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Abstract- Nowadays, thermal energy storage using Phase Change Materials (PCMs) receives 

a great interest due to its high energy storage density especially for low and medium 

temperature storage applications. Nevertheless, PCM suffers from the low thermal conductivity 

during the charging and discharging of heat. In this study, the multiple PCM technique has 

been investigated as a thermal enhancement technique in a shell-and-tube heat exchanger. The 

investigations have been conducted experimentally and numerically using different PCM 

arrangements and working conditions for Paraffin wax. The experimental work shows higher 

average temperature of PCM in the multiple PCM arrangement than the other two arrangements 

of low and high PCM arrangement. The conducted numerical analysis focuses on the 

geometrical parametric study by varying both the radial and the axial dimensions of the 

cylindrical storages. The results show that longer PCM storage enhances the melting time 

compared to the wider PCM storage for the same amount of PCM.  

 

Keywords: Thermal storage; Multiple PCM;  Modelling; Parametric investigation; Thermal 
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1. Introduction: 

Thermal energy storage (TES) technology is used to store the thermal energy for days, weeks 

or even for seasons. It becomes an important component in the renewable energy due to its 

importance in increasing the overall system efficiency. The other application of TES is to store 

the heat generated by the photovoltaic especially the medium and high concentrated 

photovoltaic (CPV) and hence to increase the overall system efficiency [1].  In solar thermal 

systems, TES system is needed to overcome the mismatch between the supply and the demand 

especially at night or at cloudy times. In addition, thermal energy storage is used to recover the 

waste heat form different process in different industrial applications where the waste heat 

availability can be utilized into different periods or thermal applications [2]. 

Thermal energy can be stored in three basic forms; sensible, latent and chemical heat storage. 

Latent Heat Thermal Energy Storage (LHTES) technology has attracted considerable attention 

by researchers due to its high-energy storage density where it has the capacity to store the heat 

at the phase transition temperature range [3]. Phase Change Materials (PCMs) melt and solidify 

at a narrow melting temperature range. In addition, a small amount of material is required for 



2 
 

a latent heat storage system, thereby the heat losses from the system maintains in a reasonable 

level during the charging and discharging of heat [4].  

Nomenclature 
Cp Specific heat capacity (J/K) 

D Diameter (m) 

fapp Apparent friction factor 

g Gravitational acceleration (m/s²) 

ℎf Heat transfer coefficient (W/m²K) 

HTF Heat transfer fluid 

K Thermal conductivity (W/mK) 

L Latent heat of fusion (J/kg) 

Nu Nusselt number 

Pr Prandtl number 

q Heat transfer rate (W) 

qconv Convection heat transfer rate (W) 

qrad Radiation heat transfer rate (W) 

R Thermal resistance (K/W) 

Rf HTF convective heat resistance (K/W) 

Rw Conduction resistance (K/W) 

R𝑙 PCM convective heat resistance (K/W) 

Rbulk Bulk resistance (K/W) 

Tf,out Outlet HTF temperature (°C) 

Tamb Ambient temperature (°C) 

Tm Melting temperature (°C) 

∆T Melting temperature range (°C) 

ρ Density (Kg/m3) 

μ Viscosity 

in Input 

Out Output 

min Minimum 

max Maximum 

S Solid 

L Liquid 

 

The development of the latent heat storage system are mainly in two areas: material 

investigation and heat exchanger development. The material investigation study includes the 

characterization of materials and their thermo-physical property such as the melting 

temperature and the heat of fusion. The heat exchanger development includes the heat 

exchanger concept, geometry and parametric operation investigations [5]. 

Because of the low thermal conductivity of PCM, the increase of heat transfer surface between 

the heat transfer fluid and PCM is very essential to enhance the thermal conductivity.  The shell 

and tube arrangement actually offers the best heat transfer area between HTF and PCM [6]. 

Other techniques have been proposed to overcome the low thermal conductivity such as fins 

[7], micro-encapsulations [8–10] and multiple PCMs [11]. Apart from the above-mentioned 

parameters, others operating and geometry parameters must be considered when designing the 

thermal storage system and this includes: the PCM shell radius, heat transfer fluid mass flow 

rate and heat transfer fluid inlet temperature. 

Employing multiple PCMs of different melting temperature in thermal energy storage systems 

is considered as an effective method for thermal conductivity enhancement [12].The multiple 

PCM technique is referred to a set of PCMs packed with different melting temperature in the 
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thermal storage system. The PCMs are arranged in a descending order of their melting 

temperatures. Hence, the HTF decreases its temperature and the thermal energy as it flows from 

the first PCM with the higher melting temperature to the next PCMs storage of the lower 

melting temperature where it increases the overall system performance [13]. 

The multiple PCM storage system was first introduced in 1995 by Gong and Mujumdar  [14] 

in a horizontal cylindrical storage using 5 PCMs arranged in descending melting temperature 

order. The results showed that employing the multiple PCM technique can enhance greatly the 

charge and discharge rate of thermal energy compared to the single PCM storage system. In 

addition, the multiple PCM configuration can significantly reduce the fluctuation of the HTF 

outlet temperature. In another study by the same authors [15], their novel storage unit of 

multiple PCMs was tested under cyclic heat transfer rate. The results show a lower HTF outlet 

temperature during the charging process and a higher HTF outlet temperature during the 

discharging mode for the 5 PCMs arrangement compared to the single PCM arrangement.  

Michels and Pitz-Paal [16] have showed experimentally the use of a cascade of multiple PCM 

to ensure the optimal utilization of the storage materials. The experiments were conducted 

using vertical shell and tube heat exchangers. The results showed that the cascaded 

arrangement offers a uniform heat transfer fluid outlet temperature during the discharging than 

a non-cascaded storage system. Seeniraj and Narasimhan [17] have combined the two 

enhancement techniques of using fins and multiple PCMs. Their results confirmed the better 

performance of the multiple PCM compared to the single PCM and the uniformity of the exit 

HTF temperature with the multiple PCM. Fang and Chen [18] have studied numerically the 

effect of different multiple PCMs arrangements on the performance of the PCM thermal 

storage. The study found that there is an optimum proportion between the PCMs for the 

maximum thermal charging and the appropriate selection of the PCMs plays an important role 

on the performance improvement. Wang et al. [19] have investigated the multi-PCMs 

configuration using the two dimensional modelling approach. The proposed configuration is to 

circulate hot air of temperature of 440 °C in a zigzag passage. The results show the influence 

of the m-PCMs in the charging process and in increasing the temperature of the PCMs. A 

summary of different published studies for the multiple PCM are listed in Table 1. 

Table 1. Comparative study of different multiple PCM studies. 
Ref. Type of 

study 

Storage 

configuration 

Number 

of 

PCMs 

Storage 

temperature 

(°C) 

HTF type Heat flow mode Purpose of 

storage 

[20] Experiment Cylinder 3 64.2-41.8 Water Charging Capsule PCMs 

[11] Experiment Cubic 3 47-58 Hot plate Charging Heat sink 

[21] Modelling heat 

receiver 

- 766.85 Gas Charging Solar dynamic 

power system 

[22] Experiment Cubic tank 2 155-172 Oil Charging Thermal storage 

[23] Modelling Cylinder 3 579-633 Air Charging/discharging Effect of inlet 

process 

parameters of 

HTF on heat 

transfer 

characteristics 

[24] Modelling Cylinder 3 330 Therminol Charging/discharging Capsule PCMs 

[25] Experiment Cylinder 3 50-166 Oil Charging/discharging Heat transfer 

enhancement 

[26] Experiment Cylinder 3 422-499 Air Charging High 

temperature 

range 
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[27] Experiment Cylinder 3 400-600 Air Charging/discharging Thermodynamic 

performance of 

multiple PCMs 

[28] Experiment 

& modelling 

Cylinder 3 13-17 water Charging Heat transfer 

enhancement  

[29] Modelling Cylinder 5 13-17 Water Charging Exergy 

optimization 

[30] Modelling Cylinder 2 78-124 Air Charging Analyze the 

charging process 

[15] Modelling Cylinder 5 567-767 Air Charging/discharging Novel storage 

unit of multiple 

PCMs 

 

The above literature review on the multiple PCM storage technique for the thermal conductivity 

enhancement shows lack of the studies in the experimental work of separate multiple PCM 

tanks in the low temperature ranged between 20°C and 60°C for domestic heating applications 

compared to the other heat transfer enhancement. The present multiple PCM storage 

investigation contributes to this field using the experimental and the numerical approaches for 

different PCM arrangements and the heat transfer fluid working conditions. The experiment 

approach aims to investigate the multiple PCM technique where the performance of thermal 

storage system using the phase change material (PCM). The validated CFD model of the 

multiple PCM storage using the experimental results aims to conduct a wider range of 

geometries and configurations of thermal storage systems for the multiple PCMs arrangement.  

 

2. PCM characterization 

The PCMs used in this study are the Paraffin wax. They are organic types manufactured by 

Rubitherm GmbH, Berlin, Germany. They are solid-liquid type with different melting 

temperatures. The melting temperature range is narrow in these types of PCM due to purity 

and specific components. RT’s  series are characterized as high latent heat, non-corrosive, non-

toxic and cheap in cost [31]. The PCMs used are RT27, RT35 and RT42. The last two digits at 

the PCM name indicates the PCM melting temperature. The wide PCMs melting range is 

required for the investigation on the efficiency of the thermal storage system. The thermal 

properties of the used PCMs as per the manufacturer data sheet are shown in Table 2. Most of 

the thermos-physical properties such as the density, specific heat and thermal conductivity are 

the same for all the listed PCMs. 

 

Table 2. Thermal properties of used PCMs 

(Rubitherm® Technologies GmbH, Germany, http://www.rubitherm.de) 

PCMs RT27 RT35 RT42 

Melting temperature (°C) 27 33 41 

Solid density (kg/mᶟ) 870 860 880 

liquid density (kg/mᶟ) 760 770 760 

Latent heat (kJ/kg) 179 160 165 

Specific heat 

 (kJ/kg ºC) 
1.8 2 2 

Thermal conductivity (W/m K) 0.2 0.2 0.2 

Volume expansion (%) 12.5 12.5 12.5 
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The melting point, latent heat of fusion and specific heat might vary from the same 

manufacturer as they are made bulky and in different conditions and a dependent investigation 

on the thermal properties are required. Differential Scanning Calorimetry (DSC) technique 

provides a quick, accurate and detailed measurement results, and very small quantities of the 

sample. This technique is used in this study to investigate the thermos-physical properties of 

the PCMs of the melting temperature, heat capacity, and phase transition for PCM properties 

such as the latent heat of fusion (L), the melting temperature (Tm), the melting temperature 

range (∆T), heat capacities at solid and liquid phase (Cps, Cpl).  The used  instrument is 

NETZSCH, 214 Polyma and it works in temperature range from -170ºC to 600ºC with heating 

rates between 0.001K/min and 500K/min. The calibration procedure of the instrument are 

described in a previous work published by the authors [32].  

Two samples were tested for each type of PCM to ensure accuracy and repeatability in the 

results as the sample was arbitrarily selected from the bulk. In order to run the measurements 

on the samples, the following procedures were adopted: 

 Baseline run: two empty crucibles of the same mass are placed in the instrument, out of 

which one was the reference crucible. 

 Calibration run: the reference empty crucible with the Sapphire disc are placed for 

testing. The sapphire is a standard material of known specific heat and mass. The 

smallest Sapphire disc (D = 0.00025 m) supplied with the instrument with the mass of 

12.707±0.005 mg was selected for the standard run. 

 Sample run: in which the reference empty crucible and another crucible with PCM 

sample is tested. The PCM analysis cycle has been started at 0°C and kept it at this 

temperature for 5 minutes to allow temperature uniformity in the sample. Then, the 

temperature is raised to 75°C. Different heating rate has been used of 2K/min, 5K/min 

and 10K/min to figure out its effect. After that, the sample is kept at this temperature 

for 5 minutes. Finally, the sample has been cooled to 0°C at the same rate. 

The obtained thermos-physical properties for the different PCMs are summarized in Table 3. 

It is noted that, all the properties are affected by the heating rate where the melting temperature 

varies slightly with the heating rate as in RT27 and RT35. The difference between the supplied 

properties in the manufacturer data sheet and the obtained results can be refereed partially on 

the selection of the heating rate. 

Table 3. Melting temperature of PCMs 

PCMs 

Heating 

rate 

(K/min) 

Temperature 

melting range 

Specific 

heat at 

solid 

(J/g.K) 

Latent 

heat(J/g) 

Specific 

heat at 

liquid 

(J/g.K) 

RT27 

2 23-27.9 2.845 126.7 1.958 

5 13.4-29.9 2.134 127 1.504 

10 13.4-34.6 2.840 127.7 1.981 

RT35 

2 22.6-51.6 3.862 146.5 2.472 

5 22.8-45.7 2.388 120 1.883 

10 27.1-55.1 3.311 111.2 2.201 

RT42 

2 32-45.2 3.695 152.9 2.644 

5 32-49.2 3.475 153.2 2.618 

10 33.2-55.7 3.578 153.4 2.632 

 

The specify heat variation with temperature for different heating rate for the different PCMs 

are presented in Figure 1. It is noticed that the distribution of the heat capacity of the PCMs 
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depend on the heating rate. Therefore, the faster the PCM is heated up, the more the curve is 

flattened and shifted. 

 

  
(a) (b) 

 
(c) 

 
Figure 1. Specific heat measurement versus temperature at different heating rates for (a) 

RT27, (b) RT35 and (c) RT42. 

 

3. Experimental set-up and data analysis: 

The experimental setup is to examine the multiple PCM storages technique for enhancing the 

thermal conductivity of the PCM and the effect of working conditions. In addition, it 

recommends the best PCM melting temperature selections to achieve the best storage 

performance. 

 

3.1 Experimental set-up: 

The cylindrical configuration for the PCM thermal storage system is used in this study as it is 

the most convectional geometry for the thermal storage applications. The PCM storage consists 

of elementary parts of a shell and tube. The PCM is placed inside the shell whereas the heat 

transfer fluid (HTF) is circulated inside the tube. Selection of materials of the storage is another 

critical parameter for the PCM storage. The three main materials are the PCM, the outer 

container and the tube. The main characteristics of the selected material of the outer container 

are low thermal conductivity, withstand the required storage temperature, no leaking during 

the operation and transparent for the PCM melting visualization purposes. The most convenient 
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material is the acrylic material in which it offers low thermal conductivity (0.21 W/m·K) [33]. 

The heat loss to the environment could also be minimized using a thermal insulation coating 

around the outer surface. The HTF tube materials must be made from high conductive materials 

such as copper, aluminium and stainless steel to increase the heat transfer rate. In this work, 

copper has been used. The photograph of the PCM container and the HTF tube are shown in 

Figure 2.  

  
(a) (b) 

Figure 2. Photographs of (a) the PCM container and (b) the HTF tube showing thermocouples 

locations. 

A photograph of the assembled PCM storage test section is shown in Figure 3. The HTF flows 

through the tube and exchange the thermal energy to the PCM in the shell. The inner diameter 

of the tube (Dt) is 8mm with a thickness of 2mm. The inner diameter of the PCM container is 

40mm with thickness of 4mm and its height is 183mm and it can be filled with 170g of PCM. 

All parts of the test section are tightly joined to avoid any HTF and PCM leakage.  

Five thermocouples of 0.5mm diameter with a measuring accuracy of ±0.1°C are fixed near to 

the tube to measure the temperature of the PCM. The thermocouples are distributed along the 

container of 45.7mm apart and at the middle of the radius of the PCM as shown in Figure 3 

(C). In addition, a single thermocouple is placed at the corner edge of the container to capture 

the complete melting time of the PCM.  
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(a) (b) (c) 

Figure 3. The final arrangement of the PCM storage test section (a) Photograph (b) 

dimensions and (c) Thermocouples distribution. 

The multiple PCM storage experimental setup photograph and its schematic are shown in 

Figure 4 and Figure 5, respectively. The three PCM storage stages are placed in parallel where 

the HTF flows from the high PCM melting temperature storage to the low PCM melting 

temperature storage. For the fluid heat load, the fluid entered the tube at an inlet temperature 

(Tin) and exits at an outlet temperature (Tout). The temperatures were captured using inline 

thermocouples of pro type. The HTF exchanged the heat with the PCM at a controlled volume 

flow rate using the variable area flowmeter and varied by a built-in valve at the inlet of the 

flowmeter. The HTF was heated at a constant inlet temperature (Tin) using the constant 

temperature water bath and circulated using a built-in pump. In the present study, De-ionized 

water was used as the heat transfer fluid (HTF). The data acquisition system for temperature 

readings was a 40-channel Keithley 2700. A digital camera was used to capture the melting 

profile images at every 1-minute time interval. The filling of the PCM storage and the 

uncertainty analysis are explained in the previous work published by the authors [32].  

 

 
Figure 4.  Photograph of experimental setup; (1) HTF circulation bath, (2) variable area glass 

flowmeter, (3) Test module, (4) Camera, (5) Data logger and (6) Desktop computer. 
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Figure 5. Schematic of the multiple PCM experimental setup. 

 

4. Numerical modelling 

Although experiments are necessary at some point in the design process to test and verify the 

performance of the system, the computational modelling is an efficient and cost-effective way 

to perform the analysis. In this study, the computational models and experimental works are 

two basic components to achieve the objectives. The PCM storage have been modelled by the 

commercial multi-physics software COMSOL [34], using non-isothermal fluid flow interface. 

 

4.1. Mathematical formulation 

The PCM storage has three domains: PCM, HTF and the tube as shown in Figure 6. The full 

modelling approach is referred to the other works published by the authors [32].  

 

 
Figure 6. Model domains and its boundary conditions 

The PCM storage performance is evaluated using different parameters such as temperature 

distribution, melting time and melting profile. In addition and other derived parameters such 

as the average heat transfer coefficient and the thermal resistance.  

The convection heat transfer coefficient (h) is defined as the rate of heat transfer between a 

tube surface and a fluid per unit surface area per unit temperature difference [35]. It is important 

in representing the amount of heat transferred to the PCM. Because of the temperature variation 

between the outer surface of the HTF tube and the PCM along both the axial and radial 

directions, the heat transfer coefficient is very difficult to be calculated accurately for the PCM 

storage system. However, the average heat transfer coefficient for the melting process is 
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calculated instead [36]. The heat transfer rate (q) to the PCM storage can be calculated using 

the enthalpy reduction rate in the HTF [37] using the following equation:  

q = m ̇ Cp(Tin − Tout)      (1) 

Where, ṁ is the HTF mass flow rate, Tin and Tout are the inlet and outlet temperatures of the 

of the HTF, respectively. The convection heat transfer coefficient (h) is expressed by: 

h =
q

A   ∆TLMTD .t
      (2) 

Where ∆TLMTD   is the logarithmic mean temperature difference and t is time interval. The 

average heat transfer coefficient during the charging period is calculated using the following 

equation: 

h̅ =
Qtotal

A  ∆TLMTD .t
      (3) 

Where, Qtotal is the total heat absorbed by the PCM during the charging. The logarithmic mean 

temperature difference (∆TLMTD) is represented by: 

∆TLMTD =
Tinlet−Toutlet

ln[
Ts−Toutlet
Ts−Tinlet

]
      (4) 

Where, Ts is the tube surface temperature of HTF. The performance of the PCM heat exchanger 

can also be represented by its effectiveness (ε) .  The instantaneous effectiveness at any point 

of time over the phase change period is presented by [38]: 

ε =
(Tin−Tout)

(Tin−TPCM)
       (5) 

 

The average effectiveness (ε̅)is presented by: 

ε̅ = ∫ ε dt
t

0
        (6) 

The PCM heat exchanger consists of two mediums (PCM and the HTF) separated by the tube 

wall. The heat transfer starts as soon as the HTF enters the tube and the temperature profile 

starts developing in the system in the axial and radial directions. The heat is first transferred 

from the HTF to the tube wall by forced convection, through the tube wall by the conduction 

and from the tube wall to the PCM by the natural convection [35].  Three thermal resistances 

are associated with the heat transfer in the PCM heat exchanger storage, HTF convective heat 

resistance (Rf), conduction thermal resistance across the tube thickness (Rw) and the PCM 

convective heat resistance (Rl) as shown in Figure 7 [35]. It is more convenient to represent the 

thermal resistances in mK/W due to its change with the length of the tube in the PCM medium. 

The values of Rf,Rw and RPCM are determined using the following equations: 

Rf =
1

πhfDi
         (7) 

Rw =
1

2πkw
ln (

Do

Di
)      (8) 

RPCM =
1

2πkPCM
ln (

DPCM

Do
)     (9) 

Where hf is the heat transfer coefficient, Di is the inner diameter of the tube, kw is the thermal 

conductivity of the tube, Do is the outer diameter of the tube, kPCM is the thermal conductivity 

of the PCM and DPCM is the radius of the PCM. More heat transfer rate between the HTF and 

the PCM is achieved by decreasing the thermal resistance values. Therefore, the resistance of 

the HTF can be reduced by increasing the heat transfer coefficient (hf) or increasing the inner 

tube diameter (Di). In addition, decreasing the thermal resistance of the tube wall and the solid 

PCM is by increasing the materials thermal conductivity or reducing the thickness of the tube 

and the PCM. 
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Figure 7. PCM heat exchanger thermal resistance network. 

Characterization of the fluid flow inside a tube is an important and this can be done using the 

Reynolds number (Re), which is presented by the following equation: 

Re =
ρf.uf.D

μf
      (10) 

Where uf is the mean fluid velocity in the tube cross section, D is the tube diameter, μf and ρf 

are the fluid’s dynamic viscosity and density, respectively.  

The natural convection takes place as the PCM melts and this can be quantified using the 

Grashof number. It represents the natural convection effect and presented by the following 

equation [39]: 

Gr =
g β (Ts−Tf) re

vpcm
2      (11) 

Where, g is the gravity (m/s²), β is the coefficient of volume expansion (1/K), Ts is the 

temperature of the solid surface, Tf is the temperature of the liquid, re is the characteristic length 

of the geometry and vpcm is the kinematic viscosity of the fluid (m²/s). The Nusselt number is 

used to quantify heat transfer and calculated using [40]: 

Nu =
h re

kpcm
     (12) 

Where, kpcm  is the thermal conductivity of the PCM.  Num is the mean Nusselt number and 

calculated by: 

Nu̅̅ ̅̅ =
h̅ re

kpcm
     (13) 

4.2. Modeling and validation 

COMSOL Multi-physics has been used to simulate the PCM storage systems. The “Heat 

Transfer” physics was employed for modelling the heat transfer within the system and this 

includes heat transfer in solid, fluids and phase change materials. In addition, the fluid flow 

physics was included to model the HTF flow and phase change materials during the melting 

and solidification.  

The simulations were conducted in 2-D axisymmetric environment and in time dependent 

mode for the PCM storage. The modelled geometries were reproduced in the graphic window 

for the PCM storage studies. The SI units were used in COMSOL such as millimetres and 

degrees for length and angular units, respectively. The validated model for the previous 

published work by the authors [32] is used in this study. That CFD model has been validated 

using experimental results of the same parameters. 

 

5. Results and discussion 
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The thermal behaviour of the multiple PCM storage system is explored under constant HTF 

inlet temperatures and flow rates. The investigation includes the overall characteristics of a 

multiple PCM system by examining the PCM temperature distribution, stored heat rate and 

PCM melting profiles. Then, a parametric study is conducted using the modelling approach. 

 

5.1. Overall multiple PCM system performance 

This section reports experimental results of multiple PCM storage systems. The considered 

PCM arrangements are as shown in Table 4. 

Table 4.  HTF volume and mass flow rates. 

 PCM 1 PCM 2 PCM 3 

Case 1 RT27 RT27 RT27 

Case 2 RT42 RT35 RT27 

Case 3 RT42 RT42 RT42 

In this experiment, the HTF flow rate and inlet temperature are 120ml/min and 60ºC, 

respectively. Table 5 shows the melting time of each arrangement. In the case of same PCM 

filling with RT27 (case 1), all the PCM storages are melted in less than 50 minutes of charging 

with an interval difference of 5 minutes of each other. In the case of same PCM filling with 

RT42 (case 3), the PCM melting time is extended up to 411 minutes for the last PCM storage 

tank. More different melting time is noticed for each storage at each of the storage compared 

to the case. This can be explained due to fact that the HTF outlet temperature is higher than the 

melting temperature of the PCM in case 1 compare to the melting temperature of PCM in case 

3. In addition, the HTF temperature after each stage is reduced more in case 1 compared to case 

3.   In the case of different PCM storage of RT42, RT35 and RT27 (case 2), it is noticed that 

the last storage stage PCM 3 melts faster than PCM1 and PCM 3 due to its lower melting 

temperature compared to the other two PCMs.  It is good to note that the melting time for PCM 

3 in case 1 and case 2 is kept unchanged for the both cases of 50 minutes. However, the melting 

time for the PCM 1 decreases slightly between the two cases (case 2 & case 3).  This is due to 

the slight fluctuations of both HTF flow rate and inlet temperature. 

 

Table 5. The complete PCM melting time in minutes for different PCM arrangement. 

Case 1 Case 2 Case 3 

RT27 RT27 RT27 RT42 RT35 RT27 RT42 RT42 RT42 

40 45 50 245 108 50 265 390 411 

 

In order to visualize the PCM melting profile and fraction, Figure 8, Figure 9 and Figure 10 

show the melting profile for cases 1, 2 and 3, respectively. It is noticed that all cases follow the 

same type of melting profile of a horizontal line. Also, a clear PCM gradual melting is noticed 

in the case 2 in Figure 9 due to the large PCM melting temperature difference between the stage 

between the RT27 and the other two PCMs (RT42 and RT35). Also, the difference in the 

melting progress is noticed in the same PCM type (case 3), this is due to the slight difference 

HTF inlet temperature at each stage.     
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(a) (b) 

Figure 8. PCM melting photographs for case 1 (RT27) with HTF inlet temperature of 60ºC 

and flow rate of 120ml/min at (a) 40min and (b) 240min. 

 

 
 

(a) (b) 

Figure 9. PCM melting photographs for case 2 (RT42-RT35-RT27) with HTF inlet 

temperature of 60ºC and flow rate of 120ml/min at (a) 40min and (b) 240min. 

 

  
(a) (b) 

Figure 10. PCM melting photographs for case 3 (RT42) with HTF inlet temperature of 60ºC 

and flow rate of 120ml/min (a) 60min and (b) 240min. 

The temperature distribution of the PCM in case 1, 2 and 3 is reported as shown in Figure 11. 

It can be seen that the temperature distribution of the PCM in case 1 at T1 is similar for all 

storages of a difference of 1°C. However, the temperature of PCM at the middle of the storage 

(T2-T5) is higher in PCM 2 and PCM 3 compared to PCM 1. The average temperature of PCM 

in case 2 is considered higher than in case 1 and case 3 and the maximum temperature reaches 

to 57.5°C, 56.5°C and 55.4°C, respectively. This concludes that the multiple PCM arrangement 

could be used to increase the PCM average temperature.  
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Figure 11. PCM temperature distribution inside the multiple storage at the melting time for 

different arrangements for HTF inlet temperature of 60ºC and flow rate of 120ml/min. 

The rate of stored heat and the accumulated heat until the completed melting for case 1, case 2 

and case 3 is shown in Figure 12. The heat transfer rate in the case 1 is more than to case 2 and 

3 for the same period of complete melting of case 1 (50minutes), this is because of the lower 

PCM melting temperature in case 1 compared to case 2 and 3 with a total stored heat of case 1 

of 168kJ. However, the larger the melting temperature difference between PCMs stages, the 

more sensible heat is stored in the PCM storage. This is due to the fact that the PCM with the 

lowest melting temperature melts quickly when the melting temperature difference between 

the PCMs stage becomes greater as seen in case 2 and case 3. The total heat stored in case 2 

and case 3 are 408kJ and 425kJ, respectively.  
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(c) 

Figure 12. Heat storage rate and accumulated stored heat versus time with HTF inlet 

temperature of 60ºC and flow rate of 120ml/min for multi-storage arrangement (a) Case 1, (b) 

Case 2 and (C) case 3. 

 

5.2. Effect of HTF flow rate on the multiple PCM storage system 

The effect of the HTF fluid flow on the melting time for the different PCM arrangement cases 

is shown in Table 6. It can be noticed that melting time is reduced by 10% of PCM 3 for the 

case 1 arrangement as the HTF flow rate is increased from 120ml/min to 240ml/min whereas 

no change of the melting time is noticed to the PCM 1 and PCM 2. A general reduction of the 

melting time for the case 2 arrangement especially in the PCM 2 (8 minutes) and PCM 3 (4 

minutes) as the increase of the HTF flow rate due to the high melting temperature of PCM 1. 

A dramatic decrease of the melting time as the HTF flow rate is increase for the case 3 

arrangement by 57min, 133min and 122.5min for PCM 1, 2 and 3, respectively.   

 

Table 6. PCM melting time for the different PCM arrangement at HTF inlet temperature of 

60°C for various HTF flow rates. 
 

HTF Flow 
rate (ml/min) 

Case 1 Case 2 Case 3 

PCM 1 PCM 2 PCM 3 PCM 1 PCM 2 PCM 3 PCM 1 PCM 2 PCM 3 

120 40 45 50 240 108 50 276 390 411 

240 40 45 45 239 100 46 219 257 288.5 

The PCM temperature distribution inside the storages for the HTF flow rates of 120 and 

240ml/min are shown in Figure 11 and Figure 13, respectively. The HTF flow rate has not 

effect of on the temperature distribution in PCM 1 and PCM 2 in case 1 and a slight increase 

in the temperature of the PCM 3. In case 2, it is noticed a slight increase of the PCM temperature 

in the locations from T2 to T5 as the HTF flow rate is increased. Similar increase pattern is 

noticed in case 3 but this includes all PCM locations (T1-T5). The slight effect of the flow rate 

in case 1 is referred to the low melting temperature for the PCM where the PCM has limited 

heat absorbant. In the same manner, the higher melting temperature in case 3, the PCM could 

absorbed higher heat in high temperature range where the increase of the HTF fluid could have 

impact on the temperature distribution and the melting time.  
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Figure 13. PCM temperature distribution inside the multiple storage at the melting time for 

different PCMs for HTF inlet temperature of 60ºC and flow rate of 240ml/min. 

 

5.3. Investigation geometrical parameters in the multiple PCM storage 

This section investigates numerically the effect of geometry parameters on the multiple PCM 

storage system of charging and discharging process. Two systems are studied having the same 

and variable PCM volume. 

Higher PCM storage volume was considered in this section with storage length of 750mm, 

20mm PCM storage radius and inner tube diameter of 4mm with thickness of 2mm. Each 

storage has the capacity of 777g of PCM. The HTF flow rate was 60ml/min and its temperatures 

for charging and discharging were set to 60°C and 24°C, respectively. Both the charging and 

discharging durations were 18000s for each process. The arrangement of the PCMs in multiple 

system is sorted in descending order of melting temperature such that higher melting 

temperature is at the inlet side of the HTF i.e. RT42- RT35-RT27. 

Figure 14 shows the liquid fraction for the PCM in the all the storages during the charging and 

discharging process. At the beginning of the charging, all the PCM storages melted at the same 

rate until the1880s where the liquid fraction reaches to 0.29. Then, the PCM 3 storage of RT27 

is melted in faster rate compared to the others PCM storages due to its low melting temperature. 

By the end of the charging the PCM liquid fraction of PCM 1, 2 and 3 reach to 0.71, 0.82 and 

0.99, respectively. 

At the discharging process, the HTF was circulated at a temperature of 24°C. The figure shows 

clearly a slight increase on the liquid fraction of PCM at the beginning of charging of in stages 

of PCM 2 and PCM 3 and an immediate solidification of PCM 1 starts at this period. This is 

due to the effect of the released heat by the PCM 3. The PCM 3 continues to keep the high 

liquid fraction on 0.99 during the first 2480s of the discharging process (20480s of the total 

process). PCM 1 storage experiences a higher heat release and the complete release of the latent 

heat is achieved by 3440s. PCM 2 releases its latent heat at longer time than PCM 3 by 4368s. 

However, by the end of the discharging process, PCM 3 is able to release all the latent heat at 

a liquid fraction of 0.082. 
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Figure 14. The PCM liquid fraction versus time for charging and discharging for PCM radius 

of 20mm of HTF inlet temperature of 60°C and flow rate of 60ml/min. 

Figure 15 compares the PCM average temperature for the different storages. As expected, the 

average temperatures of the PCM increases with the charging time and the storage with the 

higher melting temperature i.e. PCM 1. This is due to the absorbed heat by PCM 1 is in the 

sensible form. By the end of the charging, the PCM average temperatures of the stages of PCM 

1, PCM 2 and PCM 3 are 45.2°C, 40.67°C and 37.01°C, respectively. In the discharging mode, 

temperature of PCM in PCM 1 and PCM 2 decrease steeply and reached to its minimum in at 

5640s and 8660s, respectively. 

 
Figure 15. The average temperature of PCM versus time for charging and discharging for 

PCM radius of 20mm of HTF inlet temperature of 60°C and flow rate of 60ml/min. 

The HTF outlet temperature is shown in Figure 16 for the three storage stages. The HTF outlet 

temperature at the outlet of PCM 3 is 37°C by the end of the charging process with a difference 

from the inlet temperature of 23°C. The outlet temperature of HTF increases in PCM 3 due to 

the effect of absorbing the heat in the latent heat form which causes a complete melting of PCM 

as pointed out earlier.  
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Figure 16. The HTF outlet temperature versus time for charging and discharging for PCM 

radius of 20mm of HTF inlet temperature of 60C and flow rate of ratio of 60ml/min. 

For a fixed PCM volume case, two parameters to be varied; the PCM thickness and the storage 

length. These two geometry dimensions control the heat flow inside the PCM and hence the 

rate of the heat transfer and the accumulated stored energy. The HTF flow rate, the tube radius 

and thickness are fixed throughout the maximization process. The maximization problem is 

summed up to the following: 

Objective function: increase the total stored/released heat and increase the melting process. 

Constraints: 

 The average HTF velocity=0.01m/s, Re<2300 

 HTF inner radius= 4mm 

 HTF tube thickness=2mm 

 Variables: r/rPCM : 1.5, 2 

The PCM radius ratio is varied in a range between 1.5 and 2 where the PCM thickness of 20mm 

is as radius ratio of 1. Hence the length PCM diameter dependent equation is expressed as: 

H =
mPCM

ρPCM
∗

1

π(rPCM
2−rtube

2)
         (14) 

Figure 17 compares the liquid fraction of each of the PCM storages stages during the charging 

and discharging process for PCM radius ration of 1.5 and 2.0. As shown in Figure 17 that 

increasing the PCM radius ratio by 1.5 reduces the PCM liquid fraction at the end of the 

charging period by 0.13 and 0.05 compared to radius ratio of 1 in the PCM 1 and PCM 2, 

respectively. However, a slight decrease on the PCM liquid fraction is noticed for PCM 3 of 

less than 0.02. A further reduction in the PCM liquid fraction is noticed when the radius ratio 

is doubled as shown in Figure 17 (b) where it reaches to 0.37, 0.58 and 0.83 of PCM 1, 2 and 

3, respectively.  

The increase of liquid fraction of PCM 3 at the beginning of the discharging process is noticed 

in Figure 17 due to the cascaded storage effect as the radius ratio is increased and it is estimated 

to nearly of 1%. Also, a faster heat release by the PCM 3 stage in all the radius ratios compared 

to PCM 1 and PCM 2 due to the incomplete melting of PCM at this storage stage and the high 

difference in temperature between the HTF inlet temperate and the melting temperature.   Also, 

higher PCM radius reduces the amount of heat released by the PCM and this is shown by higher 

liquid fraction for PCM 3 of 0.46 on the radius ratio of 2.   
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(a) (b) 

Figure 17. The PCM liquid fraction versus time for charging and discharging for the PCM 

radius ratios of (a) 1.5 and (b) 2. 

Figure 18 compares the average temperature of the PCM in the different stage storages for the 

different radius ratios. It is noticed increasing the radius ratio decreases the average temperature 

of PCM for all the stages in the charging process. The average PCM temperature is reduced as 

the radius ratio is increased by 3.58°C, 4.86°C and 4.12°C for PCM 1, PCM 2 and PCM 3, 

respectively. However, a lower temperature drop of the PCM is noticed in PCM 1 and PCM 3 

as the radius ratio is increased. The average temperature of PCM 1 is the same for both radius 

ratios by the end of the discharging process of 26.8°C.  

  

(a) (b) 

Figure 18. The average temperature of PCM versus time for charging and discharging for the 

PCM radius ratios of (a) 1.5 and (b) 2. 

Figure 19 shows the HTF outlet temperature i.e. the heat storage rate for the different radius 

ratios. It clearly showing that at the beginning of charging process, less outlet HTF temperate 

is at the PCM radius ratio of 1.5 compared to the radius ratio of 2. This difference is reduced 

to 1.5°C in radius ratio of 1.5 compared to 2. Also, more heat is realised by the PCM in the 

radius ratio of 2 compare 1.5 and no difference of the HTF outlet temperature is noticed by the 

end of discharging process.    
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Figure 19. The HTF outlet temperature versus time for charging and discharging for various 

PCM radius ratios. 

The multi-storage PCM was studied for different geometries by varying the PCM volume. So, 

two cases were considered; case A investigated the effect of the PCM radius for a variable 

PCM volume in the performance of the multi-storage system. So, the ratio of the PCM radius 

to the HTF inner tube radius was varied in the ratio of 3, 4, 5 and 6. In this case, the storages 

height were kept fixed at 750mm. Case B considered the effect of variation of the ratio of 

storage height  to the HTF inner of 55, 100, 150 and 200 on the performance of the multi-

storage system. For both cases, PCM 1, PCM 2 and PCM3 were filled by RT42, RT35 and 

RT27, respectively. The HTF outlet temperature was set to 60°C and of flow rate of 60ml/min. 

A summary for the cases geometry is summarized in Table 7. 

Table 7. The geometry parameters cases 

Case # Fixed variables Ratio range Varied parameter range 

Case 3 
L=750mm 

Ri=4mm 
3<Ro/Ri<6 12<Ro<24 

Case 4 
Ro=20 and 

Ri=4mm 
55<L/Ri<200 220 <L<800 

Figure 20 shows the PCM liquid fraction for the multi-storage for various radius ratios (case 

3). It clearly noticed a high melting rate for the radius ratio of 3 of complete melting of PCM 

2, PCM 3 in 10000s and 6500s. In addition, the storage of PCM 3 experienced a liquid fraction 

of 0.89 by the end of charging process at this PCM radius ratio. Increasing the PCM radius 

ratio between 4 and 5 reduces the PCM liquid fraction of both PCM 1 and PCM 2 where PCM 

3 is maintained at a full melting in those PCM radius ratios by the end of the charging process.  

In the discharging process, it can be observed that a lower radius ratio increases the heat 

released by the PCM as in Figure 20 (a) where by the end of the discharging all the storages 

stages are in the solid phase. Also, the higher PCM radius ratios between the PCM radius and 

the HTF inner causes a slight delay of solidification of PCM in all stages. However, the PCM 

liquid fraction of PCM 3 increases by the end of the discharging process as the PCM radius 

ratio increases from 4, 5 and 6 of 0.11, 0.28 and 0.37, respectively. 
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(a) (b) 

  
(c) (d) 

Figure 20. The PCM liquid fraction versus time for charging and discharging for radius ratio 

of  (a) 3 ,(b) 4, (c) 5 and (b) 6. 

Figure 21 compares the average temperature of the PCM storages for the different PCM radius 

ratios. It can be clearly notice that increasing the radius ratio decreases the PCM average 

temperature during the charging process. For instance, increasing the PCM radius ratio from 3 

to 6 reduces the temperature by the end of charging process of PCM 1, PCM 2 and PCM 3 by 

5.5°C, 6.49°C and 6.04°C, respectively. In the discharging process, faster PCM temperature 

drop is noticed as the PCM radius ratio is decreased. The average temperature of the PCM is 

reached to the HTF inlet temperature of 24°C for PCM 1 and PCM 2 for all the radius ratios 

by the end of the discharging process. 

Figure 22 shows the HTF outlet temperature for the different radius ratios. It clearly showing 

that the HTF outlet temperature at the highest radius ratio of 6 is maintained constant during 

the charging process and only a slight increase of 1.3°C is noticed by the end of the charging 

process and this shows that the heat stored at fixed rate. On the other hand, the lower PCM 

radius ratios decreases its heat stored rate with time and reaches to its steady state by the end 

of the charging process. The steady state for the radius ratio of 3 is reached at time of 10640s.    

  
(a) (b) 
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(c) (d) 

Figure 21. The average temperature of PCM versus time for charging and discharging for 

PCM radius ratio of  (a) 3 ,(b) 4, (c) 5 and (b) 6. 

 

 
Figure 22. The HTF outlet temperature versus time for charging and discharging for various 

PCM radius ratios. 

In the case 4 of maximizing the heat transfer rate for the PCM, the storage length is varied 

between 220mm and 800mm with a ratio to the inner tube diameter ratios of 55, 100, 150 and 

200. Figure 23 shows the PCM liquid fraction for the multi-storage for the various lengths. It 

clearly noticed that increasing the length of the storage is delayed the fully melting status of 

PCM 3 stage from 8140s in length ratio of 55 to 18000s in length ratio of 200. However, PCM 

1 and PCM 2 could not complete its melting during the charging period for the length ratios 

ranged from 100 to 200 by the end of the charging period. The non-complete of the melting 

PCM in PCM 1 stage at all the lengths ratios has dropped the liquid fraction significantly with 

time. On the other hand, the longer PCM i.e. the more PCM volume results a gradual 

solidification of the PCM and by the end of the discharging process, the PCM is not fully solid.  

 
 

(a) (b) 
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(c) (d) 

Figure 23. The liquid fraction versus time for charging and discharging for the storage length 

to tube radius ratio of  (a) 55 ,(b) 100, (c) 150 and (b) 200. 

 

Figure 24 shows the HTF outlet temperature for the different lengths. It clearly showing that 

the HTF outlet temperature at longest storage lengths absorbed most of the heat. Interestingly 

that HTF outlet temperature have similar pattern during the charging process and can be 

approximated in parallel. In addition, the storage with higher length radius produces a higher 

HTF outlet temperature during the discharging period. By the end of the charging period, the 

HTF outlet temperature for all the length ratios produce the same HTF outlet temperature. 

 
Figure 24. The HTF outlet temperature versus time for charging and discharging for various 

the storage length to tube radius ratio. 

 

6. Conclusions  

The enhancement of TES using the multiple PCM technique has been investigated 

experimentally and numerically. The experimental work examines the behaviour of the 

multiple PCM arrangement in different arrangements of PCM melting temperature ranged 

between 27°C and 42°C. The melting time is proportional to the PCM melting temperature 

where the multiple PCM is considered the optimized arrangement as longer melting time is 

noticed in the higher PCM melting temperature. In addition, the multiple PCM arrangement 

shows linear decrease of the amount of stored heat compared to the lower and the higher PCM 

melting temperature cases. The HTF fluid flow rate has a majior ipact on the high melting PCM 

temperature due to saturation of both the low melting PCM temperature and the multiple PCM 
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arrangement. The validated numerical model has been used to investigate the gemoaty variation 

on the overall performance of the charging and discharging in the multiple PCM arrangement. 

The results shows that the increase of the storage radius by 50% leads to higher melting fraction 

whereas doubling the radius decreases the melting fraction of the PCM. In addition, the 50% 

increase in the PCM storage radius leads to the increase on the average temperature of the 

PCM. This is due to the low thermal conductivity of the PCM where higher storage radius 

increase the conduction and convetion thermal resistance. The study recommends increasing 

the contact area between the HTF and the PCM to reduce the amount of the overall thermal 

resistances. 
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