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Abstract 1 

This paper presents a two-dimensional finite element computational model which investigates 2 

thermal behaviour of a novel geometrical configuration of shell and tube based latent heat storage 3 

(LHS) system. Commercial grade paraffin is used as a phase change material (PCM) with water is 4 

employed as a heat transfer fluid (HTF). In this numerical analysis, the parametric investigations are 5 

conducted to identify the enhancement in melting rate and thermal storage capacity. The parametric 6 

investigations are comprised of number and orientation of tube passes in the shell, longitudinal fins 7 

length and thickness, materials for shell, tube and fins, and inlet temperature of HTF. Numerical 8 

analysis revealed that the melting rate is significantly enhanced by increasing the number of tube 9 

passes from 9 to 21. In 21 passes configuration, conduction heat transfer is the dominant and 10 

effective mode of heat transfer. The length of fins has profound impact on melting rate as compared 11 

to fins thickness. Also, the reduction in thermal storage capacity due to an increase in fins length is 12 

minimal to that of increase in fins thickness. The influence of several materials for shell, tube and 13 

fins are examined. Due to higher thermal conductivity, the melting rate for copper and aluminium is 14 

significantly higher than steel AISI 4340, cast iron, tin and nickel. Similarly, the thermal storage 15 

capacity and melting rate of LHS system is increased by a fraction of 18.06 % and 68.8 % as the 16 

inlet temperature of HTF is increased from 323.15 K to 343.15 K, respectively. This study presents 17 

an insight into how to augment the thermal behaviour of paraffin based LHS system and ultimately, 18 

these findings inform novel design solutions for wide-ranging practical utilisation in both domestic 19 

and commercial heat storage applications.  20 
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Nomenclature 

pC  Specific heat at constant pressure (kJ/kg. K) S  Momentum source term  

F  Volume force (Pa/m) u  Velocity (m/s) 

f  Fraction of PCM in solid and liquid phase   Small constant value 

sf  Fraction of PCM in solid phase   Coefficient of thermal expansion (1/K) 

lf  Fraction of PCM in liquid phase   Morphology constant of mushy zone 

g  Gravitational acceleration (m/s
2
)   Density (kg/m

3
) 

H  Specific enthalpy (MJ)   Dynamic viscosity (kg/m. s) 

k  Thermal conductivity (W/m. K)   

L  Latent heat of fusion (kJ/kg) Subscripts 

T  Temperature of PCM (K) s  Solid phase of PCM 

sT  Temperature of solid region of PCM (K) l  Liquid phase of PCM 

lT  Temperature of liquid region of PCM (K) Acronyms 

pcT  Phase change temperature (K) HTF Heat transfer fluid 

p  Pressure (Pa) LHS Latent heat storage 

q  Heat source term (W/m
3
) PCM Phase change material 

  37 



 

1. Introduction 38 

For a long era, the world energy requirements are served and assisted by fossil fuels. 39 

However, due to the number of downsides of using fossil fuels such as limited and depleting 40 

resources, inconsistent prices and emission of harmful gases have encouraged scientists and 41 

engineers to progress in technologies to take advantages of renewable energy. In order to respond to 42 

the unpredictable and fluctuating nature of renewable energy sources, latent heat storage (LHS) 43 

system provides a viable option. LHS utilises PCM to store surplus thermal energy within solar 44 

systems or heat recovery systems and retrieves it when needed, in order to minimise the gap between 45 

energy demand and supply [1, 2].  46 

However, due to low thermal conductivity of PCM, rapid energy storage and discharge has 47 

been a major obstacle. Therefore, LHS system requires a sensitive and responsive thermal energy 48 

storing and discharging technique. A significant body literature is available that deals with the 49 

enhancement of LHS system such as geometric orientations of LHS system [3, 4], utilising extended 50 

surfaces [5, 6], encapsulation of PCM [7-11], employing form stable PCM [12-17] and inclusion of 51 

high thermal conductivity additives to PCM [18-20].  52 

To develop efficient and productive LHS systems, thermal behaviour of several configurations 53 

and orientations have been examined. PCMs are normally employed in rectangular, spherical, 54 

cylindrical and shell and tubes containers. Kamkari and Shokouhmand [21] conducted an 55 

experimental study to identify the effect of number of fins on heat transfer and melting rate of PCM 56 

in rectangular container. It was deducted that melting time for one fin and 3 fins were reduced by 57 

18% and 37% as compared to without fins enclosure. However, an increase in number of fins 58 

resulted in reduced natural convection and thus the overall heat transfer rate was compromised. 59 

Kalbasi and Salimpour [22] numerically studied the impact of length and number of longitudinal fins 60 

on thermal performance of PCM in rectangular enclosure. It was reported that higher number of 61 

longitudinal fins with shorter length showed augmented natural convection as compared to few fins 62 

with longer length. It was recommended that an optimum value for fins length and number should be 63 

identified to optimise the system. On the contrary, Ren and Chan [23] reported that an increase in 64 

longitudinal fins length enhanced the melting rate of PCM and therefore small number of lengthy 65 

fins exhibited effective thermal performance as compared to large number of shorter fins. 66 

Li and Wu [24] numerically investigated the influence of six longitudinal fins on melting rate 67 

of NaNO3 in horizontal concentric tube. It was observed that extended fins can reduce the melting 68 

and solidification time by at least 14% compared to concentric tubes without fins. Rabienataj Darzi 69 

et al. [25] simulated the effect of number fins on melting and solidification rate of N-eicosane in 70 

horizontal concentric tube. It was noticed that melting time for 4, 10, 15 and 20 fins were reduced by 71 

39%, 73%, 78% and 82% as compared to no fins case, respectively. Likewise, the solidification time 72 



 

was decreased by 28%, 62%, 75% and 85% as compared to no fins case, respectively. However, as 73 

an increase in fins number restrained natural convection, thus increase in fins presented more 74 

prominent influence on solidification than melting rate. Yuan et al. [26] simulated the impact of fins 75 

angle on melting rate of lauric acid in horizontal concentric tube. It was reported that fins angle 76 

plays a significant role in influencing melting rate. The different angles for installation of two fins 77 

were 0
o
, 30

o
, 45

o
 and 90

o
. The melting rate for fins angle 0

o
 was comparatively higher. Moreover, in 78 

case of fins angle 0
o
, an increase in inlet temperature of HTF from 60 

o
C to 80 

o
C reduced melting 79 

time by 59.24%.  80 

Caron-Soupart et al. [27] conducted an experimental examination to identify the effect of 81 

vertical concentric tube orientations on melting rate, heat exchange power and storage density. 82 

Selected concentric tube orientations were consisted of a single HTF tube without fins, with 83 

longitudinal fins and with circular fins. It was noticed that the melting rate for tube with longitudinal 84 

fins and circular fins was significantly higher than that of the tube without fins. Likewise, the heat 85 

exchange power was increased by a factor of 10 for the fins orientations than without fins. However, 86 

due to provision of higher PCM volume, the tube without fins orientation exhibited higher thermal 87 

storage density. Likewise, Agyenim et al. [28] conducted an experimental investigation to identify 88 

the thermal response of erythritol as a PCM in three orientations of horizontal concentric tube. The 89 

three orientations were concentric tube with no fins, with circular fins and with longitudinal fins. It 90 

was noticed that after 8 hrs of charging, only longitudinal fins orientation was able to melt the entire 91 

PCM. Also, cumulative thermal energy storage for longitudinal fins was comparatively higher. 92 

During solidification process, longitudinal fins showed better thermal performance with reduced 93 

subcooling.  94 

Rathod and Banerjee [29] experimentally evaluated the effect of three longitudinal fins on 95 

melting and solidification rate of stearic acid in shell and tube container. It was noticed that melting 96 

and solidification time was reduced by 24.52% and 43.6% as compared to without fins case, 97 

respectively. Luo et al. [30] numerically studied the impact of number of HTF tubes and their 98 

orientations in shell and tube container on thermal performance. It was observed that the required 99 

melting time for single HTF tube was 2.5 and 5 times than four and nine HTF tubes, respectively. 100 

Similarly, the thermal performance of centrosymmetric orientation is better than staggered and inline 101 

orientation. Esapour et al. [31] also examined the influence of number of HTF tubes in shell and tube 102 

container. It was noticed that by increasing the number of HTF tubes from 1 to 4, the melting time 103 

can be reduced by 29%. Therefore, it is evident that the number of HTF tubes has a good influence 104 

on thermal behaviour of LHS system. 105 

Vyshak and Jilani [32] conducted a numerical study to compare the impact of rectangular, 106 

cylindrical, and shell and tube container orientations on melting rate of PCM. It was observed that 107 



 

for the same volume and heat transfer surface area, the melting rate for shell and tube configuration 108 

was comparatively higher.  109 

Tao et al. [33] numerically investigated the influence of HTF tube geometry on melting time. 110 

The tested configurations involved smooth, dimpled, cone-finned and helical-finned tubes. It was 111 

reported that the melting time for dimple, cone-finned and helical-finned tube was reduced by 112 

19.9%, 26.9% and 30.7% comparing to smooth tube, respectively. Likewise, Li et al. [34] reported 113 

that heat transfer rate can be significantly enhanced by employing internally ribbed tubes instead of 114 

smooth tubes. Furthermore, the influence of the numbers, geometrical configurations and 115 

orientations of fins on thermal behaviour of LHS system is discussed in [35-40].  116 

The mass flow rate of HTF has a minimal influence on thermal behaviour as compared to inlet 117 

temperature of HTF and geometrical configuration of LHS system. Seddegh et al. [41] numerically 118 

examined the influence of vertical and horizontal orientation of shell and tube container on thermal 119 

behaviour of LHS system. Moreover, it was noticed that mass flow rate of HTF has insignificant 120 

influence on melting rate. Kibria et al. [42] conducted numerical and experimental examination of 121 

paraffin wax in shell and tube container. It was deduced that mass flow rate of HTF has negligible 122 

effect on thermal performance. Also, Wang et al. [43] numerically investigated the enhancement in 123 

thermal performance of shell and tube container due to inlet temperature and mass flow rate of HTF. 124 

It was observed that the inlet temperature has more profound impact on melting rate and thermal 125 

storage capacity than mass flow rate of HTF. Thus, this article will not consider the parametric 126 

investigation of mass flow rate of HTF. 127 

In this article, the parametric investigation of a novel geometrical configuration of a shell and 128 

tube model is conducted. This specific orientation of shell and tube with longitudinal fins has not 129 

been reported in literature. A two-dimensional computational model is applied to a novel shell and 130 

tube configuration. This article is focused on identifying the influence of number of tube passes and 131 

their orientation in the shell on the melting rate and thermal storage capacity. Moreover, the 132 

parametric investigations of fins length, fins thickness and materials for shell, tubes and fins are 133 

conducted to investigate the impact on thermal behaviour of LHS system. The influence of inlet 134 

temperature of HTF on melting rate and thermal storage capacity is also examined. This article will 135 

help in highlighting the parameters that can enhance the thermal performance of LHS system and 136 

therefore, the large scale practical utilisation in various domestic and industrial applications, time-137 

saving and economic benefits can be achieved.  138 



 

2. Numerical model 139 

2.1 Physical model 140 

Physical configuration of LHS system is presented in Fig. 1. Parametric investigations of 141 

novel shell and tube model has been conducted to address the enhancement of phase transition rate 142 

and thermal storage capacity. The geometrical parameters of shell and tube model are selected with 143 

an objective to develop an efficient and responsive LHS system that will be coupled with flat plate 144 

solar thermal system, which is previously designed and developed by Helvaci and Khan [44]. The 145 

outer diameter, length and thickness of the shell are 450 mm, 320 mm and 1 mm, respectively. The 146 

tube is connected with fins, each of 2 mm thickness. The fins are equidistant to each other. 147 

Commercial grade paraffin is selected as PCM for its high heat storage capacity, good chemical 148 

stability, no super-cooling, non-corrosiveness and low cost [6, 45]. Water is made to flow in tube. 149 

The thermo-physical properties of paraffin are given in Table. 1. Various configurations of shell and 150 

tube are examined, as depicted in Fig. 2. In all cases, the number of tube passes, fins number and 151 

fins geometry are selected to design a LHS system that is capable of melting entire mass of PCM 152 

within 10 hrs and with minimal reduction in thermal storage capacity. Likewise, the highest possible 153 

temperature attained by flat plate solar thermal system is in the range of 333.15 K [44]. To 154 

incorporate weather fluctuations, the selected range of inlet temperature of HTF is from 323.15K to 155 

343.15K.  156 

 

 

(a) (b) 

Fig. 1. Physical model of LHS system (a) Top view (b) Cross section view  157 

Table 1 158 

Thermo-physical characteristics of paraffin [45] 



 

Melting Temperature pcT  41-44 
o
C or 314.15-317.15 K 

Latent heat of fusion L  255 (kJ/kg) 

Specific heat pC  2.0 (kJ/kg. K) 

Thermal conductivity k  0.2 (W/m. K) (solid); 0.2 (W/m. K) (liquid) 

Density   800 (kg/m
3
) (solid); 700 (kg/m

3
) (liquid) 

Dynamic viscosity   0.008 (kg/m. s) 

Coefficient of thermal expansion   0.00259 (1/K) 

 159 

 160 

Fig. 2. Various configurations and orientations of shell and tube based LHS system 161 

2.2 Governing equations 162 

The governing equations to calculate the thermal performance and phase transition rate of 163 

PCM based LHS system are mass, momentum and energy conservation equations; which are 164 

described as follow:  165 

Mass conservation:  166 

.( ) 0
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u          (1) 167 

Momentum conservation: 168 
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Energy conservation:  170 
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where  , u , p ,  , F , S , pC , k , T  and q  represents density (kg/m
3
), velocity (m/s), 172 

pressure (Pa), dynamic viscosity (kg/m.s), volume force (Pa/m), momentum source term, specific 173 

heat at constant pressure (kJ/kg.K), thermal conductivity (W/m.K), temperature (K) and heat source 174 

term (W/m
3
), respectively. F  in Eq. (2) can be estimated by using Boussinesq approximation [46, 175 

47] as follow:  176 

( )pcT T  F g           (4) 177 

where g ,   and pcT  shows gravitational acceleration (m/s
2
), coefficient of thermal 178 

expansion (1/K) and phase change temperature (K), respectively. During phase transition, the 179 

enthalpy-porosity technique considers mushy zone as porous medium. The porosity and liquid 180 

fraction in each mesh element are assumed to be equivalent. In fully solidified mesh elements, the 181 

porosity is equal to zero. In order to reduce the velocity in solid region to zero, Kozeny-Carman 182 

equation is implemented to estimate the momentum source term S  in Eq. (2), as follow [48, 49]:  183 
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where  represents morphology constant of mushy zone and   is a small value to avoid 185 

division by zero. In this study the values of   and  are set to 10
7 

and 10
-4

, respectively. Further, 186 

the phase transition occurs in temperature interval of 
s lT T T  . A smoothing function f is 187 

introduced which indicates the fraction of material in solid and liquid phase, as described below: 188 
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where the indices s  and l  represent the solid and liquid phase of PCM, respectively. During 190 

phase transition interval, the specific enthalpy H  can be defined as the combination of enthalpy in 191 

solid and liquid phase, as follow:  192 

s s s l l lH f H f H            (7) 193 



 

To calculate effective specific heat capacity, Eq. (7) is differentiated with respect to 194 

temperature and simplified as follow:  195 

s s s l l l
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    (9) 197 

Eq. (9) indicates that effective specific heat capacity is the sum of sensible and latent heat 198 

components. The difference in enthalpies l sH H can be replaced with latent heat term L . 199 

Likewise, the thermal conductivity and density of PCM can be expressed as follow:  200 

s s l lk f k f k           (10) 201 

s s l lf f             (11) 202 

2.3 Initial and boundary conditions 203 

As mentioned in Table. 1, the phase transition temperature of PCM is 314.15 K. In the course 204 

of melting, the initial temperature of thermal storage unit is kept at room temperature at 298.15 K, 205 

which is less than melting temperature. It indicates that initially entire PCM is in solid phase. A 206 

constant boundary temperature is provided from HTF tube to PCM in shell, which ranges from 207 

323.15K to 343.15K. The melting process starts at 0t  s by supplying constant temperature from 208 

HTF tube walls. The exterior boundary of shell is assumed to be perfectly insulated.  209 

2.4 Computational procedure and model validation 210 

The governing equations are discretised by using finite element approach. In order to simplify 211 

the model, it is assumed that all tube passes transfer thermal energy to PCM at constant temperature212 

hT . The governing equations for HTF and PCM are simultaneously solved in entire computational 213 

domain due to coupled thermal energy transfer between HTF and PCM. Second order backward 214 

differentiation technique is employed for time stepping to check the relative tolerance. The relative 215 

tolerance is set to 0.001. The mesh independency and time stepping are validated by conducting a 216 

series of comparative investigations to find the influence of different mesh numbers and time steps 217 

on melt time. Case C from Fig. 2 is selected for this examination. Table. 2 represent the impact of 218 

mesh numbers and time steps on the melt time. It is observed that when the time step is set to 1 min, 219 

the melt time for entire LHS system in case-II and case-III are 443 and 441, respectively. However, 220 



 

the difference in melt time for case-I and case-II is significant. Further, the melting fraction at a 221 

point, which is at 20 mm vertical distance from the outer boundary of central HTF tube, is illustrated 222 

in Fig. 3. It can be noticed from Fig. 3 (b) that the melting fraction plots for all three time steps are 223 

almost identical. Therefore, the selected mesh numbers and time steps for this study are 57861 and 1 224 

min, respectively. 225 

The current computational model was validated by comparing the simulation results with 226 

experimental results which are reported by Liu and Groulx [50]. In their study, dodecanoic acid was 227 

employed as PCM in horizontal cylindrical container of 152.4 mm outer diameter. Copper pipe of 228 

12.7 mm outer diameter was fitted through the centre of cylinder. Four fins were connected to 229 

copper pipe, each at 90 degrees. Water was utilised as HTF through copper pipe. For validation 230 

purpose, the computational model was simulated using geometrical configuration, PCM, initial and 231 

boundary conditions and mass flow rate of HTF as reported in [50]. Fig. 4 depicts that both 232 

numerical results and experimental results are in good agreement.  233 

Table 2 234 

Validation of mesh independency and time stepping. 

Case Mesh  

Numbers 

HTF 

temperature (K) 

Time step 

(min) 

Melt time 

(min) 

Percent 

Error 

I 28674 333.15 1 396 10.6  

II 57861 333.15 1 443 - 

III 61932 333.15  1 441 0.45 

IV 57861 333.15 0.25 437 1.35 

V 57861 333.15 0.5 452 2.03 

 235 

  

(a) (b) 

Fig. 3 (a) and (b) illustrates the mesh and time steps independency, respectively. 236 



 

 237 

Fig. 4. Comparison of temperature profiles to validate numerical model with experimental results 238 

from [50].  For all cases, the inlet temperature and flow rate of HTF were set to 323.15 K and 1 239 

l/min, respectively.  240 

3. Results and discussion 241 

3.1 Numbers and orientations of tube passes 242 

Fig. 5 demonstrates the melting fraction of PCM in various geometrical orientations of LHS 243 

system. The inlet temperature of HTF is set to 333.15 K for investigating the effect of numbers of 244 

tube passes on melting rate. The number of tube passes in case A, B and C are 9, 12 and 21, 245 

respectively. With an increase in tube pass, the volume of PCM in shell is compromised by tube and 246 

fins. On the contrary, it will increase the effective surface area for heat transfer and thus the low 247 

thermal conductivity of PCM can be improved. As a result, the melting rate of PCM can be 248 

significantly enhanced by increasing the tube passes.  249 

In case A, the geometric orientation depicts that the tube passes are widely apart. It can be 250 

noticed that the tube pass at the centre and the tube passes near the boundary of shell are afar.  251 

Therefore, due to low thermal conductivity of PCM, the heat transfer is not very intense in this 252 

region. Initially, the melting process is dominated by conduction. It can be noticed from Fig. 5 that 253 

only 65.75% of PCM is melted after 5 hrs of heat transfer. With an increase in liquid percentage of 254 



 

PCM, the heat transfer is now dominated by convection. Further, the melting rate is reduced due to 255 

lack of conduction heat transfer. It can be observed that the liquid percentage of PCM is 95.45% and 256 

99% after 10 hrs and 15 hrs of heat transfer, respectively. Likewise, even after 20 hrs, the PCM is 257 

not completely melted.  258 

In case B, the surface area for heat transfer is increased by adding three more tube passes. 259 

Similar to case-A, the melting process is initially dominated by conduction. It is observed that after 4 260 

hrs of heat transfer only 71.85% of PCM is in liquid phase. Convection dominates the heat transfer 261 

now and thus the melting rate reduces, as the liquid percentage of PCM is 96.07% and 99.5% after 8 262 

hrs and 12 hrs, respectively. In case B, the entire PCM is melted in 15 hrs of continuous heat 263 

transfer.  264 

In case C, the surface area for heat transfer is enhanced by increasing the number of tube 265 

passes to 21. In this case, the heat transfer is highly dominated by conduction as it can be seen that a 266 

huge percentage of PCM is melted within 3 hrs. It is noticed that the liquid percentage of PCM is 267 

84%, 94.2% and 98.25% after 3 hrs, 4 hrs and 5 hrs of heat transfer, respectively. The entire PCM is 268 

melted in 7.5 hrs.   269 

As depicted in Fig. 5, the melting rate for case C is significantly higher than case A and case 270 

B. It is noticed that due to higher effective surface area for heat transfer, the melt time for case C is 271 

about half as compared to case B.  Also, due to the increase in tube passes, the heat transfer is 272 

dominated by conduction and therefore, the melting rate is improved significantly.  273 



 

 274 

Fig. 5. Liquid fraction for all the three cases at inlet temperature of 333.15 K 275 



 

3.2 Longitudinal fins geometry  276 

Fins geometry plays a significant role in enhancing the thermal performance of LHS system. 277 

Fig.6 represents the effect of various fins lengths on melting fraction and temperature distribution in 278 

LHS system. Heat is transferred to LHS system for 4 hrs at inlet temperature of 333.15 K. The 279 

influence of various fins lengths ranging from 12.7 mm to 38.10 mm is investigated. Due to an 280 

increase in surface area, the thermal conduction enhances and consequently overall heat transfer 281 

improves. It is evident from Fig. 6 that the temperature distribution in entire system for case (d) is 282 

significantly better than other cases. After 4 hrs of heat transfer, the liquid fractions for case (a), (b), 283 

(c) and (d) are noted to be 59.2%, 72.98%, 83.86% and 94.66%, respectively.  284 

It can be observed from Fig. 7 that as compared to case (a), the total melting time for case (e), 285 

(g) and (i) is reduced by 35.45%, 47.01% and 57.32%, respectively. However, it is noticed that the 286 

thermal storage capacity is reduced by increasing the fins length. It is noted that the thermal storage 287 

capacity for case (i) is 1.94% lesser than case (a). Due to higher melting rate, case (i) is selected for 288 

further investigations in this article.  289 

 290 

Fig.6. Influence of fins length on melting fraction and temperature contours after charging for 4 291 

hours. Fins thickness is set to 2 mm for all cases. (a) fins length = 12.7mm, (b) fins length = 25.4 292 

mm, (c) fins length = 31.75 mm and (d) fins length = 38.10 mm. 293 



 

 294 

Fig. 7. Effects of fins length on total melt time and thermal storage capacity.  295 

Fig. 8 illustrates the impact of fins thickness on melting fraction and temperature distribution 296 

in LHS system. The HTF temperature is set to 333.15 K and the system is charged for 4 hrs. The 297 

effects of different fins thickness ranging from 1 mm to 5 mm are examined. It can be noticed from 298 

Fig. 8 that the melting fraction for all cases are almost similar after 4 hrs of heat transfer. The liquid 299 

fraction for case (a), (b), (c) and (d) are recorded to be 94.58%, 94.66%, 94.74% and 94.75%, 300 

respectively. Likewise, the fins thickness has minimal influence on the temperature distribution.  301 

Fig. 9 represents the total melting time and variation in thermal storage capacity for all cases. 302 

It can be noticed that the total melting time for case (e), case (g) and case (i) is reduced by 10.25%, 303 

13.25% and 16.45% as compared to case (a), respectively. However, an increase in fins thickness 304 

can limit the volume for PCM and therefore the thermal storage capacity of LHS system can be 305 

compromised. As shown in Fig. 9, the thermal storage capacity for case (i) is reduced by 5.7% as 306 

compared to case (a), respectively.  307 

10.65 

10.7 

10.75 

10.8 

10.85 

10.9 

10.95 

11 

0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 

(a)     

12.70 

mm  

(b)          

15.875 

mm 

 (c)             

19.05 

mm 

(d)        

22.225 

mm 

(e)            

25.40 

mm 

(f)       

28.575 

mm 

(g)       

31.75 

mm 

(h)       

34.925 

mm 

(i)           

38.10 

mm 

S
to

ra
g

e 
C

a
p

a
ci

ty
 (

M
J

) 

M
el

t 
T

im
e 

(h
r)

 

Fins length (mm) 

Melt Time Storage Capacity (MJ) 



 

 308 

Fig. 8. Influence of fins thickness on melting fraction and temperature contours after charging for 4 309 

hours. (a) fins thickness= 1mm, (b) fins thickness= 2mm, (c) fins thickness= 3mm and (d) fins 310 

thickness= 4mm.  311 

 312 

Fig. 9. Effects of fins thickness on total melt time and thermal storage capacity. 313 
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3.3 Shell, tube and fins materials  314 

The low thermal conductivity of PCM can be boosted by employing higher thermal 315 

conductive shell, tube and fins. High thermal conductive materials play a vital role in improving the 316 

thermal performance of LHS system. In order to analyse the influence of material on thermal 317 

performance, the following materials are examined: steel AISI 4340, cast iron, tin, nickel, 318 

aluminium 6063, aluminium and copper. The inlet temperature of HTF is kept constant at 333.15 K 319 

for all materials. Table 3 represents the percent liquid fraction and complete melting time of PCM 320 

against various materials. It is observed that as the thermal conductivity of material increases, the 321 

heat transfer rate between HTF and PCM increases and therefore the melting rate of PCM 322 

strengthens. Due to higher thermal conductivity of copper, the required melting time for PCM is 323 

reduced by 23.68% as compared to steel AISI 4340. Likewise, aluminium and aluminium 6063 324 

presents a good thermal performance, as the melting time is reduced by 18.84 % and 17.88 % 325 

comparing to cast iron, respectively. It is evident from Table 3 that copper and aluminium are the 326 

suitable materials to be employed as shell, tube and fins material.  327 

Table 3 328 

Effect of shell, tube and fins material on melting rate of LHS system 

Materials  

Thermal 

Conductivity 

(W/(m.K)) [51] 

Percent Liquid Fraction  

Complete Melting 

Time (hr) 2 hr 4 hr 6 hr 8 hr  10 hr 

Steel AISI 4340 44.5 63.92 85.23 95.53 99.25 100 9.67 

Cast Iron 50 65.06 86.23 96.19 99.46 100 9.34 

Tin 67 67.30 87.69 97.30 99.71 100 8.92 

Nickel 90 68.57 88.32 97.78 99.85 100 8.75 

Aluminium 6063 201 72.77 92.19 99.08 100  7.67 

Aluminium 238 73.05 92.68 99.15 100  7.58 

Copper 400 73.63 93.69 99.34 100  7.38 

 329 

3.4 Inlet temperature of HTF 330 

In order to examine the influence of inlet temperature of HTF on melting rate and increase in 331 

enthalpy of LHS system, various inlet temperatures are investigated ranging from 323.15 K to 332 

343.15 K. An increase in inlet temperature of HTF produces higher temperature difference between 333 

PCM and HTF and consequently the heat transfer rate is accelerated. Due to an increase in heat 334 

transfer, the melting rate of PCM is enhanced, as shown in Fig. 10. It is evident that LHS system in 335 

case (d) is at notable higher temperature compared to case (a) and thus majority of the PCM is either 336 



 

in liquid state or mushy zone. After 4 hrs of heat transfer, the liquid fraction for case (a), (b) (c) and 337 

(d) are noted to be 66.71%, 92.93%, 93.65% and 99.55%, respectively. Fig.11 illustrates that the 338 

total melting time is reduced by 42.8%, 52.4% and 68.8% as the inlet temperature of HTF is 339 

increased from 323.15 K to 328.15 K, 333.15 K and 343.15 K, respectively. Also, due to the 340 

increase in inlet temperature, the sensible enthalpy of the system is also augmented, which results in 341 

enhancing the overall thermal storage capacity. Fig. 11 shows that the enthalpy of LHS system for 342 

case (c), case (e) and case (i)  is increased by 4.52%, 9.03% and 18.06% as compared to case (a), 343 

respectively.  344 

 345 

Fig. 10 Temperature contours of LHS system after 4 hrs of heat transfer. Various inlet temperatures 346 

of HTF are (a) 323.15 K, (b) 328.15 K, (c) 333.15 K and (d) 343.15 K. 347 



 

 348 

Fig. 11 Impact of inlet temperature of HTF on melting time and thermal storage capacity  349 

4. Conclusions 350 

In this article, a computational model is employed to examine the thermal performance of 351 

novel shell and tube configuration based LHS system. Parametric investigation is conducted to 352 

inspect the improvement in thermal performance due to the number of tube passes, length and 353 

thickness of longitudinal fins, materials for shell, tube and fins, and inlet temperature of HTF. The 354 

augmented thermal behaviour of LHS system can attain both time and economic benefits, along with 355 

extensive and sustainable employment in both domestic and industrial applications. From the 356 

numerical results the following conclusions are reached:  357 

 It is observed that as the number of tube passes is increased from 9 to 21, the thermal 358 

performance of the LHS system is significantly enhanced. This is due to the fact that the 359 

thermal conductivity and effective surface area for heat transfer increases by increasing the 360 

number of tubes. The heat transfer is dominated by conduction heat transfer and therefore the 361 

required melting time for 21 number of tube passes is reduced by 48.5% to that of 12 tube 362 

passes. 363 

 The geometry of the fins plays a vital role in improving the thermal performance of LHS 364 

system. It is noticed that as the length of the fins is increased from 12.7 mm to 38.10 mm, the 365 

thermal conductivity of the system improved and consequently the heat transfer between HTF 366 

and PCM. The melting time is reduced by 57.32% as the length of the fins is increased from 367 

12.7 mm to 38.10 mm.  368 
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 Fins thickness influences the melting time of the PCM. However, it is observed that increase 369 

in fins length has more prominent effects on thermal performance than fins thickness. Also, 370 

the thermal storage capacity of system is decreased by 5.7% as the fins thickness is increased 371 

from 1 mm to 5 mm. 372 

 Shell, tubes and fins material has significant effect on the thermal performance. It is 373 

recommended to use high thermal conductive material, which is compatible with PCM. It was 374 

observed that copper, aluminium and aluminium 6063 has considerably better thermal 375 

performance with paraffin as compared to steel AISI 4340.  376 

 The enthalpy and melting rate is augmented by increasing the inlet temperature of HTF from 377 

323.15 K to 343.15 K. Due to increase in inlet temperature, the sensible enthalpy increases 378 

and therefore the overall system thermal storage capacity is increased by 18.06%. Likewise, 379 

the melting time is reduced by 68.8%. 380 
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numeral simulation model from 2D to 3D in next study.   

 

Continued to Reviewer #2 

Only 3 or 4 points in Fig.7, 9 and 11, which cannot give a full trend description. More data should be 

analyzed (7 or more). 

Response:  

The authors agree and are grateful to reviewer for this insightful comment. The authors have 

conducted number of simulations to collect more data. In revised manuscript, the authors have 

updated and considered 9 data point, as illustrated in Fig. 7, 9 and 11. 

 

Reviewer #3 

My major concern is that the validation of the model is unclear and insufficient. This paper used the 

experimental data of Liu and Grouly (2014) to validate the model. The experiment used a different 

configuration and a different phase change material. Brief information of the experiment and 

corresponding simulation should be provided. Figure 4 shows the comparison of predicted 

temperature profile with experimental results. However, the flow rate and temperature of the heat 

transfer fluid used in the simulation is not provided. What's more, the location of the temperature 

profile is not given. To sufficiently validate the model, the comparison at several locations should be 

provided.  

Response:  

The authors would like to thank reviewer for the valuable comment. In revised manuscript, the 

authors have updated Fig. 4 and provided brief information about experimental and numerical 

simulation, as follow:  

 

The current computational model was validated by comparing the simulation results with 

experimental results which are reported by Liu and Groulx [50]. In their study, dodecanoic acid was 

employed as PCM in horizontal cylindrical container of 152.4 mm outer diameter. Copper pipe of 

12.7 mm outer diameter was fitted through the centre of cylinder. Four fins were connected to copper 

pipe, each at 90 degrees. Water was utilised as HTF through copper pipe. For validation purpose, the 



computational model was simulated using geometrical configuration, PCM, initial and boundary 

conditions and mass flow rate of HTF as reported in [50]. Fig. 4 depicts that both numerical results 

and experimental results are in good agreement. (Line 226-233) 

 

In order to validate the numerical simulation model, it was initially applied to the geometrical 

orientation and operating conditions as provided in Liu and Groulx [50]. The locations of temperature 

profile, mass flow rate of HTF and inlet temperature of HTF are clearly mentioned in revised 

manuscript. Temperature profiles are compared at both bottom half and top half of cylindrical 

container, as illustrated in Fig. 4. 

 

Continued to Reviewer #3 

In Eq. (2), the Darcy's Law damping is commonly added in the momentum equation to  consider the 

effect of phase change on convective heat transfer. I suggest the authors add this term in the 

simulation.  

Response:  

The authors thank the reviewer for this insightful comment. In revised manuscript, the momentum 

heat sink is mentioned in governing equations. Momentum heat sink term had already been 

considered in our simulation by implementing Kozeny-Carman equation. In revised manuscript, the 

brief into enthalpy-porosity technique is given, as follow:  

During phase transition, the enthalpy-porosity technique considers mushy zone as porous 

medium. The porosity and liquid fraction in each mesh element are assumed to be equivalent. In fully 

solidified mesh elements, the porosity is equal to zero. In order to reduce the velocity in solid region 

to zero, Kozeny-Carman equation is implemented to estimate the momentum source term S  in Eq. 

Error! Reference source not found., as follow [48, 49]:  
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where  represents morphology constant of mushy zone and   is a small value to avoid division by 

zero. In this study the values of   and  are set to 10
7 
and 10

-4
, respectively. 

(Line 179-186) 
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scalars. 

Response:  

The authors agree and are thankful to reviewer for highlighting this point. In revised manuscript, it 

has been amended.  

 

Continued to Reviewer #3 

Line 130. "F in Eq.(2) can be estimated by … as follows" . Citations are needed here.  

Response:  

The authors are thankful to reviewer for raising this valuable point. In revised manuscript, the relevant 

citations are added.   

 

Continued to Reviewer #3 

Line 131. The value of thermal expansion coefficient <beta> is not given. 

Response:  

The authors are grateful to reviewer for this insightful comment. In revised manuscript, the value of 

coefficient of thermal expansion is provided in Table 1. (Line 159) 

 

Continued to Reviewer #3 

The source of the thermal conductivity of materials reported in Table 3 should be provided. 

Response:  

The authors are thankful to reviewer for highlighting this point. In revised manuscript, the source of 

thermal conductivity of materials is provided in Table 3, which was MatWeb. 

 

Continued to Reviewer #3 

In Eq. (5), I suggest the authors use TS and Tl instead of Tpc-dT/2 and Tpc+dT/2. 

Response:  

The authors thank reviewer for suggesting this valuable point. In revised manuscript, it has been 

rephrased as suggested.  

 

Continued to Reviewer #3 

Line 151, according to Table 1, the melting temperature of PCM is 314.5K. 



Response:  

The authors are thankful to the reviewer for highlighting the error in text. It has been rephrased with 

“314.15K” in revised manuscript. 

 

Reviewer #4 

In figure 1, it seems that authors have built 3D models by UG/Solidworks etc. why the 3D 

computational model is not built and just use 2D model. Comparison between 2D model with 3D 

model is needed before the all 2D models are presented.  

Response:  

The authors are thankful to reviewer for raising this point. The physical model is sketched in 3D to 

give a better understanding to readers about the geometrical configurations of novel shell and tube 

with longitudinal fins orientations. The numerical simulation of 2D model gives an insight to the 

overall thermal performance of this novel configuration. The main objective is to identify the impact 

of geometrical configuration on overall thermal performance and 2D modelling is comparatively 

better and quicker technique to identify the parameters influencing the thermal performance. In 2D 

modelling, whole cross section area was selected that gives a good understanding about the heat 

distribution at various locations and periods. Fig 5, 6, 8 and 10 gives a better understanding of thermal 

performance for these specific orientations. Therefore, the authors believe that 2D modelling is 

sufficient to accurately identify the thermal performance of this novel configuration.  

 

Continued to Reviewer #4 

In figure 5, as is shown, the models are all axial symmetry, which means that a quarter model with 90 

degrees is enough to present the results? What about authors opinion? 

Response:  

The authors are thankful to reviewer for this insightful comment. The authors agree with reviewer. 

However for clear illustration, ease in understanding and broader benefits of readers, we have 

considered the whole cross section instead of quarter model.  

 

Continued to Reviewer #4 

The backgrounds about the physical model, including why this kind of structures is adopted and why 

these parameters are chosen, further descriptions are also needed, which can benefits the potential 

readers to understand the manuscript better and easier. 

Response:  

The authors are thankful to reviewer for highlighting this valuable point. In revised manuscript, the 

introduction section discusses the thermal performance of various configurations such as rectangular, 



cylindrical and shell and tube containers. It has been discussed and validated with references that shell 

and tube configuration has better thermal performance than rectangular or cylindrical orientations. 

Likewise, longitudinal fins perform better than helical fins (Line 88-94). Therefore, shell and tube 

with longitudinal fins are selected to develop a novel model. In revised manuscript, the 2.1 Physical 

model has been revised and updated to make it easier for readers to understand that why these 

parameters are selected, as follow: 

Physical configuration of LHS system is presented in Fig. 1. Parametric investigations of novel 

shell and tube model has been conducted to address the enhancement of phase transition rate and 

thermal storage capacity. The geometrical parameters of shell and tube model are selected with an 

objective to develop an efficient and responsive LHS system that will be coupled with flat plate solar 

thermal system, which is previously designed and developed by Helvaci and Khan [44]. The outer 

diameter, length and thickness of the shell are 450 mm, 320 mm and 1 mm, respectively. The tube is 

connected with fins, each of 2 mm thickness. The fins are equidistant to each other. Commercial grade 

paraffin is selected as PCM for its high heat storage capacity, good chemical stability, no super-

cooling, non-corrosiveness and low cost [6, 45]. Water is made to flow in tube. The thermo-physical 

properties of paraffin are given in Table. 1. Various configurations of shell and tube are examined, as 

depicted in Fig. 2. In all cases, the number of tube passes, fins number and fins geometry are selected 

to design a LHS system that is capable of melting entire mass of PCM within 10 hrs and with minimal 

reduction in thermal storage capacity. Likewise, the highest possible temperature attained by flat plate 

solar thermal system is in the range of 333.15 K [44]. To incorporate weather fluctuations, the 

selected range of inlet temperature of HTF is from 323.15K to 343.15K.  (Line 140-156) 
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Abstract 1 

This paper presents a two-dimensional finite element computational model which investigates 2 

thermal behaviour of a novel geometrical configuration of shell and tube based latent heat storage 3 

(LHS) system. Commercial grade paraffin is used as a phase change material (PCM) with water is 4 

employed as a heat transfer fluid (HTF). In this numerical analysis, the parametric investigations are 5 

conducted to identify the enhancement in melting rate and thermal storage capacity. The parametric 6 

investigations are comprised of number and orientation of tube passes in the shell, longitudinal fins 7 

length and thickness, materials for shell, tube and fins, and inlet temperature of HTF. Numerical 8 

analysis revealed that the melting rate is significantly enhanced by increasing the number of tube 9 

passes from 9 to 21. In 21 passes configuration, conduction heat transfer is the dominant and 10 

effective mode of heat transfer. The length of fins has profound impact on melting rate as compared 11 

to fins thickness. Also, the reduction in thermal storage capacity due to an increase in fins length is 12 

minimal to that of increase in fins thickness. The influence of several materials for shell, tube and 13 

fins are examined. Due to higher thermal conductivity, the melting rate for copper and aluminium is 14 

significantly higher than steel AISI 4340, cast iron, tin and nickel. Similarly, the thermal storage 15 

capacity and melting rate of LHS system is increased by a fraction of 18.06 % and 68.8 % as the 16 

inlet temperature of HTF is increased from 323.15 K to 343.15 K, respectively. This study presents 17 

an insight into how to augment the thermal behaviour of paraffin based LHS system and ultimately, 18 

these findings inform novel design solutions for wide-ranging practical utilisation in both domestic 19 

and commercial heat storage applications.  20 
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Nomenclature 

pC  Specific heat at constant pressure (kJ/kg. K) S  Momentum source term  

F  Volume force (Pa/m) u  Velocity (m/s) 

f  Fraction of PCM in solid and liquid phase   Small constant value 

sf  Fraction of PCM in solid phase   Coefficient of thermal expansion (1/K) 

lf  Fraction of PCM in liquid phase   Morphology constant of mushy zone 

g  Gravitational acceleration (m/s
2
)   Density (kg/m

3
) 

H  Specific enthalpy (MJ)   Dynamic viscosity (kg/m. s) 

k  Thermal conductivity (W/m. K)   

L  Latent heat of fusion (kJ/kg) Subscripts 

T  Temperature of PCM (K) s  Solid phase of PCM 

sT  Temperature of solid region of PCM (K) l  Liquid phase of PCM 

lT  Temperature of liquid region of PCM (K) Acronyms 

pcT  Phase change temperature (K) HTF Heat transfer fluid 

p  Pressure (Pa) LHS Latent heat storage 

q  Heat source term (W/m
3
) PCM Phase change material 

  37 



 

1. Introduction 38 

For a long era, the world energy requirements are served and assisted by fossil fuels. 39 

However, due to the number of downsides of using fossil fuels such as limited and depleting 40 

resources, inconsistent prices and emission of harmful gases have encouraged scientists and 41 

engineers to progress in technologies to take advantages of renewable energy. In order to respond to 42 

the unpredictable and fluctuating nature of renewable energy sources, latent heat storage (LHS) 43 

system provides a viable option. LHS utilises PCM to store surplus thermal energy within solar 44 

systems or heat recovery systems and retrieves it when needed, in order to minimise the gap between 45 

energy demand and supply [1, 2].  46 

However, due to low thermal conductivity of PCM, rapid energy storage and discharge has 47 

been a major obstacle. Therefore, LHS system requires a sensitive and responsive thermal energy 48 

storing and discharging technique. A significant body literature is available that deals with the 49 

enhancement of LHS system such as geometric orientations of LHS system [3, 4], utilising extended 50 

surfaces [5, 6], encapsulation of PCM [7-11], employing form stable PCM [12-17] and inclusion of 51 

high thermal conductivity additives to PCM [18-20].  52 

To develop efficient and productive LHS systems, thermal behaviour of several configurations 53 

and orientations have been examined. PCMs are normally employed in rectangular, spherical, 54 

cylindrical and shell and tubes containers. Kamkari and Shokouhmand [21] conducted an 55 

experimental study to identify the effect of number of fins on heat transfer and melting rate of PCM 56 

in rectangular container. It was deducted that melting time for one fin and 3 fins were reduced by 57 

18% and 37% as compared to without fins enclosure. However, an increase in number of fins 58 

resulted in reduced natural convection and thus the overall heat transfer rate was compromised. 59 

Kalbasi and Salimpour [22] numerically studied the impact of length and number of longitudinal fins 60 

on thermal performance of PCM in rectangular enclosure. It was reported that higher number of 61 

longitudinal fins with shorter length showed augmented natural convection as compared to few fins 62 

with longer length. It was recommended that an optimum value for fins length and number should be 63 

identified to optimise the system. On the contrary, Ren and Chan [23] reported that an increase in 64 

longitudinal fins length enhanced the melting rate of PCM and therefore small number of lengthy 65 

fins exhibited effective thermal performance as compared to large number of shorter fins. 66 

Li and Wu [24] numerically investigated the influence of six longitudinal fins on melting rate 67 

of NaNO3 in horizontal concentric tube. It was observed that extended fins can reduce the melting 68 

and solidification time by at least 14% compared to concentric tubes without fins. Rabienataj Darzi 69 

et al. [25] simulated the effect of number fins on melting and solidification rate of N-eicosane in 70 

horizontal concentric tube. It was noticed that melting time for 4, 10, 15 and 20 fins were reduced by 71 

39%, 73%, 78% and 82% as compared to no fins case, respectively. Likewise, the solidification time 72 



 

was decreased by 28%, 62%, 75% and 85% as compared to no fins case, respectively. However, as 73 

an increase in fins number restrained natural convection, thus increase in fins presented more 74 

prominent influence on solidification than melting rate. Yuan et al. [26] simulated the impact of fins 75 

angle on melting rate of lauric acid in horizontal concentric tube. It was reported that fins angle 76 

plays a significant role in influencing melting rate. The different angles for installation of two fins 77 

were 0
o
, 30

o
, 45

o
 and 90

o
. The melting rate for fins angle 0

o
 was comparatively higher. Moreover, in 78 

case of fins angle 0
o
, an increase in inlet temperature of HTF from 60 

o
C to 80 

o
C reduced melting 79 

time by 59.24%.  80 

Caron-Soupart et al. [27] conducted an experimental examination to identify the effect of 81 

vertical concentric tube orientations on melting rate, heat exchange power and storage density. 82 

Selected concentric tube orientations were consisted of a single HTF tube without fins, with 83 

longitudinal fins and with circular fins. It was noticed that the melting rate for tube with longitudinal 84 

fins and circular fins was significantly higher than that of the tube without fins. Likewise, the heat 85 

exchange power was increased by a factor of 10 for the fins orientations than without fins. However, 86 

due to provision of higher PCM volume, the tube without fins orientation exhibited higher thermal 87 

storage density. Likewise, Agyenim et al. [28] conducted an experimental investigation to identify 88 

the thermal response of erythritol as a PCM in three orientations of horizontal concentric tube. The 89 

three orientations were concentric tube with no fins, with circular fins and with longitudinal fins. It 90 

was noticed that after 8 hrs of charging, only longitudinal fins orientation was able to melt the entire 91 

PCM. Also, cumulative thermal energy storage for longitudinal fins was comparatively higher. 92 

During solidification process, longitudinal fins showed better thermal performance with reduced 93 

subcooling.  94 

Rathod and Banerjee [29] experimentally evaluated the effect of three longitudinal fins on 95 

melting and solidification rate of stearic acid in shell and tube container. It was noticed that melting 96 

and solidification time was reduced by 24.52% and 43.6% as compared to without fins case, 97 

respectively. Luo et al. [30] numerically studied the impact of number of HTF tubes and their 98 

orientations in shell and tube container on thermal performance. It was observed that the required 99 

melting time for single HTF tube was 2.5 and 5 times than four and nine HTF tubes, respectively. 100 

Similarly, the thermal performance of centrosymmetric orientation is better than staggered and inline 101 

orientation. Esapour et al. [31] also examined the influence of number of HTF tubes in shell and tube 102 

container. It was noticed that by increasing the number of HTF tubes from 1 to 4, the melting time 103 

can be reduced by 29%. Therefore, it is evident that the number of HTF tubes has a good influence 104 

on thermal behaviour of LHS system. 105 

Vyshak and Jilani [32] conducted a numerical study to compare the impact of rectangular, 106 

cylindrical, and shell and tube container orientations on melting rate of PCM. It was observed that 107 



 

for the same volume and heat transfer surface area, the melting rate for shell and tube configuration 108 

was comparatively higher.  109 

Tao et al. [33] numerically investigated the influence of HTF tube geometry on melting time. 110 

The tested configurations involved smooth, dimpled, cone-finned and helical-finned tubes. It was 111 

reported that the melting time for dimple, cone-finned and helical-finned tube was reduced by 112 

19.9%, 26.9% and 30.7% comparing to smooth tube, respectively. Likewise, Li et al. [34] reported 113 

that heat transfer rate can be significantly enhanced by employing internally ribbed tubes instead of 114 

smooth tubes. Furthermore, the influence of the numbers, geometrical configurations and 115 

orientations of fins on thermal behaviour of LHS system is discussed in [35-40].  116 

The mass flow rate of HTF has a minimal influence on thermal behaviour as compared to inlet 117 

temperature of HTF and geometrical configuration of LHS system. Seddegh et al. [41] numerically 118 

examined the influence of vertical and horizontal orientation of shell and tube container on thermal 119 

behaviour of LHS system. Moreover, it was noticed that mass flow rate of HTF has insignificant 120 

influence on melting rate. Kibria et al. [42] conducted numerical and experimental examination of 121 

paraffin wax in shell and tube container. It was deduced that mass flow rate of HTF has negligible 122 

effect on thermal performance. Also, Wang et al. [43] numerically investigated the enhancement in 123 

thermal performance of shell and tube container due to inlet temperature and mass flow rate of HTF. 124 

It was observed that the inlet temperature has more profound impact on melting rate and thermal 125 

storage capacity than mass flow rate of HTF. Thus, this article will not consider the parametric 126 

investigation of mass flow rate of HTF. 127 

In this article, the parametric investigation of a novel geometrical configuration of a shell and 128 

tube model is conducted. This specific orientation of shell and tube with longitudinal fins has not 129 

been reported in literature. A two-dimensional computational model is applied to a novel shell and 130 

tube configuration. This article is focused on identifying the influence of number of tube passes and 131 

their orientation in the shell on the melting rate and thermal storage capacity. Moreover, the 132 

parametric investigations of fins length, fins thickness and materials for shell, tubes and fins are 133 

conducted to investigate the impact on thermal behaviour of LHS system. The influence of inlet 134 

temperature of HTF on melting rate and thermal storage capacity is also examined. This article will 135 

help in highlighting the parameters that can enhance the thermal performance of LHS system and 136 

therefore, the large scale practical utilisation in various domestic and industrial applications, time-137 

saving and economic benefits can be achieved.  138 



 

2. Numerical model 139 

2.1 Physical model 140 

Physical configuration of LHS system is presented in Fig. 1. Parametric investigations of 141 

novel shell and tube model has been conducted to address the enhancement of phase transition rate 142 

and thermal storage capacity. The geometrical parameters of shell and tube model are selected with 143 

an objective to develop an efficient and responsive LHS system that will be coupled with flat plate 144 

solar thermal system, which is previously designed and developed by Helvaci and Khan [44]. The 145 

outer diameter, length and thickness of the shell are 450 mm, 320 mm and 1 mm, respectively. The 146 

tube is connected with fins, each of 2 mm thickness. The fins are equidistant to each other. 147 

Commercial grade paraffin is selected as PCM for its high heat storage capacity, good chemical 148 

stability, no super-cooling, non-corrosiveness and low cost [6, 45]. Water is made to flow in tube. 149 

The thermo-physical properties of paraffin are given in Table. 1. Various configurations of shell and 150 

tube are examined, as depicted in Fig. 2. In all cases, the number of tube passes, fins number and 151 

fins geometry are selected to design a LHS system that is capable of melting entire mass of PCM 152 

within 10 hrs and with minimal reduction in thermal storage capacity. Likewise, the highest possible 153 

temperature attained by flat plate solar thermal system is in the range of 333.15 K [44]. To 154 

incorporate weather fluctuations, the selected range of inlet temperature of HTF is from 323.15K to 155 

343.15K.  156 

 

 

(a) (b) 

Fig. 1. Physical model of LHS system (a) Top view (b) Cross section view  157 

Table 1 158 

Thermo-physical characteristics of paraffin [45] 



 

Melting Temperature pcT  41-44 
o
C or 314.15-317.15 K 

Latent heat of fusion L  255 (kJ/kg) 

Specific heat pC  2.0 (kJ/kg. K) 

Thermal conductivity k  0.2 (W/m. K) (solid); 0.2 (W/m. K) (liquid) 

Density   800 (kg/m
3
) (solid); 700 (kg/m

3
) (liquid) 

Dynamic viscosity   0.008 (kg/m. s) 

Coefficient of thermal expansion   0.00259 (1/K) 

 159 

 160 

Fig. 2. Various configurations and orientations of shell and tube based LHS system 161 

2.2 Governing equations 162 

The governing equations to calculate the thermal performance and phase transition rate of 163 

PCM based LHS system are mass, momentum and energy conservation equations; which are 164 

described as follow:  165 

Mass conservation:  166 
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Momentum conservation: 168 
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Energy conservation:  170 
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where  , u , p ,  , F , S , pC , k , T  and q  represents density (kg/m
3
), velocity (m/s), 172 

pressure (Pa), dynamic viscosity (kg/m.s), volume force (Pa/m), momentum source term, specific 173 

heat at constant pressure (kJ/kg.K), thermal conductivity (W/m.K), temperature (K) and heat source 174 

term (W/m
3
), respectively. F  in Eq. (2) can be estimated by using Boussinesq approximation [46, 175 

47] as follow:  176 

( )pcT T  F g           (4) 177 

where g ,   and pcT  shows gravitational acceleration (m/s
2
), coefficient of thermal 178 

expansion (1/K) and phase change temperature (K), respectively. During phase transition, the 179 

enthalpy-porosity technique considers mushy zone as porous medium. The porosity and liquid 180 

fraction in each mesh element are assumed to be equivalent. In fully solidified mesh elements, the 181 

porosity is equal to zero. In order to reduce the velocity in solid region to zero, Kozeny-Carman 182 

equation is implemented to estimate the momentum source term S  in Eq. (2), as follow [48, 49]:  183 
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where  represents morphology constant of mushy zone and   is a small value to avoid 185 

division by zero. In this study the values of   and  are set to 10
7 

and 10
-4

, respectively. Further, 186 

the phase transition occurs in temperature interval of 
s lT T T  . A smoothing function f is 187 

introduced which indicates the fraction of material in solid and liquid phase, as described below: 188 
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where the indices s  and l  represent the solid and liquid phase of PCM, respectively. During 190 

phase transition interval, the specific enthalpy H  can be defined as the combination of enthalpy in 191 

solid and liquid phase, as follow:  192 

s s s l l lH f H f H            (7) 193 



 

To calculate effective specific heat capacity, Eq. (7) is differentiated with respect to 194 

temperature and simplified as follow:  195 
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    (9) 197 

Eq. (9) indicates that effective specific heat capacity is the sum of sensible and latent heat 198 

components. The difference in enthalpies l sH H can be replaced with latent heat term L . 199 

Likewise, the thermal conductivity and density of PCM can be expressed as follow:  200 

s s l lk f k f k           (10) 201 

s s l lf f             (11) 202 

2.3 Initial and boundary conditions 203 

As mentioned in Table. 1, the phase transition temperature of PCM is 314.15 K. In the course 204 

of melting, the initial temperature of thermal storage unit is kept at room temperature at 298.15 K, 205 

which is less than melting temperature. It indicates that initially entire PCM is in solid phase. A 206 

constant boundary temperature is provided from HTF tube to PCM in shell, which ranges from 207 

323.15K to 343.15K. The melting process starts at 0t  s by supplying constant temperature from 208 

HTF tube walls. The exterior boundary of shell is assumed to be perfectly insulated.  209 

2.4 Computational procedure and model validation 210 

The governing equations are discretised by using finite element approach. In order to simplify 211 

the model, it is assumed that all tube passes transfer thermal energy to PCM at constant temperature212 

hT . The governing equations for HTF and PCM are simultaneously solved in entire computational 213 

domain due to coupled thermal energy transfer between HTF and PCM. Second order backward 214 

differentiation technique is employed for time stepping to check the relative tolerance. The relative 215 

tolerance is set to 0.001. The mesh independency and time stepping are validated by conducting a 216 

series of comparative investigations to find the influence of different mesh numbers and time steps 217 

on melt time. Case C from Fig. 2 is selected for this examination. Table. 2 represent the impact of 218 

mesh numbers and time steps on the melt time. It is observed that when the time step is set to 1 min, 219 

the melt time for entire LHS system in case-II and case-III are 443 and 441, respectively. However, 220 



 

the difference in melt time for case-I and case-II is significant. Further, the melting fraction at a 221 

point, which is at 20 mm vertical distance from the outer boundary of central HTF tube, is illustrated 222 

in Fig. 3. It can be noticed from Fig. 3 (b) that the melting fraction plots for all three time steps are 223 

almost identical. Therefore, the selected mesh numbers and time steps for this study are 57861 and 1 224 

min, respectively. 225 

The current computational model was validated by comparing the simulation results with 226 

experimental results which are reported by Liu and Groulx [50]. In their study, dodecanoic acid was 227 

employed as PCM in horizontal cylindrical container of 152.4 mm outer diameter. Copper pipe of 228 

12.7 mm outer diameter was fitted through the centre of cylinder. Four fins were connected to 229 

copper pipe, each at 90 degrees. Water was utilised as HTF through copper pipe. For validation 230 

purpose, the computational model was simulated using geometrical configuration, PCM, initial and 231 

boundary conditions and mass flow rate of HTF as reported in [50]. Fig. 4 depicts that both 232 

numerical results and experimental results are in good agreement.  233 

Table 2 234 

Validation of mesh independency and time stepping. 

Case Mesh  

Numbers 

HTF 

temperature (K) 

Time step 

(min) 

Melt time 

(min) 

Percent 

Error 

I 28674 333.15 1 396 10.6  

II 57861 333.15 1 443 - 

III 61932 333.15  1 441 0.45 

IV 57861 333.15 0.25 437 1.35 

V 57861 333.15 0.5 452 2.03 

 235 

  

(a) (b) 

Fig. 3 (a) and (b) illustrates the mesh and time steps independency, respectively. 236 



 

 237 

Fig. 4. Comparison of temperature profiles to validate numerical model with experimental results 238 

from [50].  For all cases, the inlet temperature and flow rate of HTF were set to 323.15 K and 1 239 

l/min, respectively.  240 

3. Results and discussion 241 

3.1 Numbers and orientations of tube passes 242 

Fig. 5 demonstrates the melting fraction of PCM in various geometrical orientations of LHS 243 

system. The inlet temperature of HTF is set to 333.15 K for investigating the effect of numbers of 244 

tube passes on melting rate. The number of tube passes in case A, B and C are 9, 12 and 21, 245 

respectively. With an increase in tube pass, the volume of PCM in shell is compromised by tube and 246 

fins. On the contrary, it will increase the effective surface area for heat transfer and thus the low 247 

thermal conductivity of PCM can be improved. As a result, the melting rate of PCM can be 248 

significantly enhanced by increasing the tube passes.  249 

In case A, the geometric orientation depicts that the tube passes are widely apart. It can be 250 

noticed that the tube pass at the centre and the tube passes near the boundary of shell are afar.  251 

Therefore, due to low thermal conductivity of PCM, the heat transfer is not very intense in this 252 

region. Initially, the melting process is dominated by conduction. It can be noticed from Fig. 5 that 253 

only 65.75% of PCM is melted after 5 hrs of heat transfer. With an increase in liquid percentage of 254 



 

PCM, the heat transfer is now dominated by convection. Further, the melting rate is reduced due to 255 

lack of conduction heat transfer. It can be observed that the liquid percentage of PCM is 95.45% and 256 

99% after 10 hrs and 15 hrs of heat transfer, respectively. Likewise, even after 20 hrs, the PCM is 257 

not completely melted.  258 

In case B, the surface area for heat transfer is increased by adding three more tube passes. 259 

Similar to case-A, the melting process is initially dominated by conduction. It is observed that after 4 260 

hrs of heat transfer only 71.85% of PCM is in liquid phase. Convection dominates the heat transfer 261 

now and thus the melting rate reduces, as the liquid percentage of PCM is 96.07% and 99.5% after 8 262 

hrs and 12 hrs, respectively. In case B, the entire PCM is melted in 15 hrs of continuous heat 263 

transfer.  264 

In case C, the surface area for heat transfer is enhanced by increasing the number of tube 265 

passes to 21. In this case, the heat transfer is highly dominated by conduction as it can be seen that a 266 

huge percentage of PCM is melted within 3 hrs. It is noticed that the liquid percentage of PCM is 267 

84%, 94.2% and 98.25% after 3 hrs, 4 hrs and 5 hrs of heat transfer, respectively. The entire PCM is 268 

melted in 7.5 hrs.   269 

As depicted in Fig. 5, the melting rate for case C is significantly higher than case A and case 270 

B. It is noticed that due to higher effective surface area for heat transfer, the melt time for case C is 271 

about half as compared to case B.  Also, due to the increase in tube passes, the heat transfer is 272 

dominated by conduction and therefore, the melting rate is improved significantly.  273 



 

 274 

Fig. 5. Liquid fraction for all the three cases at inlet temperature of 333.15 K 275 



 

3.2 Longitudinal fins geometry  276 

Fins geometry plays a significant role in enhancing the thermal performance of LHS system. 277 

Fig.6 represents the effect of various fins lengths on melting fraction and temperature distribution in 278 

LHS system. Heat is transferred to LHS system for 4 hrs at inlet temperature of 333.15 K. The 279 

influence of various fins lengths ranging from 12.7 mm to 38.10 mm is investigated. Due to an 280 

increase in surface area, the thermal conduction enhances and consequently overall heat transfer 281 

improves. It is evident from Fig. 6 that the temperature distribution in entire system for case (d) is 282 

significantly better than other cases. After 4 hrs of heat transfer, the liquid fractions for case (a), (b), 283 

(c) and (d) are noted to be 59.2%, 72.98%, 83.86% and 94.66%, respectively.  284 

It can be observed from Fig. 7 that as compared to case (a), the total melting time for case (e), 285 

(g) and (i) is reduced by 35.45%, 47.01% and 57.32%, respectively. However, it is noticed that the 286 

thermal storage capacity is reduced by increasing the fins length. It is noted that the thermal storage 287 

capacity for case (i) is 1.94% lesser than case (a). Due to higher melting rate, case (i) is selected for 288 

further investigations in this article.  289 

 290 

Fig.6. Influence of fins length on melting fraction and temperature contours after charging for 4 291 

hours. Fins thickness is set to 2 mm for all cases. (a) fins length = 12.7mm, (b) fins length = 25.4 292 

mm, (c) fins length = 31.75 mm and (d) fins length = 38.10 mm. 293 



 

 294 

Fig. 7. Effects of fins length on total melt time and thermal storage capacity.  295 

Fig. 8 illustrates the impact of fins thickness on melting fraction and temperature distribution 296 

in LHS system. The HTF temperature is set to 333.15 K and the system is charged for 4 hrs. The 297 

effects of different fins thickness ranging from 1 mm to 5 mm are examined. It can be noticed from 298 

Fig. 8 that the melting fraction for all cases are almost similar after 4 hrs of heat transfer. The liquid 299 

fraction for case (a), (b), (c) and (d) are recorded to be 94.58%, 94.66%, 94.74% and 94.75%, 300 

respectively. Likewise, the fins thickness has minimal influence on the temperature distribution.  301 

Fig. 9 represents the total melting time and variation in thermal storage capacity for all cases. 302 

It can be noticed that the total melting time for case (e), case (g) and case (i) is reduced by 10.25%, 303 

13.25% and 16.45% as compared to case (a), respectively. However, an increase in fins thickness 304 

can limit the volume for PCM and therefore the thermal storage capacity of LHS system can be 305 

compromised. As shown in Fig. 9, the thermal storage capacity for case (i) is reduced by 5.7% as 306 

compared to case (a), respectively.  307 
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 308 

Fig. 8. Influence of fins thickness on melting fraction and temperature contours after charging for 4 309 

hours. (a) fins thickness= 1mm, (b) fins thickness= 2mm, (c) fins thickness= 3mm and (d) fins 310 

thickness= 4mm.  311 

 312 

Fig. 9. Effects of fins thickness on total melt time and thermal storage capacity. 313 
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3.3 Shell, tube and fins materials  314 

The low thermal conductivity of PCM can be boosted by employing higher thermal 315 

conductive shell, tube and fins. High thermal conductive materials play a vital role in improving the 316 

thermal performance of LHS system. In order to analyse the influence of material on thermal 317 

performance, the following materials are examined: steel AISI 4340, cast iron, tin, nickel, 318 

aluminium 6063, aluminium and copper. The inlet temperature of HTF is kept constant at 333.15 K 319 

for all materials. Table 3 represents the percent liquid fraction and complete melting time of PCM 320 

against various materials. It is observed that as the thermal conductivity of material increases, the 321 

heat transfer rate between HTF and PCM increases and therefore the melting rate of PCM 322 

strengthens. Due to higher thermal conductivity of copper, the required melting time for PCM is 323 

reduced by 23.68% as compared to steel AISI 4340. Likewise, aluminium and aluminium 6063 324 

presents a good thermal performance, as the melting time is reduced by 18.84 % and 17.88 % 325 

comparing to cast iron, respectively. It is evident from Table 3 that copper and aluminium are the 326 

suitable materials to be employed as shell, tube and fins material.  327 

Table 3 328 

Effect of shell, tube and fins material on melting rate of LHS system 

Materials  

Thermal 

Conductivity 

(W/(m.K)) [51] 

Percent Liquid Fraction  

Complete Melting 

Time (hr) 2 hr 4 hr 6 hr 8 hr  10 hr 

Steel AISI 4340 44.5 63.92 85.23 95.53 99.25 100 9.67 

Cast Iron 50 65.06 86.23 96.19 99.46 100 9.34 

Tin 67 67.30 87.69 97.30 99.71 100 8.92 

Nickel 90 68.57 88.32 97.78 99.85 100 8.75 

Aluminium 6063 201 72.77 92.19 99.08 100  7.67 

Aluminium 238 73.05 92.68 99.15 100  7.58 

Copper 400 73.63 93.69 99.34 100  7.38 

 329 

3.4 Inlet temperature of HTF 330 

In order to examine the influence of inlet temperature of HTF on melting rate and increase in 331 

enthalpy of LHS system, various inlet temperatures are investigated ranging from 323.15 K to 332 

343.15 K. An increase in inlet temperature of HTF produces higher temperature difference between 333 

PCM and HTF and consequently the heat transfer rate is accelerated. Due to an increase in heat 334 

transfer, the melting rate of PCM is enhanced, as shown in Fig. 10. It is evident that LHS system in 335 

case (d) is at notable higher temperature compared to case (a) and thus majority of the PCM is either 336 



 

in liquid state or mushy zone. After 4 hrs of heat transfer, the liquid fraction for case (a), (b) (c) and 337 

(d) are noted to be 66.71%, 92.93%, 93.65% and 99.55%, respectively. Fig.11 illustrates that the 338 

total melting time is reduced by 42.8%, 52.4% and 68.8% as the inlet temperature of HTF is 339 

increased from 323.15 K to 328.15 K, 333.15 K and 343.15 K, respectively. Also, due to the 340 

increase in inlet temperature, the sensible enthalpy of the system is also augmented, which results in 341 

enhancing the overall thermal storage capacity. Fig. 11 shows that the enthalpy of LHS system for 342 

case (c), case (e) and case (i)  is increased by 4.52%, 9.03% and 18.06% as compared to case (a), 343 

respectively.  344 

 345 

Fig. 10 Temperature contours of LHS system after 4 hrs of heat transfer. Various inlet temperatures 346 

of HTF are (a) 323.15 K, (b) 328.15 K, (c) 333.15 K and (d) 343.15 K. 347 



 

 348 

Fig. 11 Impact of inlet temperature of HTF on melting time and thermal storage capacity  349 

4. Conclusions 350 

In this article, a computational model is employed to examine the thermal performance of 351 

novel shell and tube configuration based LHS system. Parametric investigation is conducted to 352 

inspect the improvement in thermal performance due to the number of tube passes, length and 353 

thickness of longitudinal fins, materials for shell, tube and fins, and inlet temperature of HTF. The 354 

augmented thermal behaviour of LHS system can attain both time and economic benefits, along with 355 

extensive and sustainable employment in both domestic and industrial applications. From the 356 

numerical results the following conclusions are reached:  357 

 It is observed that as the number of tube passes is increased from 9 to 21, the thermal 358 

performance of the LHS system is significantly enhanced. This is due to the fact that the 359 

thermal conductivity and effective surface area for heat transfer increases by increasing the 360 

number of tubes. The heat transfer is dominated by conduction heat transfer and therefore the 361 

required melting time for 21 number of tube passes is reduced by 48.5% to that of 12 tube 362 

passes. 363 

 The geometry of the fins plays a vital role in improving the thermal performance of LHS 364 

system. It is noticed that as the length of the fins is increased from 12.7 mm to 38.10 mm, the 365 

thermal conductivity of the system improved and consequently the heat transfer between HTF 366 

and PCM. The melting time is reduced by 57.32% as the length of the fins is increased from 367 

12.7 mm to 38.10 mm.  368 
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 Fins thickness influences the melting time of the PCM. However, it is observed that increase 369 

in fins length has more prominent effects on thermal performance than fins thickness. Also, 370 

the thermal storage capacity of system is decreased by 5.7% as the fins thickness is increased 371 

from 1 mm to 5 mm. 372 

 Shell, tubes and fins material has significant effect on the thermal performance. It is 373 

recommended to use high thermal conductive material, which is compatible with PCM. It was 374 

observed that copper, aluminium and aluminium 6063 has considerably better thermal 375 

performance with paraffin as compared to steel AISI 4340.  376 

 The enthalpy and melting rate is augmented by increasing the inlet temperature of HTF from 377 

323.15 K to 343.15 K. Due to increase in inlet temperature, the sensible enthalpy increases 378 

and therefore the overall system thermal storage capacity is increased by 18.06%. Likewise, 379 

the melting time is reduced by 68.8%. 380 
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