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Abstract— A thermal energy storage system in a tube of Phase 

Change Material (PCM), with laminar fluid flow inside a duct, 

was numerically studied. The melting and solidification of the 

PCM was solved numerically by using the enthalpy method with 

adopting the finite difference scheme for both PCM and heat 

transfer fluid (HTF). The axial heat conduction in the PCM wall 

and the HTF is considered. The effects of various parameters on 

the storage system was studied and treated; The 

charging/discharging process is investigated in terms of liquid–

solid interface position, liquid fraction, total heat transmitted to 

PCM and thermal storage efficiency for various HTF working 

conditions. 

 

Keywords— latent heat storage, enthalpy method, shell-and tube 

configuration.  

I. INTRODUCTION 

Due to the advantage of the large heat storage capacity and 

isothermal behaviour during the charging and discharging 

processes, latent thermal energy storage (LTES) systems have 

been widely used in solar energy system, industrial waste heat 

recovery and electrical power load shifting application in 

recent years. There are many storage techniques available 

including the phase change materials (PCM) used in packed 

bed latent thermal energy storage systems [1-10]. In ref. [[1]], 

the transient heat transfer phenomenon during technical grade 

paraffin melting and solidification, in the shell-and-tube latent 

thermal energy storage system with water as heat transfer 

fluid (HTF) has been analyzed both numerically and 

experimentally. Lacroix [[2]] studied numerically and 

experimentally the behavior of a latent heat transfer energy 

storage unit with a finned tube. Ismail and Goncalves [[3]] 

analyzed numerically the thermal performance of a PCM 

storage unit with a constant heat transfer coefficient between 

working fluid and the tube wall. 

Cao and Faghri [[4]] simulated numerically the turbulent 

conjugated forced convection of the shell-and-tube thermal 

energy storage system with a working fluid at low Prandtl 

number. Ismail and Abugderah [[5]] studied a vertical tube 

performance of a phase change thermal energy storage 

system. The momentum and the energy equations are solved 

numerically. Studies on using PCMs with solar devices were 

carried out experimentally by Mawire and McPherson [[6]] 

who charged thermal energy storage of a solar cooker at 

constant temperature and variable electrical power. Chen et al. 

Reddy [[7]] used thermal modeling and analysis of a 

transparent insulation materials covered solar integrated 

collector storage water heating system with PCM. Bellecci 

and Conti [[8]], using the enthalpy method, studied 

numerically the cyclic behaviour of a phase change solar shell 

and tube energy storage module. Ait Adine and Qarnia [[9]] 

studied numerically a latent heat storage unit consisting of a 

shell and tube filled with two phase change materials, P116 

and n-octadecane. Tao and He [[10]] performed the numerical 

study on the TES performance. The effects of the unsteady 

inlet temperature and mass flow rate are examined.  

The first objective of the present work is to elaborate a 

numerical solution to predict the thermal behavior of the latent 

energy storage system (LESS), consisting of several tubes of 

phase change material (PCM). The working fluid (water) 

circulating on laminar regime within the ducts charges and 

discharges the storage unit. The second objective is to develop 

a parametric study to evaluate the effect of the HTF inlet 

temperature on the performance of the storage unit. 

II. MATHEMATICAL MODELLING AND RESOLUTION 

The latent thermal energy storage system analyzed in this 

paper is shown in Fig. 1.  

 

 

 

 

 

 

 

 

 

 

 

It is consists of one tube with adiabatic outer radius 

boundary condition and constant inlet temperature, in which 

Fig. 1 Geometry of considered duct.  
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the working fluid flows by laminar forced convection. With 

the enthalpy method, the governing energy equation is written 

for the entire region of the PCM, including solid and liquid 

phases and the interface. 
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The enthalpy, H, is a function of temperature, T: 
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and at the melting point of the PCM, the enthalpies of solid 

and liquid phases at the melting point are 0 and q, 

respectively.  

In the following, we will adopt the numeric resolution with 

using the Finite Difference Method, each location and time are 

represented by i, j and n. 

. ( , , ) ( . , . , )n

i jT T x r t T j x i r n t    
                                                         

Equations system (1-10) is discretized by using an explicit 

scheme which uses forward difference in time and central 

difference in space. Then, the temperature distribution is 

obtained as: 
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after the PCM enthalpy distribution of the (n+1)
th

 time step is 

obtained, the temperature distribution of the (n+1)
th

 time zone 

can be obtained from equation (11) as: 
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If the enthalpy at a certain point 1

,

n

i jP   satisfies 0 <H< q, the 

solid-liquid interface coordinate will be:   

  1( , ) . , 1 . .n

jS x t S i r n t                                                                   

Thermal energy storage efficiency, δ, defined as the ratio 

between the energy stored to the maximum energy stored, and 

it is expressed as: 
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where the liquid fraction fr can be calculated by 
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III. RESULTS AND COMMENTS 

In the present study, water is used as the HTF material, and 

Paraffin is used as a latent heat energy storage material, the 

melting point temperature and the density are important 

parameters, whose values are shown in table 1. 

 

TABLE I 
THEM-PHYSICAL PROPRIETIES OF THE PARAFFIN AND WATER 

 

A series of numerical calculations have been done during 

the melting of the technical grade paraffin at fixed HTF 

working condition (Re = 1200). The initial temperature 

distribution in both HTF and PCM regions is Ti=280 K.  

Fig. 2, displays the transient temperature profiles during 

melting at some typical transversal points at x=1.5 m, in the 

first stage the material stores energy primarily by sensible heat 

at all locations during about 20 min. During the second stage, 

the energy is charged by latent heat, the phase change 

progress until the melting process in all thickness of PCM is 

completed, at the end of melting process, a more rapid 

increase of PCM temperature was observed. The third stage 

starts when all the PCM is melted. During this stage, energy is 

charged by sensible heat under a fusion form until reaching 

the steady state. 

Fig. 3 shows the instantaneous solid–liquid interface 

distribution along the duct. Note that for a duct length (x ≤ 

0.4m), all the PCM is melted at time t = 50min. However, the 

PCM so far from the duct inlet is remained at a solid phase. 

Fig. 4 displays the time wise variations of the liquid 

fraction, fr, and the thermal storage efficiency, δ, for different 

HTF inlet temperature. As the time progress, the storage 

efficiency, δ, increases monotonically until a maximum value 

(equal to 1). When the melting process is completed, the 

liquid fractions fr is equal to 1. The corresponding thermal 

storage efficiency is lower than 1 (δ < 1). When the steady-

state condition is reached, the PCM is completely melted and 

heated. The corresponding thermal storage efficiency is equal 

to 1. In other way, the storage time decreases with the increase 

of the HTF inlet temperature. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Paraffin water 

Melting/solidification temperature (K) 300.7 / 

latent heat capacity (kJ kg-1) 206 / 

Thermal conductivity (W m-1 K-1) 0.18 0.6 

Specific heat (kJ kg-1 K-1) 1.8 4182 

Density (kg-1m-3) 789 998.2 

Viscosity (m2 s-1) / 1.005E-6 

t (min) 

T
  
(K

) 

Fig. 2 Transient temperature profiles during melting at some typical 

transversal points at x=1.5m (r1=1cm, r2=2cm, Ste=0.175 and 

L=1.5m). 
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Fig. 3 Variation of liquid-solid interface along the duct for different 

time periods (r1=1cm, r2=2cm, Ste=0.175 and L=1m) 
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The Fig. 5 shows the variation of the total energy stored in 

the PCM, for different HTF inlet temperature. It is clear that 

the amount of energy stored by sensible heat increases with 

increasing inlet temperature. On the other hand, the maximum 

time required for storage is reduced if the temperature of the 

fluid at the inlet is increased. 

IV. CONCLUSIONS 

In the present paper, the latent thermal energy storage 

system, which consists of shell-and-tube configuration, has 

been numerically studied by using enthalpy method. The 

working fluid circulating inside the channel is subjected to a 

constant inlet temperature. The thermal performance of energy 

storage unit is examined illustrating the specific influence of 

different parameters. The results obtained in the present study 

can be briefly summarized as follows: 

1- The higher temperatures are fined near the HTF tube 

surface as a result of immediate melting of the PCM, and 

larger times are needed to reach the melting temperatures of 

the PCM. 

2- The solid-liquid interface moves away more slowly from 

the HTF-PCM interface for high values of  x, therefore the 

displacement of the solid-liquid interface is faster at the duct 

inlet. 

3- The maximum time required for storage is reduced if the 

temperature of the fluid at the inlet is increased. 
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Fig. 5 Temporal variation of thermal energy stored for different inlet 

temperature (r1=1cm, r2=2cm, Ste=0.175 and L=1m). 
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Fig. 4 Evolution of the liquid fraction and the thermal storage 

efficiency for different inlet temperature (r1=1cm, r2=2cm, Ste=0.175 

and L=1m). 
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