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Phase change material (PCM) based thermal energy storage (TES) offers high energy density and better heat
transfer performance by encapsulating PCM within a specifically designed container, i.e., shell and tube type
TES. In this work, the PCM is packed in multiple cylindrical tubes, and heat transfer fluid (HTF) flows in the
annulus. Such arrangement of PCM and HTF in the TES system is termed a cylindrical model, and the one
opposite to the cylindrical model is called a pipe model. This work conducts the performance evaluation for PCM-
based shell and tube TES using an experimentally validated numerical model. The 3D cyclic periodic model for
TES has been developed based on hexagonal circle packing, and the effective energy storage ratio as a perfor-
mance index under varying geometrical and operating parameters has been investigated. The variation in pa-
rameters includes tube length (0.5-7 m), diameter (10-50 mm), initial temperature (293.15-303.15 K),
volumetric flow rate (10-500 1/min), inlet temperature (323.15-393.15 K). Using a conjugate heat transfer
model, the influence of parameters was investigated, and the performance index was evaluated using the
effectiveness-NTU theory. It was found that TES was effective for geometrical parameters diameter d < 30 mm
and length L > 2 m. The performance index of 1.54 was optimum and achieved when the inlet temperature was
333.15 K. This optimum performance index value was compared with existing work and found to be performing

comparatively well.

1. Introduction

The world has enormous dependencies on conventional energy
sources, and meeting the demand for energy is a matter of concern with
the depletion of traditional resources and its adverse impact on the
ecosystem, i.e., carbon emission, climate, and global warming [1]. In
this situation, renewable energy sources could be used as an alternative
source to meet the energy requirement effectively and efficiently. Out of
all renewable energy resources, solar energy grabs more attention
worldwide because of its availability and high solar flux intensity.
Different solar thermal technologies, such as flat plate, parabolic trough,
and parabolic dish collectors, are used in heating and power generation
at various operating temperatures [2]. Some applications are space
heating/cooling [3] and industrial process heating [4]. The main chal-
lenge in utilizing the sun's energy is intermittent supply issues for
various applications. To overcome intermittent supply issues, thermal
energy storage (TES) can be a prominent way by integrating with solar
thermal systems. Integrating TES improves the efficiency and
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dispatchability of solar thermal technologies. Owing to their capability
to absorb or release substantial latent heat, phase change material
(PCM) based TES is generally gaining more attention than conventional
TES [5]. Due to high energy density, easy operation, and affordability,
latent heat TES is preferable for storage in different applications of all
temperature operating ranges [6]. So far, the application of latent heat
TES has not been explored well, and this machinery is in the research
stage. Despite this, integrating TES (sensible and latent heat) with solar
thermal technologies is quite visible in building heating applications,
cold storage, solar water heating, etc. [7].

The shell-and-tube type of TES is frequently utilized in industrial and
commercial applications. More than 70% of latent heat TES system
studies involve shell-and-tube owing to its geometry and low heat loss
[8]. It may be either pipe or cylindrical models [8]. In the pipe model,
PCM is packed in the tube, and HTF flows in the annulus, whereas for the
cylindrical model, HTF flows in a tube, and PCM is placed in the annulus.
Based on shorter melting times, the pipe model was recommended
rather than the cylindrical model [9]. Generally, cylindrical shell
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geometry is considered so often due to its benefit in terms of heat
transfer. The study was carried out with different geometrical containers
filled with PCM and noticed that the time for storing the same amount of
energy was least for cylindrical shell containers [10]. Moreover, studies
on the effect of design parameters, including PCM and HTF properties
and orientations, have been widely examined. The impact of orientation
is experimentally observed for shell and tube TES using paraffin, and
melting time decreased by approximately 30% with the inclination of 5’
[11]. The charging rate was higher in horizontal than vertical orienta-
tions, while no evidence was noticed in the discharge process [12]. The
cylindrical cascade system in a horizontal position took 13.33% shorter
time to obtain 50% charging than a vertical orientation [13]. Further,
the melting process using multiple PCMs with a fully turbulent flow was
performed for the optimal length of each PCM in the horizontal direction
[14]. The impact of HTF mass flow rate and temperature was extensively
investigated for the phase change process [10-12,15,16]. Most studies
were conducted on TES for the pipe model, and the cylindrical model
has not been well explored.

Many studies have paid attention to increasing heat transfer in PCM
to increase the viability of TES systems by achieving better thermal
conductivity. Although PCM with higher energy density is valuable in
improving TES performance, low thermal conductivity (0.2-0.5 W/m.K)
[17] could lead to inefficiency for practical implementation on a large
scale. In terms of increasing heat transfer, the best practice is mixing or
encapsulating PCM with high thermal conductivity material. The
graphite [18], metal foams (Ni, Cu, Al) [17], and carbon fillers [19,20]
could increase effective thermal conductivity (20-50 times). It can
notably improve the phase change rate, conditional to materials and
their fractions. An alternative way to enhance heat transfer is by
applying fins [21]. The longitudinal fins decreased the time of PCM melt
and solidification by 24.52% and 43.6%, respectively [22], while for
corrugated fins, time was reduced by 30-35% in solidification [23]. In
the case of nano-enhanced PCM, longitudinal fins reduced the melting
and solidification by around 54% and 76% compared to no-fin condi-
tions [24]. Longer and thicker internal fins are recommended, and the
effect of more fins is more noteworthy [25]. Other techniques to
enhance heat transfer in PCM can be achieved using a multi-tube
arrangement or providing eccentrics to the HTF tube in the shell. The
melting time for PCM dropped remarkably by 53.3-71.1% when using
four tubes in the shell, while in the case of finned four tubes, melting
time was reduced by 65.78-83.33% than a single tube [26]. Besides,
eccentric to the HTF tube in the shell of the TES also lowers the melting
time of PCM. The melting time was 50.4% for an eccentricity factor of
0.5 compared to no-eccentric in the circular shell [27]. In the case of a
triplex-type TES system, an eccentricity of +10 mm reduced melting
time by 27.63% while a 12.82% reduction in solidification time for an
eccentricity of 3 mm [28]. In recent practices, using fins with nano-
particles has increased for applications [29,30]. In a study [31], ceramic
foam-enhanced molten salt in TES was used, and the small outer
diameter with ceramic foam enhanced the performance with an
improved storage rate of 54.9%. However, the total stored energy was
decreased by 13.6% compared to the no-foam-filled case. Recently,
molten salts, KNO3, NaNOs, and NaNO- in cascade shell and tube TES
systems were investigated for high-temperature applications, and
noticed cascade systems outperformed their single PCM counterparts
during charging [32]. In the case of a packed bed TES system, the
melting time for NaNO;, was comparatively less than NaNO3 [33].

Further, the performance and optimization of the TES system have
been evaluated. The time for charging and discharging PCM is primarily
used in calculating energy storage efficiency [9-11]. Based on the PCM
melting time, geometrical design has been optimized numerically for
different PCM materials [9]. In one study [34], the ratio of heat stored to
mechanical energy consumption is proposed as the energy efficiency
ratio. This ratio showed high sensitivity with tube diameter and
decreased with increasing diameter and length. Another index to eval-
uate the performance of the latent heat TES system is the effective
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energy storage ratio [35], which is nothing but a ratio of stored heat by
latent heat TES and conventional TES, i.e., an ideal stratified water
storage. Based on this ratio, shell-and-tube TES performance has been
optimized for NTU effectiveness of 0.8 in laminar and turbulent flow
[36]. This ratio is proposed for the performance evaluation of TES in the
present study. Moreover, the energy storage energy coefficient offered
for maximizing the energy storage effect of the slab-type latent heat TES
system considering the charging and discharge process and plate
thickness in varying flow conditions [37]. In solar heating applications,
a latent heat TES system is used with three different PCMs to evaluate
the optimal number of tubes based on estimated thermal storage effi-
ciency [38]. For the same applications, a comparison was made with the
system without PCM, and based on the results proposed, implementing
PCM does not signify the gain [39]. Also added, the design of the latent
heat TES system is more fundamental to utilizing the intended potential
of PCM to come true.

The present work proposes a performance evaluation to estimate the
shell-and-tube TES system using the NTU method and formulation rec-
ommended by Fang et al. [35]. The shell-and-tube TES system is
considered here, where pure PCM (k = 0.2 W/m.K) is packed in the
multiple cylindrical tubes, and HTF surrounds it and flows in the
annulus. The investigation on this TES model is not explored, while most
studies were on the pipe model of the TES system. In the literature, as
mentioned earlier, 2D modeling was reported. To build an accurate
model, investigation using a 3D model is needed for the TES system. It
was also noticed that very few works, as mentioned previously, were
found for performance evaluation of the TES systems. In this view, the
present study becomes essential in this field, and a 3D model has been
built to perform the simulations. The performance index, i.e., effective
energy storage ratio Ey has been evaluated numerically for the present
TES model. This is the first attempt at performance evaluation of the
current shell-and-tube TES cylindrical model. A 3D cyclic periodic
model has been built for the TES system based on the hexagonal circle
packing. The geometrical and operating parameters have been varied in
this study to maximize the performance index. The variations in pa-
rameters, including tube length L, tube diameter d, initial temperature
T,, volume flow rate V, and initial temperature T;, are considered for the
performance assessment of the shell-and-tube TES system. Furthermore,
the optimized performance has been compared with other models. No
such work has been carried out previously for the present model of the
TES system.

2. Methodology
2.1. System configuration

The PCM-based TES system stores and releases the heat during the
phase change transition, offering a higher energy density and more ef-
ficiency than traditional storage systems [21,40]. This makes PCM-
based TES systems helpful in storing thermal energy, which can be
utilized in various applications, including integration with renewable
energy systems [41,42]. One instance of an integrated solar energy
system for process heating applications is shown in Fig. 1. The present
study considers the shell and tube TES system where PCM is packed in
the cylindrical tube, and HTF flows through the annulus. Such TES is a
cylindrical model [8,9]. The hexagonal circle packing is assumed in the
simulations [43]. In multiple PCM-packed cylindrical tube arrange-
ments, only a single cylindrical unit was considered, with a hexagonal
boundary around the PCM tube to consider the HTF in the annulus, as
shown in Fig. 2. As the hexagonal domain is cyclic periodic, one-sixth
(1/6) part of it is regarded as a computational domain in numerical
modeling. By doing so, the computational expenditure could be reduced.
The dimension of geometrical parameters for the TES system is provided
in Table 1. For the considered range of investigating parameters (in
Table 1), the diameter ratio satisfies D/d > 10 in this study.
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Fig. 1. Integrated renewable energy system with thermal energy storage for cooking, drying, and space heating applications [41].
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Fig. 2. Schematic of thermal energy storage, hexagonal circle packing assumption, and cyclic periodic model.
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Table 1 O = / 11C o (Ty — Ty )dlt )
Geometrical parameters in the study [36,43]. 0
Parameter Symbol Value
4 Ourr = puConV(T; —T,) 3
Tank diameter (mm) D 500
Tube length (m) L 0.5-7 m=p uA 4
Tube diameter (mm) d 10-50 W
Tube thick t 1 . .
ube thickness (mm) where, Q. and Qurr are effective energy storage capacity of present TES
and conventional water storage systems, respectively. t is effective
Based on shell and tube TES, the performance index Eg for the time and is defined as the time when HTF outlet temperature Ty, rea-
melting PCM is specified as [35,36]: ches the specific value, i.e., cut-off temperature T.. The pictorial rep-
0 resentations for t,; and temperature indices are shown in Fig. 3(a). m is
eff ] . .
E, = O (€] mass flow rate, given by Eq. (4). The effective energy storage capacity



A. Rajan et al.

HTF outlet temperature (K)

befr

Energy stored (kJ)

Time (s)

(a)

Journal of Energy Storage 87 (2024) 111424

E, —

t,00

(b)

Fig. 3. Indices used in the study (a) estimation of performance index and (b) relations among the indices.

measures the actual stored heat in the TES unit during the melting
process. V and T, are volume and initial temperature, respectively. Ty
is computed as the mass-weighted average of HTF outlet temperature
and mathematically expressed as:

J puTdA
m

Tow = (5)
where, p, u, T are the density, velocity, and temperature of the fluid.
However, the HTF outlet temperature T,,, was directly determined by
taking the mass integral of temperature at the HTF outlet section in the
Fluent solver.

The effective stored energy Q. is estimated before the HTF reaches a
specific temperature value at the outlet. This particular value of HTF
outlet temperature Ty, is calculated via the NTU (number of transfer
units) method. The NTU method has been frequently used to investigate
the TES effectiveness of heat exchangers [44] and is expressed as the
ratio of the actual to maximum heat transfer rate. For the TES system, it
can be characterized as the ratio of the temperature difference across
inlet and outlet sections to the maximum temperature change, as given
in Eq. (6). In the charging process, PCM swaps the heat of HTF at phase
change temperature, T, (melting temperature of PCM) and T, is used
for estimating the maximum temperature difference.

_ Ti - Tnm —1— e,NTU (6)

=TT, -

The melt temperature of PCM could be obtained as the average value
of solidus and liquidus temperatures (T; and T;) of PCM.

T4,

T,
2

)

where T; and T; are 317.2 K and 327.3 K for the PCM, respectively. The

Table 2
PCM properties in the modeling [45,46].

Property Symbol Value

Density (kg/m®) Pecm 820

Specific heat capacity (J/kg-K) Cp.pcM 2000

Thermal conductivity (W/m-K) kpcm 0.2

Viscosity (kg/m-s) Hpem 5x 107772 — 0.0004T+ 0.0859
Thermal expansion coefficient (1/K) Prem 0.0006

Latent heat (J/kg) Ly 170,320

Solidus temperature (K) Ts 317.2

Liquidus temperature (K) T 327.3

PCM properties in the study are provided in Table 2.

As per NTU, the effectiveness  drops with HTF outlet temperature
rises. To guarantee the effective heat exchange between HTF and PCM,
the least value of 7 must be evaluated for design optimization. In this
study, the minimum value of 0.8 was selected for . Thus, HTF outlet
temperature corresponds to selected 5 should not go beyond a specific
limit, which is termed the cut-off temperature T, to guarantee n > 0.8.
The corresponding stored energy in the TES unit till 5 > 0.8 is evaluated
as the effective energy storage capacity Q.. As mentioned above, su-
pervising the HTF outlet temperature in the TES system ensures the
effective exchange of heat between the HTF and PCM. Additionally, a
direct need for outlet temperature may exist in applications. One such
example is when releasing heat from the device in data centers and
storing the same in TES, T, must be under control under a specific
value before it is sent back for cooling to prevent damage from excess
temperature [43].

The performance of the present TES is decided by the effective en-
ergy storage ratio Eg, as defined in Eq. (1). When a latent heat thermal
energy storage system, a TES unit using PCM, is not correctly designed, it
could have an effective storage capacity significantly lower than the
traditional or stratified water storage system. Therefore, constructing an
effective PCM-based TES system for various influential parameters is
essential and should perform better than a conventional storage system.
This is how the performance of TES comes into play to signify whether a
constructed PCM-based TES system is effective. If E;, > 1 implies that
PCM-based TES is effective, indicating better energy-storing capacity
than conventional TES systems. Or else, E; < 1 shows ineffective
compared to the conventional system. The schematic for calculating the
performance index E; and the used indices are illustrated in Fig. 3(b),
where Q,, is theoretical energy storage capacity.

Based on the above considerations, the 3D numerical model has been
developed for the present TES system. It is worth noting that most of the
studies reported in the past were performed using a 2D model for TES
systems where tube thickness t, was not considered. Considering tube
thickness t, provides an understanding of actual conditions and im-
proves accuracy in the results using a 3D model. The impact of tube
thickness is provided in the Appendix. This study considers a tube
thickness t, of 1 mm [36].

2.2. Numerical model

The commercial finite volume method software ANSYS® 2020 R1
was adopted for numerical simulation. The conjugate heat transfer
model includes fluid flow and heat transfer modulus used for simulating
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PCM in the TES system. The enthalpy porosity method is used in
ANSYS® Fluent 2020 R1 to simulate the solid-to-liquid phase shift.
Natural convection is considered within the liquid PCM by enabling
Boussinesq approximation. In the present work, the operating temper-
ature is low, less than 373.15 K. Therefore, the Boussinesq approxima-
tion was suggested to perform flawlessly for natural convection by
density variation under low operating temperatures [47]. In addition, it
was used in PCM modeling in recent studies [32,46,48]. This approxi-
mation predicts well if changes in density are small. Mainly, the Bous-
sinesq approximation is valid when g(T — T,)< 1. In case of large
temperature differences in the domain, the Boussinesq approximation
should not be used [49].

2.2.1. Assumptions in the modeling
Some pertinent assumptions have been made in this modeling as
follows:

e Materials considered in modeling are homogeneous and isotropic in
all phases.

e When melted, PCM pretends to be Newtonian fluid, and its flow is
incompressible and laminar.

e The entire TES system is assumed to be at T,= 298.15 K.

e Viscous dissipation and radiative heat transfer are ignored.

e Boussinesq assumption is included in the momentum equation that
drives the natural convection.

2.2.2. Computational domain

As discussed earlier, the reduced computational domain, i.e., one-
sixth part of the TES system, is considered in this study. The modeling
uses a three-dimensional computational environment of one-sixth of the
TES system. The computational domain with boundary conditions and
mesh are provided in Fig. 4. The periodic wall conditions eliminate the
need to model the entire single unit of hexagonal packing. This is how
the computational cost for conducting the simulations is reduced. One
hexagonal pack is symmetrical to each other, so the symmetric wall
condition is defined at the hexagonal side of the domain.

T; Velocity
inlet (u;)

Periodic Symmetric

wall wall

Pressure
outlet

Tout ' (p =po)

Fig. 4. Computational domain with boundary conditions and grid generation.
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2.2.3. Governing equation

The numerical model involves fluid flow and heat transfer methods
to simulate the present cyclic model of a PCM-based TES system, in-
vestigates the charging process, and solves the governing equations in
sequential order. The governing equations include continuity, mo-
mentum, and thermal equations and are given as follows [49]:

Continuity equation:

VeV =0 (€))

Momentum equation:

67 — — 1 — N
W+V.VV:;){pr+ﬂV2V+pﬂg(T7Tg)}+§) )

where, the term pfg (T — T,) is the buoyant force that gives rise to
natural convection in the liquid PCM through the Boussinesq

approximation and Sis Darcy's law damping source term. Due to the
density difference between the solid and liquid phases, the buoyancy
forces initiate natural convection currents. The convection currents
intensify as more PCM transitions to the liquid phase. The evolution

N
of natural convection in the PCM can be seen in Fig. 5. Further, S
term in the momentum equation includes phase change effects on the

. =4 . .
heat transfer owned by convection. The source term, S, is described
as:

AV 10

where, A,, is a mushy zone constant. The value for this constant
usually is 10*-107. In the present investigation, a value of 10° is
assumed for A,, based on model validation. A is the melt fraction and
is expressed as:

AH
—=0ifT<T,
7 =0 .
AH
A= L o1ifT>T 1)

Ly,

AH T —-T;

—_—= if T, < T <T,

L, n-1n,'" !

Thermal energy [49]:
H —
p%+Vo (pVH) = Ve (kVT) (12)

The aggregate of sensible enthalpy and latent heat is estimated as the
total enthalpy of the material.

H=h,+AH 13)
where,

,
by = Iy + / AT 14)

7,

The latent heat content can be defined as:

AH = Zuh (15)
i=1

where AH varies from 0 (solid) to Lj, (liquid) and Lj, is the latent heat of
PCM.

The cyclic periodic model of the PCM-based TES system was built in
ANSYS® Fluent 2020 R1. The Solidification and Melting model were
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Fig. 5. Evolution of natural convection in the PCM (a) 60 s, (b) 120 s, (c) 180 s and (d) 240 s.

turned on for the phase change process in PCM while based on Re
calculated from the corresponding volumetric flow rate V, laminar was
adopted as a flow model. The SIMPLE scheme was employed for
pressure-velocity coupling and PRESTO! for pressure correction. The
discretization for the rest of the equations was done using QUICK. The
residuals of 1074, 1074, and 107® were set for continuity, momentum,
and energy equations, respectively.

T T T T
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2.2.4. Initial and boundary conditions

HTF at 343.15 K was supplied at the entrance of the inlet section of
the computational domain with a velocity u; corresponding to the total
volumetric flow rate V of 20 1/min. The HTF exits at atmospheric
pressure from the outlet. The initialization of all configurations was
done at 298.15 K. The lateral surface of the hexagonal side of the domain
was symmetric; other than these, walls (side walls) were assumed to be

335

330

325

320

315

310

305

PCM temperature (K)

300 | Ya .

Present model

295 F B Reference model [46] W Experimental data [46]
290 L L

3000 6000 9000

Time (s)

(b)

Fig. 6. (a) Grid and time independence test, and (b) model validation.
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cyclic periodic walls, as shown previously in Fig. 4. The tube walls are
defined as a no-slip condition, and thermal contact resistance and heat
transfer at line contact among the tubes in the study were ignored.

2.2.5. Grid test and time independence test

The structured grid was generated to simulate the cyclic periodic
model of the PCM-based TES system, as illustrated earlier in Fig. 4. The
grid and time step sensitivity are essential to ensure the exactness of
results with the computational expense. For this purpose, the cyclic
periodic model (d = 20 mm and L = 2 m) was chosen. Here, the grid
sensitivity test was conducted by progressively lowering the element
size from 5 mm to 0.9 mm and computing T,y,. The mesh counts varied
from 2.0E+04 to 1.46E+06. Also, the time step independence study was
carried out for 0.5 s and 0.1 s. It is noted that the element size and time
step are reduced, and the HTF outlet temperature varies at first and then
stabilizes. Fig. 6(a) illustrates the deviation in HTF outlet temperature
for various element sizes at 0.5 and 0.1 s. Considering this, the optimum
element size for the present cyclic periodic model of the PCM-based TES
system is 1 mm at 0.5 s.

2.2.6. Model validation

A numerical model based on the experiment and numerical studies of
Hosseini et al. [46] was developed to ensure the present conjugate
model reliability in the study. The shell and tube configuration, di-
mensions given in Table 3, was modeled to build the numerical model as
per Hosseini et al. [46]. The mesh and time step independence were
ensured for validation. The element size and time step were taken as 2
mm and 1 s in the validation, respectively. The HTF and PCM were
initially at 298.15 K, and the inlet was defined with a mass flow rate of
0.0167 kg/s at 343.15 K. The Paraffin wax (RT 50) was selected as PCM,
and the properties are provided in Table 2. The average volume tem-
perature of PCM over time was recorded and compared against the
Hosseini et al. [46], as displayed in Fig. 6(b). It is evident in Fig. 6(b)
that this model can predict the phase change process appropriately. The
result from the present model lies between the reported numerical and
experimental results of Hosseini et al. [46]. The deviation in results may
be caused by differences in operating conditions and thermophysical
properties of HTF and PCM used in the study. The present model agrees
with the reported data and is expected to be reliable in the current
modeling.

2.2.7. The setting of parametric studies

The initial condition intended to assess the effect of geometrical and
operating parameters, including tube length L, diameter d, initial tem-
perature T,, volume flow rate V and inlet temperature T;, is as follows:
Initially, the whole TES system, including HTF and PCM, was main-
tained at 298.15 K. The volumetric flow rate V to TES was 20 1/min, so
was 0.0182 m/s as calculated inlet velocity u; for HTF (see Appendix).
The inlet HTF temperature T; was set at 343.15 K. The Paraffin wax (RT
50) as PCM was considered for low-temperature applications of TES,
such as space heating. It is highly used organic PCM in TES for com-
mercial applications due to its chemical stability, non-corrosive, non-
toxic, and readily available in nature [50]. The properties of the present
PCM are tabulated in Table 2. The melting temperature scale was set as
AT= 10 K for PCM. Further, for HTF, the default properties from the in-
built material of liquid water in ANSYS® Fluent 2020 R1 were

Table 3

Geometrical details for model validation [46].
Parameter Value
Tube length (m) 1
Outer diameter (mm) 85
Inner diameter (mm) 22
Tube thickness (mm) 2.5
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Table 4

HTF properties considered from the in-built Fluent material database [49].
Property Symbol Value
Density (kg/m®) Pw 998.2
Specific heat capacity (J/kg-K) Cow 4182
Thermal conductivity (W/m-K) ky 0.6
Viscosity (kg/m-s) My 0.001003

employed, provided in Table 4.

The effectiveness 5 of 0.8 was chosen as the minimum for the TES
system, and as per this, the outlet temperature was decided as T,y =
326.43 K. In other words, the simulation would stop once the HTF
achieved this temperature. The Table of Design Points settings in
ANSYS® were used to create essential files and were uploaded to the
High-Performance Computing Environment (HPCE, IIT Madras) for the
numerical simulations. The range of investigating parameters is listed in
Table 5.

The TES configuration of L = 2 m and d = 20 mm was selected to
carry out the independence study on grid and time step and reported
HTF outlet temperature in the previous section. Based on this study, the
mesh element size and time step were chosen as 1 mm and 0.5 s for all
simulations.

3. Results and discussion
3.1. Variation of length (L)

The tube length from 0.5 m to 7 m was taken in the study. The tube
diameter was set as d = 20 mm for pure PCM (0.2 W/m.K). The influence
of length L on the HTF outlet temperature and performance index E,; are
presented in Fig. 7(a, b).

Fig. 7(a) exhibits the variation of HTF outlet temperature over time
for increasing length of the tube till the T, reach the cut-off tempera-
ture (T.= 326.43 K). It can be noticed in Fig. 7(a) that the time for
reaching T. increases with length. As clear, a more considerable tube
length accommodates more PCM volume, which needs more time for
melting the PCM with heat exchange with HTF. While for shorter tube
lengths, melting proceeds very quickly, and the HTF outlet temperature
reaches T. comparatively in less charging time compared to longer-
length tubes. Noticed that the trends of the curve are regular, except
for a higher tube length, say greater than 4 m. For the said lengths,
temperature variation is almost negligible for around 2000-4000 s, and
curves seem flat over a short period. This is so happening due to the
phase transition of PCM (T; =317.2 K), and a high volume of PCM with
length requires more phase transition time. For shorter lengths, the
phase transition happens very swiftly due to low PCM volume, and the
transition is not even noticeable. Nevertheless, it appears with the
further increase in length. It is also noticed that the HTF outlet tem-
perature T, with increasing length is not varied. Based on a study of
PCM-based TES units, in the solid phase, the HTF outlet temperature Ty
increases because the energy that is being transferred from HTF to PCM
becomes lower over time. On the same principle as in the solid phase,
during the liquid phase of the PCM, the HTF outlet temperature T,y

Table 5
Range of the investigated parameters in the study.
Parameter Symbol Value
Length (m) L 0.5-7
Tube diameter (mm) d 10-50
Initial temperature (K) T, 293.15-303.15
Volumetric flow rate (I/min) 74 10-500

Inlet temperature (K) T; 323.15-393.15
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Fig. 7. Variation of tube length for V = 20 1/min, k = 0.2 W/m.K (a) HTF outlet temperature, and (b) effective energy storage and performance index.

increases [51]. Therefore, if the outlet temperature of the heat transfer
fluid is not changing, it is possible that all the heat is being absorbed by
the PCM in the TES system and is transferred axially in the PCM over
time. This is so confirmed by the temperature distribution, as illustrated
in Fig. 8. The temperature contours at the outlet (y/L = 1) show no
variation till 180 s, further change can be noticed for 360 s. The effective
stored energy and performance index are evaluated for the length
variation mentioned above and reported in (b). It can be viewed in Fig. 7
(b) that with the increasing tube length, the performance index (Ej)
increases. This implies that the TES system performs better with the
longer tubes. The increase in E; may be instigated by complex heat
transfer of PCM and HTF.

It should be noted that E;; < 1 for L < 2 m, which means that TES
would be ineffective. When TES is effective, i.e., E; > 1 as the tube
length increases, the performance index increases, indicating an effec-
tive TES system. The improve in Eg for length from 2 m to 5 m is 15%,
and further, there is marginal variation in Eg. It means that the
increasing tube length after 5 m will not add much impact on increasing
Eg, since the increasing speed of E; slows down.

The melt fraction and temperature contours of L = 2 m for complete
melting of PCM are shown in Fig. 8. Also, the temperature distribution
for HTF and PCM is shown in Fig. 9. These temperature distributions
show the variation in the axial direction with increasing time from 0 s to
2910 s. The temperature of both HTF and PCM increases with increasing
time. In the meantime, the rise rate of the temperature of PCM is lesser
than that of HTF. Once the charging is done, the HTF and PCM in the TES
tank achieve the inlet temperature T;, which indicates no further heat
exchange and effective energy storage, as per Eq. (2).

The previous results showed the advantage of having longer tubes in
a shell-and-tube TES system in terms of performance index Eg.
Conversely, concerning the pump with increasing tube length L, there
would be high-pressure drop and energy consumption. Thus, energy
consumption caused by the pressure loss needs to be considered. Taking
only major losses in the flow into account, the energy consumption
would be given as for the pump [52]:
64 L E) Ve

16
Re dh 2 ( )

Q])ump = Ath = (p

The ratio Quumpy/Qef in percentage variation with length L, signifying
the fraction of pump energy consumption in Q.. Fig. 10(a) shows that
with tube length, the percentage increases marginally. The percentage
increase appears to be linear with tube length. It can be seen in Fig. 10(a)

that the pump energy consumption Qum, is negligible when compared
with effective energy storage Q.y. Liang et al. [36] also reported the
pump energy consumption was marginal compared to Q. and consid-
ered it negligible.

In the meantime, the production energy as length increases also in-
creases. The total primary energy consumed for producing materials is
termed embodied energy [53] and is applicable to be measured for the
TES system. The Copper tube was considered to have a thickness t. of 1
mm and a density of 8978 kg/m° in the study. The average embodied
energy for a Cu tube (50% recycled) was picked as 55 MJ/kg [53], and
for a specific length of the tube, embodied energy Qempodica Was evalu-
ated. Then, the energy payback cycle could be described by Eq. (17).

n _ Qembm]ied
e — A~
cycle Qeﬁ‘

The energy payback cycle 71, is illustrated in Fig. 10(b) for varying
lengths. As length increases, the energy payback cycle decreases. It
means that energy investment in the material can be paid off earlier for
longer tubes in the TES system. The energy payback cycle 7, reduces
abruptly once changed the tube length L from 0.5 m to 3 m, and no
substantial change in 7, further. Therefore, minimum value of length

a7

for tubes must be confirmed for an appropriate small-energy payback
cycle 71,4, [36]. As conclusion, believing negligible energy consumption
of the pump compared to energy stored in TES, longer tube length is
always considered to be perfect for progressing system performance in
terms of both performance index E and energy payback cycle . This
statement aligns with the literature [36]. Based on estimated perfor-
mance E; and energy payback cycle 7, the tube length L of 5 m has
been considered in the further simulations.

3.2. Variation of diameter (d)

In the present TES system, the PCM is packed in a cylindrical tube,
and in the annulus, HTF flows, as schematically shown previously. Here,
the variation in tube diameter not only varies PCM volume but also
changes flow conditions in HTF. Due to this, the variation in tube
diameter is worth examining. To inspect the tube diameter effect, the
parametric cases with varying d from 10 mm to 50 mm were conducted.
The thermal conductivity was set as k = 0.2 W/m.K (pure PCM). The
length of the tube, L was fixed at 5 m. The inlet velocity u; was 0.0182
m/s. The effect of tube diameter on HTF outlet temperature is shown in
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Fig. 11(a, b).

Fig. 11(a) presents that as tube diameter reduces, the time when Ty,
attains 326.43 K increased. The trend of curves for d = 30 to 50 mm is
quite similar. For d < 20, the trends are more wavey over the time. The
phase transition is noticed for smaller tube diameters up to 20 mm. Here,
the fact is that the HTF flow area is reduced with decreasing tube
diameter, which slows down the mass flow rate of HTF. The melting of
PCM with a slower mass flow rate requires more time for the phase
transition, which is why the curve shows no variation in temperature for
the phase transition period. The performance index E is evaluated
which is ratio of Q. and Qurr, and shown in Fig. 11(b). It is noticed that
E; decreases with increasing d. The increase in d incorporates more PCM
volume and increases the HTF flow area hence mass flow rate. The fact
behind decreasing E; with increase in d is that the mass flow rate is more
dominating with increasing d due to which time when T,,reaches
certain value decreases and heat exchange drops significantly between
HTF and PCM. When E,; > 1, it indicates a more effective TES system. It
is noticed that TES is effective for d up to 30 mm. Therefore, tubes with

10

smaller diameter are beneficial to energy storage effectiveness for the
present TES system. Further, The PCM volume ratio V, varies with
changing d, so plot for V;, versus Eg is shown in Fig. 12. The PCM volume
ratio V, is outlined as the fraction of PCM volume to volume to entire
TES system. The trend of E; against V, is of decreasing in nature, while
Liang et al. [36] reported it as increasing. Here it can be noted that Linag
et al. [36] heated the PCM by putting an internal HTF tube in it, while in
the present work, heating PCM is done externally. In external heating,
the increase in V; as d increases adds up more PCM layers with high mass
flow rate, and the thermal resistance dominates that yields in lowering
E,. It should be noticed that TES system would be effective for V; up to
0.8. Beyond 0.8, the heat exchange between the PCM and HTF hinders
and shows TES system ineffective.

3.3. Variation of initial temperature (T,)

A temperature range from 293.15 to 303.15 K was taken to investi-
gate the impact of initial temperature T,. The tube diameter and length
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were set as d = 10 mm and L = 5 m. The influence of initial temperature
T, on energy stored and performance index is shown in Fig. 13. It is
noticed that with increasing initial temperature of the TES system, Q.
decreases and consequently E;. The increase in E; for T, from 293.15 K
to 298.15 K was about 5% and for a further 60% drop in E; for T, from
298.15K to 303.15 K. For T, from 293.15 K to 298.15 K, Q.+ decrease by
only 5% while Qgrr by 10%, so is its ratio (Ey) increased by 4.5%.
Further, it is noticed that with increasing initial temperature, the tem-
perature difference (T, — T,) in Qgurr decreases, but effective energy
store (Q.y) reduced by greater extent. As a result, the ratio of Q. and
Qurr significantly decreases hence so is Eg. The E;; > 1 for T, < 301 K,
the TES system would be effective for lower T,.

3.4. Variation of volumetric flow rate ( V)

The volumetric flow rate to the TES system is one of the factors on
which performance depends and is worth exploring. To inspect the
volumetric flow rate V, parametric cases withd = 10 mm and L = 5 m
were conducted for pure PCM. The calculated inlet velocity u; corre-
sponding to V varied from 10 1/min to 500 1/min was defined in the
simulations with T; = 343.15 K. The stored energy and performance
index E are shown in Fig. 14. It is noticed that the effective energy store
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Q. gradually decreases with increasing V and with this, drop in per-
formance index E; happens. As HTF mass flow rate increases with
increasing V, the time for reaching T,, reduces and its yields into
dropping E. The performance index E; > 1 for V < 300 1/min, indi-
cating the effective TES system. Therefore, a lower volumetric flow rate
makes the TES system effective.

3.5. Variation of inlet temperature (T;)

The HTF inlet temperature T; from 323.15 K to 393.15 K, it was
chosen to inspect its impact on the performance index. The tube diam-
eter and length were set as d = 10 mm and L = 5 m. The volumetric flow
rate V and initial temperature T, were 20 I/min and 298.15 K, respec-
tively. The impact of inlet temperature T; on energy stored and perfor-
mance index is shown in Fig. 15. As observed, with increasing T;,
performance index Ej first increases and then declines. The improve in
Eg was 6.2% due to increase Q.. Here, it is noted that the melting
temperature was 322.25 K as the average value of solidus and liquidus
temperatures (T; and T;). The lower T; is 323.15 K which is close to the
melting temperature. It means the melt fraction of PCM with a lower T;
close to melting point would be less compared to a higher T;. The time
when T, reach the specific value, only 57% of PCM was melted for T; =
323.15 K and obvious, HTF and PCM exchanged less amount of heat. The
performance index Eg of 1.54 was maximum for T; 333.15 K. Further
increase in T; leads to drop in Ej. It should be noted that as T; increases,
outlet temperature T, also increased to keep the minimum effective-
ness 7 of 0.8. Therefore, Q. and Qurr increase due to increasing tem-
perature differences (T;-T,,) and (T;-T,), respectively, but Qpurr
dominates with increase T; and yielded in lowering the ratio of Q. and
Qurr- As a result, drop in Ej; took place with increasing T;.

Table 6
Comparison of the performance index with other works.

Journal of Energy Storage 87 (2024) 111424

3.6. Comparison with other existing work

In this work, the performance evaluation was performed for the
present TES system where pure PCM (k = 0.2 W/m.K) was used. Very
few works were reported in assessing the performance of PCM-based
TES systems, where the variation of effective thermal conductivity and
length-to-diameter ratio (L/d) was conducted [35,36,54]. The pure
PCM, or thermal conductivity closer to 0.2 W/m.K, has been chosen
from the literature to compare the performance of the present model. As
the current configuration has a low L/d ratio, L/d up to 1000 was
considered from Liang et al. [36] for the sake of comparison. The
comparison results are indicated in Table 6. The performance index in
the present study is comparably good with other reported works at given
thermal conductivity.

4. Conclusions

This work presented numerical investigations of heat transfer con-
cerning the influence of design parameters and operating conditions for
shell-and-tube TES, in which the PCM was packed in the tube. A three-
dimensional cyclic periodic model was performed to estimate the per-
formance index of the shell-and-tube TES system for varying geometrical
parameters, including diameter d and length L, and operating parame-
ters, i.e., initial temperature T,, inlet temperature T;, and volumetric
flow rate V. In the different conditions, the effective energy storage ratio
E, was evaluated based on the effectiveness-NTU theory. The study of
geometrical parameters on effective energy storage ratio E revealed
that tubes with longer lengths and smaller diameters performed well.
The geometrical parameters for which TES was effective were d < 30
mm and L > 2 m. The maximum PCM volume ratio V, of 0.8 was ob-
tained for the TES, which was effective. Beyond a specific value of V,, the
heat was wasted as HTF was going out of the tube directly rather than
exchanging it with PCM. Next, the effective heat transfer was observed
for the lower initial temperature T, and noticed to be an effective TES up
to T, < 301 K. Further, the TES system was effective for the volumetric
flow rate V < 300 1/min. In the last, it was noticed that performance
index E first increased slightly and then decreased with increasing inlet
temperature T;. The performance of 1.54 was achieved as a maximum
for T; = 333.15 K. The present TES model with pure PCM (k = 0.2 W/m.
K) was compared with other models reported in the literature, and the
current model performed comparatively well with other models. The
present study could help design a low-temperature TES system for space
heating applications. Moreover, investigations for different effective
thermal conductivity and optimization are extended as part of our future
work.

Nomenclature

A Area of HTF cross-section, m>
Am Mushy zone constant

o Specific heat capacity, J/kg-K
D Diameter of tank, m

d Tube diameter, mm

dy Hydraulic diameter, m

Eg Performance index

Source PCM

Thermal conductivity (W/m-K) Outcomes

Fang et al. [35]
Liang et al. [36]
Fang et al. [54]
Present study

Tetradecane and hexadecane binary mixtures
Tetradecane and hexadecane binary mixtures
PCM-EG composites

Paraffin wax (RT 50)

0.14 The performance index was 0.59.
0.14 The performance index was 1.3
1 The performance index was 0.83.
0.2 The performance index is 1.54.
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7 Gravity, m/s> n Effectiveness

hg Sensible enthalpy, kJ/kg Neycte Energy payback cycle

Purey Reference enthalpy, kJ/kg p Thermal expansion coefficient, 1/K

AH Latent heat content, kJ/kg i Melt fraction

H Total enthalpy, kJ/kg

k Thermal conductivity, W/m-K Abbreviations

L Length of tube, m

Ly Latent heat of PCM, kJ/kg HTF Heat transfer fluid

m Mass flow rate, kg/s HX Heat exchanger

ne Required number of tubes NTU Number of transfer units

p Pressure, N/m* PCM Phase change material

p Perimeter, m TES Thermal energy storage

Qe Effective energy storage capacity, kJ

Qurr Effective energy storage capacity of the conventional system, CRediT authorship contribution statement

kJ

Qpump Energy consumption by pump, kJ Abhinav Rajan: Writing — original draft, Visualization, Validation,
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Re Reynolds number Yixiang Gan: Supervision, Methodology. K.S. Reddy: Writing — review
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t Time, s

Lefy Effective time, s Declaration of competing interest

T, Initial temperature, K

Ti Inlet temperature, K The authors declare that they have no known competing financial

Tou Outlet temperature, K interests or personal relationships that could have appeared to influence

T Cut-off temperature, K the work reported in this paper.

Tm Melting temperature, K

T Solidus temperature, K Data availability

T; Liquidus temperature, K

Ui Inlet velocity, m/s Data will be made available on request.

u Average velocity, m/s

K Volume, m® Acknowledgments

Vv Velocity vector, m/s

v Volumetric flow rate, 1/min Department of Science and Technology (DST), Government of India,
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y Axial distance, m 2020/14(G)&(C).
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Greek symbols ence (IIE) travel award to Abhinav Rajan for conducting research at The
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Appendix
A.1. Calculation of inlet velocity u;

The circle packing number n,, i.e., the number of tubes in TES can be estimated from the tank to hexagon cross-section ratio.

= 3 D
4

n=-_r=—— (A1)
%

where D and d are the diameters of the TES tank and PCM-packed cylindrical tube, respectively.
The inlet flow velocity u; and Reynolds number Re for HTF can be determined from the given volumetric flow rate V of the TES system.
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= — A2
U A (A.2)

where A is the HTF flow area (annulus region).

Re = Lot (A3)
HW
where p,, and p,, are density and viscosity of HTF, and dj, is the hydraulic diameter for the HTF section.
4A
dy = P (A4

where, P is the perimeter of the HTF inlet section, as shown in Fig. A.1.

Y NN HTF flow area A4

mmm=  porimeter P 4

W
(\“Qai il e ‘%AT te
\ 4

\
W\\ X
X

Fig. A.1. Outline of one-sixth (1/6) of the hexagonal domain.

A.2. Effect of tube thickness

The tube length and diameter were fixed at 2 m and 20 mm, respectively, to investigate the influence of tube thickness t. on the performance index

E:. The tube thickness t. was chosen from 0.25 mm to 1.50 mm. The effects of tube thickness t. are shown in Table A.2.
Table A.2

Impact of tube thickness t,.

Thickness t, (mm) Qo (kJ) Qurr (kJ) Eg E, !

t st

Deviation = —* —*—x 100 (%)
E,
0.25 21.46 21.79 0.98
0.50 22.14 21.90 1.01 3.06
1.00 22.71 22.12 1.03 1.98
1.50 24.12 22.34 1.08 4.85

A.3. Melt fraction and temperature distributions

The melt fraction profile in the axial and radial directions and the radial temperature distribution are provided in Fig. A.2(a—c) for a better un-
derstanding of the melting process.
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Fig. A.2. Melt and temperature distributions (a) melt fraction of PCM in the axial direction, (b) melt fraction of PCM in the radial direction at y = L/2, and (c)
temperature distribution in the radial direction aty = L/2.
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