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HIGHLIGHTS 

- Numerical simulation of the melting process in vertical latent heat storage device. 
- Shell and tube heat storage device for CSP (Concentrated Solar Power) applications. 
- Conjugate heat transfer model including HTF, steel tube, and PCM. 
- Comparison of the results obtained from convective and pure conductive models. 
- Influence of the mushy zone constant, Amush, on enthalpy-porosity model. 

 
ABSTRACT 

A latent heat storage system for Concentrated Solar Plants (CSP) is numerically examined 

by means of CFD simulations. This study aims at identifying the convective flows produced 

within the melted phase by temperature gradients and gravity. Simulations were carried out 

on experimental devices for applications to high temperature concentrated solar power plants. 

A shell-and-tube geometry composed by a vertical cylindrical tank, filled by a Phase Change 

Material (PCM) and an inner steel tube, in which the heat transfer fluid (HTF) flows, from 

the top to the bottom, is considered. The conjugate heat transfer process is examined by 
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solving the unsteady Navier-Stokes equations for HTF and PCM and conduction for the tube. 

In order to take into account the buoyancy effects in the PCM tank the Boussinesq 

approximation is adopted. The results show that the enhanced heat flux, due to natural 

convective flow, reduce of about 30% the time needed to charge the heat storage. A detailed 

description of the convective motion in the melted phase and the heat flux distribution 

between the HTF and PCM are reported. The effect of the mushy zone constant is also 

investigated. 

KEYWORDS:  

CFD, thermal energy storage (TES), phase change material (PCM), molten salts, shell and 

tube, enthalpy-porosity model. 

1. INTRODUCTION 

Among electricity production systems based on renewable energy sources, in a medium-

term perspective, Concentrated Solar Power (CSP) systems can give a significant 

contribution to the development of a sustainable electricity production [1]. CSP plants use 

solar energy as the main or the only heat source for energy production. Appropriate optical 

systems (concentrators) collect the direct solar radiation concentrating it on a receiver, where 

it is absorbed, and then converted into heat at high temperature, which is carried by means 

of a heat transfer fluid (HTF). CSP systems may be employed both in thermal cycles for 

electricity production and in various industrial applications as heat source [2]. 

The primary objective of the research on CSP systems is cost reduction, making both large 

and small size CSP plants more and more competitive with respect to conventional power 

plants based on fossil fuels. Currently the research aims not only at improving the efficiency 
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of both the main components and the entire system, but also to the simplification of the 

systems and the procedures for operation and maintenance. A key technological issue for 

CSP plants is the integration of an economic Thermal Energy Storage (TES) ([3], [4], [5] and 

[6]) with the overall objective to improve the operational flexibility and to reduce the 

Levelized Energy Cost (LEC) by increasing the share of solar energy being used [7]. 

Latent Heat Thermal Energy Storage (LHTES) Systems using Phase Change Materials 

(PCMs) have been gaining importance in several fields such as solar energy, cooling systems, 

energy efficiency buildings [8][9][10][11], cool storage systems for centralized air-

conditioning systems and waste heat recovery systems [12]. Recently, several works have 

highlighted the development of mobilized thermal energy storage systems (M-TES), which 

represent a valid alternative to district heating pipelines in residential applications 

[14][15][16][17]. This is mainly due to their high energy storage density and their ability to 

provide heat at a constant temperature [18]. Since the latent heat of fusion of a PCM is high 

compared to the sensible heat, TES systems based on PCMs can be significantly smaller with 

respect to systems based on sensible heat. Due to the high working temperature of CSP 

applications (about 250°C), eutectic molten salts, that change phase at about 230°C, can be 

used and represent a good compromise in term of storable latent heat and material cost, as 

suggested by Sharma et al. [19], with respect to other TES that operates in the same range of 

temperatures, such as concrete and rock bed. 

An LHTES system consists actually in the following three main components: (i) a PCM 

suitable for the desired temperature range; (ii) a container for the PCM; (iii) a heat exchange 

system in order to transfer the heat from the source to the PCM and then from the PCM to 
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the heat sink. The PCM containment should: (i) meet the requirements of strength, flexibility, 

corrosion resistance and thermal stability; (ii) act as a barrier to protect the PCM from 

harmful interaction with the environment; (iii) provide sufficient surface for heat transfer; 

(iv) provide structural stability and easy handling.  

The main technological problem for the development of LHTES systems is the low 

thermal conductivities. The eutectic molten salts provide thermal conductivities ranging from 

0.5 up to 1 W/(mK). Therefore, the design process of a heat exchanger is dominated by the 

identification of effective solutions in order to increase the heat flux inside the storage 

material. For instance, much effort has been devoted to improve the thermal exchange 

process of PCMs. Sciacovelli et al.[13] and Fan and Khodadadi [21] have considered the 

shell and tube configuration with fins immersed in the PCM. Sciacovelli et al. developed a 

numerical approach to optimize the fins shape within the PCM in order to maximize the heat 

exchange during the solidification process. The PCM has been modelled using a pure 

conductive heat exchange model, therefor the convective contribution to the heat exchange 

has been neglected. Sharma et al.[19] and Sharma and Sagara [20], in their review papers, 

classified a wide range of latent heat storage materials in order to provide an overview of the 

available PCMs and suggests different design solutions in order to enhance the heat exchange 

according to the specific application. Another approach to increase the heat exchange within 

the PCM is the use of metal foams, as proposed by Zhao and Wu [22], which, however, 

increase significantly weights and costs. 

Recently, Seddegh et al. [23] investigated numerically the behavior of a shell and tube 

TES system, considering water as HTF and paraffin wax as PCM. They highlight the 



5 

importance of convective heat transfer especially during the melting process. In their 

numerical setup the heat transfer at the inner surface of the PCM has been modelled according 

to the HTF flow condition (fully turbulent). Guo et al. [16] investigated numerically various 

approach in order to reduce the charging time of an M-TES device. In their work, details of 

the convective motion within the melted PCM are reported highlighting how the convective 

PCM motion could affect the charging process. The M-TES device studied by Guo et al. 

involves a direct contact between the HTF and the PCM. The geometry consist in a cylinder 

with the axis perpendicular respect to the gravity acceleration. In this configuration the 

convective motion involves both the phases that due to the different buoyancy stratify in two 

different zones of the device. Even though the results are promising in terms of charging 

time, however the geometry proposed and the direct contact heat exchange imply a physical 

behavior completely different respect to the shell-and-tube device here studied.  

The scope of the present work is to study the heat exchange characteristics in a basic shell 

and tube latent heat thermal storage system for CSP plants operating at medium temperature 

(200-250°C), through CFD modeling. Respect to previous investigation the shell and tube 

device has been modelled solving the Navier-Stokes equation for both the phases, HTF and 

PCM, with an enthalpy-porosity model for the melting process. The heat flux between the 

two phases has not be approximated by simplified models therefor a calculated heat flux 

distribution along the longitudinal coordinate. The effect of convection in PCM has been 

evaluated by means of a comparison with a pure conductive model. The PCM, selected for 

this study, is a binary eutectic salt (NaNO3-KNO3 60-40% wt) having a melting temperature 

of about 230°C [26] [27]. In particular, the dynamics of the thermal charging and its influence 
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on the thermal exchange (heat transport capacity) has been investigated. Moreover, the model 

has been tested in order to investigate the effect of the motion resistance parameter of the 

PCM during the phase change.   
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NOMENCLATURE 

Tsol [K] solidus temperature 

Tliq [K] liquidus temperature 

T [K] temperature 

H [J/kg] total enthalpy 

href [J/kg] reference enthalpy 

ΔH [J/kg] latent heat enthalpy 

cp [J/kgK] specific heat at constant pressure 

L [J/kg] latent heat of the material 

Amush [kg/m3s] mushy zone constant 

S [N/m3] momentum source/sink term 

𝑢"⃗  [m/s] fluid velocity vector 

p [Pa] static pressure 

k [W/mK] thermal conductivity 

Greek characters 

ρ [kg/m3] density of the fluid 

β [1/K] thermal expansion coefficient 

βl [-] liquid fraction 

Μ [kg/ms] molecular viscosity 

Subscripts 

ref  reference 

Acronyms 

TES  Thermal Energy Storage 

MTES  Mobile Thermal Energy Storage 

LEC  Levelized Energy Cost 

PCM  Phase Change Material 
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2. EXPERIMENTAL SETUP 

 
As previously said, a simple shell-and-tube geometry has been chosen for testing [29][30] 

(Figure 1 Shell and tube configuration of the PCM heat storage: (a) complete system; (b) single 

module considered for simulations [33]Figure 1). Thanks to the periodicity of the array of tubes 

in the tank, it’s possible to reduce the analysis to a single module composed by an inner steel 

tube, in which the heat transfer fluid (HTF) flows, surrounded by a cylindrical tank filled by 

PCM.  The module is arranged vertically, in order to trig convective flows in the liquid phase 

of the PCM due to buoyancy effects [31] [32]. The geometry of the experimental set-up is 

given in Table 1. 

 

Table 1 - Geometry of the “tube in tank” module considered for simulations 

Description Units Value 

inner diameter of the inner tube  𝑑!" 𝑚𝑚 14 

outer diameter of the inner tube  𝑑#$% 𝑚𝑚 16 

outer diameter of the PCM shell, 𝐷 𝑚𝑚 70 

Length  𝑚𝑚 500 

 

 

The properties of the PCM under consideration have been measured in the laboratory of 

ENEA (Italian National Agency for New Technologies, Energy and Sustainable Economic 

Development). Table 2 summarizes the set of properties adopted for simulation. The 



9 

temperatures 𝑇!"# and 𝑇#$% are respectively the starting and the ending point of the 

melting/solidification process. 

The adopted HTF is “Alusil TR 50”, a silicone thermal oil; its temperature dependent 

properties, are provided by the manufacturer and summarized in Table 3. 

The inner tube is supposed to be made of steel with a thermal conductivity of 20 W/(mK). 

 

 

 

Figure 1 Shell and tube configuration of the PCM heat storage: (a) complete system; (b) single 
module considered for simulations [33] 
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Table 2 – Properties of the PCM materials where T is in °C. 

Description Units Value 

Density (𝜌&	𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑	𝑎𝑡	150°𝐶) kg/m' 1994.6 

Thermal Expansion Coefficient 1/K 3.189𝐸 − 4 

Thermal Conductivity W/(mK) 0.4886 

Specific Heat solid  J/(kgK) 1604 

Specific Heat liquid  J/(kgK) 1648 

Dynamic Viscosity kg/(ms) 
𝜇	(𝑇) = −4.682	 ∙ 10() ∙ 𝑇

+ 1.6372 ∙ 10(* 

Fusion Latent Heat J/kg 110010 

𝑇+#,!-$+ °C 219.88 

𝑇,!.$!-$+ °C 244.14 

. 

 

Table 3- Properties of the HTF “Alusil TR 50” as functions of the temperature T in °C. 

Description Units Value 

Density 𝑘𝑔/𝑚' 964.6 − 0.6458 ∙ 𝑇 

Thermal Conductivity 𝑊/(𝑚𝐾) 0.177 − 0.00007 ∙ 𝑇 

Specific Heat 𝑘𝐽/(𝑘𝑔𝐾) 1.2266 + 0.0014 ∙ 𝑇 
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Dynamic Viscosity 𝑘𝑔/(𝑚𝑠) 17.523 ∙ 𝑇(/.)*1 

 
 
 
 

3. GOVERNING EQUATIONS 

In order to simulate the charging process of the PCM, according to the axial symmetry of the 

system, 2D axisymmetric CFD simulations have been carried out solving the Navier-Stokes 

equations together with a Solidification and melting model. A second order scheme has been 

used both for temporal and spatial discretization, in particular implicit scheme for time 

integration.  

When a liquid phase exists in the PCM, in order to simulate the natural convection the so-

called Boussinesq approximation has been considered. This model treats density as a constant 

value in the governing equations, except in one of the terms of the momentum equation, in 

which the density,𝜌, varies with the temperature and it is computed taking into account a 

thermal expansion coefficient, 𝛽, from  

𝜌 = 𝜌&(1 − 𝛽 ∙ ∆𝑇), (1) 

 

where ∆𝑇 is the difference between the actual temperature and reference temperature 𝑇&, at 

which the reference density, 𝜌& is measured.  

The Solidification and melting model is based on the enthalpy-porosity technique, which 

defines the dynamics of the region of coexistence of both liquid and the solid phase, called 

mushy zone[34][35]. This zone is considered as a porous zone, in which the porosity is 
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represented by the value of the liquid fraction (𝛽#) ranging between 0 and 1. The liquid 

fraction can be defined as follows: 

𝛽# =

⎩
⎪
⎨

⎪
⎧ 0																𝑖𝑓												𝑇 < 𝑇!"#
𝑇 − 𝑇!"#
𝑇#$% − 𝑇!"#

						𝑖𝑓					𝑇!"# < 	𝑇 < 𝑇#$%

1																𝑖𝑓													𝑇 > 𝑇#$%

		 (2) 

 

Therefore, the following forcing term is introduced in the momentum equation: 

𝑆 =
(1 − 𝛽#)'

(𝛽#
( + 𝜖)

𝐴)*!+𝑢"⃗ 	

 

(3) 

 

In Eq. 3, the parameter 𝜖 is a numerical constant equal to 0.001 to prevent division by 0 

(when the PCM is completely solid), 𝑢"⃗  is the local velocity vector and 𝐴)*!+ is a constant 

called “mushy zone constant”, which represents the motion resistance provided by the PCM 

during the phase change. S is a sink  term,  in  the  form  of  the  Carman-Koseny  equation 

[35] [36] [37],  added  to  the  Navier-Stokes  equations  to mimic  the  effect  of  pressure 

drop through a packed bed of solids . In the literature [31] 𝐴)*!+ values ranging from 103 to 

1010 can be found. According to the Carman-Koseny equation, the dimension of the solid 

particles within the mushy region has the main influence on the 𝐴)*!+ value. The term S is 

maximum when the material is entirely solid (𝛽# = 0) and is zero when the material is liquid 

(𝛽# = 1). In the following simulations the adopted value of 𝐴)*!+	ranges from 105 to 5∙105 

kg/(m3s), in order to investigate how this parameter influences the phenomenon. 

In the energy equation enthalpy of PCM is computed as sum of sensible enthalpy, h, and 

latent heat, ΔH: 
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𝐻 = ℎ,-. +> 𝑐/𝑑𝑇
0

0!"#
	+ ∆𝐻 (4) 

where 

∆𝐻 = 𝛽#𝐿 (5) 

Therefore the governing equations are reduced as follows: 

- The mass conservation equation: 

𝛻	 ∙ 	𝑢C = 0 (6) 

- The momentum conservation equation: 

𝜌& D
1*2
13
+ 𝑢C ∙ ∇𝑢CF = −∇𝑝 + 𝜌�̅� + 𝑆̅ + ∇ ∙ �̅̅�  (7) 

where 𝜏 is the viscous stress tensor that, considering the fluid incompressible, is given 

by: 

𝜏̅̅ = 𝜇[(𝛻𝑢C + 𝛻𝑢C0)] (8) 

where μ is the molecular viscosity. 

- The energy conservation equation: 

𝜕(𝜌&𝐻)
𝜕𝑡 + ∇ ∙ (𝜌&𝐻𝑢C) = ∇ ∙ (𝑘	∇𝑇) (9) 
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4. VALIDATION 

Preliminary, a validation study has been carried out with reference to the experimental work 

of Trp [33]. The experiment consists in a single thermal energy storage unit with an HTF 

pipe surrounded by a cylindrical container filled with PCM. The HTF is water and the PCM 

is technical grade paraffin. According to the experimental findings of Trp the PCM has a 

melting temperature range between 27.7°C and 35°C therefore in the present model a non-

isothermal phase transition is considered. The flow rate of the HTF is 0.017 kg/s at a 

temperature of 45°C. The PCM has an initial temperature of 20°C and its temperature is 

measured during the test. Further details of the experiment are not reported here and the 

reader is addressed to reference paper [33]. The simulation has been carried out supposing 

the problem to be two-dimensional and axisymmetric. The outer walls of the tank have been 

supposed adiabatic. The domain has been discretized using a multi-block structured grid with 

orthogonal quadrilateral cells. Two grids have been considered in order to verify the solution 

grid independence. The grid has 3999 cells in the axial direction and, in the radial direction: 

about 96 cells in the PCM zone, 46 cells in the HTF zone and 8 cells in the solid steel zone. 

The whole grid consists of 599850 cells. In Figure 2 the comparison of the measured 

temperature in location 5 of the Trp experiment and numerical model with the present results 

are reported. The present model has a good agreement with the experimental data. Indeed the 

non-isothermal melting process affects the temperature increasing between the solidus and 

the liquidus temperature producing a changing in the slope of the curve. Moreover the 

convective motion of the melted phase decrease the sudden increase of temperature of the 

pure conductive model used by Trp. The results confirm the reliability of the numerical 
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approach here adopted highlighting the importance of the convective motion in reproducing 

the physical behavior of the melting phase.  

 

Figure 2. Comparison of the temperature recorded in x = 0.35 m, r = 0.0265 m between the 
present results and the results of Trp [33] 

 

5. MESH AND OF BOUNDARY CONDITIONS 

The domain has been discretized using a multi-block structured grid with orthogonal 

quadrilateral cells. Two grids have been considered in order to verify the solution grid 

independence. The coarse grid has about 2000 cells in the axial direction and, in the radial 

direction: about 50 cells in the PCM zone, 27 cells in the HTF zone and 4 cells in the solid 

steel zone. The whole grid counts about 119000 cells. In the fine grid, in the axial direction 

6598 equally spaced cells have been considered and the cells have uniform axial size. Instead 
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in the radial direction the following cell distribution has been considered: 58 cells in the PCM 

region, 57 cells in the HTF region and 20 cells in the solid steel zone. The whole grid counts 

681911 cells. The fine grid is shown in Figure 3. 

 

Figure 3 – Discretization of the computational domain with a zoom on the inlet of the thermal 

storage 

The boundary conditions are as follows (see Figure 4): 

- mass flow inlet at the top section of the inner tube, which imposes the HTF mass flow 

rate and temperature; 

- outflow for the bottom section of the inner tube, this condition assumes that flow is  

fully-developed (the flow velocity and temperature profiles are auto similar in the 

flow direction; 
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- axis,  for the centerline of the axisymmetric geometry; 

- adiabatic walls for the remaining external surfaces of the tube and of the PCM; 

- wall, with the thermal option Coupled, for the interface between HTF and PCM 

regions.   

 

Figure 4 Schematic of the computational domain with details of the boundary conditions imposed 

 

 

 

 

Figure 5 – Map of the probe position into the PCM 
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6. INITIAL AND OPERATING CONDITIONS 

At the HTF mass flow inlet several user defined functions (UDF) were written in order to 

reproduce the features of the heater-pump group used by ENEA. During the simulation the 

temperature varies according to the following steps: 

• Linearly increasing from 150 °C to 250 °C during the first 30 minutes. 

• Kept constant at 250°C for the rest of the simulation. 

The oil mass flow rate is just a function of its temperature, since the pump operates 

according to a constant power condition (actually the mass flow rate depends on the HTF 

viscosity, which is a function of its temperature). The relation between the temperature (in 

Kelvin) and the mass flow rate was found to be 

 

�̇� = −1045 ∙ 𝑇' + 1.5 ∙ 104( ∙ 𝑇 − 0.358						[𝑘𝑔 𝑠⁄ ] 

 

The oil inlet is set in the upper part of the HTF tube, reproducing a vertical PCM module, 

which is charged from the top. 
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Figure 6 – Time series of the stored heat percentage. Fine grid (continuous line), 

 coarse grid (dotted line) 

 

During the simulation, the temperature and the liquid fraction were monitored in 15 points 

over the entire PCM domain. Every point is identified by a letter (index of the axial 

coordinate) and a number (index of the radial coordinate). A map of the probe positions is 

reported in Figure 5. 

In Figure 6 the stored heat percentage with respect to the theoretical storable heat in the whole 

device is reported for two simulations with the finest and the coarsest grid. No evidences of 

remarkable differences is shown. Moreover in Figure 7 the temperature distribution on the 

PCM-HTF interface at 1h, 3h and 6h for the two different grids have been compared. The 

temperature distributions show no appreciable differences especially in the first phases of the 

melting process. There are just small differences in temperature distribution near the bottom 

plate for t=6h (Figure 7.c) where the temperature gradients are higher. The grid independence 
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analysis confirms that the coarsest grid is enough reliable to solve numerically the governing 

equations. 

7. RESULTS 

The melting process has been simulated until the PCM is completely liquefied. The physical 

time needed for the charging process was about 6.5 hours. Globally the system have stored 

about 1 MJ of thermal energy. 

1 h 

 
(a) 

3 h 

 
(b) 

6 h 

 
(c) 

Figure 7 - Temperature distribution on the PCM-HTF interface at different instants: t=1h (a), t=3h 

(b), t=6h (c). Fine grid (continuous line), coarse grid (dotted line) 

The contours of static temperature (Figure 8) and the melting front ( 
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Figure 9) inside the PCM during the process have been monitored. Different stages of the 

melting process can be identified: 

- initially (t<1.h), heat is transferred by conduction in the solid phase: the contours of static 

temperature are parallel to the duct wall and heat flows in radial direction according to 

the temperature gradients.  

- In the second stage (1.0 h < t < 2.0h, approximately), PCM begins to liquefy and natural 

convection is triggered in liquid phase. This leads to enhance the melting process in the 

top part as shown by the temperature profile. Heat is convectively brought upwards, as 

clearly shown by the picture of the liquid fraction at time of 1 hour from the start of 

charging. It is worth noting that convective flow is allowed in the very thin liquid layer 

in proximity of the wall due to the extremely low viscosity (around 0.005kg/(ms)) that 

characterizes the solar salts in liquid phase. 

- In the third stage (2h<t<4h) an inclined melting front moves downwards in the upper 

part of the storage where PCM is completely liquid. This is due to the enhanced heat 

transfer due to convection. In this stage, in the lower part of the storage, the melting front 

moves extremely slowly in radial direction. 

- In the fourth stage (t>4h), the melting front (perpendicular to the axis of the HTF duct) 

moves rapidly downwards, until the PCM is completely melted. 

This behavior is similar to process described by Pal and Joshi in [38]. The analysis of time 

history of static temperature recorded in the monitoring points confirms such a behavior 

(Figure 10). It appears that temperature in all monitored points, is characterized firstly by a 

rapid increase due to the heat transmitted mainly by conduction in the solid phase. Then, 
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when the temperature limit of the solidus is reached, the rate of increase of the temperature 

is slowed down, due to the latent heat absorbed by the local melting process. The temperature, 

in this phase appears about constant, until the monitored point is reached by the melting front 

when the temperature rises suddenly due to convective heat exchange.  

 

time à 0.5 h 1.0 h 2.0 h 3 h 4.0 h 5.0 h 6.0 h 

 
[°C] 

       

Figure 8 – Contours of temperature during the melting process 
 
 

 

This behavior is clearly displayed in Figure 11, where the time series of temperature and 

liquid fraction are plotted, for one of the monitored points. The comparison of the 

temperature time histories at different axial locations, shows that, in the initial phase of 
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heating (conductive phase) the temperature rising rate depends mainly on the radial position, 

while the duration of the melting process is affected by the axial position since it ends when 

the position is reached by the melting front. 

 

 
0.5 h 1.0 h 1.5 h 2.0 h 2.5 h 3 h 3.5 h 4.0 h 4.5 h 5.0 h 5.5 h 6.0 h 

            

 

Figure 9 – Position of the melting front every 30 min 
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a 

Figure 10 - Time series of temperature in the monitored points 
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Figure 11 – Time series of temperature (blue) and liquid fraction (red) 

  

negative axial velocity: hot fluid positive axial velocity: cold fluid 

Figure 12 – Contours of axial velocity (m/s) in the middle section of the PCM . t=4h 
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The buoyancy driven flows in the liquid part of the PCM is reported in Figure 12. Distribution 

of axial velocity in the PCM closer to the oil tube goes up (it’s hotter), while the PCM further 

from it goes down (because it’s colder). 

In order to make clear the effect of convective flows on the PCM charging process a 

pure conductive simulation of the heat exchange in the heat storage device has been 

investigated. To this purpose, the buoyancy term in the momentum equation has been set 

equal to zero. In this way, being the buoyancy the only forcing term in the momentum 

equation, the fluid motion in the PCM has been inhibited. In Figure 13 the heat flux across 

the vertical wall at three time instants has been reported, comparing convective and 

conductive cases. In the first stage (Figure 13.a), in case of convection, at t=1h, two peaks of 

the heat flux appear near the upper and lower end plates. These peaks confirms the presence 

of PCM motion highlighting how the PCM motion increases the heat transfer respect to the 

pure conductive case. In the middle phase (Figure 13.b), t=3h, the thicker melted zone in the 

PCM increases the convective heat transfer respect to the conductive case for vertical position 

between 400mm and 800mm. In the upper part of the PCM, between a vertical position of 

300mm and 400mm, the heat transfer is reduced respect to the conductive case according to 

the stratification of the completely melted PCM. In Figure 13.c the most part of the PCM is 

liquid, therefore the upper part of the tank (between 300mm and 700mm) is stratified and 

stable. In case of convection, near the bottom plate the presence of melting PCM increases 

the temperature gradient enhancing the heat transfer respect to the case of pure conductive 

heat transfer. 
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1 h 

 

a 

3 h 

 

b 

6 h 

 

c 

Figure 13 - Heat flux along the height of the solid duct at different instants: t=1h (a), t=3h (b), t=6h 

(c). Convective case (continuous line) and conductive case (dotted line). 

In Figure 14 the time series of the stored heat, normalized with respect to the theoretical 

storable value, in convective and conductive cases, have been reported. In the first phase 

(t<2h) the most part of the PCM is solid, therefore there is about no difference between the 

two cases. Afterwards (t>2h), the melting of the PCM induces convective motion increasing 

the heat storage velocity respect to the conductive case. It is worth noting that in case of 

convective heat transfer, the stored heat reaches the 90% of the maximum storable heat about 

three hour before compared to the conductive case.  
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Figure 14 – Time series of the stored heat percentage. Convective case (continuous line) and 

conductive case (dotted line) 

 

The influence of the constant 𝐴)*!+ is then examined. It introduces the motion resistance 

provided by the PCM during the phase change. In literature the mushy zone coefficient is 

often fixed at an higher value, about 105 kg/(m3s) [37]. In order to evaluate its influence on 

the results of the charging process, numerical simulations with two values of mushy zone 

parameter (𝐴)*!+=1.0·105 and 𝐴)*!+=5.0·105) are carried out.  

Figure 15 shows that the constant 𝐴)*!+	has a little influence in the initial phases of the 

charging process, but influences the movement of the melting front, showing that with the 

highest value of the constant 𝐴)*!+ ,	the convective flow is slowed down. This is an important 

finding since, generally, in the literature it is suggested that this parameter has a little 

influence on the melting process. Probably, in the present work, the influence of 𝐴)*!+ is 

due to the low viscosity of the molten salt when they are completely melted. 
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Figure 15 – Time series of static temperature at different axial positions and identical radial position 

(3). 𝑨𝒎𝒖𝒔𝒉=1.0·105 kg/(m3s) (continuous line), 𝑨𝒎𝒖𝒔𝒉=5.0·105 kg/(m3s) (dotted line) 

 

The effects of the 𝐴)*!+ parameter is clearly reported in Figure 16 and Figure 17. Even if 

the total heat stored reaches the 90% at the same time (Figure 17), the dynamic of the 

intermediate phases is slightly different. In Figure 16 the total heat surface flux at the 

interface PCM-HTF highlights the influence of the mushy zone coefficient on the PCM 

performance. The differences are located where the melting material exist, therefor at t=3h 

the proximity of the melting interface to the PCM-HTF interface strongly influence the 

surface heat flux. Indeed at t=6h the most part of the PCM is melted, in the upper part, and 

it stratifies becoming stable. Further investigation on this parameter are needed in order to 

relate its value to a physical measured property of the PCM material. 
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1 h 

 

3 h 

 

6 h 

 

a b c 

Figure 16 - Total surface heat flux along the height of the solid duct at different instants: t=1h (a), 

t=3h (b), t=6h (c). 𝑨𝒎𝒖𝒔𝒉=1.0·105 kg/(m3s) (continuous line), 𝑨𝒎𝒖𝒔𝒉=5.0·105 kg/(m3s) (dotted line) 
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Figure 17 - Stored heat percentage. 𝑨𝒎𝒖𝒔𝒉=1.0·105 kg/(m3s) (continuous line), 

 𝑨𝒎𝒖𝒔𝒉=5.0·105 kg/(m3s) (dotted line) 

 

5 CONCLUSIONS 

Numerical simulations of the melting process in a shell and tube latent heat storage has been 

investigated. The simulation set up is based on experimental devices developed by ENEA 

for applications to high temperature concentrated solar power plants. An analysis on the 

convection effect on the heat transfer respect to a pure conductive model, in which the 

buoyancy has been trigged off, has been reported. The study confirms that the convective 

motion increases the heat flux to the PCM reducing the heat storage time. Details on the 

buoyancy driven flows within the PCM is reported highlighting how the fluid motion 

increases the temperature gradient at the PCM-HTF interface respect to the conductive case. 
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The results show that the heat storage phase is completed three hours earlier respect the pure 

conductive simulation. 

Moreover the effect of the motion resistance parameter of the PCM during the phase change 

has been investigated. Even though, in the explored range, the total storage time is not 

affected by the parameter change, a delay in the triggering of the convective flows has been 

found. Indeed this preliminary study remarks that the influence of the motion resistance 

parameter (𝐴)*!+) is not negligible in this case, despite usually in the literature it is suggested 

that this parameter should have a little influence on the melting process. 
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