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Abstract 
The usage of phase change materials (PCM) to store the heat in the form of latent heat is increased, 
because large quantity of thermal energy is stored in smaller volumes. In the present experimen-
tal investigation, sodium thiosulphate pentahydrate is employed as phase change material and it 
is stored in stainless steel capsules. These capsules are kept in fabricated tank and hot water is 
supplied into it. The experimental design is prepared by considering the parameters: flow rate, 
heat transfer fluid inlet temperature and PCM capsule shape. Experiments are conducted accord-
ing to the experimental design and responses are recorded. The effect of selected parameters on 
TES using PCM is studied by analyzing experimental data. The experimental data are also analyzed 
using Fuzzy Logic to find the optimal values of flow rate, heat transfer fluid inlet temperature and 
PCM capsule shapes. The present work utilizes Fuzzy Logic to find the optimal parameters for de-
signing the effective Thermal Energy Storage System (TES). 
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1. Introduction 
The continuous increase in the level of greenhouse emissions and the rise in fuel prices are the main driving 
forces behind efforts to more effective utilization of various sources of renewable energy. Energy storage units 
can be used to reduce energy consumption by using available waste heat or alternate energy sources. 

This also leads to saving of primary fuels and makes the system more cost effective by reducing the wastage 
of energy. The energy storage can also even out the mismatch between energy supply and consumption and the-
reby helps in saving capital costs. Thermal energy storage (TES) is one of the key technologies for energy con-
servation and is used to assist in the effective utilization of thermal energy in a wide number of applications. 
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2. Literature Review and Objective 
The behavior of a packed bed latent heat thermal energy storage system is analyzed. The packed bed utilizes the 
spherical capsules filled with paraffin wax as phase change material (PCM) usable with solar water heating sys-
tem. The equations are numerically solved, and the results obtained are used for the thermal performance analy-
sis of both charging and discharging process. The effect of inlet heat transfer fluid temperature (Steffan number), 
mass flow rate and phase change temperature on the thermal performance of capsules of different radii have 
been investigated [1]. The application of Taguchi’s robust design coupled with fuzzy based desirability function 
approach for optimizing multiple bead geometry parameters of submerged arc weldment and Fuzzy inference 
system has been adapted to avoid uncertainly, imprecision and vagueness in experimentation as well as in data 
analysis by traditional Taguchi based optimization approach [2]. 

The solar water heating system incorporating with phase change materials (PCMs) had been investigated [3]. 
An attempt was made to investigate and analyze the available thermal energy storage systems Incorporating 
PCMs for use in different applications. [4] investigated and analyzed the thermal energy storage extracted from 
solar heater and use for domestic purpose and Phase change materials as paraffin wax and sodium acetate try 
hydrate are used for storing thermal energy in two different insulation tanks [5]. A spherical container, filled 
with spheres containing either paraffin wax or stearic acid as Phase Change Materials (PCM) and water occupy-
ing the space left between the spheres had been studied and ANSYS is used for modeling the PCM inside the 
spheres with simple 2D. [6] studied the feasibility of storing solar energy using Phase Change Materials (PCMs) 
and utilizing this energy to heat water for domestic purposes during night time and this ensures that hot water is 
available throughout the day. The storage unit utilizes small cylinders, made of aluminium, filled with paraffin 
wax as the heat storage medium. [7] implemented and tested thermal energy storage (TES) system using differ-
ent phase change materials (PCM) for solar cooling and refrigeration applications. A high temperature pilot 
plant is able to test different types of TES systems and uses synthetic thermal oil as heat transfer fluid (HTF). 
Two different PCM were selected after a deep study of the requirements of a real solar cooling plant and the 
available materials in the market, finally d-mannitol with phase change temperature of 167˚C and hydroquinone 
which has a melting temperature of 172.2˚C were used. [8] studied Fuzzy Logic integrated with the Taguchi 
method is used to optimize Wire Electro Discharge Machining (WEDM) process with multiple quality characte-
ristics. The application of the Taguchi method with Fuzzy Logic was discussed to optimize the machining para-
meters for Wire electrical discharge machining of Inconel 825 with multiple characteristics. A multi-response 
performance index (MRPI) was used for optimization. The machining parameters viz., pulse on time, pulse off 
time, corner servo voltage, flushing pressure, wire feed, wire tensiospark gap voltage, servo feed were optimized 
with consideration of multiple performance characteristics. [9] combined Fuzzy Logic with the grey relational 
analysis, the designed algorithm is transformed into optimization of a single and simple grey-fuzzy reasoning 
grade rather than multiple performance characteristics. The Taguchi method is also adopted to search for an op-
timal combination of cutting parameters [10]. According to [11], solar water heater is getting popularity since 
they are relatively inexpensive and simple to fabricate and maintain. Studied building integrated solar energy 
collection system into the building shell and mechanical systems may reduce the cost of the solar energy sys-
tems and improve the efficiency of the collection. [12] developed a surface roughness prediction model using 
Fuzzy Logic for end milling of Al-SiCp metal matrix composite using carbide end mill cutter. The surface 
roughness is modeled as a function of spindle speed (N), feed rate (f), depth of cut (d) and the SiCp percentage 
(S). The predicted values surface roughness is compared with experimental result. It is observed that surface 
roughness is most influenced by feed rate, spindle speed and SiC percentage. Depth of cut has least influence. 
[13] described the importance of Latent heat storage, according to his review Paraffin waxes are cheap and have 
moderate thermal energy storage density but low thermal conductivity and, hence, require a large surface area. 
Hydrated salts have a larger energy storage density and a higher thermal conductivity. [14] Described the basic 
requirements of phase change materials with respective to their most important properties like latent heat, den-
sity etc, advantages, and disadvantages. [15] studied three modes of thermal energy storage (TES), and these are 
sensible heat storage (SHS), latent heat storage (LHS), and bond energy storage (BES). The SHS refers to the 
energy systems that store thermal energy without phase change. Heating of a material that undergoes a phase 
change (usually melting) is called the LHS. In the LHS, the storage operates isothermally at the phase change of 
the material. Lastly, comparison of storage system types is also presented. [16] Optimized the drilling characte-
ristics for Al/SiCp composites using Fuzzy Logic and genetic algorithms (GA) and thedrilling characteristics 
were drill wear, specific energy and surface roughness [17]. Deals with the melting phenomena of Phase Change 
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Material (PCM) need to be understood for the design of thermal storage systems. The constrained and uncon-
strained melting of PCM inside a spherical capsule using paraffin wax (PW) is investigated. The experiments are 
carried out with different HTF temperatures of 62˚C, 70˚C, 75˚C and 80˚C. [18] studied the feasibility of storing 
solar energy using phase change materials (PCMs) stored in small cylinders and utilizing this energy to heat 
water for domestic applications during night time. [19] discussed the physical reasons for phase changing prop-
erty of a phase change material (PCMs) and some important applications of PCMs [20]. After a rigorous study 
of their properties like melting temperature, heat of fusion, thermal conductivity and density, a concluding list of 
nine promising phase changing materials appropriate for thermal energy storage is prepared [21]. 

The literature review reveals that no researcher was used the Fuzzy Logic technique for optimizing the ther-
mal energy storage system parameters using different shapes of the capsules in which PCM is stored. In this re-
search work, an attempt was made to determine the optimum levels of the parameters of thermal energy storage 
system using Fuzzy Logic. 

3. Experimental Setup 
A schematic diagram of the experimental set-up is shown in Figure 1. This consists of an insulated cylindrical 
TES tank, which contains PCM capsules (cylindrical, spherical, and square capsules), flow meter and water storage 
tank. The stainless steel TES tank has a capacity of 10 liters. The storage tank is insulated with glass wool of 50 
mm thick. The PCM capsules of different shapes are uniformly packed in the storage tank. The Na2S2O3·5H2O 
is used as PCM that has a melting temperature of 48˚C and latent heat of fusion of 210 kJ/kg. Water is used as 
both SHS material and HTF. 

A flow meter with an accuracy of ±2% is used to measure the flow rate of HTF and the flow rate is changed 
by different tap openings. The TES tank is incorporated with digital thermometers with an accuracy of ±1˚C is 
placed above the TES tank to measure the temperatures of HTF and PCM stored inside the capsules. An electric 
water heater is used to maintain the constant temperature in the water storage tank. The thermo-physical proper-
ties of PCM are given in Table 1. 

1. Electric heater; 2. Constant temperature bath (water storage tank); 3 & 8 Flow control valves; 4. Flow me-
ter; 5. Distributer; 6. TES Tank; 7. PCM capsules; 9. Outlet tank; 10. Digital thermometer. 

3.1. Experimental Trail 
The experiments are carried out on the basis Taguchi design obtained from Minitab by considering the factors 
flow rate of HTF, HTF inlet temperature and PCM capsule shapes at different levels as shown in Table 2. And 
the measured responses i.e., charging time and discharging time is shown in Table 3. 

 
Table 1. Thermo-physical properties of PCM.                                                                

 Melting  
temperature (˚C) 

Latent heat of  
fusion (kJ/kg) 

Density (kg/m3) Specific heat (J/kg·˚C) 

Solid Liquid Solid Liquid 

Sodium thiosulfate pentahydrate 
(Na2S2O3·5H2O) 48 210 1750 1670 2.38 1.46 

 

 
Figure 1. Schematic diagram of experimental setup.       
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Table 2. Factors and their levels.                                                                              

Sl. No 
Factors 

Levels Flow rate (lit/min) HTF inlet temperature (˚C) PCM capsule shape 

1 1 2 56 Cylindrical 

2 2 4 58 Square 

3 3 - 60 Sphere 

 
Table 3. Experimental layouts and measured response values.                                                    

Experimental run 
Inputs Responses 

Flow rate (lit/min) HTF inlet temp (THTF) (˚C) PCM capsule 
shape 

Charging time 
(min) 

Discharging time 
(min) 

1 2 60 1 10 140 

2 2 60 2 32 140 

3 2 60 3 18 100 

4 2 58 1 14 100 

5 2 58 2 34 120 

6 2 58 3 18 80 

7 2 56 1 16 100 

8 2 56 2 36 100 

9 2 56 3 18 80 

10 4 60 1 08 140 

11 4 60 2 28 140 

12 4 60 3 12 100 

13 4 58 1 11 100 

14 4 58 2 32 120 

15 4 58 3 18 80 

16 4 56 1 16 100 

17 4 56 2 32 100 

18 4 56 3 18 80 

3.2. Charging Process 
During the charging process (storing of heat energy), the HTF is circulated through the TES tank continuously. 
The HTF exchanges its energy to PCM capsules and at the beginning of the charging process, the temperature of 
the PCM (TPCM) inside the packed bed capsules is 32˚C, which is lower than the melting temperature. Initially 
the energy is stored inside the capsules as sensible heat until the PCM reaches its melting temperature. As the 
charging process proceeds, energy storage is achieved by melting the PCM at a constant temperature. Finally, 
the PCM becomes superheated. The energy is then stored as sensible heat in liquid PCM. Temperatures of the 
PCM and HTF are recorded at an interval of 2 minutes. The charging process is continued until the PCM tem-
perature comes in equilibrium with the temperature of HTF in the TES tank. The key experimental parameters 
HTF inlet temperature, flow rate of HTF and PCM capsule shapes are studied by considering the charging time. 

3.3. Discharge Process 
The discharging process started after the completion of charging process. Batch wise discharging experiments 
are carried out. In this method, 2 liters of hot water is discharged from the thermal energy storage tank and the 
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same quantity of cold water at 32˚C is fed into TES tank in each batch. The average temperature of the collected 
discharge water in the bucket is measured using a digital thermometer. The time difference between the conse-
quent discharges is 20 min. The batch wise withdrawing of hot water is continued till the temperature of the 
outlet water reaches 32˚C. A comparative study is also made between the conventional SHS system and com-
bined storage system (SHS + LHS). 

4. Results and Discussions 
4.1. Charging Process 
4.1.1. Effect of Flow Rate on Different PCM Capsules 
Figures 2-4 illustrate the effect of varying the mass flow rate of HTF (2 and 4 lit/min) during the charging of the 
storage tank. Increase in mass flow rate has a large influence on the phase transition process of PCM. As the 
flow rate increases, the time required to complete charging becomes smaller. 

When the flow rate increases from two lit/min to four lit/min the charging time is reduced by 20%, 12.5% and 
25% for cylindrical, spherical and square PCM capsules respectively. Hence, mass flow rate has a significant 
effect on the charging process of thermal energy storage tank. 

4.1.2. Effect of HTF Inlet Temperature on Different PCM Capsules 
Figures 5-7 indicate the effects of HTF inlet temperature on different capsule shapes when the HTF inlet 
 

 
Figure 2. Effect of flow rates on cylindrical PCM capsules.                                          

 

 
Figure 3. Effect of flow rates on spherical PCM capsules.                                              
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Figure 4. Effect of flow rates on square PCM capsules.                                                  

 

 
Figure 5. Effect of HTF inlet temperatures for cylindrical capsules.                                       

 

 
Figure 6. Effect of HTF inlet temperature for spherical capsules.                                         
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Figure 7. Effect of HTF inlet temperatures for square capsules.                                          

 
temperature increases from 56˚C to 60˚C. The charging process is reduced by 50%, 12.5% and 33.33% when 
cylindrical capsules, spherical capsules and square capsules are employed. These shows the charging time is 
strongly affected by the inlet temperature of heat transfer fluid. It is concluded that higher the inlet heat transfer 
fluid temperature, the shorter the time interval to complete charging process. 

4.1.3. Effect of Capsule Shape 
The effect of capsule shape is studied by considering the best flow rate and best heat transfer fluid inlet temper-
atures. The graphs shown below are drawn by considering HTF inlet temperature at 60˚C and mass flow rate of 
HTF at 4 lit/min. 

From Figure 8, it is observed that, the cylindrical capsules reduces the charging time by 71.43%, 33.33% 
when compared to spherical and square capsules respectively. And also surface area to volume ratio for cylin-
drical capsule (25 mm dia) is 180 m−1 and for spherical capsule (50 mm dia) is 120 m−1. And for square capsule 
is 33.33 m−1. Hence, it is concluded that capsule having high surface area to volume ratio absorbs more thermal 
energy in a given time one leading to lesser charging time, as it presents more surface area for a given volume. 
Hence cylindrical capsule is selected as the best capsule shape in which PCM is to be stored. 

4.1.4. Discharging Process 
In this process, a certain amount of hot water (say 2 lit) is withdrawn from the TES tank and same amount of 
water is fed into the TES tank and the temperature of withdrawn water is noted. The water is withdrawn from 
the TES tank for every 20 minutes. This entire process is called batch process. The same procedure is repeated 
for different capsule shapes. The discharging process is continued until the temperature of withdrawn water (TW) 
reached to 32˚C. 

From Figure 9, it is observed that the energy retrieval time or discharging time is more for cylindrical cap-
sules and spherical capsules when compared to square capsules and also same for cylindrical and spherical cap-
sules. But cylindrical capsules require less charging time and have high surface area to volume ratio. Hence cy-
lindrical capsule (25 mm dia.) is considered to be the best capsule shape to store phase change material. 

4.1.5. Comparison with SHS System 
Discharging Process in SHS System 
The results obtained from SHS system are compared with the combined system and are tabulated in Table 4. 
From Table 4, it is observed that at a constant charging temperature of 60˚C, the thermal energy retrieved is 
1484.68 KJ from the combined system where as the energy retrieved 1406.83 KJ is only from SHS system, 
hence a combined system is more efficient and recommended. 

4.2. Selection of Parameters Using Fuzzy Logic 
The experimental results are analyzed using Fuzzy Logic to select the optimum parameters. Smaller the better  
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Figure 8. Effect of charging time on different capsule shapes.                                             

 

 
Figure 9. Effect of discharging time on different capsule shapes.                                         

 
Table 4. Comparison of (SHS + LHS) and SHS.                                                                 

Status of description TES (SHS + LHS) SHS 

Total volume of the TES tank (lit) 10 10 

Total hot water withdrawn 16 12 

Energy stored (KJ) 

Energy stored in the sodium thiosulfate pentahydrate 57.12 

Total energy stored 1660.20 1172.08 

Heat recovered from the system in the form of Hot water during discharge 1484.68 1406.83 

Energy retrieval time (min) 140 100 

 
formula is used to find S/N ratios of the experimental values of charging time. To find S/N ratios of the ex- 
perimental results of discharging time, the larger the better formula is used and the values are tabulated in Table 
5. 

The structure built for this study is a two input-one-output Fuzzy Logic unit as shown in Figure 10(a). The 
input variables of the Fuzzy Logic system in this study are the S/N ratios of responses charging time and dis-
charging time. They are converted into linguistic fuzzy subsets using membership functions of a triangle form, 
as shown in Figure 10(b), and are uniformly assigned into three fuzzy subsets—low (L), medium (M) and high 
(H) grade. The output variable of this analysis is the comprehensive output measure (COM) and the comprehen-
sive output measure (COM) is generated using MATALAB, which is shown in Table 6. Membership functions 
used for this work are of a triangle form, as shown in Figure 10(b). Unlike the input variables, the output varia-
ble is assigned into relatively nine subsets i.e., very very low (VVL), very low (VL), small (S), medium low  
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Table 5. S/N ratios of experimental values.                                                                     

Experimental run Flow 
rate 

HTF inlet temp 
(THTF) 

Capsule shape Charging 
time 

Discharging 
time S/NRA1 S/NRA2 

1 2 60 1 10 140 −20 42.92256 

2 2 60 2 32 140 −30.103 42.92256 

3 2 60 3 18 100 −25.1055 40 

4 2 58 1 14 100 −22.9226 40 

5 2 58 2 34 120 −31.1261 40 

6 2 58 3 18 80 −25.1055 38.0618 

7 2 56 1 16 100 −24.0824 40 

8 2 56 2 36 100 −31.1261 40 

9 2 56 3 18 80 −25.1055 38.0618 

10 4 60 1 08 140 −18.0618 42.92256 

11 4 60 2 28 140 −28.9432 42.92256 

12 4 60 3 12 100 −21.5836 40 

13 4 58 1 11 100 −21.5836 40 

14 4 58 2 32 120 −30.103 40 

15 4 58 3 18 80 −25.1055 38.0618 

16 4 56 1 16 100 −22.9226 40 

17 4 56 2 32 100 −30.103 40 

18 4 56 3 18 80 −25.1055 38.0618 

 

 
(a) 
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(b) 

Figure 10. (a) Two input-one-output Fuzzy Logic unit and membership func-
tions; (b) Membership functions for COM.                                    

 
Table 6. COM for parameters selection.                                                                      

Sl. no. Flow rate HTF inlet temperature Capsule shape Comprehensive output measure (COM) 

1 2 60 1 0.9615 

2 2 60 2 0.3462 

3 2 60 3 0.5283 

4 2 58 1 0.6455 

5 2 58 2 0.1221 

6 2 58 3 0.4266 

7 2 56 1 0.5993 

8 2 56 2 0.1221 

9 2 56 3 0.4266 

10 4 60 1 0.9572 

11 4 60 2 0.4100 

12 4 60 3 0.6933 

13 4 58 1 0.6933 

14 4 58 2 0.2304 

15 4 58 3 0.4266 

16 4 56 1 0.6455 

17 4 56 2 0.2304 

18 4 56 3 0.4266 

 
(ML), medium (M), medium high (MH), high (H), very high (VH) and very very high (VVH) grade. Then, 9 
fuzzy rules are defined and shown in Table 7. 
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After analyzing the comprehensive output measure (COM) using Taguchi a rank will be obtained. The rank 
which is shown in Table 8 indicates the effect of input parameters on the responses i.e., the rank-1 indicates that 
the capsule shape has more effect on charging time and discharging time respectively. 

Figure 11 represents the average COM values of flow rate, HTF inlet temperature and capsule shape and it is 
observed that the optimum parameter combination for these values are as follows. 

Flow rate at level 2: 4 lit/min. 
HTF inlet temperature at level 3: 60˚C. 
PCM capsule shape at level 1: cylindrical capsule shape. 
 

Table 7. Rules for process parameter.                                                                       

Sl. no.  S/N ratio for  
charging time  S/N ratio for  

discharging time  Comprehensive output  
measure (COM) 

1 IF L AND L THEN VVL 

2 IF L AND M THEN VL 

3 IF L AND H THEN L 

4 IF M AND L THEN ML 

5 IF M AND M THEN M 

6 IF M AND H THEN MH 

7 IF H AND L THEN H 

8 IF H AND M THEN VH 

9 IF H AND H THEN VVH 

 
Table 8. Selection of parameters.                                                                           

Level Flow rate HTF inlet temperature Capsule shape 

1 0.4642 0.4084 0.7504 

2 0.5237 0.4241 0.2435 

3 --------- 0.6494 0.4880 

Delta 0.0595 0.2410 0.5069 

Rank 3 2 1 
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Figure 11. COM value for each factor at each level.                                       
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Table 9. Confirmation test results.                                                                         

 Flow rate 
(lit/min) THTF (˚C) Shape of the capsule Charging time (min) Discharging time 

(min) 

Fuzzy logics 4 60 1 6 138 

Experimental values 4 60 1 8 140 

5. Conclusions 
From the results the following conclusions have been drawn: 
• The effect of mass flow rate of heat transfer fluid at 4 lit/min and heat transfer fluid inlet temperature at 60˚C 

is more on charging time when compared to other. Hence, it is concluded that higher flow rates and higher 
inlet temperaStures of heat transfer fluid are recommended. 

• From the results, it is also observed that the total energy stored and energy retrieval time are high in com-
bined Sensible heat storage (SHS) and Latent heat storage (LHS) system than conventional sensible heat 
storage system (SHS). Hence, combined SHS and LHS are recommended for thermal energy storage sys-
tems. 

• The charging time, surface area to volume ratio and energy retrieval time is more for cylindrical PCM cap-
sule shape compared to others. Hence, cylindrical PCM capsule is recommended for filling PCM. 

• From Table 9, it is observed that the experimental results and fuzzy optimized results are quite close to each 
other. Hence, it is concluded that Fuzzy Logics technique can be efficiently applied to optimize the phase 
change materials parameters. 
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