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Abstract: This study delves into the integration of phase change materials (PCM) in solar thermal
collector systems to address this challenge. By incorporating nano encapsulated PCMs, researchers
have mitigated concerns surrounding PCM leakage, revolutionizing the potential of solar collector
systems to elevate energy efficiency, diminish carbon emissions, and yield manifold benefits. This
article comprehensively investigates the design and utilization of solar phase change energy storage
devices and examines the transformative impact of employing nano-coated phase change materials
(Nano capsules) to augment solar collector performance. The integration of paraffin-based PCM
and the insulation of the collector system have been crucial in optimizing heat retention and opera-
tional efficacy. The composition of the PCM involves a balanced blend of octadecane phase-change
particles and water as the base fluid, designed to maximize thermal performance. Analysis of the
experimental findings demonstrates the dynamic thermal behavior of the nano encapsulated phase
change material, revealing distinctive temperature profiles about fluid dynamics and absorbent char-
acteristics. Notably, the study emphasizes the nuanced trade-offs associated with the conductivity
and melting temperature of the Nano encapsulated PCM, yielding valuable insights into energy
storage capacity limitations and thermal performance variations throughout diurnal cycles. Central
to the investigation, the optimal nanoparticle proportion is elucidated, shedding light on its pivotal
role in modulating PCM performance. Furthermore, findings underscore the complex interplay
between nanoparticle volume fraction and thermal fluid temperature, providing critical perspectives
on optimizing PCM-enhanced solar collector systems.

Keywords: PCM; nano encapsulated phase change material; solar collector; solar collector efficiency

1. Introduction

Phase change materials (PCM) are a novel category of thermal substances that change
their physical state to store absorbed energy as latent energy. Upon reaching the opportune
moment, they revert to their initial state and disperse the accumulated energy into their
environment. The utilization of these substances in the supply of hygienic hot water and
in the heating and cooling systems of structures has garnered significant interest in recent
times, primarily because of the diverse range of melting temperatures shown by these
substances. To accomplish a decrease in speed, one can store solar energy during periods
of high temperature and utilize it to fulfill the heating requirements of the structure at
nighttime. Likewise, the cooling energy produced by refrigeration generators may be
stored during periods of low demand and utilized when there is no need for it—expenses
related to energy utilization in the structure [1].

The solar thermal collector system used phase change materials (PCM) to enhance its
efficiency. Nevertheless, the issue of PCM leakage will be a matter of concern. Researchers
have discovered a solution to this problem by encapsulating phase change materials (PCMs)
at the nanoscale. Linking a Pulse Code Modulation (PCM) to a solar collector system offers
several advantages, such as enhanced energy efficiency and reduced carbon emissions.
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Sensible heat and latent heat methods achieve thermal energy storage (TES). This is
because the latent technique can store energy at a consistent temperature and possesses a
greater density compared to the sensible approach [2]. The latent heat methodology is often
more effective and feasible than alternative alternatives. This technology utilizes phase
change materials (PCM) that possess a high latent heat capacity and can store significant
heat. Despite the advantages above, they also possess disadvantages, such as poor heat
conductivity and elevated viscosity. Hence, it is inevitable that flaws will be encountered,
such as insufficient heat conduction and non-flowable fluid. The issue of low thermal
conductivity has been tackled by methods such as encapsulation and adhesion, which
involve the utilization of fins [3], porous media [4], magnetic fields [5], and nanoparticles [6].
Encapsulated micro or nanophase change materials (PCM) have many applications, such
as energy storage, specifically for renewable and alternative energies [7], and enhancing
thermal comfort in buildings [8]. Thermal comfort may be achieved, and energy can be
conserved by utilizing phase-change materials with a suitable temperature range through
the fusion process. It is released using freezing if required [9].

For thermal energy storage, the most promising method that has been considered is
latent heat storage associated with molten salt mixtures as phase-change material (PCM).
The binary salt mixture lithium chloride—lithium hydroxide (LiCl–LiOH) with a specific
composition can store thermal energy. However, to the best of our knowledge, there is
no information on their thermal stability in previous literature. The key objectives of this
article Naveed Hassan et al. [10] We were going to study how the chosen salt mixture
behaves when it is heated, and how it breaks down. The scientists used FactSage software
to find out what the binary salt mixture was made of. The properties of heat and materials
were studied using a thermal analyzer called STA. The thermal tests show that the mixture
of 32% LiCl and 68% LiOH salt melts between 269 ◦C and 292 ◦C, and it releases 379 joules
of heat for every gram of it that melts. We tested how well something keeps its shape when
it gets heated and cooled 30 times using a special machine. We found that the temperature
it melts at and the amount of heat it takes to melt didn’t change much. When the material
was heated, it did not lose much weight until it reached 500 degrees Celsius. This shows
that it can withstand high temperatures without breaking down easily.

Phase change materials (PCM) regulate temperature fluctuations or store energy
within a defined range. Phase change materials (PCM) undergo endothermic heat ab-
sorption when they melt. During an exothermic process, heat release occurs when the
phase change material (PCM) freezes. The selection of phase change materials (PCM) is
primarily determined by their thermophysical, kinetic, chemical properties, by economic
and environmental considerations. Paraffin waxes have been the most often used phase
change materials (PCM) in the last three decades. Fatty acids, salt hydrates, and organic
and inorganic compounds exhibit eutectic behavior. Modifications should be made to the
functioning equipment design to correct any deficiencies [11].

According to Alisti and Roy (2000) [12], who researched the utilization of NanoPCM
in functional latent heat fluids, the phase transition of micro-coated phase change particles
may be accurately represented by employing the effective heat capacity model of the mix-
ture. When considering four possible functions for the particle heat capacity as a function
of temperature, the difference in results was less than 4%. Roy and Avanic published a
paper in 2002 [13]. An experimental examination was conducted to study the forced and
sluggish heat transfer in a tube’s phase change mixture of n-n-chosenimicro-coated articles.
Their research examined the influence of Stephen’s number, volume concentration, particle
diameter, and suspension homogeneity on thermal characteristics. The findings revealed
that an increase in Stephen’s number at a specific concentration leads to an elevation in the
wall temperature.
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Additionally, in the case of pure fluid, it causes the temperature to approach the wall
temperature. The wall’s temperature varies directly to the concentration, even at deficient
levels—2014. The study was conducted by Park et al. [14]. The surface condensation
approach was used to construct paraffin nucleation and polyurea shell-based Mag-PCMs,
which consist of Fe3O4 magnetic nanoparticles (NPs) encased in PCM nanocapsules. In a
study by Youfu LV et al. in 2019 [15]., the focus was on experimental research into effective
heating methods for a power battery module that utilizes phase change. The results of the
90 W SP heating strategy exhibit the highest level of heating efficiency.

In a previous study by Kürklü et al. (2002) [16], the researchers examined the effec-
tiveness of including phase transition materials in solar collectors. Specifically, they tested
the performance of a solar flat plate collector that included a 50 mm layer of paraffin and
a 100 mm layer of water. Papadimitratos and his colleagues: The year is 2016 [17]. An
evacuated tube solar collector was employed with phase change material (PCM) to heat
water and conduct several experiments. The two identical phase change materials (PCMs)
had a heat pipe laced into the inner glass tube. The PCMs were made from tritriacontane
and erythritol. The year 2018, Alohi et al. conducted a thorough study on the Integrated
Collector Storage Solar Water Heater [18].

Optimal operating conditions were deliberated upon, considering various eventual-
ities. The optimal outcome is achieved by combining a mass flow rate of 0.0015 kg/s, a
PCM thickness of 0.01 m, and a preset temperature of 313 K. In 2020, Badei et al. [19] used
statistical methods to examine the study focused on enhancing the efficiency of flat plate
solar collectors. Adding phase change material (PCM) and fins to flat plate solar collectors
significantly boosts summer processing efficiency from 33% to 46%. (Salahuddin et al.,
2021) [20] in square brackets. An investigation on the performance of a solar water heating
system that utilizes a plate collector and phase change material (PCM) storage. Solar power
is a plentiful and inexhaustible source of renewable energy. A solar water heater is a
device that utilizes solar energy to heat water. The writers Pawar and Subhansarbandi
(2021) [21]. A study was conducted to optimize the performance of an evacuated tube solar
collector that incorporates heat pipes and phase change material (PCM) during regular and
on-demand operations. The effect of heat pipe position is investigated in phase I and the
effect of different PCMs is investigated in phase II.

Al-Kayiem and Lin (2014). Ref. [22] Performed TES measurements on a flat solar
collector utilizing paraffin wax as a phase change material (PCM) and 1.0 wt% copper
nanoparticles as another PCM. They built upon prior research on nano-encapsulated phase
change materials and their application in improving solar collectors. Li and Zhai 2017, [23].
The research explored the performance of an evacuated tube solar collector equipped with
a heat pipe using high-performance evacuated tube collector (HPETC) technology and
a phase change material (PCM) reinforced with nanoparticles. The study involved both
experimental and numerical analysis. By incorporating three wt% expanded graphite,
they achieved a significant enhancement in the energy storage efficiency of PCM, raising
it to 40.17%.The year 2018. Lee and colleagues. The NEPCM composition employed
by [24] remained unchanged, except for substituting a heat pipe with copper water, where
water was utilized as the heat transfer medium. The energy storage efficiency of this
innovative design was 39.98%. Multiple authors (Elbahjaoui& El Qarnia, 2019) conducted
a numerical analysis on a flat plate solar collector during the charging process [25]. The
storage unit, known as NEPCM, consists of vertically arranged slabs containing phase
change materials reinforced with nanoparticles. (Kumar & Mylsamy, 2020) [26]. The
researchers utilized CeO2-Parafins, a nano-reinforced phase change material (PCM), in a
thermosiphon evacuated tube solar collector (ETSC) to evaluate the heat storage properties.
The optimum NEPCM composition consists of CeO2 nanoparticles, which account for 1% of
the total composition. Iachachene and colleagues (2022). Ref. [27] investigated the turbulent
flow of single and hybrid nanofluids in a conical diffuser. Heat transfer coefficients and
pressure losses are examined for various Reynolds numbers and nanoparticle volume
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fractions. The diffuser is filled with Al2O3, NEPCM Al2O3 nanofluids, and NEPCM nano-
encapsulated phase change materials.

The solar heat collecting system is famous because it is pollution-free and has a high
heat collection efficiency. Phase change materials (PCM) may be integrated into the solar
thermal collector system to boost the efficiency of the solar collector system, according to
the study. However, there will be a PCM leakage issue. By nanocapsulating PCMs, some
researchers have found a solution to this problem. PCMs’ thermal conductivity and energy
storage performance are strongly modified by microcoating. Connecting a PCM to a solar
collector system has various benefits, including enhanced energy efficiency and decreased
carbon emissions. The design of solar phase change energy storage devices and their usage
are therefore studied in this thesis. A research database was utilized to assess the influence
of nanoencapsulated phase change materials on boosting solar collector performance. The
main goal of the research is to improve the mechanism of solar collectors with phase change
materials. PCMs can be connected with solar collectors to conserve additional solar energy
and regulate the temperature of photovoltaic solar collectors. In this research, adding PCM
materials increases the efficiency of the solar collector. To calculate this efficiency increase,
PFC (Performance Evaluation Criteria) has been used in this research.

2. Nano and Microencapsulation

The heat storage materials may sometimes have a size in the range of microns or mil-
limeters and generally exhibit a core-shell configuration. The core of the material consists
of a nanocomposite, including a phase change material, a tiny quantity of materials with
very high thermal conductivity, and nanoparticles with a melting point higher than that
of the phase change material. The shell comprises a thin layer of neutral nanoparticles
with excellent conductivity. Throughout transitioning from a solid to a liquid state, the
phase change material within the core can absorb and release latent thermal energy. The
microcapsule can completely envelop the core wall and assume a spherical shape. Solidifi-
cation imparts a stable structure, whereas encapsulation facilitates the safe transportation
of dangerous and noxious materials. The kind of microcapsule is mainly determined by
the technology employed to fabricate the shell. Figure 1 depicts different types of capsules,
such as those with a solitary core, a central nucleus enclosed by a shell, multiple nuclei,
multiple cores arranged in a shell, and a background material with a uniform distribution
of the core material. Octadecane-n, a phase change material, can be encapsulated within
polyurea to exemplify the synthesis process for this category of compounds. The use of
chemical processes, such as polymerization, accomplishes this.
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Figure 1. Schematic image of the capsule.

2.1. Description of the Solar Collector

This study examines the utilization of nanocapsule phase transition materials to
improve the efficiency of solar collectors. This work involves doing numerical assessments
of solar collectors that were previously examined in experimental research conducted by
Carmona et al. A collector was fabricated by assembling six copper tubes, each with an
outer diameter of 80 mm, a thickness of 1 mm, and a length of 1500 mm. The center-to-
center spacing between the tubes is 120 mm. Pipes with a 15 mm outer diameter and a
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1 mm thickness are utilized to establish a series flow pattern by connecting the copper
pipes. The upper section of one pipe is fused to the bottom section of the subsequent pipe.
Figure 2 illustrates the reservoir system’s schematic layout and the temperature sensors’
positions on the absorber plate and within the paraffin layer.
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A layer of paraffin is used as thermal storage below the solar hot water storage source,
as shown in Figure 3. In addition, the appropriate outlet is inserted into the collector,
facilitating direct interaction between the paraffin and the absorbent material. To enhance
heat retention, the system has been thermally insulated with a solid styrofoam board, which
has a density of 40 kg/m2 and a thickness of 50 mm. The single-wall aluminum frame of
the collector has precise dimensions of 0.78 m × 1.60 m, with a gap of 3.5 cm between the
glass cover and absorber. Table 1. is showing Description and specifications of flat plate
solar collectors.
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Table 1. Description and specifications of flat plate solar collectors.

Description Specifications

cover 3 mm: Glass
Pipe 80-mm-outside diameter: copper

Connecting pipes 1-mm-thick pipes: Copper
outlet pipe 1-mm-thick pipes: Copper
Inlet pipe 1-mm-thick pipes: Copper

Single wall frame Aluminum with final dimensions of 0.78 by 1.60 m
air cavity 3.5 cm spacing between the glass cover and the absorber

Solid Styrofoam board Density of 40 kg/m3 and a thickness of 50 mm
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2.2. NEPCM Material Properties

The desired mixture in the present study includes two components of water as the
base fluid and phase change particles of octadecane. Water properties are calculated as
polynomial functions of temperature and based on the data available in reference [5]. The
properties of octadecane organic matter are shown in Table 2. The PCM enclosures were
rectangular to support symmetrical expansion of the paraffin in all directions and ensure
no leakage occurs in the container.

Table 2. Thermophysical properties of paraffin.

Density 815 (Kg/m3)

hidden heat 244 (kj/kg)
Thermal conductivity 0.18 (W/m.k)

heat capacity 2000(J/kg)
Particle diameter 100(nm)

latent heat of fusion 190 kg/kj
melting point 53.7 ◦C

The characteristics of nanofluids necessary for examination are density, specific heat
capacity, thermal conductivity coefficient, and viscosity. In order to determine these
qualities, one can utilize the following relationships [28]:

ρe f f = (1 − φ)ρw + φρPCM (1)(
ρCp

)
e f f = (1 − φ)

(
ρCp

)
w + φ

(
ρCp

)
P (2)

ke f f = kw

[
kP + 2kw − 2φ

(
kw − kp

)
kp + 2kw + φ

(
kw − 2kp

) ] (3)

µe f f =
µw

1 − φ2.5 (4)

In the equations above, ρ represents the density, φ denotes the volume percentage
of nanoparticles in the fluid comprising rat, Cp stands for the specific heat capacity, and
k represents the thermal conductivity coefficient. The subscripts w, p, and eff denote the
characteristics associated with water, nanoparticles, and effectiveness, respectively.

2.3. Description of the Solar Collector
2.3.1. Governing Equations for the Water Chamber

The equations governing the transfer of momentum and energy in unrestricted motion
are derived from the fundamental conservation laws. The significance of inertia and viscos-
ity forces remains, along with energy transmission through displacement and diffusion.
The equations that govern this model, as referenced by [23], may be expressed in the
following manner:

The equation for the conservation of mass:

∂ρ

∂t
+

∂(ρu)
∂x

+
δ(ρv)

δy
= 0 (5)

Navier-Stokes equation in the x direction:

∂u
∂t

+ u
∂u
∂x

+ v
δv
δy

= v
(

∂2u
∂x2 +

∂2u
∂y2

)
− βg(T − T0) (6)
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Energy equation:

∂T
∂t

+ u
∂T
∂x

+ v
δT
δy

= v
(

∂2T
∂x2 +

∂2T
∂y2

)
(7)

2.3.2. Governing Equations for PCM Housing

The governing equations for transient analysis of phase change material melting
comprise the Navier-Stokes momentum, continuity, and energy equations. The Boucinsk
approximation is employed to simulate the buoyancy forces. Below are the equations:

∇·→v = 0 (8)

Momentum equation:

ρ
∂
→
v

∂t
+ ρ

(→
v ·∇

)→
v = −∇P + µ∇2→v + ρ

→
g β(T − TO) (9)

Energy equation:

ρSCps

(
∂TS
∂t

+
→
v ·∇T

)
= ∇(kS∇T) (10)

The subscript “s” denotes the presence of solid or enclosed phase change material
(PCM). The energy equation governing the solid-liquid interface during the melting process
may be represented as:

kS
∂TS
∂n

∣∣∣∣
S
− kl

∂TS
∂n

∣∣∣∣
S
= ρSL

dSN
dt

(11)

S represents the interface where a phase shift occurs between a solid and a liquid.
The vector n represents the perpendicular direction to the boundary between the solid
and liquid phases, whereas L denotes the heat required for a substance to undergo fusion.
During the freezing process, the subscripts l and s are swapped, and the latent heat of
fusion is involved. The equation replaces the variable L with its negative counterpart (−L).

2.3.3. Performance Evaluation Criteria

To determine the PEC in collectors similar to the one studied in this research, many
connections have been cited in numerous literature, all of which have a similar notion. This
measure refers to the enhancement in heat transfer achieved by employing nano-capsule
phase change materials compared to the corresponding increase in pumping power. The
magnitude of heat transmission is contingent upon the volume coefficient of the phase
transition material. The Nusselt number and friction value can represent it [7].

PEC =
Nu
Nu0

/
(

f
f0

) 1
3

(12)

In the above relationship, Nu and f denote the friction coefficient and Nusselt number,
respectively. The subscript 0 indicates the collector’s original state or the condition without
phase transition material.

2.3.4. Geometric Modeling and Boundary Conditions

Two instances were analyzed during this inquiry utilizing water and PCM as the
operational substances. The initial experiment entailed quantifying the sun irradiance and
the temperatures of the incoming and outgoing water (Twin and Twout) on a cloudless day
in February 2010. The initial conditions for this simulation are an ambient temperature of
25 ◦C, the freezing point of octane at 30 ◦C, the melting point of octane at 35 ◦C, a time step
of 10 s, and a maximum simulation time of 24 h.
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After discretization, the conditions of the problem’s solution must be explicitly defined
and implemented within the AnsysFluent environment. The investigation of the intended
collector is based on the premise that it is located in Baghdad, Iraq, with the coordinates
of 44.361488 latitude and 33.312805 longitude. The traditional k-model is employed for
investigating the turbulence of the flow, and the water will enter the collecting pipes from
the south and move towards the north.

The study utilized Solidwork software version 2022 to create a geometric model of
the collector. The lower box of the collector is positioned at the beginning, followed by the
compartments connected to NPCEM, copper plate, water transfer pipes or nanocapsule
phase change material, air chamber, tube holding box, and other components, as specified
in the dimensions and sizes mentioned in the previous chapter. Figure 4a illustrates the
design of the glass cover. This figure’s exploded view displays all the constituent parts
designated for the collector. Furthermore, Figure 4b exhibits the constructed collector inside
Solidorex. Once the collector has been developed and assembled, it must be transferred
from Solidworks to Ansys software. This allows for further analysis stages, such as dis-
cretization and the application of boundary conditions, to be performed on the collector
within the program. Ansys Fluent is feasible.
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Subsequently, aluminum is chosen for the collector’s body, copper is used for the plate
between the NPCM chambers and the pipes, and glass is utilized for the glass cover. Table 3
displays the characteristics of these three materials.

Table 3. Properties of solid materials used in collector simulation.

ρ (Kg/m3) Cp (J/KgK) k( W
m·K )

aluminum 2719 871 4.202
copper 8978 381 6.387
Glass 2800 750 0.7

The water entering the collection pipes has a mass flow rate of 0.05 kg/s, and we
disregard heat transmission and loss from the bottom and side surfaces of the collector.

3. Results
3.1. Verification

Examine the results of Moore’s previous investigation to ensure their precision and
confirm the reliability of the collected data. In order to do this, the created and simulated
model was analyzed using the study circumstances outlined by Carmona et al. [28]. The
mesh convergence technique was employed to pick the appropriate components for this
model. The results of this comparison are depicted in Figure 5.
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et al. [28].

As seen in the image described earlier, the results of the computational fluid dynamics
analysis conducted in line with the criteria provided in the referenced source closely
resemble the findings of this study. The maximum disparity between these two plots
is around 11%. The disparities observed in some areas between the two graphs may
arise from both experimental testing mistakes and inherent discrepancies between the
outcomes of the numerical and experimental approaches. It is customary and can be
disregarded. Consequently, one can confidently affirm that the research’s outcomes are
precise and dependable.



Energies 2024, 17, 1432 10 of 22

3.2. Analysis of the Fluid Inside The Pipes

The subsequent analysis presents the outlines and outcomes of variations in fluid
temperature and other associated factors within the collector, influenced by solar radiation
during daylight hours on 21 June in Baghdad city.

3.2.1. Analysis of Fluid Temperature Inside the Collector

Figure 6 displays the contour of the temperature distribution of the fluid inside the
collecting tubes.
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The graphic illustrates the gradual increase in temperature of the cold fluid as it enters
the collector and is dispersed inside the sub-pipes of the collector. As the end rows are
approached, the temperature increase in the secondary pipes is exacerbated.

Except for the pipe’s last section, the initial pipe’s temperature, which corresponds to
the fluid’s entry point into the collector, remains consistently equal to the intake tempera-
ture. As a result of blockage and decreased fluid movement at the end of the pipe, the fluid
remains still. It becomes hotter until it reaches its maximum temperature in this specific
area of the collecting tubes. The obstructed section on the output side serves as another
illustration of this issue. To accurately identify the temperature distribution, fluid turbu-
lence, and fluid calmness at these two locations, Figure 7 exhibits detailed photographs of
the contour of the fluid temperature at the sealed ends of the intake and outflow pipes. In
addition, the second pipe illustrates the progressive increase in temperature of the fluid
as it approaches the output. Figure 8 illustrates the fluctuations in fluid temperature as it
leaves the collection point.

From the image shown, it is evident that during the early hours of the day, when
solar radiation is minimal, the temperature of the fluid discharged from the collector is
low. Nevertheless, the temperature progressively climbs and reaches 5 degrees when
the radiation intensity escalates throughout midday. By 14:00, the temperature rises to
57 degrees Celsius. The outflow fluid reaches its peak temperature between 12:00 and 14:00
and remains relatively stable.
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This figure demonstrates that the temperature of the fluid leaving the collector lowers
as the day proceeds towards sunset. However, the rate of this temperature decline is com-
parable to the temperature increase in the morning. The duration of the day is somewhat
reduced. The PCM function, characterized by a gradual reduction in the temperature of the
output fluid, is responsible for the diminished slope shown in the last sections of the figure.
This reduction is achieved by releasing the energy stored inside the PCM and transferring
it to the fluid inside the collection tubes. During the late hours of the day, when the sun’s
radiation is minimal, the utilization of nanoencapsulated phase change material in the
collector results in the water temperature exiting the collection being elevated to a level
above 40 degrees Celsius. There is an asymmetry in the temperature of the water exiting
the collector during different times of the day. Specifically, the graph shows significantly
higher values during the last hours of the day. This can be attributed to the utilization of
nanoencapsulated phase change material, which enhances the visualization of this obser-
vation. If we define the midpoint of the graph as the time when the water temperature
from the collector reaches its highest point, it will correspond to the middle hours of the
day. The nanoencapsulated phase change material, which has absorbed heat during the
day by melting, releases this heat in the evening. It is then transferred to the copper plate
and then conducted through the copper plate to the tubes. The item is transferred to the
collector. Consequently, the water temperature leaving the collector remains relatively
constant in the afternoon, particularly at night, without experiencing a dramatic decline
when sunlight diminishes.

3.2.2. Velocity Distribution Inside the Collector Tubes

Figure 9 depicts the flow lines within the collector. From the above graphic, it is
evident that the fluid velocity reaches its peak when entering and exiting the collector.
However, at the terminal sections of the intake pipe and the initial sections of the output
pipe, the fluid velocity approaches its minimum threshold, resulting from the obstruction
of the fluid pathway in these regions. Furthermore, the velocity of the fluid is reduced in
the sub-pipes close to the collector’s intake. As the fluid progresses through the inlet pipe,
the velocity of the fluid in the sub-pipes becomes higher.
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As the fluid ascends the input pipe, as seen in Figure 9, the density of the velocity
vectors gradually decreases until it nearly reaches zero in the terminal sections of the pipe.
The fluid outlet pipe from the collector demonstrates a contrasting behavior compared
to the process described earlier. This is due to the gradual release of the fluid into the
secondary pipes. In the outlet pipe, as the fluid particles approach the pipe’s end, the
velocity vectors’ density and dimensions gradually rise. The velocity vectors in the fluid
entering the sub-pipes are noticeably more potent than those departing them. The reduced
diameter of the sub-pipes compared to the intake and output pipes is the cause of this
phenomenon, resulting in decreased fluid velocity and, thus, reduced velocity vectors.

Furthermore, the dispersion of velocity vectors in different directions indicates a
higher level of disruption in the region where fluid enters the sub-pipes. The remarkably
sparse distribution of velocity vectors in the obstructed sections of the inlet and outlet pipes
indicates stagnation and limited fluid movement in these regions.

Furthermore, Figure 10 demonstrates the impact of the mass flow rate of the entering
water on the output water temperature in the collecting pipes. The graph clearly illustrates
that the mass flow rate of the fluid entering the pipes reduces the output water’s tempera-
ture as the velocity of the incoming fluid rises. Nevertheless, when the incoming fluid’s
velocity escalates, the graph’s gradient diminishes. This indicates that doubling the fluid
flow rate into the collector will result in a 7.6% decrease in the temperature of the exit.
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3.2.3. Pressure Distribution in Collector Pipes

Figure 11 illustrates the variations in pressure within the collecting tubes. This image
illustrates a deviation from the temperature growth pattern observed in the preceding
section. Specifically, the fluid pressure within the collecting pipes gradually drops as it
reaches the output portion. The pressure drop persists until the output fluid pressure
reaches equilibrium with the air pressure, as seen in the picture above. Thus, the pressure
in the intake pipe, particularly when the fluid enters the collector, reaches its highest level
while it reaches its lowest level at the outflow section.



Energies 2024, 17, 1432 14 of 22

Energies 2024, 17, x FOR PEER REVIEW  13  of  21 
 

 

Figure 10. The effect of the flow rate of the incoming water to the collector pipes on the temperature 

of the outgoing water. 

3.2.3. Pressure Distribution in Collector Pipes 

Figure 11 illustrates the variations in pressure within the collecting tubes. This image 

illustrates a deviation  from  the  temperature growth pattern observed  in  the preceding 

section. Specifically, the fluid pressure within the collecting pipes gradually drops as it 

reaches  the output portion. The pressure drop persists until  the output fluid pressure 

reaches equilibrium with the air pressure, as seen in the picture above. Thus, the pressure 

in the intake pipe, particularly when the fluid enters the collector, reaches its highest level 

while it reaches its lowest level at the outflow section. 

 

Figure 11. Pressure contour inside the collector pipes. 

3.2.4. Kinetic Energy of Turbulence 

Figure 12 displays the contour of the kinetic energy distribution within the collecting 

tubes, depicting the turbulence. Figure 12 illustrates that the highest level of turbulence’s 

kinetic energy occurs at the fluid’s input and outflow sections into the collector. In con-

trast,  the  lowest  level  is observed  in  the  central  sections of  the pipes. However, when 

comparing the distribution of this characteristic in the inlet and outlet pipes, it becomes 

evident that it is more prevalent in the fluid output sections and covers a larger surface 

area. 

 

Figure 12. The contour of the kinetic energy distribution of turbulence inside the collector tubes. 

3.2.5. Analysis of the Temperature of the Absorbent Copper Plate 

Figure 13 illustrates the standard fluctuations in temperature of the copper absorber 

plate. This plate  is positioned between  the  collection  tubes  and  the  enclosed  chamber 

containing  the  phase  change material. This  graph  illustrates  the  average  temperature 

Figure 11. Pressure contour inside the collector pipes.

3.2.4. Kinetic Energy of Turbulence

Figure 12 displays the contour of the kinetic energy distribution within the collecting
tubes, depicting the turbulence. Figure 12 illustrates that the highest level of turbulence’s
kinetic energy occurs at the fluid’s input and outflow sections into the collector. In contrast,
the lowest level is observed in the central sections of the pipes. However, when comparing
the distribution of this characteristic in the inlet and outlet pipes, it becomes evident that it
is more prevalent in the fluid output sections and covers a larger surface area.
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3.2.5. Analysis of the Temperature of the Absorbent Copper Plate

Figure 13 illustrates the standard fluctuations in temperature of the copper absorber
plate. This plate is positioned between the collection tubes and the enclosed chamber
containing the phase change material. This graph illustrates the average temperature
fluctuation on the copper absorber plate throughout the day. It closely resembles the
behavior of the temperature of the water exiting the collector. However, the numerical
value of the average plate temperature remains constant. The temperature of copper is
higher than that of the water as it comes out of the collector, which is also quite normal.
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The copper absorbent plate attains a peak temperature of 62.48 degrees Celsius at
14:00 and a minimum temperature of 6.0 degrees Celsius, which signifies the beginning of
the analysis. Utilizing the nano-encapsulated phase changer beneath it ensures that the
copper absorber plate maintains the same temperature as the water leaving the collector,
even at high temperatures at the end of the day.

3.2.6. Analysis of the Compartment Containing the Nano Encapsulated Phase
Change Agent

This section examines the temperature distribution of the nano-encapsulated phase
transition material (Octadane) after examining the water within the collection tubes.
Figure 14 illustrates the temperature distribution within the collector’s 5% volume portion
at a given hour using the nano encapsulated phase change material. The temperature of the
material falls as it advances away from the copper absorber plate, as seen in the image until
it reaches the center point of the lowest surface of the material. The highest temperature of
the material is located in its outermost layer. The phase transition of the donor exhibits the
most minimal temperature. The low heat conductivity of paraffin wax causes this situation.
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Consequently, the higher sections of these chambers surpass the temperature at which
melting occurs and undergoes liquefaction. In contrast, the lower sections do not reach the
necessary temperature to induce the substance to melt. An issue with using this material is
that the heat generated in the collector is insufficient to melt the nano encapsulated phase
changer material because of its low conductivity and relatively high melting temperature.
This hinders the utilization of the code’s full potential for energy storage.

Figure 15 displays the temperature fluctuations in the phase change material with a
volume percentage of 5% that has been nano encapsulated. As seen in the figure above, the
average temperature variations in the nano encapsulated phase change material exhibit
comparable behavior to the average temperature fluctuations in the absorber copper plate
and the temperature of the fluid exiting the collector. However, this diagram and the previ-
ous diagrams differ regarding the numerical values displayed in this figure. The maximum
temperature is determined by subtracting the maximum temperature of the liquid at the
collector from the maximum temperature of the copper plate at the absorber. Furthermore,
this specific region of the collector exhibits a reduced heat dissipation rate compared to
its other sections during the midday hours. This material undergoes partial melting and
refreezing in response to decreasing solar radiation, resulting in a gradual reduction in
temperature. Figure 16 compares temperatures for the outlet fluid, the absorbent copper
plate, and the nano encapsulated phase change material with a volume percentage of 5%.
The comparison uses three plots: outlet fluid temperature, absorbent copper plate average
temperature, and phase change material average temperature. According to the graph, the
temperature of the nano encapsulated phase change material in the morning is intermedi-
ate between the temperature of the fluid exiting the collector and the temperature of the
absorbent copper plate. Nevertheless, when the temperature of this chemical gradually
decreases over the evening, its temperature graph surpasses that of the other two chemicals.
But in the last hours of the day, due to the slow process of reducing the temperature of the
PCM material, its temperature graph is higher than the other two graphs.
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Figure 16. The diagram of the output fluid temperature, the average temperature of the absorbent
copper plate and the average temperature of the nano encapsulated phase change material with a
volume fraction of 5%.

3.2.7. Comparison of Obtained Results with Experimental Results

Figure 17 compares the water temperature produced by the collector in the current
study with the results of the experimental research conducted by Carmona et al. in 2017.
The graph demonstrates a tight proximity between both plots, with a near coincidence
noted at the beginning of the day and continuing until around 10 am. However, the graph
generated in this study exhibits a more significant number of data points as the midday
approaches compared to the experimental findings of Carmona et al. The collector under
investigation was employed in an experimental trial conducted in Colombia, a geographical
and solar radiation setting distinct from Iraq. This discrepancy in geographic location may
account for the variation observed in the simulated collector, which is associated with Iraq
and, specifically, the city of Baghdad. Herdon Modar’s activities, nonetheless, exhibit a
comparable level of quality. In each of these figures, the rate of temperature decrease of the
water departing the collector is slower during the second half of the day compared to the
rate of temperature increase throughout the morning. Approximately 25% of the disparity
between these two graphs occurs at 6:00 pm. Moreover, there is a 10-15% disparity between
these two plots at the midday period.
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present work and the research of Carmona et al. [28].
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3.2.8. The Effect of Using a Phase Changer

Figure 18 illustrates the temporal variations of the collector’s output temperature in
two modes throughout the save/recovery cycle, one with and without a phase change
material (PCM). Furthermore, the curves in both situations are indistinguishable. There
is a noticeable time delay between the two profiles, with the temperature in the PCM
temperature mode reaching its highest point of 57.55 ◦C around 2:00 PM. In contrast, the
temperature in the second example (without the PCM) reaches its highest point of 65.7 ◦C
about 1:00 PM. Indeed, the temperature of the collector equipped with PCM increases
to a lesser extent during the day than that of the collector without PCM. This occurs
because solar radiation directly impacts the melting of the PCM, thereby enabling the
storage of latent heat. The amount of heat stored in both situations is directly proportional
to the difference between the highest temperatures. The temperature curve with PCM
exhibits greater values in the afternoon than the curve without PCM, suggesting that PCM
effectively provides an equivalent level of heat storage during daylight.
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3.2.9. Effect of Nano Capsule Volume Fraction

Figure 19 investigates the effect of incorporating phase change material (PCM) at
two distinct mass concentrations (5% and 10%) on the temperature of the resulting hot
water. The results suggest that the researchers achieved higher water temperatures by
encapsulating phase change material (PCM) at the nano level, compared to using pure PCM
alone. Indeed, a volume proportion of 5% significantly elevates the temperature of the hot
water discharged from the outlet. Because the nanoparticles can store more thermal energy
than typical PCM in the morning, they can swiftly recover that energy in the evening.

In reality, only a short duration is spent at the elevated temperature of micro PCM.
Nano encapsulating PCM enhances the conductive heat transmission from the copper
pipe to the hot water outlet. This phenomenon may be attributed to the enhanced energy
storage capabilities of the nano-PCM contained within the chamber. Consequently, the hot
water supply duration is prolonged due to the efficient charging, particularly when solar
radiation reaches its maximum intensity. While undergoing the discharge operation, it was
subjected to heat.

Consequently, using Nano-PCM within the housing increases heat retention through-
out the charging process. Nano encapsulated PCM has a higher capacity to store thermal
energy than pure PCM due to its improved thermal conductivity. Nevertheless, the increase
in the proportion of PCM volume can decrease the temperature of the hot water outlet. The
exit hot water temperature is effectively reduced by 10% due to the presence of a volume
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proportion of PCM. The volume fraction of 5% is more than that of 10%, indicating that
the rise in volume fraction is not arbitrary. An increase in the volume fraction of PCM can
reduce the outlet temperature of hot water. In fact, a volume fraction content of 10% PCM
lowers the outlet hot water temperature. Therefore, it can be claimed that adding volume
fraction to any value is not effective and the optimal fraction volume should be found.
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Figure 19. The effect of adding copper nanoparticles to PCM on hot water outlet temperature.

3.2.10. Effect of Nano Capsule Volume Fraction

Figure 20 displays the average water temperature within the collector during 14 h,
while different volume fractions of PCM are flowing at a mass flow rate of 0.05 kg/s.
The fluid temperature experiences a decreasing rate of increase throughout the length
of the collector due to the elevated incoming radiation intensity, as seen in the picture.
The lower the volume percentage, the greater the radiation energy absorption by the
nanofluid at the bottom. Hence, when dealing with minuscule volume fractions, accurately
assessing the impact of solar radiation intensity on the temperature of the top surface
becomes challenging.
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3.2.11. In Thermal Efficiency of the Collector with the Addition of Nano Capsule Phase
Change Materials

Figure 21 illustrates the changes in the thermal efficiency of the collector for different
volume percentages of PCM in proportion to the mass flow rate of the input fluid. The
graphic demonstrates the collector’s efficiency decline as the mass flow rate increases. The
optimal efficiency is achieved with a volume percentage of 5% and a mass flow rate of
0.05 kg/s.
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By augmenting the concentration of phase-changer particles, one may enhance ad-
equate fluid absorption and heat storage capabilities. The mixed fluid then absorbs and
releases more heat from the system as it flows through the collector, enhancing the system’s
cooling efficiency. The maximum coefficient of performance of 1.4 has been seen when the
mass flow rate is at its lowest, and the volume fraction is at its highest. The coefficient of
performance drops as the mass flow rate increases and the particle concentration lowers. A
complete analysis has determined that a combination of phase change nano capsules in
this configuration exhibits superior thermo-hydrodynamic performance compared to pure
water. This conclusion is based on the observation that all performance coefficients for nano
capsule states are more significant than one. Nevertheless, the performance improvement
is more significant at lower fluid flow rates. Consequently, employing these nanoparticles
that undergo phase change within the heat absorbers of the collector at lower velocities
is recommended.

4. Conclusions

In this research, the performance improvement of solar collectors was studied using
nano encapsulated phase change materials with the help of computational fluid dynamics
method. The most important results obtained from this research are:

• The fluid becomes stagnant and reaches its highest temperature in this section of the
collecting tubes at the end of the pipe due to the obstruction and absence of movement.

• The utilization of nano encapsulated phase change material, which releases and
transfers stored energy to the fluid inside the collector tubes, reduces the outlet fluid’s
temperature with a smaller gradient. This phenomenon can be attributed to the
decreased slope observed in the terminal sections of the temperature change diagram
of the fluid exiting the collector.
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• The peak fluid velocity is observed at the collection’s entry and exit points. Neverthe-
less, the velocity of the fluid is at its minimum at the termination of the intake pipe
and the commencement of the outflow pipe.

• The density and magnitude of the velocity vectors progressively increase in the outflow
pipe as the fluid particles reach the end of the conduit.

• The outflow fluid reaches its peak temperature between 12:00 and 14:00 and remains
relatively stable.

• At 6 PM, there is a 25% disparity between the graphs computed in this study and the
graph given by Carmona et al. in 2017. There is a 10% disparity between the two plots
during the daytime. Their values might differ by a maximum of 15%.

• The study determined that the ideal proportion of nanoparticles was 5%. Augmenting
the volume fraction of nanoparticles within the PCM does not invariably enhance
performance and elevate the temperature of the fluid emerging from it.
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