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ARTICLE INFO ABSTRACT
Keywords: This study experimentally investigates the combined effect of heat transfer fluid (HTF) tube eccentricity and shell
Latent heat storage (LHS) geometry on the thermal performance of latent heat storage (LHS) units. Fifteen transparent shell and tube LHS

Shell geometry

Eccentricity

Phase change material (PCM)
Natural convection

units were designed and manufactured with circular, horizontal obround, and vertical obround shell geometries
and various HTF tube eccentricities. All LHS units have an identical volume and were filled with paraffine as
phase change material (PCM). By conducting visualization experiments, the effect of the HTF tube eccentricity
(with values of 0, 0.2, 0.4, 0.6, and 0.8) on the thermal performance of LHS units was comprehensively analyzed.
The melting process was photographed, and temperatures at predefined locations were recorded to determine the
instantaneous liquid fractions and heat transfer characteristics of different systems. The findings revealed that
the horizontal obround shell shortens the melting time compared to the traditional circular shell, while the
vertical obround shell prolongs the melting time. It was observed that increasing the eccentricity factor from 0 to
0.8 leads to a reduction in melting time by up to 76 %, 72 %, and 60 % for vertical obround, circular, and
horizontal obround shells, respectively, along with a substantial improvement of 304 %, 246 %, and 151 % in the
time-averaged heat transfer rate. Moreover, the highest time-averaged heat transfer rate enhancements are
achieved by the horizontal obround shell, which are 38 %, 77 %, 130 %, and 178 % for the eccentricity factors of
0, 0.2, 0.4, and 0.6, respectively, when compared with the concentric circular shell (base case). It has also been
concluded that as the eccentricity factor increases from 0 to 0.8, the impact of the shell geometry on melting
performance diminishes. At an eccentricity factor of 0.8, the difference in melting time among different geom-
etries becomes negligible.

address the gap between energy supply and demand. These techniques
include the utilization of sensible heat, latent heat, and thermochemical
energy. Among these methods, the latent heat storage (LHS) approach
employing phase change materials (PCMs) proves to be an attractive
solution because of its capacity to store a significant amount of energy at
a nearly constant operating temperature [9-11].

However, the primary limitation of many PCMs is their low thermal
conductivity, which reduces the phase change rates during the melting
and solidification process in latent heat thermal energy storage (LHTES)
units. This challenge has motivated researchers to explore various
techniques aimed at enhancing the performance of the phase change
process in LHTES [12-14]. As a result, numerous effective heat transfer
techniques have been employed to address this limitation, such as the
insertion of fins [15-20], utilization of metal foam [21,22], use of wire
mesh with high conductivity [23], implementation of heat pipe [24,25],
utilization of multiple PCMs [26,27], incorporation of dispersed

1. Introduction

In recent years, global energy consumption has significantly
increased, leading to a heightened demand for energy derived from
fossil fuels. As a result, the exorbitant prices of fossil fuels, the depletion
of their reserves, and global warming resulting from greenhouse gas
emissions are significant factors that continually motivate scientists to
explore various potential methods of generating renewable energy
sources [1-4]. Among all the renewable sources, solar energy stands out
for its enormous potential to meet building heating and cooling de-
mands, as well as to provide hot water for home and commercial use.
However, due to the transient and intermittent nature of solar energy, an
imbalance between energy supply and demand occurs. To address this
issue, efficient energy storage systems need to be deployed [5-8].
Several thermal energy storage (TES) methods have been proposed to
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Nomenclature

A heat transfer area (m?)

Ay cross-sectional area (m?)

Cp specific heat capacity (J/ kg.K)
Dy hydraulic diameter (m)

ec eccentricity

Fo Fourier number

g gravity acceleration (m/s%)

hg latent heat (J /kg)

k thermal conductivity (W/m.K)

N number of data

NP, number of pixels with 0 value
NP, total number of pixels

Nu Nusselt number

Nu time-averaged Nusselt number
pH wetted perimeter (m)

Qtotal total absorbed energy (J)

Q(t) heat transfer rate (J/s)

Q time-averaged heat transfer rate (J/s)
Ra Rayleigh number

Ste* modified Stefan number

T temperature (°C)

Tm1 onset of melting temperature (°C)
T2 endset of melting temperature (°C)
Tmean mean temperature (°C)

t time (s)

U uncertainty

A% volume (m®)

Ve volume of enclosure (m®)

X independent variable

Abbreviation

DSC Differential Scanning Calorimetry
EF Elastomeric Foam

HTF Heat Transfer Fluid

HX Heat Exchanger

LHS Latent Heat Storage

LHTES Latent Heat Thermal Energy Storage
PCM Phase Change Material
PID Proportional-Integral-Derivative

RMSE Root Mean Square Error
Greek symbols
y liquid fraction
@ solid-liquid volume change
p mass density (kg/m?)
v kinematic viscosity (m?%/s)
a thermal diffusivity (m?/s)
B thermal expansion coefficient (1/K)
[ dimensionless temperature
Subscripts
a apparent
exp experiment
i initial
1 liquid
m melting
max maximum
r real

solid
w wall

high-conductivity nanoparticles [28-30], encapsulation techniques
[31], and ajustements in the enclosure inclination angle [11,32].
Moreover, the shell geometry, as well as the location and shape of the
heat transfer tube, are other crucial aspects that affect the thermal
performance of the shell and tube LHS units [33-41].

Alnakeeb et al. [33] numerically investigated the impact of various
geometric parameters (eccentricity, aspect ratio, and heat transfer tube
inclination) on the performance of a double-tube LHTES unit equipped
with an inner elliptic tube for improving the melting properties of the
PCM. According to their observations, increasing the eccentricity
reduced the melting time for all aspect ratios. Moreover, a higher
average melting rate was observed for larger eccentricity, as compared
to a concentric configuration. Additionally, the results indicated that the
inclination angle of the inner elliptic tube had a minimal impact on the
melting process. In another numerical study conducted by Jain et al.
[34], the melting dynamics of various LHS units with horizontally ori-
ented cylindrical shell, and vertically oriented cylindrical and frustum
shells were examined and compared. It was observed that the horizontal
cylindrical shell and vertical frustum shell reduce the melting time by up
to 34.21 % and 18.42 %, respectively, in comparison to the vertical
cylindrical shell. Furthermore, in the horizontally oriented cylindrical
shell, the eccentric inner tube enhances the rate of heat transfer and
decreases melting time. Yazic1 et al. [35] developed an experimental
study on the effect of inner tube eccentricity and inlet temperature of
heat transfer fluid (HTF) on the melting behavior of paraffin in a hori-
zontal tube-in-shell storage unit. It was concluded that the eccentric
geometry significantly improves heat transfer inside PCM by intensi-
fying natural convection. Furthermore, it was observed that the eccen-
tric geometry (with the largest eccentricity) leads to a 67 % reduction in
the total melting time compared to the concentric case. Safari et al. [36]

conducted a numerical study to investigate the impact of various shell
geometries (circle, vertical and horizontal rectangle, triangle, square,
inverted triangle, and rhombus) and the inner tube eccentricity on the
melting process of the PCM within shell and tube LHS units. The findings
demonstrated that the heat exchanger (HX) featuring a circular shell
with an eccentricity of 0.5 achieved a maximum reduction in melting
time of 50.4 % compared to the base case, which involved a concentric
circular shell. Pahamli et al. [37] conducted a numerical analysis to
investigate the impact of different eccentricities of the inner tube, inlet
temperature, and mass flow rate of HTF. The results indicated a 33 %, 57
%, and 64 % reduction in the duration of the melting process as the tube
eccentricities increased to 0.25, 0.5, and 0.75, respectively. Addition-
ally, increasing the Stefan number from 0.54 to 0.67 and 0.80 resulted in
corresponding reductions in the duration of the melting process by 16 %
and 27 %, respectively. Conversely, it was found that the Reynolds
number did not significantly affect the melting time. Xu et al. [38]
numerically investigated the melting performance of a horizontal shell
and tube HX with an eccentric structure by employing
porous-medium-enhanced PCM. The findings indicated that using an
eccentric configuration and a porous medium can result in a 43.1 %
reduction in the melting time. Additionally, it was concluded that the
optimum eccentricity is directly proportional to the ratio of the outer
and inner tube diameter, heating temperature, and porosity, while
inversely proportional to thermal conductivity. Alnakeeb et al. [39]
conducted a numerical analysis to investigate the effect of different ec-
centricities of the inner flat tube at different aspect ratios (1, 0.9, 0.8,
0.7, 0.6, and 0.5). The results indicated that, for all aspect ratios, the
total melting time decreased as the eccentricity increased. It was also
concluded that the highest melting rate occurred for the circular inner
tube (aspect ratio= 1) with the largest eccentricity (0.75). Zheng et al.
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Table 1
Variation of thermal conductivity of paraffin with temperature.
Temperature ( °C) 20 30 40 50 60 65 70 75 80
Thermal conductivity (W/m.K) 0.202 0.2 0.199 0.198 0.145 0.143 0.142 0.139 0.138
broad melting temperature range [6,44]. To analyze the melting pro-
Table 2 . L ) cess, it is crucial to use differential scanning calorimetry (DSC) to
Thermophysical characterization of the paraffin and copper. measure the thermal characteristics of paraffin, such as the melting
Materials Copper Paraffin temperature range, latent heat, and specific heat capacity. The Decagon
Melting temperature (°C) - 54-56 (°C) devices KD2 thermal analyzer, which has an accuracy of +0.01 W/m °C,
Density solid/liquid (kg/m®) 8978 860,780 was employed to measure the thermal conductivity of paraffin in solid
Thermal conductivity solid/liquid (W/m.K) 387.6 0.2/0.14 and liquid phases. The results, displayed in Table 1, outline the
Viscosity (kg/m.s) R 0.03 temperature-dependent thermal conductivity of paraffin. To determine
Specific heat solid/liquid (J/kg.K) 381 1820/2000
Thermal expansion coefficient, p (1/K) _ 0.0002 the viscosity of the paraffin, a programmable viscometer (Model DVII+)
Latent heat (kJ*kg ") - 170 was used. The density was measured using a Shimadzu analytical bal-

[40] performed a numerical study on the phase change processes of PCM
in a shell and tube HX with varying eccentricities of the inner tube. Their
findings indicate that eccentricity significantly impacts the melting
time. Additionally, it was noted that an optimum eccentricity exists for
minimizing the duration of both melting and solidification processes
only when the Rayleigh number ratio exceeds 2.0. Dhaidan et al. [41]
conducted experimental and numerical studies on the melting process of
nano-enhanced PCMs within cylindrical shell and tube configurations,
both concentric and eccentric. The findings indicated that the eccentric
mode exhibits a higher melt fraction compared to the concentric
arrangement. Furthermore, the addition of nanoparticles not only en-
hances the melting rate but also expedites the melting time, depending
on the nanoparticle concentration.

After conducting a comprehensive literature review, it is evident that
several studies have explored the influence of HTF tube eccentricity on
the melting process of PCM within shell and tube LHS systems [35,
37-41]. In the effort to improve the heat transfer rate in LHS units,
limited studies have investigated the influence of shell geometry on the
melting process of PCM within horizontal shell-and-tube LHS systems
[42,43]. Notably, investigations considering various shell shapes are
scarce, and none have specifically focused on obround configurations.
Additionally, much of the existing literature relies on numerical simu-
lations, highlighting a critical gap that this current experimental work
aims to tackle. To address these issues, this study experimentally visu-
alizes the combined effect of the inner tube eccentricity and the shell
geometries on the melting process and thermal performance of LHS
systems. The melting process of PCM in both concentric and eccentric
HXs with different shell geometries has been experimentally investi-
gated. In addition to the circular shell selected as a base case for com-
parison, two other geometries, including horizontal and vertical
obround shells, have been proposed while maintaining a constant mass
of the PCM. A comparative study is conducted to analyze the thermal
behavior of LHS units with varying HTF tube eccentricities and shell
geometries. Experiments visualize the melting interface and record
temperature history within PCM. Image processing and temperature
data compute the liquid fraction, revealing a significant impact of HTF
tube eccentricity on heat transfer rates and reducing melting times.
These findings offer insights for shell and tube HX design, validating
numerical models, and optimizing LHS units.

2. Experimental setup and procedure
2.1. Thermophysical properties of paraffin

The PCM utilized in the current study was 99 % pure paraffin sup-
plied by Sigma-Aldrich Company. Paraffin is recognized as an ideal PCM

for the storage of thermal energy in medium temperature applications,
such as those used in solar and power plant exhaust systems, due to its

ance with an accuracy of + 0.1 mg. Weighed paraffin was melted in an
oven. The melted sample was put into a + 1 ml graduated cylinder and
placed in a constant-temperature water bath. The liquid PCM density
was determined by reading volume at various temperatures. Addition-
ally, the density of the solid PCM was determined by cooling the melted
PCM below the phase transition temperature. Table 2 lists the paraffin
and copper tube’s thermophysical characteristics. The average values of
thermal conductivity for both the liquid and solid phases over the range
of observed temperatures listed in Table 1 are shown in this table.

2.2. Experimental setup

An experimental setup was designed and constructed to assess the
thermal performance of concentric and eccentric HXs with various shell
geometries. A schematic diagram of the experimental setup, including a
constant-temperature water bath with a proportional-integral-
derivative (PID) controller, a digital camera, a flow meter, a tempera-
ture data logger, a circulation pump, a personal computer, and HX, is
depicted in Fig. 1. The apparatus was designed to accurately measure the
instant melt front and temperature within the PCM. Three different shell
geometries (circular, horizontal, and vertical obround) with different
eccentricities of HTF tube (0, 0.2, 0.4, 0.6, and 0.8) were used to
examine the influence of HTF tube eccentricity in the different shell
geometries on the thermal performance of PCM melting. For compara-
tive purposes, the circular shell was chosen as the base case, while the
obround enclosure was fabricated using a thermoforming process by
heating and molding the circular shell in a pre-made mold. It is impor-
tant to note that the volume of horizontal and vertical obround shells
remains the same as that of the circular shell, implying that the mass of
the enclosed PCM is the same in all enclosures. The shells were made of
transparent Plexiglas, which allowed direct observation and photog-
raphy of the melting phenomena while minimizing heat dissipation from
the enclosure due to their low thermal conductivity (k = 0.17 W/m.K).
The circular shell had dimensions of 120 mm in length and an inner and
outer diameter of 90 and 100 mm, respectively. The water inlet and
outlet were placed behind the HXs, leaving the front side accessible for
photographing. The photographic views of the designed HXs are
depicted in Fig. 2.

Two nested copper tubes, with diameters of 9 mm and 19.05 mm,
were concentrically placed to transfer heat from the HTF to the PCM.
Fig. 3 illustrates the flow of hot water entering the HX system through
the inner tube inlet at a rate of 5 L/min. After passing through the inner
tube, it flows in the opposite direction through the annular space be-
tween the two copper tubes. Upon exiting the system, the hot water
returns to a constant-temperature bath controlled by a PID controller,
maintaining hot water accuracy within +0.1 °C. The nested tube
configuration, combined with the high flow rate of HTF, minimizes the
temperature differential between the input and output of HTF. This,
along with the high thermal conductivity and thin wall of the copper
tube, ensures a constant temperature across the outer surface of the
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Fig. 1. Schematic diagram of the experimental apparatus.

inner tube, providing a consistent melting pattern along the HX axis.
Therefore, the melting process can be considered two-dimensional, as
the temperature difference along the axial direction of the HXs is
negligible. The elastomeric foam (EF) insulation sheet (K < 0.035 W/m.
K) with a thickness of 50 mm was used to insulate the HXs, with the aim
of minimizing heat loss to the surroundings. The temperature of the HX’s
insulating surface was measured using an infrared thermometer to
determine the amount of heat loss caused by the HX. During the melting
process, the temperature variation between the insulation surface and
the surrounding air was less than 1 °C. Due to this negligible tempera-
ture difference, the HX heat loss can be disregarded in the calculations.

To document the temperature history of the PCM at different loca-
tions, three holes were drilled around the shell, evenly spaced at 90°
intervals. Four calibrated K-type thermocouples were inserted in the
central part of the HX. To reduce flow disruption inside the enclosures,
thermocouples with a small diameter are placed at just one cross-section
of the HXs. The temperature changes were recorded using a temperature
data logger. Fig. 4 shows the dimensions of the HXs and the locations of
the thermocouples and HTF tubes within the HXs with different eccen-
tricities. The eccentricity is defined in Eq. (1) for the proposed geome-
tries [38,40].

Ly
L”Xﬂx

(€Y

€Cc =

where Lg indicates the distance between the centers of the shell and
inner tube, and Loy represents the maximum value of Ly, as illustrated
in Fig. 5.

2.3. Experimental procedure

In order to fill HXs with liquid PCM, solid paraffin was first heated at
80 °C until it melted. To avoid air pockets in the solid PCM, the melted
PCM was carefully poured, layer by layer, into the enclosure. Before
applying the next layer of liquid PCM, each layer of liquid PCM was
allowed to completely solidify for approximately 30 min. This procedure
was iterated until the container was filled with solid PCM. To ensure that
the PCM was at a consistent temperature at the start of the experiments,
the HX was exposed to a conditioned lab temperature of 25+2 °C for at
least 24 h before initiating the experiment. To account for the variation
in volume of solid PCM during the melting process, an empty space was
provided at the end of the HX to store the additional melted PCM. The
HXs were tested at HTF inlet temperatures of 85 °C. The Rayleigh and

Stefan numbers, which are non-dimensional quantities, are determined
for the charging temperatures using the following formulas [11]:

Ra = (@3]
va
Cos (T — T, Co (T — Ty
ster = CoalTn =To) + Cpu(Tu — T) ®
h.&[

where Dy, is hydraulic diameter calculated from Eq. (4).
D, =—~

" =P, C)]

where Ay, is the cross-sectional area of the confined PCM and Py, repre-
sents the wetted perimeter of the conduit, respectively. The Rayleigh
and Stefan numbers corresponding to the charging temperature of 85 °C
are 6.28 x 10° and 0.69, respectively. The PCM melting process started
with circulating hot water using a centrifugal pump. This process went
on until the entire PCM was completely melted. To visualize and
document the progression of the solid-liquid interface during the
melting process, photographs were taken every five minutes by lifting
the front side insulation. During the experiment, the temperatures of the
PCM at predefined locations were recorded every two seconds. A
specialized lighting technique in photography was employed to facili-
tate the distinction between the solid and liquid PCM phases.

3. Data reduction
3.1. Liquid fraction

Digital photos were utilized to calculate the liquid fraction of PCM
using the MATLAB Image Processing Toolbox. Before computing the
melting fraction, the photos were filtered and adjusted for contrast to
enhance quality. The processed images were then converted to grayscale
and, subsequently, to a binary format. A two-dimensional matrix with
elements of 0 and 1, representing black pixels (liquid PCM) and white
pixels (solid PCM), respectively, was used to store the photos in binary
format. The ratio of the number of pixels with a value of O (representing
liquid PCM) to the total number of pixels in the image is calculated as the
apparent liquid fraction (Eq. (5)).

NP,
Ta = NPt

(5)
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Fig. 2. Photographs of the different LHS units: (a) Circle (ec= 0), (b) Circle (ec= 0.8), (c) Horizontal obround (ec= 0), (d) Horizontal obround (ec= 0.8), (e) Vertical

obround (ec= 0), (f) Vertical obround (ec= 0.8).

Outlet

Outlet

Countercurrent

Fig. 3. Schematic drawing of the LHS heat exchanger.

NP, NP;, and v, indicate the number of pixels with 0 values (liquid
PCM), the total number of pixels, and the apparent liquid fraction,
respectively. Due to the volume expansion of the PCM during melting,
the liquid PCM filling the intentionally created gap at the end of the HX

must be taken into account when calculating the actual liquid fraction.
Thus, Eq. (5) is modified as follows [45].

_nl+9)

T . (6)

where y, and @ represent the real liquid fraction and volume change due
to a phase change of PCM, respectively.

3.2. Heat transfer rate

The heat transfer rate from the inner tube to the PCM is computed
from the thermal energy stored in the PCM in the form of sensible and
latent heat during the melting process. Therefore, the total stored energy
in PCM can be determined by utilizing Eq. (7):

Oualt) = / pses(Tot —T)dVi + / D01 (Tean (1) — T}V,
Vi(r) Vi(1)

+ / D5 (Tean, (1) = TV, + piy, (Vo1 + @7, (1) %

Vi(n)
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Fig. 4. Locations of thermocouples and HTF tubes in HXs with various eccentricities.
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Fig. 5. Illustration of different shell geometries with Ly and Lyax.

The average temperatures of the PCM in the liquid and solid phases
at a certain time are denoted as Tinean, (t) and Tpean, (), respectively. The
first integral in Eq. (7) signifies the sensible heat absorbed by the PCM in
the solid phase until it reaches its melting temperature. The second term
refers to the superheating of the liquid PCM, while the third integral
describes the absorption of sensible heat by the remaining solid PCM.
Additionally, the latent heat is evaluated in the fourth term.

The following relation is used to calculate the heat transfer rate from
the HTF tube to the PCM during the time period of At:

01+ Ar) — 0(1)

At ®)

o(n) =

During the total melting time, the time-averaged heat transfer rate is
computed as Eq. (9):

liotal

0= O(1)dr ©)

total
0

where Q and tio represent the averaged heat transfer rate from the
inner tube to the PCM over At and the total melting time of the PCM,
respectively.

The heat transfer rate from the HTF tube to the PCM can be expressed
in terms of Nusselt numbers, as defined by Eq. (10).

O(t)Dy
A(Tw - Tm)kl (10)
where Q(t), Dy, and A represent the instantaneous heat transfer rate,
hydraulic diameter, and total heat transfer area, respectively. Mean-
while, kj is the thermal conductivity of the liquid PCM.
The time-averaged Nusselt number is calculated for different HXs
using Eq. (11).

total

Nu =

Nu(t)d(t) an

Tiotal

4. Experimental results

The purpose of this study is to examine how the eccentricity of the
HTF tube in the three different shell geometries affects the behavior of
the melting front, temperature history, liquid fraction, Nusselt number,
total melting time, time-averaged heat transfer rate, and time-averaged
Nusselt number. To achieve this goal, fifteen various types of HXs have
been developed.

4.1. Experimental reproducibility

To ensure experimental repeatability, the melting process was
repeated twice in the circular, horizontal, and vertical obround shells
with eccentricity values of 0.6, 0.4, and 0.8, respectively. The transient
liquid fractions obtained from two different trials are depicted in Fig. 6.
The findings show that the transient liquid fraction demonstrates a
repeatable pattern with minor variations. To quantify these variations,
the root mean square error (RMSE) between two data sets was deter-
mined as indicated in Eq. (12).

1 N
RMSE = \ | = >~ (Fepin = Tegns)” a2
n=1

where N and y indicate the number of data and liquid fraction, respec-
tively. The RMSE for liquid fraction in HXs with circular, horizontal, and
vertical obround shells were 1.1 %, 0.9 %, and 1.9 %, respectively.

4.2. Melting performance analysis

4.2.1. Visualization of the melting front

Visualizing the development of the melt front reveals important in-
formation about the behavior of PCM and the primary mode of heat
transfer during the melting process. Observing and comparing melting
processes in various HXs helps to understand melting phenomena and
how variables such as HTF tube eccentricity in different shell geometries
affect the melting rate. Fig. 7 illustrates the evolution of the melting
front in LHS units with a circular shell at various eccentricity factors
through experimental observations. In these photographs, the white and
black areas represent the solid and liquid phases, respectively. The use of
specialized lighting in the photography makes the solid-liquid interface
visible. In the early stages of the melting process (Fig. 7(ap-ep)), the
photographs indicate the formation of a thin layer of melted PCM sur-
rounding the hot surface of the inner tube, which appears to be the same
for all concentric and eccentric HXs, with no apparent superiority be-
tween these configurations, suggesting similar melting rates and con-
duction as the predominant heat transfer mechanism. Conduction
continues to be the dominant heat transfer mechanism as long as the
viscous forces are strong enough to inhibit fluid movement, resulting in
the circular expansion of the melting area. By developing the melting
area, the buoyancy force overcomes the viscous force, causing the nat-
ural convection current to begin and becoming the predominant melting
mechanism. During this stage, the hot, liquid PCM ascends and the cold,
liquid PCM descends due to the density difference between them,
creating liquid circulations and enhancing the melting process, as evi-
denced by the formation of an oval-shaped interface (Fig. 7(a-e) (1y). As
melting progresses, the natural convection current, the predominant
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Fig. 6. Repeatability of transient liquid fraction: (a) Circular shell (ec= 0.6), (b) Horizontal obround shell (ec= 0.4), (c) Vertical obround shell (ec= 0.8).

melting mechanism, becomes stronger and has a more noticeable effect
on the melting front progression. This impact is evidenced by the
increased surface area of the melting front in the upper part of the
enclosure (Fig. 7(a-e) (2_4)). As demonstrated in Figs. 7(a4) and Fig. 7(b-
d) (5), the solid PCM above the HTF tube melts entirely, but only a
limited amount of solid PCM below the HTF tube melts due to the low
heat transfer rate by conduction. A comparison between Fig. 7(a4) and
Fig. 7(as) clearly indicates that the solid-liquid interface moves down-
ward at a slower rate below the inner tube compared to the top part. This
observation supports our previous statement that in the lower part of the
HX, melting is mainly governed by conduction, resulting in partial
melting of the PCM, which can greatly increase the total melting time.
The eccentricity of the HTF tube has a significant impact on increasing
the rate of the melting process and thereby reducing the complete

melting time. This can be explained by the fact that in the HX with the
eccentric configuration, a greater amount of PCM is accommodated in
the upper part of the inner tube, benefiting from the existence of con-
vection flows (Fig. 7(b-e) (1-4)). Additionally, the eccentric tube
configuration exposes a smaller amount of PCM below the HTF tube,
where slower heat conduction is the dominant heat transfer mechanism
(Fig. 7(b-e) (s5y). In other words, the downward movement of the HTF
tube increases the melting rate in both the top and bottom regions of the
HX simultaneously. As it is seen in Fig. 7, complete melting is achieved
after 165 min from the start of the experiment in the HX with an ec-
centricity of 0.8, while solid PCM can still be observed in other HXs with
smaller eccentricity values. In fact, at higher eccentricity factors (0.8),
the optimal utilization of both conduction and convection heat transfer
mechanisms has been employed to increase the rate of the melting
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Fig. 7. Melt front evolution in LHS units with circular shell at various eccentricities.

process.

To better understand how the melting of PCM in the LHS units with
various shell geometries is affected by inner tube eccentricity, the time
variation of the melting front for the horizontal obround shell with
different eccentricity factors is presented in Fig. 8. At the initial stages,
the melting interface in both concentric and eccentric HXs is almost the
same, like the circular shell, suggesting similar melting rates (Fig. 8(a-e)
(©))- As time progresses, the increased surface area of the oval-shaped
melting front in the top part of the enclosure indicates that the
melting rate has increased significantly at the upper part of the HTF tube
compared to the lower part, due to natural convection being the pre-
dominant mechanism (Fig. 8(a-e) (1-4)). In eccentric arrangements,
contact between the melting interface and the upper adiabatic wall of
the shell occurs at a later time compared to the concentric configura-
tions. By increasing the eccentricity, the dominant convection area
above the HTF tube expands, resulting in a larger amount of PCM
exposed to the stronger natural convection current in the upper region.
As a result, the rate of the melting process is enhanced more than in
concentric configurations (Fig. 8(b-e) (1_4)). Subsequently, as the solid-
liquid interface begins to propagate downward, the melting process is
primarily governed by a slow heat conduction mechanism. In the
eccentric cases, less PCM is exposed to the sluggish conduction mecha-
nism below the HTF tube, leading to a reduction in the total melting time

(Fig. 8(b-e) (5)). It is important to note that in the final stages of the
melting process, the horizontal obround shell shows a faster melting rate
compared to the circular shell because of providing a larger solid-liquid
interface area during the thermal conduction domination stage.

Fig. 9(a-e) (0-5) illustrates the temporal variation in the melting
process of the vertical obround shell at different eccentricities. As
observed from the melting front in Fig. 9, it is evident that as the ec-
centricity factor increases from ec= 0 to ec= 0.8, the melting rate ac-
celerates. Specifically, HX with an eccentricity factor of 0.8 achieves
complete melting after 165 min, whereas solid PCM persists in the other
HXs with smaller eccentricity factors. Upon further analysis of Fig. 9(e)
(0-5), it becomes apparent that the melting process trend for the vertical
obround shell with an eccentricity value of 0.8 varies from that of cir-
cular and horizontal obround shells. After 130 min, the PCM at the
bottom of the shell has entirely melted, while the unmelted PCM re-
mains at the top of the shell (Fig. 9(e) (4)). The melting behavior
observed is attributed to the shell geometry, particularly evident in the
vertical obround shape, which accommodates a lesser volume of PCM
below the HTF tube at an eccentricity of 0.8.

Fig. 10 shows the solid-liquid interface at various times in three
different shell shapes with eccentricity values of 0, 0.4, and 0.8. The
melting time can be expressed in terms of the non-dimensional Fourier
number as follows [40]:
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at

Fo = 5/2, 13)

where a and Dy, represent the thermal diffusion coefficient and the hy-
draulic diameter, respectively. The Fourier numbers corresponding to
the charging times in Fig. 10 are outlined in Table 3. Image processing
was utilized to analyze the melting photographs and assess the
advancement of the melt interface. This figure enables the observation
and monitoring of melt interface movement in the studied HXs. Notably,
an increase in the eccentricity factor results in the expansion of the solid-
liquid interface area in the upper part of the HTF tube, indicating that a
larger amount of PCM benefits from faster convection-dominated
melting, while a smaller quantity of PCM is exposed to the slower heat
conduction mechanism below the inner tube.

4.2.2. Temperature history

The record of the transient temperature history provided by the
thermocouples offers important insights into the thermal behavior of the
paraffin during the melting process. To assess the impact of HTF tube
eccentricity on temperature profiles, Figs. 11, 12, and 13 depict the
variation of recorded temperatures and the dimensionless temperature
against time (in minutes) and Fourier number at predefined locations
(T1-T4) for the examined LHS units. These temperature profiles were
recorded at a tube wall temperature of 85 °C, corresponding to a Ray-
leigh number of 6.28x10° and a modified Stefan number of 0.69. The
dimensionless temperature is defined as [46]:

(14)

where T, and T,, represent the melting temperature of the PCM and the
tube wall temperature, respectively. It can be observed that the recorded

temperatures in different shell geometries exhibit similar trends, which
can be attributed to the mechanisms of heat transfer during their
respective phase change processes. Initially, the temperature of the
thermocouples in all LHS units rises due to the heat conduction mech-
anism until reaching the melting temperature. During this stage, the rate
of temperature increase in the upper part of the HXs is significantly
higher. This indicates that the rate of heat transfer to the solid PCM has
increased in the upper part of the annulus due to the formation of
circulating convection currents in the liquid PCM, which move the
heated liquid PCM upwards. Yazici et al. [35] and Avci et al. [47], who
investigated the melting of paraffin in a horizontal tube-in-shell storage
unit, observed similar temporal variation in temperature. As depicted in
Figs. 11-13(a-b), an increase in the eccentricity factor leads to a delayed
temperature increase in T1 and T2. This delay can be attributed to the
longer distance between the thermocouples T1 and T2 and the HTF tube.
Similar temperature behaviors were reported by Safari et al. [18] and
Yazici et al. [35], with thermocouples located in the upper half region of
HXs with concentric and eccentric tubes. The heat transfer mechanism
continues through conduction until the temperatures remain below the
melting point. After this step, the melted PCM flows over the tips of the
thermocouples, leading to a further increase in temperature. By
considering the temperature history inside the HX with eccentric tube,
as the eccentricity factors increase, the improvement in the temperature
of T1 and T2 declines due to the longer distance from the HTF tube, so
the greatest improvement is observed in concentric cases. During this
stage, the thermocouples in the upper part of the HTF tube, T1 and T2,
record some fluctuations. These fluctuations are induced by differences
in the density of the melted PCM, leading to the formation of chaotic
flow structures and vortices within the liquid PCM [14]. The presence of
these fluctuations in the upper part of the enclosure was also reported in
the literature [18]. Afterward, the liquid PCM gains sensible heat, and its
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Fig. 9. Melt front evolution in LHS units with vertical obround shell at various eccentricities.

temperature gradually approaches the HTF tube temperature
(Figs. 11-13(a-b)). The thermal behavior of the thermocouple in the
lower part of the HTF tube, T4, differs significantly from that of the
thermocouples located in the upper part. The nearly linear increase in
temperature of T4, without any fluctuations, implies that heat conduc-
tion significantly influences the lower section of the HXs, resulting in a
slower rate of melting in that region. As depicted in Figs. 11-13(d), an
increase in the eccentricity factors leads to improved melting in the
lower part of the HTF tube, resulting in a higher temperature at the T4
thermocouple. This enhancement can be attributed to the shorter dis-
tance between the HTF tube and the T4 thermocouple, leading to an
increase in heat conduction. This temperature behavior was also

reported in [35,47], for thermocouples located in the lower part of the
HTF tube in both concentric and eccentric configurations. As shown in
Fig. 4, due to the limited space at the lower part of the HTF tube at an
eccentricity of 0.8 for the three shell shapes and 0.6 for the horizontal
obround shell, the position of the T4 thermocouple has been modified. In
these cases, the T4 thermocouple is located at the upper part of the HTF
tube. Consequently, the temperature behavior of the T4 thermocouple in
these cases is similar to that of thermocouples positioned at the upper
part of the HTF tube (Figs. 11-13(d)). Based on Figs. 11-13, it is evident
that the thermocouples positioned in the upper part of the HTF tube (T,
T, and T3) exhibit higher temperatures compared to those positioned in
the lower part (T4). The behavior validates the presence of a rotating
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Table 3

Fourier numbers corresponding to times (min).
Time (min) 10 30 60 90 130 165 290 410 530 590
Fourier number 0.01 0.03 0.07 0.11 0.16 0.21 0.37 0.53 0.68 0.76

current in the melted PCM at the upper section.

4.2.3. Melt fraction

The variation of liquid fractions with time (in minutes) and Fourier
number at different eccentricity factors for the three LHS units is shown
in Fig. 14. It can be observed that, for t < 10 min (Fo < 0.013), the liquid
fraction curves for all LHS units with eccentric and concentric HTF tubes
coincide and exhibit a linear trend with a high slope. This steep slope
implies a fast-melting rate due to the large temperature difference over a
small layer of molten PCM surrounding the HTF tube, where thermal

12

conduction resistance is minimal. As the melting progresses, the liquid
fractions gradually transition from a nearly linear trend to a curved one
with a decreasing slope. This transition occurs when the solid PCM in the
upper part of the HTF tube is completely liquefied. During this time,
natural convection weakens, and heat conduction becomes the pre-
dominant mechanism. It can be observed that an augmentation in the
eccentricity factor leads to a delay in the transition from a linear to a
curved pattern. This phenomenon can be explained by the fact that
increasing the eccentricity exposes a larger portion of the annular region
to the natural convection current, resulting in a delay in this transition as
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Fig. 11. Temperature history of the thermocouples for LHS units with circular shell at various eccentricities.

it takes more time to melt the PCM in the upper part of the inner tube. In
all shell geometries with an eccentricity factor of 0.8, the liquid fractions
maintain a consistent linear trend during the entire melting process. This
behavior can be attributed to the continuous dominance of natural
convection throughout the process. However, in HXs with eccentricity
factors ranging from O to 0.8, the time period during which the liquid
fraction exhibits a curvilinear trend increases as the eccentricity factor
decreases. This thermal behavior can be explained by the fact that the
volume of the PCM below the HTF tube increases as the eccentricity
factor decreases. Consequently, a significant portion of the solid PCM
beneath the HTF tube melts after the PCM in the upper part of the
enclosure has fully melted. At this stage, natural convection strength
diminishes, and melting is predominantly governed by slow conduction
heat transfer. A similar trend for liquid fraction during melting in cir-
cular shells with eccentric tubes has been reported by Pahamli et al. [37]
and Darzi et al. [48].
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4.2.4. Melting time

In order to thoroughly analyze the melting process in the three shell
configurations with various eccentricity factors, this section compares
the complete melting time and the variation of melting time reduction
for all cases. Fig. 15 illustrates the influence of HTF tube eccentricity on
the complete melting time (in minutes) and the dimensionless total
melting time (Foo) in different shell geometries. As depicted in Figs. 15,
while comparing the concentric HXs, it is observed that modifying the
shell geometry from a circle to a horizontally oriented obround shape
significantly reduces the total melting time from 600 min (Fo = 0.77) to
410 min (Fo= 0.53), representing a reduction of 32 %. In contrast, the
vertically oriented obround shell reduces the melting rate, resulting in a
longer complete melting time of 680 min (Fo = 0.87), which extends the
total melting time by 13 %. Notably, the HXs with circular, horizontal,
and vertical obround shells at an eccentricity factor of 0.8 exhibited
significant reductions in total melting time in comparison to their
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Fig. 12. Temperature history of the thermocouples for LHS units with horizontal obround shell at various eccentricities.

corresponding concentric tube HXs, with reductions of 72 %, 60 %, and
76 %, respectively. Zheng et al. [40] similarly reported a 73 % reduction
in the total melting time during the melting process of n-octadecane in a
circular double pipe HX with an eccentricity factor of 0.8 at a Rayleigh
number of 1.21 x 10. The discrepancy between the present results and
existing literature can be attributed to differences in Rayleigh number,
PCM types, and tube dimensions. In addition, Harmen et al. [49], who
investigated the melting of paraffin in horizontal double-pipe HXs, re-
ported a 54 % reduction in melting time at an eccentricity factor of 0.5.
Moreover, Fig. 15 clearly demonstrates that as the eccentricity factor
increases from O to 0.8, the difference in melting time among the studied
geometries diminishes. It can be inferred that, despite the decrease in
melting time with an increase in the eccentricity factor, the optimal shell
geometry should be selected for each eccentricity factor to attain
optimal thermal performance.

The relationship between the eccentricity factor and melting time
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reduction for the studied cases is depicted in Fig. 16. Melting time
reduction quantifies the decrease in melting time relative to the
concentric circular shell, which is considered the base case. At constant
HTF tube eccentricities of 0.2, 0.4, and 0.6, the horizontal obround shell
exhibits the shortest total melting time, with corresponding melting time
reductions of 47 %, 59 %, and 66 %, respectively. However, for the same
eccentricity factors, the vertical obround shell shows the smallest
melting time reductions of 18 %, 47 %, and 61 %, respectively. The
maximum melting time reduction of 72 % is observed at the largest
eccentricity (ec = 0.8) for all geometries.

4.2.5. Heat transfer characteristics

The variation of the Nusselt number as a function of the dimen-
sionless time (Fo) for the studied cases is shown in Fig. 17. The Nusselt
number variations reflect the presence of different heat transfer mech-
anisms during the melting process. Based on the variation in the Nusselt
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Fig. 13. Temperature history of the thermocouples for LHS units with vertical obround shell at various eccentricities.

number, the melting process can be divided into three distinct melting
stages, namely: conduction dominance, convection dominance, and
convection diminishing [11]. In all cases, in the early stages of the
melting process, close-contact melting heat transfer occurs between the
HTF tube surface and the formation of a thin layer of liquid surrounding
the HTF tube. This leads to a significant rate of conduction heat transfer,
resulting in an initial high Nusselt number for all eccentricities (con-
duction-dominated). However, as the thickness of the liquid layer in-
creases, the thermal resistance between the HTF tube and the
solid-liquid interface increases, causing a sharp reduction in the Nus-
selt numbers. As previously mentioned, as the melting area develops, the
primary mode of heat transfer transitions to natural convection.
Consequently, the decline in the Nusselt number ceases, leading to a
gradual improvement in the heat transfer rate. Indeed, in the balance
between a decreasing heat transfer rate caused by thermal resistance
and an increasing heat transfer rate due to natural convection current,

15

the latter prevails, resulting in a rise in the Nusselt number. Addition-
ally, as the eccentricity increases, the dominant convection area above
the HTF tube expands, resulting in stronger and more persistent natural
convection heat transfer. Consequently, the trend of increasing the
Nusselt number is further enhanced with increasing eccentricity due to
the emergence of a more robust natural convection current (con-
vection-dominated). As time passes, the solid PCM in the upper part of
the HTF tube is completely liquefied, and the melting interface pro-
gresses under the HTF tube, where convection current is weakened and
melting is mainly governed by conduction; as a consequence, the Nusselt
number begins to decrease (diminishing convection). For HXs with
different eccentricity factors, the points at which the diminishing trend
begins align with the times when the rate of liquid fraction increase
starts to decrease. As depicted in the figure, an increase in the eccen-
tricity factor can effectively prolong the convection-dominated melting
and postpone the diminishing convection to the very end of the melting
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Fig. 14. Transient liquid fraction in LHS units with various eccentricities: (a) Circular shell, (b) Horizontal obround shell, (c) Vertical obround shell.

process. The variation of the heat transfer coefficient under different
eccentricity values has been similarly reported by Cao et al. [50]
through the melting process in an eccentric horizontal shell and tube
storage unit.

The variation of the time-averaged heat transfer rate and Nusselt
number with eccentricity factor are depicted in Fig. 18. It is observed
that for all shell geometries, the time-averaged heat transfer rate and
Nusselt number increase with increasing eccentricity due to the forma-
tion of a larger convection-dominated heat transfer area in eccentric
configurations, which accordingly increases the heat transfer rate. The
maximum time-averaged heat transfer rate and Nusselt number are
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achieved at an eccentricity of 0.8. In comparison to the corresponding
concentric cases, the circular, horizontal, and vertical obround shells at
an eccentricity of 0.8 demonstrate a significant improvement of 246 %,
151 %, and 304 %, respectively. These findings indicate that by
increasing the eccentricity, the vertical obround shell contributes more
effectively to heat transfer enhancement compared to the other two HXs.
Moreover, as shown in Fig. 18, it is observed that at constant eccentricity
factors of 0, 0.2, 0.4, and 0.6, the highest time-averaged heat transfer
rates are achieved with the horizontal obround shell, with improve-
ments of 38 %, 29 %, 10 %, and 4 %, respectively, as compared to the
circular enclosure. Conversely, the time-averaged heat transfer rates for
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Fig. 15. Comparison of complete melting time (min) and Fo, for different
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Fig. 16. Comparison of melting time reduction for different shell geometries at
various eccentricity factors.

the vertical obround shell decrease by 14 %, 19 %, 15 %, and 10 %
compared to the circular shell under the same eccentricity factors.
However, at an eccentricity of 0.8, no significant difference in the time-
averaged heat transfer rate is observed among all geometries. Fig. 19
shows the variation of time-averaged heat transfer rate improvement
with eccentricity factor for the different shell configurations. Time-
averaged heat transfer rate improvement quantifies the enhancement
in time-averaged heat transfer rate in comparison to the concentric
circular shell, which is considered the base case. It is evident that the
horizontal obround shell outperforms the concentric circular shell (base
case) in terms of time-averaged heat transfer rate improvement at ec-
centricity factors of 0, 0.2, 0.4, and 0.6, with enhancements of 38 %, 77
%, 130 %, and 178 %, respectively. The time-averaged heat transfer rate
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improvement obtained by the vertical obround shell are 10 %, 76 %, and
139 % at eccentricity factors of 0.2, 0.4, and 0.6, respectively. However,
at ec = 0, the vertical obround shell shows a 14 % reduction in time-
averaged heat transfer rate improvement. It is noteworthy that for all
geometries, the maximum enhancement is found to be 246 % at the
largest eccentricity (ec = 0.8).

5. Experimental uncertainty analysis

The uncertainties in experimental findings are always influenced by
unavoidable errors that occur during experimental measurements and
depend on the uncertainty of the individual measuring instruments. The
propagation of uncertainty in the final result is always influenced by the
uncertainties of independent variables. Assuming that the final result
(M) is determined from independent variables x1, X2, ..., Xy, the uncer-
tainty of the result U(M) is appropriately obtained by combining the
uncertainties of the independent variables U(xi) as follows [20]:

M =f(xi,x2, ... (15)

1-xN)

(16)

The maximum uncertainty values in thermal properties measure-
ments, including specific heat capacity of solid and liquid phases, latent
heat of fusion, and density in both the solid and liquid phases, were
calculated to be + 5.6 % (solid) + 4.9 % (liquid), &+ 3.1 %, and + 1.6 %
(solid) + 1.4 % (liquid). The maximum uncertainties were found to be +
3.4 % for liquid fraction, 8.2 % for heat transfer rate, and 11.3 % for
Nusselt numbers.

6. Conclusion

The present study experimentally investigates the thermal behavior
of paraffin as a PCM within shell-and-tube thermal storage units with
different shell geometries heated by the inner tube at various eccen-
tricities. Fifteen transparent latent heat storage HXs, featuring circular,
horizontal, and vertical obround enclosures with various HTF tube ec-
centricities (0, 0.2, 0.4, 0.6, and 0.8), were examined under constant
tube temperature conditions. The experimental data were used for the
analysis of melt front evolution, transient liquid fraction, and heat
transfer rate during the melting processes. Based on the findings, the
following conclusions can be drawn:

e For all investigated shell geometries, the downward movement of the
HTF tube had a significant influence on reducing the total melting
time. Based on the findings, the circular, horizontal, and vertical
obround shells, with an eccentricity factor of 0.8, exhibited the
maximum reductions in melting time compared to the corresponding
concentric tube HXs, with values of 72 %, 60 %, and 76 %,
respectively.

Compared to the concentric tube HX with circular shell (base case),

the horizontal obround shell exhibited the best improvement in the

melting time, with reductions of 32 %, 47 %, 59 %, and 66 % at
eccentricity factors of 0, 0.2, 0.4, and 0.6, respectively.

The time-averaged heat transfer rate and Nusselt number increase

with an increase in eccentricity factor. The circular, horizontal, and

vertical obround shells at an eccentricity of 0.8 demonstrated sig-
nificant improvements of 246 %, 151 %, and 304 %, respectively,
compared to their corresponding concentric cases.

e Among the examined geometries, the horizontal obround shell
exhibited the highest enhancements in time-averaged heat transfer
rates compared to the concentric circular shell (base case). Specif-
ically, improvements of 38 %, 77 %, 130 %, and 178 % were
observed at eccentricity factors of 0, 0.2, 0.4, and 0.6, respectively.
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Fig. 17. Variation of Nusselt number versus Fourier number at various eccentricities for the LHS units with different shell geometries: (a) Circular shell, (b) Hor-

izontal obround shell, (c) Vertical obround shell.

e As the eccentricity factor increased from O to 0.8, the difference in
melting time and time-averaged heat transfer rate among the
examined shell geometries decreased and became negligible at an
eccentricity factor of 0.8.
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