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Abstract

This paper presents a two-dimensional finite element computational model which investigates
thermal behaviour of a novel geometrical configuration of shell and tube based latent heat storage
(LHS) system. Commercial grade paraffin is used as a phase change material (PCM) with water is
employed as a heat transfer fluid (HTF). In this numerical analysis, the parametric investigations are
conducted to identify the enhancement in melting rate and thermal storage capacity. The parametric
investigations are comprised of number and orientation of tube passes in the shell, longitudinal fins
length and thickness, materials for shell, tube and fins, and inlet temperature of HTF. Numerical
analysis revealed that the melting rate is significantly enhanced by increasing the number of tube
passes from 9 to 21. In 21 passes configuration, conduction heat transfer is the dominant and
effective mode of heat transfer. The length of fins has profound impact on melting rate as compared
to fins thickness. Also, the reduction in thermal storage capacity due to an increase in fins length is
minimal to that of increase in fins thickness. The influence of several materials for shell, tube and
fins are examined. Due to higher thermal conductivity, the melting rate for copper and aluminium is
significantly higher than steel AISI 4340, cast iron, tin and nickel. Similarly, the thermal storage
capacity and melting rate of LHS system is increased by a fraction of 18.06 % and 68.8 % as the
inlet temperature of HTF is increased from 323.15 K to 343.15 K, respectively. This study presents
an insight into how to augment the thermal behaviour of paraffin based LHS system and ultimately,
these findings inform novel design solutions for wide-ranging practical utilisation in both domestic

and commercial heat storage applications.
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Nomenclature

Cp 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 a Small constant value

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

f, Fraction of PCM in liquid phase K Morphology constant of mushy zone

g Gravitational acceleration (m/s®) P Density (kg/m?)

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

k Thermal conductivity (W/m. K)

L Latent heat of fusion (kd/kg) Subscripts

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

TS Temperature of solid region of PCM (K) | Liquid phase of PCM

TI Temperature of liquid region of PCM (K) Acronyms

TpC Phase change temperature (K) HTF Heat transfer fluid

p Pressure (Pa) LHS Latent heat storage

q Heat source term (W/m°) PCM Phase change material
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1. Introduction
For a long era, the world energy requirements are served and assisted by fossil fuels.

However, due to the number of downsides of using fossil fuels such as limited and depleting
resources, inconsistent prices and emission of harmful gases have encouraged scientists and
engineers to progress in technologies to take advantages of renewable energy. In order to respond to
the unpredictable and fluctuating nature of renewable energy sources, latent heat storage (LHS)
system provides a viable option. LHS utilises PCM to store surplus thermal energy within solar
systems or heat recovery systems and retrieves it when needed, in order to minimise the gap between

energy demand and supply [1, 2].

However, due to low thermal conductivity of PCM, rapid energy storage and discharge has
been a major obstacle. Therefore, LHS system requires a sensitive and responsive thermal energy
storing and discharging technique. A significant body literature is available that deals with the
enhancement of LHS system such as geometric orientations of LHS system [3, 4], utilising extended
surfaces [5, 6], encapsulation of PCM [7-11], employing form stable PCM [12-17] and inclusion of
high thermal conductivity additives to PCM [18-20].

To develop efficient and productive LHS systems, thermal behaviour of several configurations
and orientations have been examined. PCMs are normally employed in rectangular, spherical,
cylindrical and shell and tubes containers. Kamkari and Shokouhmand [21] conducted an
experimental study to identify the effect of number of fins on heat transfer and melting rate of PCM
in rectangular container. It was deducted that melting time for one fin and 3 fins were reduced by
18% and 37% as compared to without fins enclosure. However, an increase in number of fins
resulted in reduced natural convection and thus the overall heat transfer rate was compromised.
Kalbasi and Salimpour [22] numerically studied the impact of length and number of longitudinal fins
on thermal performance of PCM in rectangular enclosure. It was reported that higher number of
longitudinal fins with shorter length showed augmented natural convection as compared to few fins
with longer length. It was recommended that an optimum value for fins length and number should be
identified to optimise the system. On the contrary, Ren and Chan [23] reported that an increase in
longitudinal fins length enhanced the melting rate of PCM and therefore small number of lengthy

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

Li and Wu [24] numerically investigated the influence of six longitudinal fins on melting rate
of NaNO; in horizontal concentric tube. It was observed that extended fins can reduce the melting
and solidification time by at least 14% compared to concentric tubes without fins. Rabienataj Darzi
et al. [25] simulated the effect of number fins on melting and solidification rate of N-eicosane in
horizontal concentric tube. It was noticed that melting time for 4, 10, 15 and 20 fins were reduced by

39%, 73%, 78% and 82% as compared to no fins case, respectively. Likewise, the solidification time
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was decreased by 28%, 62%, 75% and 85% as compared to no fins case, respectively. However, as
an increase in fins number restrained natural convection, thus increase in fins presented more
prominent influence on solidification than melting rate. Yuan et al. [26] simulated the impact of fins
angle on melting rate of lauric acid in horizontal concentric tube. It was reported that fins angle
plays a significant role in influencing melting rate. The different angles for installation of two fins
were 0° 30° 45° and 90°. The melting rate for fins angle 0° was comparatively higher. Moreover, in
case of fins angle 0° an increase in inlet temperature of HTF from 60 °C to 80 °C reduced melting
time by 59.24%.

Caron-Soupart et al. [27] conducted an experimental examination to identify the effect of
vertical concentric tube orientations on melting rate, heat exchange power and storage density.
Selected concentric tube orientations were consisted of a single HTF tube without fins, with
longitudinal fins and with circular fins. It was noticed that the melting rate for tube with longitudinal
fins and circular fins was significantly higher than that of the tube without fins. Likewise, the heat
exchange power was increased by a factor of 10 for the fins orientations than without fins. However,
due to provision of higher PCM volume, the tube without fins orientation exhibited higher thermal
storage density. Likewise, Agyenim et al. [28] conducted an experimental investigation to identify
the thermal response of erythritol as a PCM in three orientations of horizontal concentric tube. The
three orientations were concentric tube with no fins, with circular fins and with longitudinal fins. It
was noticed that after 8 hrs of charging, only longitudinal fins orientation was able to melt the entire
PCM. Also, cumulative thermal energy storage for longitudinal fins was comparatively higher.
During solidification process, longitudinal fins showed better thermal performance with reduced

subcooling.

Rathod and Banerjee [29] experimentally evaluated the effect of three longitudinal fins on
melting and solidification rate of stearic acid in shell and tube container. It was noticed that melting
and solidification time was reduced by 24.52% and 43.6% as compared to without fins case,
respectively. Luo et al. [30] numerically studied the impact of number of HTF tubes and their
orientations in shell and tube container on thermal performance. It was observed that the required
melting time for single HTF tube was 2.5 and 5 times than four and nine HTF tubes, respectively.
Similarly, the thermal performance of centrosymmetric orientation is better than staggered and inline
orientation. Esapour et al. [31] also examined the influence of number of HTF tubes in shell and tube
container. It was noticed that by increasing the number of HTF tubes from 1 to 4, the melting time
can be reduced by 29%. Therefore, it is evident that the number of HTF tubes has a good influence

on thermal behaviour of LHS system.

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

cylindrical, and shell and tube container orientations on melting rate of PCM. It was observed that
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for the same volume and heat transfer surface area, the melting rate for shell and tube configuration

was comparatively higher.

Tao et al. [33] numerically investigated the influence of HTF tube geometry on melting time.
The tested configurations involved smooth, dimpled, cone-finned and helical-finned tubes. It was
reported that the melting time for dimple, cone-finned and helical-finned tube was reduced by
19.9%, 26.9% and 30.7% comparing to smooth tube, respectively. Likewise, Li et al. [34] reported
that heat transfer rate can be significantly enhanced by employing internally ribbed tubes instead of
smooth tubes. Furthermore, the influence of the numbers, geometrical configurations and

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

The mass flow rate of HTF has a minimal influence on thermal behaviour as compared to inlet
temperature of HTF and geometrical configuration of LHS system. Seddegh et al. [41] numerically
examined the influence of vertical and horizontal orientation of shell and tube container on thermal
behaviour of LHS system. Moreover, it was noticed that mass flow rate of HTF has insignificant
influence on melting rate. Kibria et al. [42] conducted numerical and experimental examination of
paraffin wax in shell and tube container. It was deduced that mass flow rate of HTF has negligible
effect on thermal performance. Also, Wang et al. [43] numerically investigated the enhancement in
thermal performance of shell and tube container due to inlet temperature and mass flow rate of HTF.
It was observed that the inlet temperature has more profound impact on melting rate and thermal
storage capacity than mass flow rate of HTF. Thus, this article will not consider the parametric

investigation of mass flow rate of HTF.

In this article, the parametric investigation of a novel geometrical configuration of a shell and
tube model is conducted. This specific orientation of shell and tube with longitudinal fins has not
been reported in literature. A two-dimensional computational model is applied to a novel shell and
tube configuration. This article is focused on identifying the influence of number of tube passes and
their orientation in the shell on the melting rate and thermal storage capacity. Moreover, the
parametric investigations of fins length, fins thickness and materials for shell, tubes and fins are
conducted to investigate the impact on thermal behaviour of LHS system. The influence of inlet
temperature of HTF on melting rate and thermal storage capacity is also examined. This article will
help in highlighting the parameters that can enhance the thermal performance of LHS system and
therefore, the large scale practical utilisation in various domestic and industrial applications, time-

saving and economic benefits can be achieved.
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2. Numerical model

2.1  Physical model

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.

(@) (b)

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

Thermo-physical characteristics of paraffin [45]
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Melting Temperature TpC 41-44°C or 314.15-317.15 K

Latent heat of fusion L 255 (kJ/kg)

Specific heat C, 2.0 (kJ/kg. K)

Thermal conductivity k 0.2 (W/m. K) (solid); 0.2 (W/m. K) (liquid)
Density o0 800 (kg/m®) (solid); 700 (kg/m®) (liquid)
Dynamic viscosity £ 0.008 (kg/m. s)

Coefficient of thermal expansion 3 0.00259 (1/K)

X X AR
SEnsonan s,
o O

Case A Case B Case C

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

2.2 Governing equations
The governing equations to calculate the thermal performance and phase transition rate of
PCM based LHS system are mass, momentum and energy conservation equations; which are

described as follow:

Mass conservation:

op

—~—+V.(pu)=0 1
ot (pu) 1)
Momentum conservation:

%jtv.(puu) =-Vp+V.(uVu)+F+Su 2

Energy conservation:



171

172
173
174

175
176

177

178

179
180
181
182
183

184

185
186
187

188

189

190

191
192

193

a(pC,T)

pr +V.(pC,Tu) =V.(kVT) +q (3)

where o, U, p, z#, F, S, C k, T and q represents density (kg/m’), velocity (m/s),
pressure (Pa), dynamic viscosity (kg/m.s), volume force (Pa/m), momentum source term, specific
heat at constant pressure (kJ/kg.K), thermal conductivity (W/m.K), temperature (K) and heat source

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

47] as follow:
F :pgﬁ(T _Tpc) 4

where g, B and Tpc shows gravitational acceleration (m/s?), coefficient of thermal

expansion (1/K) and phase change temperature (K), respectively. 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. (2), as follow [48, 49]:
x(1- )’

i wl
(f*+a) ©)

where « represents morphology constant of mushy zone and « is a small value to avoid
division by zero. In this study the values of x and ¢ are set to 10 and 10™, respectively. Further,

the phase transition occurs in temperature interval of T, <T <T,. A smoothing function f is

introduced which indicates the fraction of material in solid and liquid phase, as described below:

T OT T <T,
f= T_TS T, <T<T, (6)
'1 : T>T,

where the indices S and | represent the solid and liquid phase of PCM, respectively. During

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

solid and liquid phase, as follow:

pH=1fpH +1foH, (7)
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To calculate effective specific heat capacity, Eq. (7) is differentiated with respect to

temperature and simplified as follow:

Cp =i fspsHs+ prIHl ©
oT P
1 0 (fp - fsps)

Cp =;( fspscp.s + flplcl),' )+(HI B HS)a_T|:IIT (9)

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

components. The difference in enthalpies H| —Hscan be replaced with latent heat term L .

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

k = 1:sks + fI kI (10)
p="fp+fin (12)

2.3 Initial and boundary conditions

As mentioned in Table. 1, the phase transition temperature of PCM is 314.15 K. In the course
of melting, the initial temperature of thermal storage unit is kept at room temperature at 298.15 K,
which is less than melting temperature. It indicates that initially entire PCM is in solid phase. A
constant boundary temperature is provided from HTF tube to PCM in shell, which ranges from
323.15K to 343.15K. The melting process starts at t=0s by supplying constant temperature from

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

2.4  Computational procedure and model validation
The governing equations are discretised by using finite element approach. In order to simplify

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

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

domain due to coupled thermal energy transfer between HTF and PCM. Second order backward
differentiation technique is employed for time stepping to check the relative tolerance. The relative
tolerance is set to 0.001. The mesh independency and time stepping are validated by conducting a
series of comparative investigations to find the influence of different mesh numbers and time steps
on melt time. Case C from Fig. 2 is selected for this examination. Table. 2 represent the impact of
mesh numbers and time steps on the melt time. It is observed that when the time step is set to 1 min,

the melt time for entire LHS system in case-Il and case-Ill are 443 and 441, respectively. However,
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the difference in melt time for case-l and case-Il is significant. Further, the melting fraction at a
point, which is at 20 mm vertical distance from the outer boundary of central HTF tube, is illustrated
in Fig. 3. It can be noticed from Fig. 3 (b) that the melting fraction plots for all three time steps are
almost identical. Therefore, the selected mesh numbers and time steps for this study are 57861 and 1

min, respectively.

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.
Table 2

Validation of mesh independency and time stepping.

Case  Mesh HTF Time step Melttime Percent
Numbers temperature (K)  (min) (min) Error

I 28674 333.15 1 396 10.6

I 57861 333.15 1 443 -

1"l 61932 333.15 1 441 0.45

v 57861 333.15 0.25 437 1.35

\% 57861 333.15 0.5 452 2.03

1 . . 1 ‘ . . . .
0.9 Mesh number: 28674 |- Time step: 0.25 min
’ — - — - - Mesh number: 57861 ] 09 —.—.- Time step: 0.5 min
0.8 | % Meshnumber: 61932 ; 0.8 * Time step: 1 min
= 07 0.7
2 £
S 06 .2 L
2ost <05
5 =
204 = 04
[
03 =03 !
02 | 02 H
0.1 0.1 /
0 L . = L | | | L 0 L I L L L
30 40 50 60 70 80 90 100 110 120 30 40 50 60 7(_) 80_ 90 100 110 120
Time (min) Time (min)
(a) (b)

Fig. 3 (a) and (b) illustrates the mesh and time steps independency, respectively.
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31315

308.15 -

303.15

+

Temperature (K)

298.15 : n

|'1| Jem

293.15 | i
i —+—  Experimental value, Probe position: T11

288.15 [ —&—  Experimental value, Probe position: T12
| ———  Simulation value, Probe position: T11

283.15 — —:- Simulation value, Probe position: T12 |

278.15 | | | | | | | 1 1
0 2 4 6 8 10 12 14 16 18 20

Time (hr)
Fig. 4. Comparison of temperature profiles to validate numerical model with experimental results
from [50]. For all cases, the inlet temperature and flow rate of HTF were set to 323.15 K and 1

I/min, respectively.

3. Results and discussion

3.1 Numbers and orientations of tube passes

Fig. 5 demonstrates the melting fraction of PCM in various geometrical orientations of LHS
system. The inlet temperature of HTF is set to 333.15 K for investigating the effect of numbers of
tube passes on melting rate. The number of tube passes in case A, B and C are 9, 12 and 21,
respectively. With an increase in tube pass, the volume of PCM in shell is compromised by tube and
fins. On the contrary, it will increase the effective surface area for heat transfer and thus the low
thermal conductivity of PCM can be improved. As a result, the melting rate of PCM can be

significantly enhanced by increasing the tube passes.

In case A, the geometric orientation depicts that the tube passes are widely apart. It can be
noticed that the tube pass at the centre and the tube passes near the boundary of shell are afar.
Therefore, due to low thermal conductivity of PCM, the heat transfer is not very intense in this
region. Initially, the melting process is dominated by conduction. It can be noticed from Fig. 5 that

only 65.75% of PCM is melted after 5 hrs of heat transfer. With an increase in liquid percentage of
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PCM, the heat transfer is now dominated by convection. Further, the melting rate is reduced due to
lack of conduction heat transfer. It can be observed that the liquid percentage of PCM is 95.45% and
99% after 10 hrs and 15 hrs of heat transfer, respectively. Likewise, even after 20 hrs, the PCM is

not completely melted.

In case B, the surface area for heat transfer is increased by adding three more tube passes.
Similar to case-A, the melting process is initially dominated by conduction. It is observed that after 4
hrs of heat transfer only 71.85% of PCM is in liquid phase. Convection dominates the heat transfer
now and thus the melting rate reduces, as the liquid percentage of PCM is 96.07% and 99.5% after 8
hrs and 12 hrs, respectively. In case B, the entire PCM is melted in 15 hrs of continuous heat

transfer.

In case C, the surface area for heat transfer is enhanced by increasing the number of tube
passes to 21. In this case, the heat transfer is highly dominated by conduction as it can be seen that a
huge percentage of PCM is melted within 3 hrs. It is noticed that the liquid percentage of PCM is
84%, 94.2% and 98.25% after 3 hrs, 4 hrs and 5 hrs of heat transfer, respectively. The entire PCM is
melted in 7.5 hrs.

As depicted in Fig. 5, the melting rate for case C is significantly higher than case A and case
B. It is noticed that due to higher effective surface area for heat transfer, the melt time for case C is
about half as compared to case B. Also, due to the increase in tube passes, the heat transfer is

dominated by conduction and therefore, the melting rate is improved significantly.
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Fig. 5. Liquid fraction for all the three cases at inlet temperature of 333.15 K
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3.2 Longitudinal fins geometry

Fins geometry plays a significant role in enhancing the thermal performance of LHS system.
Fig.6 represents the effect of various fins lengths on melting fraction and temperature distribution in
LHS system. Heat is transferred to LHS system for 4 hrs at inlet temperature of 333.15 K. The
influence of various fins lengths ranging from 12.7 mm to 38.10 mm is investigated. Due to an
increase in surface area, the thermal conduction enhances and consequently overall heat transfer
improves. It is evident from Fig. 6 that the temperature distribution in entire system for case (d) is
significantly better than other cases. After 4 hrs of heat transfer, the liquid fractions for case (a), (b),
(c) and (d) are noted to be 59.2%, 72.98%, 83.86% and 94.66%, respectively.

It can be observed from Fig. 7 that as compared to case (a), the total melting time for case (e),
(9) and (i) is reduced by 35.45%, 47.01% and 57.32%, respectively. However, it is noticed that the
thermal storage capacity is reduced by increasing the fins length. It is noted that the thermal storage
capacity for case (i) is 1.94% lesser than case (a). Due to higher melting rate, case (i) is selected for
further investigations in this article.

332
330
328
326
324
322
320
318

4316

1314
312
310

308
306
304

302

Melting fraction
Temperature (K)

300

298

Fig.6. Influence of fins length on melting fraction and temperature contours after charging for 4
hours. Fins thickness is set to 2 mm for all cases. (a) fins length = 12.7mm, (b) fins length = 25.4
mm, (c¢) fins length = 31.75 mm and (d) fins length = 38.10 mm.
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Fins length (mm)

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

Fig. 8 illustrates the impact of fins thickness on melting fraction and temperature distribution
in LHS system. The HTF temperature is set to 333.15 K and the system is charged for 4 hrs. The
effects of different fins thickness ranging from 1 mm to 5 mm are examined. It can be noticed from
Fig. 8 that the melting fraction for all cases are almost similar after 4 hrs of heat transfer. The liquid
fraction for case (a), (b), (c) and (d) are recorded to be 94.58%, 94.66%, 94.74% and 94.75%,
respectively. Likewise, the fins thickness has minimal influence on the temperature distribution.

Fig. 9 represents the total melting time and variation in thermal storage capacity for all cases.
It can be noticed that the total melting time for case (e), case (g) and case (i) is reduced by 10.25%,
13.25% and 16.45% as compared to case (a), respectively. However, an increase in fins thickness
can limit the volume for PCM and therefore the thermal storage capacity of LHS system can be
compromised. As shown in Fig. 9, the thermal storage capacity for case (i) is reduced by 5.7% as

compared to case (a), respectively.
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3.3 Shell, tube and fins materials

The low thermal conductivity of PCM can be boosted by employing higher thermal
conductive shell, tube and fins. High thermal conductive materials play a vital role in improving the
thermal performance of LHS system. In order to analyse the influence of material on thermal
performance, the following materials are examined: steel AISI 4340, cast iron, tin, nickel,
aluminium 6063, aluminium and copper. The inlet temperature of HTF is kept constant at 333.15 K
for all materials. Table 3 represents the percent liquid fraction and complete melting time of PCM
against various materials. It is observed that as the thermal conductivity of material increases, the
heat transfer rate between HTF and PCM increases and therefore the melting rate of PCM
strengthens. Due to higher thermal conductivity of copper, the required melting time for PCM is
reduced by 23.68% as compared to steel AISI 4340. Likewise, aluminium and aluminium 6063
presents a good thermal performance, as the melting time is reduced by 18.84 % and 17.88 %
comparing to cast iron, respectively. It is evident from Table 3 that copper and aluminium are the
suitable materials to be employed as shell, tube and fins material.

Table 3

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

Thermal Percent Liquid Fraction

Conductivity Complete Melting
Materials W/(mK))[51] 2hr 4hr 6hr 8hr 10hr Time (hr)
Steel AISI 4340 44.5 63.92 85.23 9553 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 7277 9219 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

3.4 Inlet temperature of HTF

In order to examine the influence of inlet temperature of HTF on melting rate and increase in
enthalpy of LHS system, various inlet temperatures are investigated ranging from 323.15 K to
343.15 K. An increase in inlet temperature of HTF produces higher temperature difference between
PCM and HTF and consequently the heat transfer rate is accelerated. Due to an increase in heat
transfer, the melting rate of PCM is enhanced, as shown in Fig. 10. It is evident that LHS system in

case (d) is at notable higher temperature compared to case (a) and thus majority of the PCM is either
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in liquid state or mushy zone. After 4 hrs of heat transfer, the liquid fraction for case (a), (b) (c) and
(d) are noted to be 66.71%, 92.93%, 93.65% and 99.55%, respectively. Fig.11 illustrates that the
total melting time is reduced by 42.8%, 52.4% and 68.8% as the inlet temperature of HTF is
increased from 323.15 K to 328.15 K, 333.15 K and 343.15 K, respectively. Also, due to the
increase in inlet temperature, the sensible enthalpy of the system is also augmented, which results in
enhancing the overall thermal storage capacity. Fig. 11 shows that the enthalpy of LHS system for
case (c), case (e) and case (i) is increased by 4.52%, 9.03% and 18.06% as compared to case (a),

respectively.
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Fig. 10 Temperature contours of LHS system after 4 hrs of heat transfer. Various inlet temperatures
of HTF are (a) 323.15 K, (b) 328.15 K, (c) 333.15 K and (d) 343.15 K.
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Fig. 11 Impact of inlet temperature of HTF on melting time and thermal storage capacity

4, Conclusions

In this article, a computational model is employed to examine the thermal performance of
novel shell and tube configuration based LHS system. Parametric investigation is conducted to
inspect the improvement in thermal performance due to the number of tube passes, length and
thickness of longitudinal fins, materials for shell, tube and fins, and inlet temperature of HTF. The
augmented thermal behaviour of LHS system can attain both time and economic benefits, along with

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

numerical results the following conclusions are reached:

. It is observed that as the number of tube passes is increased from 9 to 21, the thermal
performance of the LHS system is significantly enhanced. This is due to the fact that the
thermal conductivity and effective surface area for heat transfer increases by increasing the
number of tubes. The heat transfer is dominated by conduction heat transfer and therefore the
required melting time for 21 number of tube passes is reduced by 48.5% to that of 12 tube

passes.

. The geometry of the fins plays a vital role in improving the thermal performance of LHS
system. It is noticed that as the length of the fins is increased from 12.7 mm to 38.10 mm, the
thermal conductivity of the system improved and consequently the heat transfer between HTF

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

12.7 mm to 38.10 mm.
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. Fins thickness influences the melting time of the PCM. However, it is observed that increase
in fins length has more prominent effects on thermal performance than fins thickness. Also,
the thermal storage capacity of system is decreased by 5.7% as the fins thickness is increased
from 1 mm to 5 mm.

. Shell, tubes and fins material has significant effect on the thermal performance. It is
recommended to use high thermal conductive material, which is compatible with PCM. It was
observed that copper, aluminium and aluminium 6063 has considerably better thermal
performance with paraffin as compared to steel AISI 4340.

° The enthalpy and melting rate is augmented by increasing the inlet temperature of HTF from
323.15 K to 343.15 K. Due to increase in inlet temperature, the sensible enthalpy increases
and therefore the overall system thermal storage capacity is increased by 18.06%. Likewise,
the melting time is reduced by 68.8%.
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38.1mm, thickness of 2mm, copper as construction material and 333.15 K as inlet temperature gives
an optimum thermal performance for this particular configuration of LHS system. In revised
manuscript, 9 data points are taken in Fig. 7, 9 and 11 to clearly evaluate the influence of parameters
and its trend on system thermal performance. These figures are self-explanatory for the readers to
adjust the required parameters according to their requirements for the amount of thermal storage

capacity and minimum time for charging and discharging of system (melting/solidification time).

Reviewer #2

The numerical study was conducted for a 2D model with little innovation nor any advanced numerical

method. At least 3D model should be analyzed.

Response:
The authors are thankful to reviewer for raising this point. The authors believe that this specific
vertical orientation of shell and tube container with longitudinal fins has not yet been reported in

previous literature. 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. The authors will certainly upgrade this

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 Eqg. (2), the Darcy's Law damping is commonly added in the momentum equation to consider the
effect of phase change on convective heat transfer. | 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]:

o K- f)’

— 1
(f*+a) @

where x represents morphology constant of mushy zone and « is a small value to avoid division by

zero. In this study the values of x and « are set to 10’ and 10, respectively.
(Line 179-186)

Continued to Reviewer #3



The vectors in Egs. (1)- (3), such as u, F, should be expressed in boldface to distinguish with those

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

This paper presents a two-dimensional finite element computational model which investigates
thermal behaviour of a novel geometrical configuration of shell and tube based latent heat storage
(LHS) system. Commercial grade paraffin is used as a phase change material (PCM) with water is
employed as a heat transfer fluid (HTF). In this numerical analysis, the parametric investigations are
conducted to identify the enhancement in melting rate and thermal storage capacity. The parametric
investigations are comprised of number and orientation of tube passes in the shell, longitudinal fins
length and thickness, materials for shell, tube and fins, and inlet temperature of HTF. Numerical
analysis revealed that the melting rate is significantly enhanced by increasing the number of tube
passes from 9 to 21. In 21 passes configuration, conduction heat transfer is the dominant and
effective mode of heat transfer. The length of fins has profound impact on melting rate as compared
to fins thickness. Also, the reduction in thermal storage capacity due to an increase in fins length is
minimal to that of increase in fins thickness. The influence of several materials for shell, tube and
fins are examined. Due to higher thermal conductivity, the melting rate for copper and aluminium is
significantly higher than steel AISI 4340, cast iron, tin and nickel. Similarly, the thermal storage
capacity and melting rate of LHS system is increased by a fraction of 18.06 % and 68.8 % as the
inlet temperature of HTF is increased from 323.15 K to 343.15 K, respectively. This study presents
an insight into how to augment the thermal behaviour of paraffin based LHS system and ultimately,
these findings inform novel design solutions for wide-ranging practical utilisation in both domestic

and commercial heat storage applications.
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Latent heat storage, Phase change material, Thermal conductivity, Heat transfer, Shell and tube
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Nomenclature

Cp 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 a Small constant value

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

f, Fraction of PCM in liquid phase K Morphology constant of mushy zone

g Gravitational acceleration (m/s®) P Density (kg/m?)

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

k Thermal conductivity (W/m. K)

L Latent heat of fusion (ki/kg) Subscripts

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

TS Temperature of solid region of PCM (K) | Liquid phase of PCM

TI Temperature of liquid region of PCM (K) Acronyms

TpC Phase change temperature (K) HTF Heat transfer fluid

p Pressure (Pa) LHS Latent heat storage

q Heat source term (W/m°) PCM Phase change material
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1. Introduction
For a long era, the world energy requirements are served and assisted by fossil fuels.

However, due to the number of downsides of using fossil fuels such as limited and depleting
resources, inconsistent prices and emission of harmful gases have encouraged scientists and
engineers to progress in technologies to take advantages of renewable energy. In order to respond to
the unpredictable and fluctuating nature of renewable energy sources, latent heat storage (LHS)
system provides a viable option. LHS utilises PCM to store surplus thermal energy within solar
systems or heat recovery systems and retrieves it when needed, in order to minimise the gap between

energy demand and supply [1, 2].

However, due to low thermal conductivity of PCM, rapid energy storage and discharge has
been a major obstacle. Therefore, LHS system requires a sensitive and responsive thermal energy
storing and discharging technique. A significant body literature is available that deals with the
enhancement of LHS system such as geometric orientations of LHS system [3, 4], utilising extended
surfaces [5, 6], encapsulation of PCM [7-11], employing form stable PCM [12-17] and inclusion of
high thermal conductivity additives to PCM [18-20].

To develop efficient and productive LHS systems, thermal behaviour of several configurations
and orientations have been examined. PCMs are normally employed in rectangular, spherical,
cylindrical and shell and tubes containers. Kamkari and Shokouhmand [21] conducted an
experimental study to identify the effect of number of fins on heat transfer and melting rate of PCM
in rectangular container. It was deducted that melting time for one fin and 3 fins were reduced by
18% and 37% as compared to without fins enclosure. However, an increase in number of fins
resulted in reduced natural convection and thus the overall heat transfer rate was compromised.
Kalbasi and Salimpour [22] numerically studied the impact of length and number of longitudinal fins
on thermal performance of PCM in rectangular enclosure. It was reported that higher number of
longitudinal fins with shorter length showed augmented natural convection as compared to few fins
with longer length. It was recommended that an optimum value for fins length and number should be
identified to optimise the system. On the contrary, Ren and Chan [23] reported that an increase in
longitudinal fins length enhanced the melting rate of PCM and therefore small number of lengthy

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

Li and Wu [24] numerically investigated the influence of six longitudinal fins on melting rate
of NaNO;s in horizontal concentric tube. It was observed that extended fins can reduce the melting
and solidification time by at least 14% compared to concentric tubes without fins. Rabienataj Darzi
et al. [25] simulated the effect of number fins on melting and solidification rate of N-eicosane in
horizontal concentric tube. It was noticed that melting time for 4, 10, 15 and 20 fins were reduced by

39%, 73%, 78% and 82% as compared to no fins case, respectively. Likewise, the solidification time
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was decreased by 28%, 62%, 75% and 85% as compared to no fins case, respectively. However, as
an increase in fins number restrained natural convection, thus increase in fins presented more
prominent influence on solidification than melting rate. Yuan et al. [26] simulated the impact of fins
angle on melting rate of lauric acid in horizontal concentric tube. It was reported that fins angle
plays a significant role in influencing melting rate. The different angles for installation of two fins
were 0° 30° 45° and 90°. The melting rate for fins angle 0° was comparatively higher. Moreover, in
case of fins angle 0° an increase in inlet temperature of HTF from 60 °C to 80 °C reduced melting
time by 59.24%.

Caron-Soupart et al. [27] conducted an experimental examination to identify the effect of
vertical concentric tube orientations on melting rate, heat exchange power and storage density.
Selected concentric tube orientations were consisted of a single HTF tube without fins, with
longitudinal fins and with circular fins. It was noticed that the melting rate for tube with longitudinal
fins and circular fins was significantly higher than that of the tube without fins. Likewise, the heat
exchange power was increased by a factor of 10 for the fins orientations than without fins. However,
due to provision of higher PCM volume, the tube without fins orientation exhibited higher thermal
storage density. Likewise, Agyenim et al. [28] conducted an experimental investigation to identify
the thermal response of erythritol as a PCM in three orientations of horizontal concentric tube. The
three orientations were concentric tube with no fins, with circular fins and with longitudinal fins. It
was noticed that after 8 hrs of charging, only longitudinal fins orientation was able to melt the entire
PCM. Also, cumulative thermal energy storage for longitudinal fins was comparatively higher.
During solidification process, longitudinal fins showed better thermal performance with reduced

subcooling.

Rathod and Banerjee [29] experimentally evaluated the effect of three longitudinal fins on
melting and solidification rate of stearic acid in shell and tube container. It was noticed that melting
and solidification time was reduced by 24.52% and 43.6% as compared to without fins case,
respectively. Luo et al. [30] numerically studied the impact of number of HTF tubes and their
orientations in shell and tube container on thermal performance. It was observed that the required
melting time for single HTF tube was 2.5 and 5 times than four and nine HTF tubes, respectively.
Similarly, the thermal performance of centrosymmetric orientation is better than staggered and inline
orientation. Esapour et al. [31] also examined the influence of number of HTF tubes in shell and tube
container. It was noticed that by increasing the number of HTF tubes from 1 to 4, the melting time
can be reduced by 29%. Therefore, it is evident that the number of HTF tubes has a good influence

on thermal behaviour of LHS system.

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

cylindrical, and shell and tube container orientations on melting rate of PCM. It was observed that
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for the same volume and heat transfer surface area, the melting rate for shell and tube configuration

was comparatively higher.

Tao et al. [33] numerically investigated the influence of HTF tube geometry on melting time.
The tested configurations involved smooth, dimpled, cone-finned and helical-finned tubes. It was
reported that the melting time for dimple, cone-finned and helical-finned tube was reduced by
19.9%, 26.9% and 30.7% comparing to smooth tube, respectively. Likewise, Li et al. [34] reported
that heat transfer rate can be significantly enhanced by employing internally ribbed tubes instead of
smooth tubes. Furthermore, the influence of the numbers, geometrical configurations and

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

The mass flow rate of HTF has a minimal influence on thermal behaviour as compared to inlet
temperature of HTF and geometrical configuration of LHS system. Seddegh et al. [41] numerically
examined the influence of vertical and horizontal orientation of shell and tube container on thermal
behaviour of LHS system. Moreover, it was noticed that mass flow rate of HTF has insignificant
influence on melting rate. Kibria et al. [42] conducted numerical and experimental examination of
paraffin wax in shell and tube container. It was deduced that mass flow rate of HTF has negligible
effect on thermal performance. Also, Wang et al. [43] numerically investigated the enhancement in
thermal performance of shell and tube container due to inlet temperature and mass flow rate of HTF.
It was observed that the inlet temperature has more profound impact on melting rate and thermal
storage capacity than mass flow rate of HTF. Thus, this article will not consider the parametric

investigation of mass flow rate of HTF.

In this article, the parametric investigation of a novel geometrical configuration of a shell and
tube model is conducted. This specific orientation of shell and tube with longitudinal fins has not
been reported in literature. A two-dimensional computational model is applied to a novel shell and
tube configuration. This article is focused on identifying the influence of number of tube passes and
their orientation in the shell on the melting rate and thermal storage capacity. Moreover, the
parametric investigations of fins length, fins thickness and materials for shell, tubes and fins are
conducted to investigate the impact on thermal behaviour of LHS system. The influence of inlet
temperature of HTF on melting rate and thermal storage capacity is also examined. This article will
help in highlighting the parameters that can enhance the thermal performance of LHS system and
therefore, the large scale practical utilisation in various domestic and industrial applications, time-

saving and economic benefits can be achieved.
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2. Numerical model

2.1  Physical model

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.

(@) (b)

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

Thermo-physical characteristics of paraffin [45]
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Melting Temperature TpC 41-44°C or 314.15-317.15 K

Latent heat of fusion L 255 (kJ/kg)

Specific heat C, 2.0 (kJ/kg. K)

Thermal conductivity k 0.2 (W/m. K) (solid); 0.2 (W/m. K) (liquid)
Density o0 800 (kg/m®) (solid); 700 (kg/m®) (liquid)
Dynamic viscosity £ 0.008 (kg/m. s)

Coefficient of thermal expansion S 0.00259 (1/K)

X X AR
SEnsonan s,
o O

Case A Case B Case C

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

2.2 Governing equations
The governing equations to calculate the thermal performance and phase transition rate of
PCM based LHS system are mass, momentum and energy conservation equations; which are

described as follow:

Mass conservation:

op

—— +V.(pu)=0 1
o (pu) 1)
Momentum conservation:

%+V.(pUU) =-Vp+V.(uVu)+F+Su 2

Energy conservation:
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o(pC T
%+V.(pCpTu) =V.(kVT)+q ®3)

where o, U, p, g, F, S, C k, T and q represents density (kg/m’), velocity (m/s),
pressure (Pa), dynamic viscosity (kg/m.s), volume force (Pa/m), momentum source term, specific
heat at constant pressure (kJ/kg.K), thermal conductivity (W/m.K), temperature (K) and heat source

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

47] as follow:
F :pgﬂ(T _Tpc) 4

where g, B and Tpc shows gravitational acceleration (m/s?), coefficient of thermal

expansion (1/K) and phase change temperature (K), respectively. 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. (2), as follow [48, 49]:
x(1- f)?

i wl
(fP+a) ©)

where « represents morphology constant of mushy zone and « is a small value to avoid
division by zero. In this study the values of x and ¢ are set to 10" and 10™, respectively. Further,

the phase transition occurs in temperature interval of T, <T <T,. A smoothing function f is

introduced which indicates the fraction of material in solid and liquid phase, as described below:

T OT T <T,
= T_TS T,<T<T, (6)
'1 : T>T,

where the indices S and | represent the solid and liquid phase of PCM, respectively. During

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

solid and liquid phase, as follow:

pH=1fpH +1foH, (7)
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To calculate effective specific heat capacity, Eq. (7) is differentiated with respect to

temperature and simplified as follow:

Cp =i fspsHs+ prIHl ©
oT P
1 0 (fp - fsps)

Cp =;( fspscp.s + flplcl),' )+(HI B HS)a_T|:IIT (9)

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

components. The difference in enthalpies H| —Hscan be replaced with latent heat term L .

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

k = 1:sks + fI kI (10)
p="fp+fin (12)

2.3 Initial and boundary conditions

As mentioned in Table. 1, the phase transition temperature of PCM is 314.15 K. In the course
of melting, the initial temperature of thermal storage unit is kept at room temperature at 298.15 K,
which is less than melting temperature. It indicates that initially entire PCM is in solid phase. A
constant boundary temperature is provided from HTF tube to PCM in shell, which ranges from
323.15K to 343.15K. The melting process starts at t=0s by supplying constant temperature from

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

2.4  Computational procedure and model validation
The governing equations are discretised by using finite element approach. In order to simplify

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

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

domain due to coupled thermal energy transfer between HTF and PCM. Second order backward
differentiation technique is employed for time stepping to check the relative tolerance. The relative
tolerance is set to 0.001. The mesh independency and time stepping are validated by conducting a
series of comparative investigations to find the influence of different mesh numbers and time steps
on melt time. Case C from Fig. 2 is selected for this examination. Table. 2 represent the impact of
mesh numbers and time steps on the melt time. It is observed that when the time step is set to 1 min,

the melt time for entire LHS system in case-Il and case-Il1 are 443 and 441, respectively. However,
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the difference in melt time for case-l and case-Il is significant. Further, the melting fraction at a
point, which is at 20 mm vertical distance from the outer boundary of central HTF tube, is illustrated
in Fig. 3. It can be noticed from Fig. 3 (b) that the melting fraction plots for all three time steps are
almost identical. Therefore, the selected mesh numbers and time steps for this study are 57861 and 1

min, respectively.

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.
Table 2

Validation of mesh independency and time stepping.

Case  Mesh HTF Time step Melttime Percent
Numbers temperature (K)  (min) (min) Error

I 28674 333.15 1 396 10.6

I 57861 333.15 1 443 -

1"l 61932 333.15 1 441 0.45

v 57861 333.15 0.25 437 1.35

\% 57861 333.15 0.5 452 2.03

1 . . 1 ‘ . . . .
0.9 Mesh number: 28674 |- Time step: 0.25 min
’ — - — - - Mesh number: 57861 ] 09 —.—.- Time step: 0.5 min
0.8 | % Meshnumber: 61932 ; 0.8 * Time step: 1 min
= 07 0.7
2 £
S 06 .2 L
2ost <05
5 =
204 = 04
[
03 =03 !
02 | 02 H
0.1 0.1 /
0 L . = L | | | L 0 L I L L L
30 40 50 60 70 80 90 100 110 120 30 40 50 60 7(_) 80_ 90 100 110 120
Time (min) Time (min)
(a) (b)

Fig. 3 (a) and (b) illustrates the mesh and time steps independency, respectively.
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Fig. 4. Comparison of temperature profiles to validate numerical model with experimental results
from [50]. For all cases, the inlet temperature and flow rate of HTF were set to 323.15 K and 1

I/min, respectively.

3. Results and discussion

3.1 Numbers and orientations of tube passes

Fig. 5 demonstrates the melting fraction of PCM in various geometrical orientations of LHS
system. The inlet temperature of HTF is set to 333.15 K for investigating the effect of numbers of
tube passes on melting rate. The number of tube passes in case A, B and C are 9, 12 and 21,
respectively. With an increase in tube pass, the volume of PCM in shell is compromised by tube and
fins. On the contrary, it will increase the effective surface area for heat transfer and thus the low
thermal conductivity of PCM can be improved. As a result, the melting rate of PCM can be

significantly enhanced by increasing the tube passes.

In case A, the geometric orientation depicts that the tube passes are widely apart. It can be
noticed that the tube pass at the centre and the tube passes near the boundary of shell are afar.
Therefore, due to low thermal conductivity of PCM, the heat transfer is not very intense in this
region. Initially, the melting process is dominated by conduction. It can be noticed from Fig. 5 that

only 65.75% of PCM is melted after 5 hrs of heat transfer. With an increase in liquid percentage of
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PCM, the heat transfer is now dominated by convection. Further, the melting rate is reduced due to
lack of conduction heat transfer. It can be observed that the liquid percentage of PCM is 95.45% and
99% after 10 hrs and 15 hrs of heat transfer, respectively. Likewise, even after 20 hrs, the PCM is

not completely melted.

In case B, the surface area for heat transfer is increased by adding three more tube passes.
Similar to case-A, the melting process is initially dominated by conduction. It is observed that after 4
hrs of heat transfer only 71.85% of PCM is in liquid phase. Convection dominates the heat transfer
now and thus the melting rate reduces, as the liquid percentage of PCM is 96.07% and 99.5% after 8
hrs and 12 hrs, respectively. In case B, the entire PCM is melted in 15 hrs of continuous heat

transfer.

In case C, the surface area for heat transfer is enhanced by increasing the number of tube
passes to 21. In this case, the heat transfer is highly dominated by conduction as it can be seen that a
huge percentage of PCM is melted within 3 hrs. It is noticed that the liquid percentage of PCM is
84%, 94.2% and 98.25% after 3 hrs, 4 hrs and 5 hrs of heat transfer, respectively. The entire PCM is
melted in 7.5 hrs.

As depicted in Fig. 5, the melting rate for case C is significantly higher than case A and case
B. It is noticed that due to higher effective surface area for heat transfer, the melt time for case C is
about half as compared to case B. Also, due to the increase in tube passes, the heat transfer is

dominated by conduction and therefore, the melting rate is improved significantly.
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Fig. 5. Liquid fraction for all the three cases at inlet temperature of 333.15 K
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3.2 Longitudinal fins geometry

Fins geometry plays a significant role in enhancing the thermal performance of LHS system.
Fig.6 represents the effect of various fins lengths on melting fraction and temperature distribution in
LHS system. Heat is transferred to LHS system for 4 hrs at inlet temperature of 333.15 K. The
influence of various fins lengths ranging from 12.7 mm to 38.10 mm is investigated. Due to an
increase in surface area, the thermal conduction enhances and consequently overall heat transfer
improves. It is evident from Fig. 6 that the temperature distribution in entire system for case (d) is
significantly better than other cases. After 4 hrs of heat transfer, the liquid fractions for case (a), (b),
(c) and (d) are noted to be 59.2%, 72.98%, 83.86% and 94.66%, respectively.

It can be observed from Fig. 7 that as compared to case (a), the total melting time for case (e),
(9) and (i) is reduced by 35.45%, 47.01% and 57.32%, respectively. However, it is noticed that the
thermal storage capacity is reduced by increasing the fins length. It is noted that the thermal storage
capacity for case (i) is 1.94% lesser than case (a). Due to higher melting rate, case (i) is selected for
further investigations in this article.

332
330
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324
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320
318

4316

1314
312
310

308
306
304

302

Melting fraction
Temperature (K)

300

298

Fig.6. Influence of fins length on melting fraction and temperature contours after charging for 4
hours. Fins thickness is set to 2 mm for all cases. (a) fins length = 12.7mm, (b) fins length = 25.4
mm, (c¢) fins length = 31.75 mm and (d) fins length = 38.10 mm.
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Fig. 7. Effects of fins length on total melt time and thermal storage capacity.

Fig. 8 illustrates the impact of fins thickness on melting fraction and temperature distribution
in LHS system. The HTF temperature is set to 333.15 K and the system is charged for 4 hrs. The
effects of different fins thickness ranging from 1 mm to 5 mm are examined. It can be noticed from
Fig. 8 that the melting fraction for all cases are almost similar after 4 hrs of heat transfer. The liquid
fraction for case (a), (b), (c) and (d) are recorded to be 94.58%, 94.66%, 94.74% and 94.75%,
respectively. Likewise, the fins thickness has minimal influence on the temperature distribution.

Fig. 9 represents the total melting time and variation in thermal storage capacity for all cases.
It can be noticed that the total melting time for case (e), case (g) and case (i) is reduced by 10.25%,
13.25% and 16.45% as compared to case (a), respectively. However, an increase in fins thickness
can limit the volume for PCM and therefore the thermal storage capacity of LHS system can be
compromised. As shown in Fig. 9, the thermal storage capacity for case (i) is reduced by 5.7% as
compared to case (a), respectively.
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3.3 Shell, tube and fins materials

The low thermal conductivity of PCM can be boosted by employing higher thermal
conductive shell, tube and fins. High thermal conductive materials play a vital role in improving the
thermal performance of LHS system. In order to analyse the influence of material on thermal
performance, the following materials are examined: steel AISI 4340, cast iron, tin, nickel,
aluminium 6063, aluminium and copper. The inlet temperature of HTF is kept constant at 333.15 K
for all materials. Table 3 represents the percent liquid fraction and complete melting time of PCM
against various materials. It is observed that as the thermal conductivity of material increases, the
heat transfer rate between HTF and PCM increases and therefore the melting rate of PCM
strengthens. Due to higher thermal conductivity of copper, the required melting time for PCM is
reduced by 23.68% as compared to steel AISI 4340. Likewise, aluminium and aluminium 6063
presents a good thermal performance, as the melting time is reduced by 18.84 % and 17.88 %
comparing to cast iron, respectively. It is evident from Table 3 that copper and aluminium are the
suitable materials to be employed as shell, tube and fins material.

Table 3

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

Thermal Percent Liquid Fraction

Conductivity Complete Melting
Materials (W/(mK))[51] 2hr 4hr 6hr 8hr 10hr Time (hr)
Steel AISI 4340 44.5 63.92 85.23 9553 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 7277 9219 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

3.4 Inlet temperature of HTF

In order to examine the influence of inlet temperature of HTF on melting rate and increase in
enthalpy of LHS system, various inlet temperatures are investigated ranging from 323.15 K to
343.15 K. An increase in inlet temperature of HTF produces higher temperature difference between
PCM and HTF and consequently the heat transfer rate is accelerated. Due to an increase in heat
transfer, the melting rate of PCM is enhanced, as shown in Fig. 10. It is evident that LHS system in

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

In this article, a computational model is employed to examine the thermal performance of
novel shell and tube configuration based LHS system. Parametric investigation is conducted to
inspect the improvement in thermal performance due to the number of tube passes, length and
thickness of longitudinal fins, materials for shell, tube and fins, and inlet temperature of HTF. The
augmented thermal behaviour of LHS system can attain both time and economic benefits, along with

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

numerical results the following conclusions are reached:

. It is observed that as the number of tube passes is increased from 9 to 21, the thermal
performance of the LHS system is significantly enhanced. This is due to the fact that the
thermal conductivity and effective surface area for heat transfer increases by increasing the
number of tubes. The heat transfer is dominated by conduction heat transfer and therefore the
required melting time for 21 number of tube passes is reduced by 48.5% to that of 12 tube

passes.

. The geometry of the fins plays a vital role in improving the thermal performance of LHS
system. It is noticed that as the length of the fins is increased from 12.7 mm to 38.10 mm, the
thermal conductivity of the system improved and consequently the heat transfer between HTF

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

12.7 mm to 38.10 mm.
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. Fins thickness influences the melting time of the PCM. However, it is observed that increase
in fins length has more prominent effects on thermal performance than fins thickness. Also,
the thermal storage capacity of system is decreased by 5.7% as the fins thickness is increased
from 1 mm to 5 mm.

. Shell, tubes and fins material has significant effect on the thermal performance. It is
recommended to use high thermal conductive material, which is compatible with PCM. It was
observed that copper, aluminium and aluminium 6063 has considerably better thermal
performance with paraffin as compared to steel AISI 4340.

° The enthalpy and melting rate is augmented by increasing the inlet temperature of HTF from
323.15 K to 343.15 K. Due to increase in inlet temperature, the sensible enthalpy increases
and therefore the overall system thermal storage capacity is increased by 18.06%. Likewise,
the melting time is reduced by 68.8%.
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