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Abstract

To improve the performance of solar energy, this study provides a novel shell and nozzle
tube LHTES across two different geometries fins (tilted longitudinal and solid annular) and
an investigation of the melting patterns of two types of commercial PCMs (lauric acid and
paraffin wax). During the melting (charging) process, numerical simulations were conducted
and compared with experimental observations for the bare nozzle pipe and finned tube
configurations placed vertically. The average temperature and profile liquid fraction of the
PCM through the melting operation in all model setups are employed for validation tests.
The evaluation of the liquid fraction revealed that the numerical findings exhibited
remarkable qualitative concordance with the experiment in all analyzed cases. The results
demonstrate that annular fins and tilted longitudinal designs are seen to enhance the melting
rate and temperature distribution by developing heat transfer, which shows an important
benefit with an approximate decrease in total melting times of 38.3% and 12.98%.
Moreover, three various inlet HTF temperatures (70 °C, 75 °C, and 80 °C) and flow rates
(3, 5, and 7 L/min) of the HTF were evaluated during the melting process in PCM. A 5°C
rise in the HTF temperature significantly impacted all cases; however, an especially affected
reference case enhanced the overall melting time by about 34.97% and 21.32%. The largest
decrease in total melting time was around 8.5% when the flow rate was raised from 3 to 7
L/Min. Therefore, the role of the HTF flow rate is less prominent; it can be considered
marginal.

Keywords: Latent heat thermal energy storage (LHTES), Phase change material (paraffin
wax and lauric acid), Tube shapes, Layout fins, melt fraction, and Heat transfer fluid (HTF).

Introduction

Solar energy is an alternative to the global problems of high energy carbon emissions and
consumption. However, its use could be improved by consistent energy supply and demand caused
by its random fluctuations and intermittent availability [1], [2]. Thermochemical, sensible, and
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latent energy storage are the three basic categories of thermal energy storage (TES) applied to solar
power utilization and demand-shifting [3]. It offers numerous benefits, including high energy
density and extensive storage capacity throughout the charging /discharging operations within
a limited temperature range. LHTES is an Approach often employed in solar system thermal
storage devices [4]. Furthermore, PCM methods techniques have the option to be implemented in
other fields, including heat loss restoration, Cooling/ heating roofs, walls, floors, and ventilated
residential buildings [5]-[7]. Air conditioning systems [8], PVV-Pannal [9], etc.

The thermal effectiveness of LHTES is predominantly limited by two variables: the geometric
structure of the heat exchanger [10] and the PCM's weak thermal conductivity [11]. Combining a
shell-and-tube heat exchanger with PCMs is frequently utilized in manufacturing applications
containing LHTES. In conventional heat transfer devices, the shell and tube involve PCMs; the
tube pumps a high- or low-temperature HTF, and the shell side is occupied with PCMs for energy
charging or discharging processes [12].To enhance the energy storage performance of a shell-and-
tube heat exchanger, modify and augment attributes that previous studies have demonstrated, such
as the hydraulics diameter of the tube radius ratio [13], [14], Modified geometry of the tube [15],
mass flow rate [16] inlet HTF temperature [17] and tube eccentricity [18]. The diameter of the tube
and the inlet HTF temperature have a more significant influence on the heat transfer rate than the
tube thickness and inlet mass flow rate [19].

Moreover, the thermal performance might be influenced by several other parameters, like the
design, layout, inclination angle, and structure of the external shell of the PCM [20], regarding the
natural characteristics of PCMs with weak thermal conductivity. Innovative PCMs have been
created and validated to enhance the energy storage performance of a shell-and-tube heat exchange
system by developing technology by incorporating nanoparticles [21], [22], Porous structure [23],
and nanoparticles metal foam hybrids [24] And fin foam hybrids [25], [26] Among the
combination mentioned above of heat transfer enhancement strategies, conduct fins are considered
one of the most incredible viable approaches to defeat difficulty due to their high enhancement of
the heat transfer ratio, simple structure, cheap cost, and ease of manufacture and operation [10].
Numerous studies have been conducted to develop complicated fin structures to enhance TES tube
design. The longitude [27], annular [28], spiral fin [29], Plate Fin [30], hierarchical fins [31],
spiderweb-like fins [32], Bionic topology of fins [33], bifurcated and straight fins [34]. The annular
or circular fins are a typical structure for efficiently improving the heat transfer of PCM in a shell-
and-tube heat exchange system. A circular fin design was adopted in the PCM domain and non-
uniform position, resulting in a significant 70% decrease in the total melting time [35].

The study Yang et al. conducted in 2020 [36] Theoretical and experimental research to create a
design plan for annular fins with regular and irregular spacing. The purpose was to analyze the
melting behavior and discover how the fins' pitch and position affect the melting fraction's thermal
perfor-mance and enhancement in a vertical thermal storage unit with uniform temperatures. The
findings indicated an 84.7% enhancement in the melting process when an irregular pattern distance
was used, as opposed to a regular form. Due to the impact that irregular fins disturb the PCMs and
make them heterogeneous. Tiari et al. 2021 [37] connected the H.T.F. tube to the annular fins. The
fins applied according to the system's thickness are classified into two separate groups: ten of 1.5
mm and twenty of 0.794 mm. Also, it has a circular fin with uniform length and diameter and is
installed on the central tube. The comparison process was carried out with a tube that does not




have fins to measure the effectiveness of the annular. The result indicates that the length with
extended fins at the base of the pipe overall decreased time by 73.7%. Moreover, the best case
among the optimal configurations studied for time solidification reduced in uniform length with
20 fins was 79.2%. According to the overall time reduction, it was 76.3% in charging and
discharging operations. The research examined how different length-width ratios (AR = 0.5-1-1.5
and 2) of horizontal shells accompanied by a T-shaped geometric final destination impact their
performance.

Karami and Kamkari 2020 [38] the experimental two different types of solid and perforated
annular finned TES tubes. The study focused on analyzing the created TES tube coupled melting
processes. Their results indicated that local natural convection currents were the primary influence
on the development of the melting front. Puet al. 2020 [39]. focused on maximizing the
arrangement of circular fins to increase the melting rate for thermal applications. An ANSYS-
Fluent-based computational prototype was const-ructed, and simulations were conducted to
examine the imp-acts of fin altitude and pitch on the melting rate. After analyzing the numbers,
researchers suggested applying a dimensionless height of 0.642 for circular fins.

Dai et al. 2024 [40] guide its optimal configurations. An alternative design eccentric may improve
the melting operation occurring at the bottom regions, raising the energy storage rate and melting
quality despite reducing temperature inconsistencies. The perfect concentric distance for the T-
shaped fin contributes to a 42.50% increase in melting efficiency compared to the concentric
construction. AR of 0.5 is the reference case for comparison, and the melting time dropped by
34.48%. Nevertheless, their enhancement growth dropped progressively to 19.23%, 18.18%, and
10.0%, respectively. The locations of the rotation angle of the fins are critical because they reach
the farthest region in the shell and affect the buoyant force PCM. Al-Mudhafar et al. 2021 [41]
Heat exchangers equipped with visible fins and six T-shaped fins are considered the most
significant advancements for expediting the melting process. Adding six tree fins and six
longitudinal fins resulted in a 33% decrease in the time needed to achieve total melting compared
to exclusively longitudinal fins. The shell without fins experienced 15% total melting of the PCM
after 6 hours, but the shell with tee geometry resulted in PCM melting in around 3.5 hours.

In Khan and Khan's study conducted in 2020 [42], the researchers found that the arrangement and
orientation of the fins have a crucial influence, and the dimensions (length, width, thickness, and
thermal diffusion) and details of the fins are studied for the optimal placement method. This study
attempts to determine and evaluate the influence of adjustments in the inclination angle on thermal
performance. A test structure is utilized to construct a horizontal LHTES in a Y-fin configuration
inside a copper tube with an isothermal steel shell instead of A-fins. The temperatures are
distributed uniformly at five distinct angular points (90°, 75°, 60°, 45°, and 30°) from the central
point of the longitudinal circumference. The configuration employs stearic acids PCMs to store
thermal energy. The result showed that design Y-fin offers a shorter charging time of 50.7% and
enhanced capacity energy storage by about 10%. The fulfilled Copper shell reduced the process
melting duration time by 32.4%. Compared to the standard format, A-fins Mahdi, Hasan, et al.
2019 [43] Compare a tube equipped with longitudinal fins and a tube without fins. The liquid
fraction processes were constantly tracked, and the investigation demonstrated an excellent degree
of agreement in all parameters, with a maximum error rate of no more than 3.6%. The findings
indicate that including fins decreases the melting process's average duration by 50%. The non-
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finned tubes exhibit a higher melting rate when positioned horizontally or vertically. Conversely,
it was discovered that orientation had little effect on the melting process when using finned tubes.
The research was undertaken by Benmoussa et al. in 2017 [44] aimed to investigate the thermal
behavior and energy storage capacity of (LHESU) by applying two different (PCMsl
accompanied by a melting point of 323 K and PCMs2 with a melting point of 333 K). The study
also examined the effect of the temperature inlet of the H.T.F. at a constant flow rate of 0.03 m/s
on the time required for complete melting in a shell and tube configuration. Research results
indicate that raising the temperature of the fluid that enters has a considerable positive impact on
the overall melting time in PCMs1, which is faster than in PCMs2. An increase in the initial H.T.F
temperature from 338 K to 353 K in PCMsz2 resulted in a decrease of the melting time from 1870
s t0 490 s, corresponding to a decrease of 78.3%. The time it required for PCMs1 to melt dropped
from 530 seconds to 270 seconds, reducing 49.1%.

The literature survey evaluation above demonstrates that previous investigations on the LHTES
unit mainly concentrated on improving the fin geometric and structural design constituting the
LHTES configuration. The numerical models were first verified by comparing them to quantitative
and qualitative experimental data. This comprehensive research presents a numerical investigation
accomplished utilizing a CFD method in vertical designs with different fin geometrical parameters
(non-finned Nozzle tube, Nozzle with tilted longitudinal fins, and nozzle solid annular fins)
process under various operating conditions to Investigate the influence of inlet HTF temperature,
and inlet HTF flow rate on melting fraction profiles, patterns temperature distrib-ution, and
thermal storage performance. The comparison of the findings with experimental values and a
previous study in a shell-and-tube LHSU validates the CFD's reliability. The novel design of the
tube and fins provides a structure for developing optimum design methodologies for practical
applications.

2-Numerical simulation and Modeling

SOLIDWORKS 2020 generates a straightforward and comp-lex engineering design for the three-
dimensional testing model, as depicted in Figure 1 a. A numerical design was built using CFD
methodologies ANSYS Flow Fluent R.22 was utilized for this purpose. Three distinct storage
concepts exist to minimize the need for extensive physical experiments to gain valuable insights
into this system Figure 1 b. The enthalpy-porosity approach was used to model the PCM in the
LHSU system. To analyze the flow of turbulent water (HTF), a standard turbulence model,
specifically the k-epsilon model, was used. The numerical analysis included three computational
reports: report 1 for the HTF flow, report 2 for the average temperature of the HTF pipe with fins,
and, ultimately, report 3 for the average melting PCM. The thermal properties of the material
geometry utilized were considered throughout the calculation to enhance the simulation's
precision.
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The simulation process used the following assumptions and boundary conditions:

1.The PCM and geometry structure's initialization temperat-ure for the melting process was
specified at 25 °C. Conseg-uently, the experimental test was conducted at a room temperature of
25 <C. Each test was performed when the LHTES system had been sufficiently cooled to match
the ambient temperature.

2.Asymmetrical boundaries constraint was enforced onthe center straight cross portion
of the units. The exterior surface of the container LHTSU was assumed to be banded and,
consequently, temperature isolated.

3.The water's physical characteristics were assumed to have constant

values, as shown in Table 1.

4-The characteristics of the PCM remained constant. The liquid PCM undergoes current natural
convection, as previously discussed, due to variations in its density at various temperatures. The
Boussinesq approach was applied.

p = po{l =BT =Tp)}... (1)

5.The model's governing equations could possibly be briefly stated as follows:

J Continuity equation
Vi=0..(2)
o The momentum equations
p T+ p (VO = —VP + uV?V + pfg(T — To) +5... (3)
o Conservation of the energy equation

s ﬁ
— (pH) +V.(pVH) = V.(KVT)... (4)

Regarding the equations mentioned previously, p,?,l7,ﬁ, P, t,Tp,guand K are density,
velocity, thermal expansion coefficient, pressure, time, temperature of reference, acceleration
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due to gravity, dynamic viscosity, and thermal conductivity, respectively. The enthalpy-porosity
concept considers the mushy zone to be a porous medium. The porosity of each element is
assumed to have a value equivalent to the fraction of liquid available in that ingredient. The term
S is momentum sink, produced by the decreased porosity in the mushy zone:

- —f)2 —

5= ((;333)[/
The factor A,.sn, represents a fixed value of the mushy area. The influence of multiple values of
Amesny (10%,10°,106, and107) The period of time necessary to complete the melting of PCM
was studied. The mushy factor has little impact on the time taken to melt the PCM
until the value is exceeded (10°) .The research selected an established value of Amesny at 10°,

Kg/m3.s resulting in excellent agreement among the numerical and experimental results. This
correlates with the research that has already been published [43] .

meshy - (5)

At last, H indicates an overall enthalpy consisting of sensible heat and latent aspects.

H=h+ AH...(6)

Where the specific enthalpy

h=hy+ f;; Cpdt... (7)

The enthalpy change resulting from the phase transition may be expressed in the PCM's latent
heat:

AH=fL...(8)

In this context, L represents the latent heat of the  PCM, whereas f  denotes  the liquid
percentage, which ranges from 0 to 1, as shown by:

f=0, at T < Tgoridus solid
— T-Tsotidus h
f T Ty T , at Tliquidus <T< Tsolidus musny
liquidus™ ! solidus
f = 1, at T > Tliquidus ||qU|d

To improve the dependability of the integration, under-relaxation parameters are applied:
0.45,1,0.7, 0.987, and 1; the variables considered were pressure, momentum, energy, liquid
fraction, and turbulence viscosity, respectively. The workbench (ANSY'S) was used to develop the
geometry mesh.

Complex meshes were created for all models in the LHTSU. A fine mesh was used across the
interfaces to ensure that the cell sides matched correctly and to prevent any overlap between
regions of the cells. The average element grade and skewness scores were 0.85,0.815, and 0.1,
respectively. Several tests were conducted utilizing all the model's finned tubes to identify results
affected by the mesh size and time step.




Table 1. The thermophysical characteristics of lauric acid, paraffin wax, water, and copper
pipes.

property Unit PCM1 PCM2 Copper

(Lauric acid) | (Paraffin wax)

Rang Melting point °C 41-44 50-54 N/A
Density liquid/solid Kg /m3 775/880 750/890 8900
Thermal conductivity W//m.K |03 0.22 390
Specific heat capacity KJ/Kg. K 2.15 2.14 0.380
Latent heat of fusion KJ/Kg 174 186 N/A
Thermal expansion 1/K 0.0006 0.0008 N/A
viscosity Pa.s 0.026 0.009 N/A

Figure 2 demonstrates the correlation between the number of cells and the progression of the PCM
melting in the annular finned pipe LHSU. Three varying quantities of cells were analyzed on those
mentioned above. The consequence of the total cell counts on the PCM percentage liquid fraction
is minimal as the total number of cells increases from (824504, 944025, and 1170125).

Figure 3 illustrates the influence of the time step on the PCM's liquid fraction percentage through
a process of melting in the finned (LHSU). The chart shows that the impact of time steps was
insignificant when dropping from 0.3, 0.1, and 0.05 seconds. Therefore, after a thorough
investigation, a time value of 0.1 s was chosen for non-finned tube LHSU to save processing time.
The values published previously [43] are in agreement with these results. The solution’s
convergence is evaluated at every time step, with the criteria for convergence set at (10"-4, 10"-5,
and 107-7) for the remaining variables of the continuity, velocity, and energy equations,
respectively. The time requirement to finish a simulation of all finned and bare pipe structure cases
was 23 days. The CFD simulation was conducted on an efficient Laptop equipped with an i9 core

processor running at 2.3 GHz and 16 GB.
1.2 // /

1.2
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Figure 3: The impact of altering the time step on the
progression of the average liquid fraction of the PCM was

Figure 2: the liquid fraction percent against Mesh elem-
ents number of the present investigation.

studied using a mesh including 944025 elements.
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3.1  Thermophysical characteristics of PCMs

Maintaining the stability of thermophysical characteristics is crucial for PCM to prevent thermal
failure throughout the power melting/solidification mechanism. Based on these requirements, two
types of high-quality PCM (lauric acid and paraffin wax) with different properties were provided
to study the effect of physical properties, compare them, and find the optimal one that meets the
criterion of the shortest melting time. The current work measured the Different
Scanning calorimetry (DSC), which was applied to identify the thermos-physical characteristics
of PCMs (lauric acid and paraffin wax) specific experimental methods, as demonstrated in Figure
4. The DSC conducted thermal conductivity testing, specific heat capacity, and latent heat and
determined the PCM's range of melting temperature points. However, the density of PCM varied
depending on the temperature. The thermal expansion coefficient and the PCM's viscosity were
acquired from published sources. Table 1 Observa-tion of thermo-physical characteristics was
assumed independent of temperature and properties of copper tubes, working fluid (water), lauric
acid, and paraffin waxes.

DSC DsC
mwW mW
000 | oot
‘ Peak  §192C
\ Peak 4319C -
| Onset 528G
Onset  4395C fsel 5747
\ Endsel  4536C ! M
1000k N . ) . \ Hel  T7250m
. eal S7Im \ o
\ 1545041
T A34lig 000 N\ !

-20.00

-20.00

1 !
3000 ! f \
/ \

30.00 4000 50.00 60.00 0.00 80.00 40.00 60.00 8000 100.00

Figure 4: The result of the DSC melting enthalpy curve was produced for
the commercially available PCMs (Paraffin waxes and Lauric acid) used

3.2Experimental setup

An experimental arrangement was devised and constructed to examine the properties of the PCM
melting operation in a nozzle tube and shell-TES unit in three different configurations: non-finned
Nozzle tube, Nozzle with tilted longitudinal fins, and Nozzle pyramid annular fins. The
experimental system test apparatus Fig 5 consisted essentially of three components:(a) the
component for generating the HTF, (b) the testing component, and(c) the Data collection
component.
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Figure 5: Photographic view of Figure 6 a: Evacuated tube Figure 6 b: Hot bath with

solar collector an auxiliarv electrical

the present system

B) The testing components

The primary component of that part was a shell-and-nozzle tube TES unit. The extreme
temperatures of HTF streamed during the bottom nozzle while the PCM occupied the shell
entirely, as observed in the figure. The copper nozzle was fabricated with input and output
diameters of 39 mm to 24 mm, respectively, and a thickness of 2 mm; a pipe was positioned in the
center of the cylinder shell. The fins maintained a uniform thickness of 3 mm.

Fig 7 shows the distribution in all models (case reference, tilted longitudinal fins, and the solid
annular) with varying dimensions on the external surface of the tube. The shells were designed as
concentric circular transparent acrylic Perspex tubes, which provide visualization of the fusion
process. The shell’s dimension has an internal diameter of 90 mm and an external diameter of 100
mm, with the height in the reference case being 450 mm and, in the other situations, 484 mm, to
ensure that the PCM mass remains constant in all configurations for comparison. The pipes were
attached to the internal shell by two flange isolators established from Styrofoam for each unit with
a thickness of 35 mm. Special attention was devoted to monitoring the outside temperatures of the
thermal insulation layers’ exterior surface and the surrounding atmosphere. It is essential to
mention that the PCM’s content capacity was decreased to approximately accommodate the 10%
increase in the expansion volume of paraffin after it melts. The heat loss can be determined by
applying Fourier’s thermal conduction equations.
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Figure 7: illustrates the dimensions of all comp-onents Figure 8: Thermocouples
in the test section (all measurements are in mm). distribution along the test section.

C) The data collection component

During this component, the evaluation was conducted to analyze the thermal response, and the
performance of the vertical TES system that had previously been constructed was assessed.
The thermocouple was wiring strands of injector 1.2 mm in diameter, length 3m, and capable
of evaluating temperatures ranging from -40 C to 400 C, each with an average uncertainty of +
0.2 °C. Six K-type thermocouples were used along each unit. Four thermo-couples were installed
on the inner surface of the shell inside the PCM, while the remaining two measured the HTF
temperatures at the inlet and exit sites, as shown in Fig 8. The thermocouples were directly linked
to aportable data logger multichannel module HUATO S220-T8, with an acquisition
resolution of 0.1 % selected for data collection. A portable thermometer device, precisely the
Moodle Hti HT-9815 comprehension, was employed to predict the temperatures of both solar and
electric heaters in the HTF production units

3.3 Experimental procedure

1. To successfully install and verify the test properties of the PCM, a 5mg sample of (lauric acid
and paraffin) was set in a covered steel pan and warmed to 90 % for 30 minutes to remove
any temperature memory effect. The test gradually increases the heating rate of 5 °C/min
within the ambient to 90°C. The heated material is frozen by exposing it to a 100 ml/min
flow rate of liquid nitrogen. The melting/ solidification points sketch a path with the maximum
gradient from the spot. The peak area is numerically integrated to determine the latent heat.
The KD2 Pro is a portable device designed for sensing thermal features in single-prop
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detectors that are used to quantify by the dual scale devices to measure thermal conductivity,
volumetric specific heat capacity, resistivity, and diffusivity.

2. -To accomplish the design and installation of the test rig, the HTF was pumped into the
constant-temperature tank and circulated throughout the experimental rig to avoid possible
leaks. Before each test, PCM was heated until it reached its melting point using a Wax melting
machine. It was then carefully poured into the concentric cylinders to prevent the formation
of bubbles or splashing. The first empirical measurement was cautiously conducted after a
suitable time for the complete solidification of PCM. Furthermore, verify once the surface of
the solidified PCM has undergone artificial polishing to achieve a smooth and even level.

3. Once the experimental setup is adequately prepared, a thermostat is connected to the bath tank
to circulate the water inside the tank via the main valve.

4. If the tank's water temperature reached the desired temperature and remained stable for a
particular duration, the valve inlet and outlet were activated, while the control valve was
employed for calibration to deliver a flow rate that closely matched the expected value.

5. The information acquisition system recorded tempe-rature values obtained from temperature
sensors and flow rate values determined by a digital flowmeter at 30-second intervals.

3.4 The Evaluation of Uncertainty

The analytical reliability of each device and sensor employed in the test work is confirmed. The
accurate measurements of the equipment's relative and absolute accuracies were obtained from
their information sheets. Undoubtedly, most of the determination mistakes may be attributed to
inaccuracies in the recorded values. Therefore, the discrep-ancy in the acquired outcomes must be
determined. The Kline and McClintock approach [45] is applied in this domain. Consider the value
of R as a function that the indep-endent variables (X1, X5, ... X,,).

R=(X,X2 X5 ... Xp)... (1)

Considering a few fluctuations in the variables, the relationship can be represented in a linear
format:

dR 0R dR dR

Hence, the magnitude of uncertainty (W) in the outcome may be represented as

1

=[G (GEwe) + GEw) o+ G o0

Minimizing equation (2) by R is significantly simplified and made non-dimensional.
Wgr\? _ [0R w;)? R W, \2 R Ws\?2 R W\ 2
() =Gn®) e R G @

Therefore, the possibility of experimentation errors resulting from including the variables in
question, according to Egs. (2) and (3), the highest uncertainty values for the apparatus, (Data
logger (S220-T8), Thermometers thermocouple (HT-9815), K-type thermocouple (TP-02 A),
Flow mete YF-B2 are £ 0.1°C, £ 0.1<C £ 0.1°C, and £ 0.5°C, respectively.




4.The Results and Discussions
4.1- Numerical Models Evaluation

Experimental procedures were carried out as outlined in Section 3.3 above to ensure precision and
certainty in the numerical model of the LHTES. The research focused on two specific aspects: the
temperature distribution, which was validated using thermocouples data measurements, and the
percentage of the liquid fraction of the PCM throughout the time melting process. A comparison
between the experimental test and CFD results for different layout geometry, with variation in inlet
HTF temperature over time and in various flow rates during thermal charging processes. General
results indicate an excellent percentage of agreement between the experimental and CFD studies.
The accuracy decreases as the charging time increases due to the rising loss rates attributed to the
outside conditions in practical application tests. The evaluating ratio for paraffin wax has declined
compared to Lauric acid's more accurate validation number. The annular fin charge process shows
the most significant accuracy percentage, with Lauric acid at an inlet temperature of 80 °C and a
flow rate of 7L/MIN, achieving an estimated value of 96%. The minimum accuracy validity ratio
in the reference model applying at an inlet temperature of 70 °C and a flow rate of 3 L/min is 91%.
The general trend is that increasing the inlet temperature and flow rate raises the accuracy ratio.
Figure 9 and 10 Indicates the logical progression of the PCM's temperature during the melting
operation. The numerical model and the experimental results for the case reference have been
matched. The considering data represent the temperature differences when the thermocouple nodes
are installed at specific locations.
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4.2-Effect melting point temperature (lauric acid and Paraffin wax):

Their melting point greatly influences PCMs' performance in the charging process. The melting
point of PCM significantly impacts minimizing the time required for thermal charging operations
in solar energy systems by utilizing lauric acid, such as PCM1, which has a melting point of about
9°C below that of paraffin wax, PCM 2. Figure 11 (a,b and c) illustrates the average distribution
temperature and liquid fraction variations with time. As the rate of inlet temperature in the system
is systematically increased, there is a significant acceleration in both the rate of temperature rise
and the rate of melting. considering an inlet flow rate of 7 L/min and inlet temperatures of 70 °C,
75 °C, and 80 °C , respectively, decreases the melting time by using PCM1 about 62.33 %, 51.15
%, and 47.11 %, In comparison with PCM 2. Evidently, A positive correlation has been shown
between a decrease in the melting point of PCMs and an increase in their melting time durations.
as seen in Fig 12 d. It also analyses the melting points at different percentages (0.2 -0.4- -0.6 - 0.8
-1) influence on the charging process and the extent to which it decreases the overall melting time
of PCMs.
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Figure. 11: Average liquid fraction and temperature of paraffin wax and lauric acid at various times
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4.3-Regions Melting in PCM

Following the charging period, the distribution temperature in various axial directions of LHSU is
used to recognize the zones where the PCM becomes molten at different points in time. The
temperature variations in PCM for all models and the total time of the melting cycle vary
depending on the design. The numerical and empirical findings are obtained by measuring the inlet
HTF temperature at 70°C and a flow rate of 7 LPM through the charging procedure. divides the
melting in PCMs into three main domains. The first domain, called (sensible regions) occurs with
the initiation of the charging procedure, specifically after the temperature reaches 25 °C, and
finishes until PCM begins to melt, which occurs at approximately a temperature of 41.5°C.

The second (solid-liquid) domain begins until the exterior surface temperature of the PCM exceeds
43°C. Differences in the temperature of the PCM are capable of being identified depending on the
positions of the prop during the path in the shell. In every situation, the temperature of the PCM
jumps dramatically compared to that during the first domain due to the movement of the interface.
The limits of this domain may be identified by the range of melting points for the PCM, which is
between 44 °C- 58 °C.

The third domain is liquid PCM. The fusion of the PCM at the upper region of the testing section
rises faster compared to the temperatures in both the central and bottom regions Figure 12. The
rapid rise in the PCM's temperature in the region occurs when a thin layer of melted PCM appears
surrounding the HTF tube surface. The molten layer is expected to shift due to the buoyancy-
driven natural convection, resulting in a fast and finished melting process. ldentical behaviors are
also seen in the literature survey [38]and [43] The lowest temperature in the PCM is seen in the
bottom region of the LHSU. As the procedure progresses, the melting begins at the highest point
of the test unit and continues lower until it is completed
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Figure 12: The patterns of the thermocouples during the lauric acid melting in LHTES with an HTF
input temperature of 70 °Cin all models.
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4.4-Influence geometry parameters:

There are two different designs of fins, each with its individual arrangement, and the dimensions
of the fins may change within each configuration. As mentioned previously, in models 2 and 3,
the fins on the top shell side are reduced, while the fins on the bottom side are enlarged. According
to Figure 2b, the Pattern dramatically speeds up the melting process on the bottom side. models 2
and 3 were initially intended to focus on peripheral regions along the inside boundary of the shell
that showed less impact in the case reference. Conduction and free convection are the primary
processes responsible for melting the PCM. The objective is to quickly liquefy the PCM briefly
because the amount of powerful sunlight is limited. Hence, optimizing the design to facilitate the
PCM quick melting is essential.

4.4.1-Case reference (model-1)

The modified converging tube increases the PCM's mass fraction and temperature compared to a
straight tube. Consequently, the researchers' optimal conclusions about Korawan et al.2017 [46]
Were adhered to, leading to the development of the thermal storage system. The convergent tube
design is based on minimizing the surface areas exposed to natural convection currents. The hot
liquid decreases in density and rises, resulting in a natural convection current on the top side,
enhancing the melting rate in that area.

4.4.2-Tilted longitudinal fins (model-2)

Figure 13, the liquid fraction (interface) of the nozzle with tilted longitudinal fins is more extreme
than that of the case reference. The variation is attributed to the second model, which increased
the molten area compared to the case reference. Figure 14 illustrate the fluctuation in countours
temperature disterbustion for the specified configurations. The evidence clearly indicates that the
liquid fraction in the second case (Tilted longitudinal fins) is considerably more significant than
in the case reference during the first time period. Figure 15 This demonstrates the second model's
performance and the significance of integrating fins to augment the distribution of heat energy by
employing conduction and convection techniques. Moreover, adding fins enhances the overall
melting duration by approxi-mately 9.18 %, 5.25%, and 3.98%, which reduces it from 9370 s in
the first case to 8510 s in this arrangement, from 7800 s in the second case, 7390 and minimized in
third case 6790-6520, respectively.
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4.4.3-The solid annular fins

The previous part demonstrated the high efficiency compared to the case reference. The fin
configuration is not consistently effective. The bottom half of the shell retains parts that are less
impacted as showin in Figure 17 and 18. New validation in this section presents the arrangement
known as the model-3, The solid annular fins are located on the top side and have a relatively
smaller diameter, whereas fins with large areas are concentrated on the underside of the shell. The
design primarily focused on enhancing heat variation by conduction on the bottom side while
reinforcing convection in the tiny gaps between the fins. Model 3 exhibits enhanced melting
resulting from an optimized temperature distribution attributable to superior fin placement, while
model 3 illustrates the most efficient design, achieving quick and virtually total melting within
5700 seconds.

Figures 5.16 compare the final melting times between the ten solid annular fins and tilted
longitudinal fins, showing remarkable improvements. Case T;,=70 °C achieved a difference
melting time of 2810 seconds (an improvement of 33.02%), T;,=75 °C at 2670 seconds (an
improvement of 33.13%), and T;,=80 °C at 2200 seconds (an improvement of 33.74%). These
results highlight the effectiveness of the ten solid annular fins in significantly enhancing the PCM's
melting performance
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5.4-Inlet H.T.F temperature

Figure 19 shows the effects of HTF temperature on the average distribution of PCM temperatures
in paraffin wax during the charging process. In the present investigation, several inlet HTF
temperatures are examined to assess the influence of the Tyr 0on the liquid fraction, ranging from
70°C to 80 °C, with a temperature increment of 5 °C in all In case reference with paraffin wax, the
average temperature Tyrr; PCM in the LTESU increases consistently, but the overall melting
time decreases. The enhancement in melting time was 34.97% and 21.32% when the inlet Tyrg;
temp-erature was raised from 70-75°C and 75-80°C, respectively. Figure 20 In the exact same
case about inlet Tyrg; temperature but with lauric acid, the total time melting improved by
(17.8%) & (8.72 %).

Furthermore, as the temperature of the HTF increases, the time disparities in the second model
(Tilted longitudinal fins) progressively rise, as shown in Figure 21. Raising the input Tyrg; =
70°C-75°C and 75 °C-80 °C, the melting time was reduced by approximately 10.46 %, and by
10.67 %,the difference was minimized by (250 s- 190 s) and (930 -850) to achieve liquid fractions
of 0.25 and 1 for three testings, respectively.

Moreover, as the temperature of the HTF increases in the third model (the solid annular fins), the
time difference also rises, nevertheless maintaining the Tyrr; growth gradient constant at 5 °C, as
shown in Figure 22. For instance, when the temperature rises from 70 °C - 75 °C and 75 °C -80°C,
the enhancement in melting time is about 17.2 % and 7.84 %, while at the PCM liquid fraction
percentage of 0.25, the average melting time difference is 300 and 90 seconds. The time difference
for the complete liquid fraction percentage is 1 by 980 and 400 seconds, respectively.
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5.5-Effect mass of HTF flow rate

An analysis is conducted to examine how the flow rate of HTF affects the performance of LTESU,
specifically with respect to the instantaneous liquid fraction shown in Figure 23. The liquid
fraction of PCM that is melted gradually rises until it reaches a value of one over time. Augmenting
the mass flow rate reduces the total period required for complete melting. Nevertheless, the
variation displayed in the computation results is very relatively minimal.

In addition, Figure 24 provides the time necessary for PCM to achieve specific liquid fractions
(0.25, 0.50, 0.75, and 1.0). The variation in time becomes more evident as the mass flow rate
increases, but it keeps a similar liquid fraction percentage. For example, the time required to melt
between 3 and 7 LPM differs by 180 seconds when the melting percentage is 0.25. However, it
increases to 530 seconds for the complete melting. It indicates the maximum enhancement in total
melting time was about 8.5 %. Based on the above data, raising the mass flow rate at the intake
has a beneficial influence on the rate at which the PCM melts, but its influence is margin
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5.CONCLUSION

This work was examined the melting behavior of two commercial PCMs (lauric acid and paraffin
wax) employed in three configurations: bare nozzle-finned and shell-and-nozzle (annular fins and
tilted longitudinal fins) latent heat storage units and the influence of PCM thermal conductivity,
inlet HTF temperature, inlet HTF flow rate. An experimental study was conducted to verify the
numerical model. Upon validation of the numerical model, the thermal performance of the LHSUs
was thoroughly examined using two indicators: complete melting time and temperature pattern
distribution. The main results of this research may be summarized as follows:

PCM1 (lauric acid), which has a melting point of about 9°C below that of (paraffin wax), PCM 2.
Considering an inlet flow rate of 7 L/min and inlet temperatures of 70 C, 75 C, and 80 C,
respectively, decreases the melting time by using PCM1 about 62.33 %, 51.15 %, and 47.11 %, In
comparison with PCM 2.

The enhancement is examined by comparing its performance parameters via those of a single
nozzle tube and shell layout designated as (model-1) or case reference. Two fin geometries are
under consideration: tilted longitudinal fins (model-2) and annular fins (model-3). The two models
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are seen to speed up melting and provide time reductions of 12.98% and 38.3%, respectively,
compared to the Case reference.

The overall melting time was enhanced by about 34.97% and 21.32% when the HTF's inlet
temperature was increased from 70°C to 75°C and subsequently from 75°C to 80°C, respectively.
In the exact same case with lauric acid, the total time melting improved by (17.8%) & (8.72 %).
Furthermore, the inlet temperature of the HTF substantially affects the melting process in all
geometric shapes, including tilted longitudinal fins with nozzle tubes. The decrease in melting time
was 10.46 % and by 10.67 for the previously examined temperature ranges. The annular fins with
nozzle tube LHSU exhibited percentage improvements of 17.2 % and 7.84 % when the inlet
temperature of the HTF increased from 70°C to 75°C and subsequently from 75°C to 80°C,
respectively. The relatively small convective thermal resistance on the HTF side during heat
transfer results in a negligible impact of increased inlet HTF flow rate on the melting process.The
largest increase in total melting time was around 8.5% when raising the flow rate from 3 to 7
L/Min, which indicates that raising the input HTF flow rate could be its influence is marginal.
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