is the heat flow; and dt/dT is the reciprocal of the heating rate. The resulting c curves for both solidification and melting are displayed in Figure 9. The solidification curve is fitted into the model so that each temperature value is associated with the actual value of the specific heat of the PCM. This allows the model to be modified without imposing a priori the value of the solidification temperature TS.





3. Results


The results for the PCM temperature evolution through time are presented in this section. Firstly, measured temperature evolutions on lateral thermocouples positions are discussed. Then, the comparison with both the presented models is proposed, i.e., the subcooling-based model and the DSC-based model. Those models have been simulated through a finite element code. The water inlet mass flow rate is 0.075 kg/s, while the inlet temperature changes over time, i.e., 8 °C until 7 h, then increases by 0.8 °C every hour. The PCM region’s horizontal and right-vertical boundaries are considered adiabatic. This means that heat transfer across the upper boundary is ignored since the air volume between the PCM free surface, lateral shell gap, and upper tube sheet is a poor thermal conductor. The lower plenum is also considered adiabatic due to its limited length compared to the vertical length. Since the temperature distribution at t = 0 is non-uniform, experimental data are fitted with a cubic polynomial with an R2 of 0.99, i.e., T(z) = −2.8z3 + 8.6z +15. This formulation represents a good trade-off between modelling complexity and accuracy of the right initial condition for the thermal problem. Opting for a higher order polynomial did not lead to any further improvement. The momentum equation’s boundary conditions are consistent with the problem formulation, with no-slip conditions on the boundaries of PCM laps stainless steel and slip conditions on the upper and lateral boundaries. All cases analyzed are computed on a workstation equipped with an Intel® Core TM i7-10700KF 3.80 GHz CPU and 64 GB of RAM at 2133 MHz. Grid convergence was validated prior to finding a balance between model accuracy and running times. As a result, a mesh level of 31,084 triangular elements with boundary refinement is used.



Two statistical parameters, i.e., mean absolute error (MAE) and root mean square error (RMSE), are used to compare experimental and numerical results. In detail, those indices are evaluated according to Equations (10) and (11), respectively:


  M A E =  1   N  d a t a       ∑  n = 1    N  d a t a         y  n u m , n   −  y  e x p , n        



(10)






  R M S E =    1   N  d a t a       ∑  n = 1    N  d a t a           y  n u m , n   −  y  e x p , n      2       



(11)







Ndata represent the number of temperature values recorded in the experimental tests, while Tnum and Texp are the time-by-time numerical and experimental temperature values, respectively.



3.1. Experimental Results


The PCM experimental behavior related to the four lateral thermocouples (see Figure 2) is shown in Figure 10. These thermocouples are placed on three stages at different heights, i.e., L = 0.195 m, L = 0.585 m, L = 0.975 m, as depicted in Figure 10d. These levels are labelled as lower, medium, and upper levels. Thus, for each level four temperature evolutions are shown. There is a marked difference between the PCM temperature trends on the lower and medium level, which can be explained by the influence of the lower plenum and the heat transfer fluid (HTF) non-uniform distribution inside the tube bundle. For the last level, i.e., the upper, these effects are mitigated. The experimental results show a non-negligible subcooling, meaning that the PCM continues to store sensible heat since crystallization has not yet started. The actual melting point value remains around 12 °C. This subcooling phenomenon lasts about 1.5/2 h, and it is characterized by a difference between subcooling, Tsc, and solidification, Ts, temperatures, of about 1 °C.




3.2. Numerical Results: First Model


In this section, we aim to compare numerical outcomes obtained through the first subcooling model with the experimental results already shown. In detail, different from the previous figure, the experimental temperature evolutions are shown here as an average temperature for each level, i.e., a mean value for the four thermocouples’ data. This is reasonable because of the not so-high spatial deviations.



The obtained predicted averaged temperatures are shown in Figure 11 together with the temperatures averaged from the four thermocouples at each level, showing that the numerical findings closely resembled the experimental data. The main difference between the numerical model and experimental data is in how the subcooling, that arises at about t = 1 h, is predicted. Within the experimental runs, due to a moderate thermal diffusivity, the temperature shows a gradual rising from the point of solidification initiation (Tsc) to the actual solidification temperature (TS). On the contrary, in the numerical model, this transition occurs at a faster rate depending on the analyzed level, due to the absence of inertia in the activation of control variables. These variables act instantaneously once the temperature values set as a threshold are exceeded, determining an instantaneous response. Regarding the lower level (Figure 11a), subcooling occurs later than in the experimental evidence, specifically after 1 h and 15 min from the start, while the effective one is in the first 30 min. As one moves up to higher levels of the tank (Figure 10b,c), this discrepancy initially decreases, e.g., at the medium level where the two moments are almost identical, and even reverses for the top level, where subcooling occurs earlier than in the experimental evidence. Numerically, even looking at different levels, the moment when subcooling occurs is always the same, as a consequence of the adoption of the purely conductive model. This means that the first part of the control variable, say when φnew is activated, works pretty well. Experimentally, the change that occurs at the beginning of the solidification process is a result of some natural convection that arises. Nevertheless, the good agreement between the data is proved by the values of the statistical parameters (MAE and RMSE).



Specifically, the MAE value for each level is equal to 0.54, 0.78, and 0.58 °C, for the lower, medium, and upper level, respectively. It should be noted that these values are relatively close to the absolute value of the thermocouple accuracy, i.e., 0.5 °C, which indicates that the model results are reasonably comparable to the experimental behavior. Furthermore, this is confirmed by the values of the RSME, i.e., 0.63, 0.84, and 0.60 °C, for the lower, medium, and upper level, respectively. A further aspect to note is the sensitivity of the model to the boundary condition: for the lower level, in fact, at t = 7 h the model is much more sensitive to temperature variations than was observed experimentally. This difference tends to cancel out going up towards the upper levels. Overall, the comparison between the numerical and experimental plots showed that the numerical model accurately represented the real system. However, it is worth noting that here only one parameter has to be tuned in the subcooling model, i.e., Δtsc, set equal to 1.5 h, according to the experimental evidence; thus, the accuracy of the present prediction might be affected by this.




3.3. Numerical Results: Second Model


Figure 12 presents experimental and numerical results of the charging solidification process of the PCM temperature when the second model based on DSC outcomes is considered. The main evidence that stands out from Figure 12 is that using the DSC model the subcooling phenomenon is totally ignored, resulting in an effective solidification temperature that is notably lower than the actual one.



As a result, temperatures are generally an underestimation of the observed ones; this can be attributed to the fact that the actual temperature evolution is influenced by the stratification inside the PCM, which leads to higher discrepancies for the upper level, where the natural convection magnitude is larger. Indeed, the DSC outcomes suggest a solidification temperature of 9.35 °C, which is sensibly lower than the one experimentally recorded for the PCM inside the shell-and-tube thermal storage, i.e., around 12 °C. As a consequence of the effective PCM stratification in the shell-and-tube storage, the difference between the presented data increases from the lower to the upper level. This brings poor MAE and RMSE values: 2.21 and 2.46 °C for the lower level, 2.33 and 2.53 °C for the medium level, and 2.42 and 2. 61 °C for the upper level.





4. Conclusions


This work experimentally and numerically analyzes the solidification process of a biological PCM inside a shell-and-tube heat exchanger latent heat–cold thermal energy storage, with water as the working fluid. In depth, since the tested PCM suffers from subcooling, two numerical models are presented to predict that phenomenon. One is based on a 2D conduction-based finite element code, including the subcooling effect through a control variable approach that took inspiration from a thermostat control system; on the other hand, the second model is based on the outcomes of a DSC analysis carried on 7.19 mg of PureTemp15 PCM.



Experimental results, as temperature evolutions recorded by four thermocouples located at different heights of the storage tank, are compared with the analogous temperature trends evaluated on the 2D axisymmetric models. The first model—based on the proposed control variables approach—allows a proper consideration of the subcooling thanks to two new state variables, i.e., φstate and Qstate, which act on the melt fraction and stored energy, respectively. This model demonstrates a satisfactory prediction of the experimental data, with low values of mean absolute error (MAE) and root mean square error (RMSE) always lower than 1 °C. On the contrary, the DSC-based model shows shortcomings in correctly predicting temperature evolutions.



In conclusion, while the control variable approach has shown promising results for PCM subcooling modeling, there is still room for improvement. One limitation of the method is the need to define a priori the value of Δtsc, which requires experimental evidence and can be further tuned. To overcome this issue, future work should focus on introducing a term that allows for the accommodation of the effective temperature slope during PCM subcooling. By doing so, we can improve the accuracy of the model and gain a better understanding of the subcooling process; convection effects will also be included.
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Nomenclature








	c
	specific heat (J/kg/K)



	g
	gravitational acceleration (m/s2)



	h
	enthalpy (J/kg/K)



	k
	thermal conductivity (W/m/K)



	L
	heat storage tank height (m)



	Lf
	latent heat of fusion (J/kg)



	p
	pressure (Pa)



	Q
	heat source (W/m3)



	s
	thickness (m)



	t
	time (s)



	T
	temperature (K)



	Greek Symbols
	



	Δ
	interval



	µ
	dynamic viscosity (Pa s)



	ρ
	density (kg/m3)



	φ
	melt fraction



	Subscripts
	



	eff
	effective



	exp
	experimental



	HTF
	heat transfer fluid



	in
	inlet



	init
	initial



	int
	internal



	L
	liquid



	m
	mean



	M
	melting



	num
	numerical



	out
	outlet



	S
	solid



	sc
	subcooling



	state
	state variable



	t
	tube



	Acronyms
	



	LHTES
	latent heat thermal energy storage



	MAE
	mean absolute error



	PCM
	phase change material



	RMSE
	root mean square error



	STHE
	shell-and-tube heat exchanger
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Figure 1. Variations in subcooling and hysteresis as the solidification temperature (TS) varies, fixing melting (TM) and subcooling (TSC) temperatures: a higher TS implies higher subcooling and lower hysteresis. 
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Figure 2. Shell-and-tube latent heat storage: (a) shell appearance and thermocouples housing; (b) cross section view, tubes displacement. Laterals (1–4) and central (5) thermocouples positions. 
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Figure 3. Shell-and-tube latent heat storage modelling simplification: 2D axisymmetric model. 
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Figure 4. Comparison between ideal thermostat temperature evolution and temperature of PCM during subcooling. 
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Figure 5. Subcooling effect on enthalpy: temperature. 
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Figure 6. Scheme of the state variables working principles for subcooling modeling: φstate is responsible for the change in the liquid fraction behavior, and Qstate controls how fast the release of latent heat is inside PCM to cause a temperature increase after subcooling occurs. 
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Figure 7. Subcooling effect on melt fraction, φnew. 
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Figure 8. DSC analysis results: (a) normalized heat flow for solidification and melting; (b) TA Instruments DSC 250 equipment by WatersTM, New Castle, DE, USA (b). 
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Figure 9. Specific heat curves for heating and cooling rate of 0.5 °C/min. 
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Figure 10. Experimental results: (a) lower level PCM temperature; (b) medium level PCM temperature; (c) upper level PCM temperature; (d) 3 levels on which PCM temperature is recorded. 
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Figure 11. Subcooling model results vs. experimental data: evolution of (a) lower level PCM temperature; (b) medium level PCM temperature; (c) upper level PCM temperature. 
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Figure 12. DSC model results vs. experimental data: (a) lower level PCM temperature; (b) medium level PCM temperature; (c) upper level PCM temperature. 
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