
Experimental investigation of thermal performance of 
NanoEncapsulated-PCM emulsions in parallel plate thermal energy 
storage system

Hüseyin Kaya a,c, Emre Alp b, Safa Sabet c, Bernardo Buonomo c, Laura Fedele d, Stefano Rossi d,  
Oronzio Manca c,*

a Department of Mechanical Engineering, Bartın University, Bartın 74110, Türkiye
b Department of Metallurgical and Material Engineering, Bartın University, Bartın 74110, Türkiye
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A B S T R A C T

This study investigates the thermal performance of nanoPCM emulsions (nanoPCMEs) as working fluids in 
parallel plate thermal energy storage system, comparing two configurations: solid aluminum walls and aluminum 
profile walls filled with PCM + metal foam. Three distinct nanoPCM emulsions were evaluated against pure 
water as a base fluid. The experimental results demonstrated superior convection heat transfer performance for 
all nanoPCMEs compared to pure water. In the solid aluminum wall configuration, maximum thermal energy 
storage reached approximately 900 kJ, with 2.0 wt% nanoPCME achieving this level twice as fast as pure water. 
The PCM + metal foam configuration exhibited enhanced performance, storing up to 2250 kJ of thermal energy 
due to PCM’s high latent heat, reaching maximum storage 1.6 times faster than pure water. Notable improve
ments in heat transfer were observed, with nanoPCME achieving the highest average Nusselt numbers across all 
configurations. Maximum enhancements in Nusselt number were 34.5 % and 41.9 % for solid wall and PCM +
metal foam configurations, respectively, using 2.0 wt% nanoPCME. These findings demonstrate the significant 
potential of nanoPCMEs for improving thermal energy storage systems and thermal control applications.

1. Introduction

Phase change materials (PCMs) are recognized for their high thermal 
energy storage capabilities, making them essential for enhancing energy 
efficiency in various applications. However, a significant limitation 
arises from the low thermal conductivity of many PCMs, which hampers 
their effectiveness in scenarios requiring rapid energy discharge [1]. 
This challenge has prompted researchers to explore innovative solu
tions, particularly through advancements in nanotechnology. The 
introduction of nanofluids—created by suspending nanoparticles of less 
than 100 nm in traditional heat transfer fluids like water, oil, and 
ethylene glycol—has shown promise in improving the thermophysical 
properties of these fluids, thus enhancing heat transfer characteristics. 
Recent studies have proposed the development of NanoPCM structures, 
which involve dispersing highly conductive nanoparticles within PCMs 
to address the low thermal conductivity associated with conventional 

PCMs [2–4]. One effective method for integrating PCMs into thermal 
systems is through the creation of phase-changing material mixtures. 
These mixtures consist of a carrier fluid with excellent transport prop
erties combined with a PCM that exhibits high latent heat. Such systems 
facilitate direct thermal energy exchange between the PCM and the heat 
transfer fluid, leveraging large surface-to-volume ratios for efficient 
energy transfer [5]. Moreover, the behavior of NanoPCM emulsions 
(NanoPCMEs) has garnered attention for their ability to combine the 
latent heat storage capabilities of PCMs with the unique properties of 
nano-additives. Research indicates that incorporating nanoparticles can 
significantly enhance the heat transfer characteristics of PCM slurries, 
leading to improved effective heat capacity and increased thermal en
ergy absorption without substantial temperature fluctuations [2]. The 
efficiency of NanoPCMEs, however, is contingent upon various factors, 
including the type and concentration of nanomaterials, which ultimately 
influence the phase change temperature and thermophysical properties 
of the emulsions [6].
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The addition of metal oxides and nucleating agents not only bolsters 
the thermal conductivity of NanoPCM emulsions but also contributes to 
the stability of these nanofluids under operational conditions, mitigating 
issues such as sedimentation and ensuring consistent performance over 
time [7]. Investigations into the flow characteristics and thermal 
behavior of water-based NanoPCM emulsions in microchannel systems 
have revealed that optimal configurations can enhance heat transfer 
while effectively managing the inherent fluid dynamics [8]. The impli
cations of these advancements are far-reaching, with potential applica
tions spanning electronic cooling, energy-efficient buildings, and 
concentrated solar power systems [9]. By harnessing the latent heat 
associated with phase change processes, NanoPCMEs can effectively 
mitigate temperature fluctuations and improve the overall efficiency of 
thermal energy management systems [10]. This innovative approach 
positions NanoPCMEs as viable candidates for next-generation thermal 
energy storage systems, promoting a more sustainable and effective 
utilization of thermal energy resources [11].

In recent years, the utilization of nanoPCMs in heat transfer and 
thermal energy storage systems has attracted considerable attention due 
to their enhanced efficiency. Comprising PCMs combined with nano
particles, nanoPCMs exhibit improved thermal properties, including 
increased thermal conductivity and reduced supercooling, making them 
suitable for diverse applications, from industrial processes to building 
temperature regulation [9,12,13]. For instance, Singh et al. conducted 
an experimental study on nanoPCM structures formed by dispersing CuO 
and Al2O3 nanoparticles in a sugar alcohol PCM, highlighting their po
tential in solar energy storage systems [14]. Similarly, Kok determined 
that varying fin geometries could significantly affect melting charac
teristics, reducing melting time by up to 63 % [15]. Nóbrega et al. 
investigated the energy storage properties of nanoPCM structures, 
finding a 47 % increase in solidification phase completion with a 10 % 
Al2O3 concentration in finned structures [16].

Further research by Kabeel et al. demonstrated the effectiveness of 
nanoPCMs prepared with graphene oxide nanoparticles in solar distil
lation systems, revealing a 52 % increase in thermal conductivity 
compared to conventional PCMs [17]. Sathishkumar et al. explored the 
thermal performance of low-capacity energy storage systems using 
graphene nanoparticles, achieving reductions in charging and dis
charging times by up to 22.8 % [18]. Kalbande et al. conducted an 
analytical study on a hybrid thermal energy storage system, finding that 
nanoPCM outperformed pure paraffin wax in thermal conductivity and 
phase transition times [19].

Recent literature emphasizes the advantages of nanoPCMs in latent 
heat thermal energy storage (LHTES) systems. For instance, Farsani et al. 
illustrated that paraffin-alumina nanoPCMs effectively manage thermal 
energy in high-powered electronics cooling systems, optimizing thermal 
performance through successive melting and solidification cycles [20]. 
Liu et al. addressed challenges related to instability and supercooling in 
PCM emulsions, paving the way for more reliable thermal energy stor
age solutions by optimizing formulations [21]. The thermal conductivity 
of nanoPCMs is crucial for their performance in heat transfer applica
tions. Zhou et al. demonstrated that functionalized graphene oxide 
significantly enhances the thermal properties of PCM formulations, 
improving heat transfer rates during charging and discharging phases 
[22]. Gamot et al. further supported the notion that high internal phase 
emulsions with minimal graphene oxide content can exhibit remarkable 
thermal conductivity [23].

Stability remains a critical consideration for the practical application 
of nanoPCMs. Mhiri et al. explored the thermal behavior of composite 
materials comprising nanoPCMs and aluminum foam, revealing that 
such composites mitigate leakage issues during phase transitions while 
maintaining structural integrity and thermal performance [24]. This 
stability is vital for ensuring the longevity and reliability of thermal 
energy storage systems, especially in dynamic environments with fluc
tuating temperatures. The versatility of nanoPCMs extends beyond 
traditional applications, as evidenced by Liu et al.’s work on micro
encapsulated PCMs for various uses, including textiles and construction 
materials [25]. This adaptability underscores the significance of 
nanoPCMs in advancing thermal energy storage technologies. Despite 
the growing body of research on NanoPCM emulsions as working fluids 
for thermal energy storage and heat transfer performance, there remains 
a notable gap in comprehensive analyses that integrate both iron and 
paraffin nanoparticles as emulsions within thermal energy systems. 
Addressing this gap is essential, as the incorporation of metal oxide 
nanoparticles can significantly enhance thermal control in applications 
such as electric components and solar collectors.

As can be seen from the literature, the integration of nanoPCMEs into 
heat transfer and thermal energy storage systems represents a promising 
avenue for enhancing thermal management solutions. The ongoing 
research into stability, thermal conductivity, and innovative design of 
nanoPCMs is crucial for overcoming existing challenges and unlocking 
their full potential in various applications. As the demand for efficient 
thermal energy storage solutions continues to rise, the development of 
advanced nanoPCM formulations will play a pivotal role in shaping the 
future of thermal management technologies. For these reasons, thermal 
performance of nanoPCMEs containing two different iron oxide nano
particles for parallel plate heat thermal energy storage (TES) system 
were experimentally investigated.

2. Materials and methods

2.1. Production of NanoPCM emulsions

Studies were carried out on the preparation of nanoPCM emulsions 
(nanoPCMEs) mixtures and the stabilization of these structures. To 
prepare nanoPCMEs, nanofluid and nanoPCM syntheses were carried 
out. Two different iron oxide nanofluids were prepared to achieve more 
stable and homogeneous nanoPCM emulsions. Then, nanoPCM emul
sions were prepared by using RT55 (Rubitherm) paraffin wax, which is 
one of the most widely used PCMs. Both preparation methods processes 
are detailed below.

Nano-PCM emulsions require careful concentration management to 
optimize thermal performance for applications in heat transfer and 
thermal energy storage. A concentration limit of approximately 2.0 wt% 
has been established based on factors such as emulsion stability, thermal 
properties, and processing ease. Higher nanoparticle concentrations can 
increase viscosity, affecting flow and stability, while excessive stabiliz
ing agents may lead to particle flocculation and reduced effectiveness. 

Nomenclature

Cp Specific heat, J/kg K
h Convection heat transfer coefficient, W/m2K
k Thermal conductivity, W/mK
Dh Hydraulic diameter, m
Nuavg Average Nusselt number
PCM Phase change material
NanoPCME Nanoencapsulated PCM emulsion
q Heat flux, W/m2

Re Reynolds number
V̇ Volume flow rate, L/min
t Time, s
Aw Heat transfer area, m2

Qtot Total energy storage, J
T Temperature, K
Ti Inlet temperature, K
To Outlet temperature, K
μ Dynamic viscosity, Pa-s
ρ Density, kg/m3
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Studies indicate that maintaining a 2.0 wt% concentration enhances 
thermal conductivity and latent heat storage without compromising 
heat transfer efficiency [26,27]. Additionally, this concentration allows 
for optimal particle dispersion, promoting effective interactions be
tween the PCM, metal oxide particles and the base fluid [28]. The de
cision to limit concentration also considers manufacturing challenges, as 
higher concentrations complicate formulation processes. Overall, a 2.0 
wt% concentration is a strategic choice that balances stability, thermal 
management, and practical processing considerations, ensuring the 
reliability of these emulsions in relevant applications [29].

The nanofluid preparation involved a two-step approach, which was 
selected specifically because it demonstrates superior performance with 
metal oxide nanoparticles compared to metal particles [30]. The process 
began with dispersing particles in distilled water. To achieve a stable 
and uniform mixture, magnetic and ultrasonic mixing techniques were 
employed, taking into account interparticle forces. The nanoparticles 
were synthesized using the hydrothermal method in autoclave reactors. 
This method was chosen primarily for its effectiveness in creating metal 
oxide nanostructures. The hydrothermal approach offers several ad
vantages: it operates at lower temperatures, uses environmentally 
friendly solutions, provides cost-effective production, and enables the 
synthesis of highly homogeneous nanoparticles with controlled size and 
morphology.

Two different iron oxide samples were synthesized using similar 
methods but distinct procedures. For the first sample a mixture was 
prepared by dissolving iron (II) chloride tetrahydrate (0.05 mol), so
dium sulphate (0.025 mol), and urea (8.3 mmol) in 300 ml of ultrapure 
water with magnetic stirring. This solution was placed in an autoclave at 
60 % capacity and heated to 180 ◦C for 12 h in a Teflon-lined stainless- 
steel container. The second sample used identical quantities of the same 
chemicals but was dissolved in 350 ml of ultrapure water instead. This 
mixture was sealed in the autoclave at 70 % capacity and heated to a 
slightly lower temperature of 160 ◦C, also for 12 h. Both samples un
derwent the same post-processing steps: they were allowed to cool 
naturally to room temperature inside the furnace. The resulting products 
were then purified through repeated centrifugation and washing cycles 
using ultrapure water and ethanol to remove any remaining by-product. 
Finally, the particles were dried overnight at 65 ◦C [31].

To produce nanoencapsulated-PCM, chemical dissolution and 
nucleation procedures (solvent-assisted) were followed, that is an 
innovative method and provide fast product production as schematically 
represented in Fig. 1. The nanoencapsulated-PCM production began 
with the preparation of two separate solutions: PCM dissolved in hexane 
and sodium dodecyl sulfate (SDS) dissolved in ultrapure water. SDS was 
selected as the capping agent because it proved most effective at 
reducing particle size and maintaining emulsion stability over extended 

periods, as noted in reference [32]. To achieve the most stable emul
sions, a mass ratio of 1:8 (SDS to PCM) was found to be the most 
effective. Both solutions underwent sonication treatment for several 
minutes. Following this, the SDS-water solution was gradually intro
duced into the PCM-hexane mixture over a period of several hours. The 
resulting emulsions were then heated at 90 ◦C for 2–3 h to remove all 
hexane, resulting in a pure nano-encapsulated paraffin emulsion in 
water. Throughout the heating process, any water lost to evaporation 
was continuously replaced, and additional water was added as needed to 
achieve the target PCM concentration.

These two water-based dispersions were characterized individually 
and were created by the planned specific mixture structure to determine 
their thermophysical properties. This new nanofluid-NanoPCM disper
sion obtained was subjected to ultrasonic and magnetic stirring process 
to provide a stable and homogeneous fluid. In this method, using SDS 
water and chemical dissolution of paraffin in hexane, nucleation is 
aimed at obtaining spherical-like particles. SDS surfactant was used for 
stable NanoPCM dispersion which has provided the coated spherical like 
PCM nanoparticles and the new dispersion was obtained by nucleation 
[33]. Fig. 2 gives the sample steps of NanoPCME preparations.

Furthermore, the NanoPCM emulsions were experimentally 
analyzed with two different iron oxide nanoparticles for two main rea
sons. Firstly, to decrease the subcooling effect by serving as a nucleating 
agent. Secondly, to alter the optical characteristics of nano-emulsion, 
resulting in the creation of a high thermal conductivity working fluid.

This solvent assisted technique produced nanofluid-nanoPCM 
mixture dispersions that were stable and homogenous. The total nano
particle weight percentage of each dispersion is 2.0 wt%. These two 
mixture dispersions contain nanoPCMs and different metal oxide 
nanoparticles that were used for heat transfer and heat accumulation 
experiments in forced convection flow.

Particle size analysis and melting-solidification characteristics of 
nanoPCMEs produced using the solvent-assisted production method 
were examined. Hexane was used as the solvent and SDS was used as the 
agent, and homogeneous dispersions were obtained. Figs. 1 and 2 give 
the preparation procedure and samples of nanoPCMEs. The abbrevia
tions of working fluids in this paper are: NanoRT55 (nanoPCME_1), 
NanoRT55 + iron oxide I (nanoPCME_2) and nanoRT55 + iron oxide II 
(nanoPCME_3).

2.2. Characterization of NanoPCMEs

The microstructural characteristics of synthesized nanoparticles and 
nanoPCMs were carried out using a field emission gun scanning electron 
microscope (TESCAN™ MAIA XMU). Typical low and high- 
magnification Scanning Electron Microscopy (SEM) images of the 

Fig. 1. Procedure of Solvent Assisted NanoPCM Emulsion preparation.
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produced nanoparticles are given in Fig. 3 with images belonging to 
nanoPCME_1, and spherical like iron oxide I (IO1) and iron oxide II 
(IO2). The micrograph images of low and high-magnification scanning 
electron microscopy FESEM images belong to as-synthesized produced 
nanoparticles. As seen from the images, they are in different morphol
ogies and sizes from each other. Furthermore, all nanoparticles pro
duced are formations of uniform and monodisperse within themselves. 
Although synthesize of nanoPCMs is quite challenging, nearly homog
enous dispersions were obtained. Fig. 3a gives the nanoPCME contain
ing only RT55. Nanoparticles in Fig. 3b and c refer to two different iron 
oxide nanoparticles, IO1 and IO2 respectively. They have spherical 
morphology and average 140 nm particle size for IO1 and 170 nm for 
IO2. Other dispersions were also prepared using metal oxide nano
particles and nanoPCM particles at different concentrations to be used in 
experiments. Encapsulated NanoRT55 paraffin nanoparticles were pre
pared and dispersed with different nanofluids by using an ultra
sonicator. SEM images of nanoPCMs (encapsulated RT55 particles) are 
shown in Fig. 3a, and it is seen that a structure close to homogeneous 
distribution is obtained. Spherical like particle morphologies were ob
tained. These two dispersions (nanofluid-nanoPCMs) were physically 
mixed, and then a stable homogeneous NanoPCMEs dispersion was 
obtained by sonicating for another 10 min with the ultrasonic bath 
(Hielscher UP400S) given in Fig. 2.

X-ray diffraction (XRD) analysis was performed to determine the 
phase composition of the synthesized particles. The diffraction patterns, 
presented in Fig. 4, show that all observed peaks match the JCPDS file 
data (JCPDS card no. 33–0664), confirming a trigonal hematite 
(α-Fe2O3) crystal structure with space group R-3c and lattice parameters 
a = b = 0.503 nm and c = 1.373 nm. While IO1 samples exhibited pure 
hematite phase, IO2 samples contained a mixture of trigonal hematite 
crystal structure and a minor phase of orthorhombic goethite crystal 
structure (FeO(OH)). The XRD pattern of IO1 displayed sharper and 

more intense diffraction peaks compared to IO2, indicating higher 
crystallinity in the IO1 sample.

The average particle size of all mixture dispersions is presented in 
Fig. 5. NanoPCME_1, which contains only RT55 encapsulated nano
particles used in the experiments, has an average particle diameter of 
105 nm and that result meets quality criteria. The average particle size 
of nanoPCME_2 was determined as approximately 142 nm. Also, the 
average particle diameter of nanoPCME_3 was obtained as 170 nm, and 
there was a bit different from the other dispersions. In these results, the 
distribution of nanoparticles was obtained between 158 nm – 170 nm 

Fig. 2. Preparation procedure and samples of nanoPCMEs.

Fig. 3. SEM images of (a) NanoEncapsulated-PCM, (b) Iron oxide I nanoparticles and (c) Iron oxide II nanoparticles.

Fig. 4. XRD patterns of hydrothermally synthesized iron oxide nanoparticles.
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with three measurements with the ratio of 84.4 %, 79.1 % and 77.7 %, 
respectively. Despite these results of NanoPCME_3, since the particle 
distribution obtained is high, it can be accepted that the results are valid 
for the specified particle sizes.

Phase change behavior analyses were carried out by means of heat
ing and cooling. The differential scanning calorimetry (DSC) results for 
the nanoPCM emulsions reveal significant insights into their melting and 
solidification behaviors in Fig. 6. In the first graph, a pronounced 
endothermic peak is observed around 53.8 ◦C, indicating the melting 

transition of the nanoPCM. This suggests that emulsion effectively ab
sorbs heat, which is crucial for applications in thermal energy storage. 
Conversely, the second graph displays an exothermic peak at 39.6 ◦C, 
corresponding to the solidification process. This dual behavior high
lights the phase change capabilities of the nanoPCM emulsions, making 
them suitable for applications where thermal regulation is essential. 
Since the PCM particles are encapsulated with SDS the difference of 
solidification and melting peaks are more pronounced. The sharp tran
sitions observed in both melting and solidification phases suggest a well- 
defined phase change, which is beneficial for optimizing thermal man
agement systems. When comparing nanoPCME_2 and nanoPCME_3, it 
can be seen that the peak resulting from the presence of IO nanoparticles 
in nanoPCME is lower. This indicates that sub-cooling has been reduced. 
The area between the solidification and melting peaks of nanoPCME_2 is 
larger than the bulk PCM since the nanoencapsulation of PCM particles 
in deionized water provides more latent heat.

2.3. Experimental procedure

In order to test thermal energy storage and heat transfer performance 
of the nanoPCMEs a forced convection flow experimental setup was 
used. Water based NanoPCMEs containing spherical like RT55 and 
Fe2O3 nanoparticles were tested. A test section was prepared with 
aluminum parallel plates like a mini channel at first for the experimental 
analysis. Aluminum plates were used due to the high thermal conduc
tivity. Experiments were conducted at laminar flow conditions (Re 
〈2000). All experiments were carried out with three different volume 
flow rates tested as 0.55 L/min, 0.87 L/min and 1.1 L/min that were 
adjusted with the peristaltic pump and by using a differential pressure 
flow meter. Temperature measurements were taken using J-type 

Fig. 5. Particle distribution and average particle size analysis of each NanoPCME.

Fig. 6. DSC results of all NanoPCMEs.
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thermocouples with a sensitivity of ±0.1 ◦C. Constant temperature 
water bath was used to calibrate the thermocouples. The calibration 
procedure was conducted by using constant temperature thermal bath 
by increasing temperature from 30 ◦C to 70 ◦C with 5 ◦C increment. A 
thermostatic bath was used to apply constant inlet temperature. The 
inlet temperature was fixed at 63 ◦C during the experiments. Also, the 
initial temperature was set at 25 ◦C for all experiments. Two different 
structures of experimental test sections (aluminum heat exchangers) 
were used in the experimental setup. All in all, three different flow rates 
were used for each working fluid and parallel plate heat exchanger 
configurations. Also, four different configurations come from the 
different weight concentrations (pure water, 0.5 %, 1.0 % and 2.0 %). 
That means 24 independent experiments were performed by considering 
all variables. Three repeated experiments were performed for all con
ditions to eliminate the error deviations. The properties of the materials 
are presented in Table 1.

The integration of nano-dispersed working fluids in heat exchangers 
represents a significant advancement in the field of thermal manage
ment, enhancing both heat transfer efficiency and thermal energy stor
age capabilities. NanoPCMEs, which are engineered by suspending 
nanoparticles in conventional heat transfer fluids, exhibit improved 
thermal conductivity and heat transfer characteristics compared to their 
base fluids. This discussion will address the principles of heat transfer 
and thermal energy storage in heat exchangers using nano-dispersed 
working fluids and examine how these innovative materials can opti
mize performance, reduce energy consumption and contribute to more 
sustainable thermal systems. By analyzing the mechanisms at play and 
the implications for various applications, we can better understand the 
transformative potential of nanotechnology in thermal energy man
agement. The results of parallel plate heat exchanger with metal foam 
embedded walls are presented and discussed.

Fig. 7 combines a photo of the parallel plate test section and the 
scheme of the whole experimental setup. Solid aluminum plates having 
20 mm thickness were used to establish the 20 mm plate channel to get 
the results for the base case by using pure water. After that this test 
section was integrated into the experimental setup as seen in that figure. 
In this case the aim is to investigate the thermal energy storage of the 
parallel plates. Thermocouples were placed to measure the inlet, outlet, 
and the wall temperatures. It was decided to use hot fluid inlet boundary 
condition at 63 ◦C to test heat accumulation. Since experiments with 
PCM and nanoPCMEs were considered, it is better to use an inlet tem
perature higher than the melting points of the used paraffin PCMs. The 
inlet temperature of the water was arranged to be constant by using a 
thermostatic water bath. After the pump had been operated, the tem
perature measurements were taken from the inlet, outlet and through 
the wall. Since it is a time dependent experiment, it is necessary to 
observe the temperature variation with respect to the time. 3-D printed 
lofted parts were inserted into the inlet and outlet of the rectangular 
channels to fit them to the experimental setup. High temperature 
resistant silicon adhesives were used.

The channel used in the setup has two different configurations. One 

configuration consists of two aluminum parallel plates with a thickness 
of 20 mm each. The other configuration has the channel walls made up 
with aluminum rectangular hollow section filled with open metal foam 
and phase change material, as shown in Fig. 8a. The open metal foam is 
of aluminum with a porosity equal to 0.949 and a pore density of 20 PPI 
(pore per inch), Fig. 8b. The phase change material is RT55. The prop
erties of the materials are presented in Table 1. In both the configura
tions, the gap between the two plates is equal to 20 mm in all tests.

2.4. Data reduction

During the test, all temperature data are tracked using a data 
acquisition unit. All experiments were conducted as time dependent. 
The convective heat transfer coefficient of working fluid inside the 
parallel plate heat exchanger can be calculated based on Newton’s 

Table 1 
Properties of RT55, Fe2O3 and water [34,35].

Properties RT-55 
Rubitherm

Fe2O3 Water (60 ◦C)

Density (kg/m3) – 5240 977
Density in solid state, ρs (kg/m3) 880 – –
Density in liquid state ρl (kg/m3) 770 – –
Specific heat capacity, CP (J/kg K) 2000 628 4190
Thermal conductivity, k (W/m K) 0.2 12.55 0.663
Dynamic viscosity, μ (kg/m.s) 0.0235 – 0.000404
Thermal expansion coefficient, β (1/K) 0.0001 7 × 10− 6 –
Latent heat, (J/kg) 170,000 – –
Melting temperature, Tl (◦C) 57 – –
Solid temperature, Ts (◦C) 51 – –

Fig. 7. Experimental setup: (a) photo of the complete experimental setup, (b) 
scheme of the experimental setup and (c) sketch of the test section.

Fig. 8. Composite wall for the second configuration: (a) aluminum rectangular 
hollow section with metal foam and PCM, and (b) open cell aluminum foam 
used in the walls.
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cooling formula using Eq. (1) [35]. 

h =
Qtot

Aw(Tw − Tb)
(1) 

where Q is the heat transfer rate coming from the heat transfer fluid. 
Bulk temperature was calculated by using the inlet and outlet temper
ature at specified time by using Eq. (2) [35]. 

Tb =
∑t

0

Ti − To

2
(2) 

Total heat energy stored by the system for aluminum solid walls and 
PCM + metal foam walls can be calculated with Eq. (3) and Eq. (4)
[7,18]. 

Qtot =
∑t

0
mcp,f (Ti − To)t (3) 

Qtot =
∑t

0
m
[
cp,s(Tm − Ti)+ LHf + cp,l(Te − Tm)

]
(4) 

where Tm is melting temperature and Te is equilibrium temperature. LHf 
is the latent heat capacity of phase change of the RT55 PCM.

Average wall temperature values were calculated by using Eq. (5)
with six thermocouples at the walls as follows [6,7]: 

Tw =
1
6
∑6

i=1

(

Tw,i −

(
z1qflux

kAl
+

z2qflux

kPCM

))

(5) 

where, Tw.i is the temperature of wall denoted by each thermocouple, z1 
and z2 are the vertical distances from channel surface to the thermo
couple location which are 3 mm and 17 mm respectively, kAl is the 
thermal conductivity of aluminum channel (205 W/m K), qflux is the heat 
flux coming from the hot working fluid.

Experiments were carried out in laminar flow conditions according 
to the corresponding Reynolds number of the flow which was calculated 
by using Eq. (6) [35]. 

Re =
4ρV̇
πDhμ (6) 

where V̇is the volume flow rate of the working fluids. According to 
measurements during the experimental studies Nusselt number values 
and distributions were obtained by using Eq. (7) [35]. 

Nu =
hDh

khtf
(7) 

where the subscript ‘htf” refers to the heat transfer fluid.

2.5. Uncertainty analysis

Uncertainty analysis serves as a crucial indicator of data accuracy 
and the proper utilization of measurement devices in experimental 
studies. Furthermore, it is also important in terms of repeatability. To 
assess the sensitivity of the results, an uncertainty analysis was per
formed based on the measurements obtained during this investigation. 
The dimensionless numbers used to determine the flow parameters are 
the Re and Nu numbers. When the formulas of them are examined, the 
parameters measured during the experiments are the flow rate, wall, 
inlet and outlet temperatures. The error estimation was performed ac
cording to uncertainty calculation procedure of each independent var
iable. The uncertainty values of these parameters were used to calculate 
the uncertainty amounts for the Nu number and energy stored, even
tually the overall uncertainty. The average uncertainties associated with 
the Nusselt number (Nu) and stored energy were determined to be 2.6 % 
and 2.7 %, respectively. Consequently, the overall uncertainty for the 

experiments was calculated to be 5.3 %.
Table 2 presents the uncertainty values for each component 

analyzed. The Root Sum Square (RSS) method, recognized as a widely 
accepted and reliable approach, was employed to conduct uncertainty 
analysis for these parameters. Eq. 8 describes the degree of uncertainty 
for each parameter observed in the experiment as previously outlined in 
the literature [36]. 

∂w
w

=

[
∑N

i=1

(
∂xi

xi

)2
]1/2

(8) 

Where N indicates the number of measurements and xi denotes the in
dependent parameter.

The parameters processed from the data, including inlet and outlet 
temperatures, average wall temperature, Nusselt number, energy stored 
are presented along with their relative errors. The error analysis in
dicates that the temperature difference between the inlet and outlet is 
very small when the flow reached thermal equilibrium or the flow rate is 
high. Since the actual heat transfer is based on the temperature differ
ence between the inlet and outlet, an increase in flow rate boosts this 
error, leading to a corresponding increase in the errors associated with 
wall temperature calculations. Additionally, geometric errors, attrib
uted to manufacturing inaccuracies and human operational errors.

3. Results and discussions

The study examines thermal performance of a parallel plate heat 
TES, highlighting how the flow rate and the concentration of nanoPCME 
influence both the Nusselt number and the thermal energy storage ca
pacity. There are two different configurations: one is parallel plate TES 
with solid aluminum walls the other is a parallel plate TES with 
aluminum plates filled with PCM embedded in metal foams. The find
ings reveal that variations in flow rate significantly influence the heat 
transfer efficiency, as evidenced by changes in the Nusselt number. 
Additionally, the concentration of nanoPCME plays a crucial role in 
enhancing thermal energy storage, demonstrating improved heat 
transfer characteristics at optimal concentrations. The results will be 
analyzed in relation to the research questions posed at the outset, 
highlighting key trends, patterns, and anomalies observed during the 
experimentation. By integrating those results with relevant literature, 
we seek to offer a detailed insight into the subject and propose directions 
for future studies.

3.1. Effects of flow rate, NanoPCME concentration and heat exchanger 
configuration on Nusselt Number

Fig. 9 illustrates the relationship between the Nusselt number and 
two different experimental parameters: flow rate and concentration of 
nanoPCME_1 in the solid walled parallel plate heat exchanger. 
Figures were created with error bars by using calculated maximum error 
rates for each parameter as 2.6 %. In Fig. 9a, which focuses on varying 

Table 2 
Uncertainty of each measuring apparatus.

Item Range Error

Input
Length of flow channel (mm) 300 mm ± 2 mm
Hydraulic diamater (mm) 24.9 mm ± 0.1 mm
NanoPCME weight fraction (%) 0–2.0 ± 0.001 %
Measured
Volume flow rate (L/min) 0.55–1.1 ± 0.5 %
Wall temperature (◦C) 25–63 ± 0.97 %
Temperature difference (ΔT) (◦C) 0.45–9.4 ± 0.62 %
Result
Nusselt number 3.8–16.7 ± 2.0 % - 2.6 %
Energy stored (kJ) 0.326–2245 ± 2.1 % - 2.7 %
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flow rates (0.55 L/min, 0.87 L/min, and 1.1 L/min) with a fixed con
centration of 2.0 wt%, it was obtained that as the flow rate increases, the 
Nusselt number shows improvements. This trend can be attributed to the 
enhanced convective heat transfer associated with higher flow veloc
ities, which promotes better mixing and reduces thermal boundary layer 
thickness. The increase in Nusselt number appears to be significant, 
particularly between the lower flow rates, indicating a strong de
pendency on flow conditions. The enhancement of Nusselt number with 
volume flow rate was obtained as 19.7 %. In Fig. 9b, the concentration of 
nanoPCME_1 varies (0.5 wt%, 1.0 wt%, and 2.0 wt%) while keeping the 
flow rate constant at 1.1 L/min. The Nusselt number also increases with 
higher concentrations of nanoPCME_1. This suggests that the presence of 
nanoparticles enhances the thermal conductivity of the fluid, leading to 
improved heat transfer performance. The rate of increase in the Nusselt 
number with concentration is notable, particularly from 0.5 wt% to 1.0 
wt%, indicating that even modest increases in nanoparticle 

concentration can significantly impact heat transfer efficiency. The 
maximum Nusselt number improvement with 2.0 wt% nanoPCME_1 is 
27.3 %. Together, these graphs highlight the critical roles that both flow 
rate and concentration play in optimizing thermal performance in 
nanofluid applications. On the other hand, the increase in the concen
tration of nanoPCMEs typically leads to an increase in viscosity, which 
in turn affects pumping power. Viscosity of nano emulsions typically 
increases non-linearly with the concentration of nanoparticles. As vis
cosity increases, the total dynamic head required by pumps rises, lead
ing to lower flow rates and decreased efficiency in thermal exchanges 
[37]. Higher energy pumping requirements can lead to increased 
operational expenses over time, particularly in industrial applications 
where continuous operation is needed. Consequently, appropriate con
trol of nanoPCM concentration is critical to blend thermal performance 
with economic feasibility, focusing on maintaining viscosity levels that 
can optimize both pumping efficiency and thermal performance 

Fig. 9. Nusselt number change for nanoPCME_1 according to flow rate and concentration.

Fig. 10. (a) Nusselt number variation for different nanoPCME at 1.1 L/min flow rate and 2.0 wt% and (b) Average Nusselt number values.
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[37,38].
Fig. 10 shows the relationship between the Nusselt number and both 

time and flow rate for various nanofluid compositions at a concentration 
of 2.0 wt% and average Nusselt numbers for different nanoPCME. In 
Fig. 10a, which plots Nu over time at a constant flow rate of 1.1 L/min, it 
is observed that the Nusselt numbers for different nanofluids increase 
steadily. For instance, NanoPCME_1 shows a gradual increase, while the 
combinations of ferro nanoparticles with nanoRT55 particles exhibit 
higher Nu values, indicating enhanced thermal performance. This trend 
suggests that the addition of nanoparticles significantly improves heat 
transfer properties, with an approximate increase in Nusselt number of 
around 0.2 to 0.5 per minute for these mixtures. In Fig. 10b, which 
depicts average Nu values against varying flow rates, a clear trend 
emerges as the flow rate increases from 0.5 to 1.1 L/min, the Nusselt 
numbers also rise as previously reported in [6,7]. The data points show 
that NanoPCME_1 has lower average Nu values compared to the nano
particle mixtures, which reflects their lower heat transfer efficiency. The 
increase in Nu with flow rate suggests that higher velocities enhance 
convective heat transfer, leading to improved thermal conductivity. 
Overall, the analysis indicates a positive correlation between both flow 
rate and nanoparticle concentration on the Nusselt number, reinforcing 
the importance of these factors in optimizing thermal performance in 
nanofluids.

Fig. 11 demonstrates that the NanoPCME fluids, which contain 
nanoparticle-enhanced PCM, have significantly higher wall tempera
tures compared to pure water at the same time. This indicates the 
NanoPCME fluids are able to store and release more thermal energy than 
pure water. This indicates efficient heat transfer from the metal foam 
and PCM to the working fluid. The three NanoPCME samples demon
strate a more gradual temperature increase than water with the faster 
melting period. The differences in thermal responses can be attributed to 
the varying thermophysical properties and heat transfer characteristics 
of the NanoPCMEs compared to pure water. The NanoPCME samples 
likely have higher thermal capacities and latent heat storage abilities, 
which result in a more moderate temperature rise as the PCM undergoes 
phase change. Overall, this data provides valuable insights into the 
thermal management capabilities of parallel plate heat exchangers with 
PCM-enhanced materials. The clear trends observed across the different 
working fluids demonstrate the importance of selecting the appropriate 
material composition and operating conditions to optimize system per
formance for applications such as thermal energy storage and 
management.

Fig. 12 provides valuable insights into the behavior of the Nusselt 
number under varying conditions, particularly focusing on different 
working fluids and their flow rates over time. Fig. 13a shows the 

evolution of the Nusselt number over time for the same working fluids at 
a constant flow rate of 1.1 L/min. The curves for NanoPCME_1 rise 
steadily over time, indicating improved thermal performance as the 
system stabilizes. NanoPCME and iron oxide mixtures also show gradual 
increases, reinforcing the idea that these nanofluids maintain their 
thermal efficiency over time. Meanwhile, pure water remains relatively 
stable, confirming that nanofluids significantly outperform water in 
terms of heat transfer efficiency. In summary, both graphs highlight the 
substantial impact of using nanoPCMEs compared to conventional fluids 
like water. Fig. 12b presents the relationship between the average 
Nusselt number and volume flow rate for various working fluids, it is 
observed that NanoRT55 displays distinct Nusselt numbers. The mix
tures of nanoPCME with iron oxides also exhibit increased Nuavg values, 
indicating that the addition of nanoparticles enhances thermal perfor
mance. In contrast, water, serving as a base fluid, shows the lowest 
Nuavg, which is expected due to its lower thermal conductivity compared 
to the nanofluids. The inclusion of NanoPCME_2 further raises the Nuavg 
to around 2.6, while NanoPCME_3 also contributes positively, suggest
ing that both iron oxide nanoparticles enhance thermal properties when 
combined with NanoRT55. The addition of nanoparticles not only in
creases the initial Nusselt number but also enhances thermal perfor
mance over time according to the observation given in [14,18]. Since 
one of the fundamental approaches to improving the stability of nano
PCMEs is to reduce the particle size to the nanoscale specifically below 
200 nm, it was performed in this study to improve stability. Smaller 
particles exhibit increased surface area-to-volume ratios, which en
hances their stability against phase separation and thermal cycling ef
fects. Research has shown that nano emulsions with particle sizes in the 
nanometer range remain stable for extended periods, indicating that size 
reduction is an effective method for long-term stability [39,40]. The 
approximate increase rates suggest that the choice of working fluid is 
crucial for optimizing heat transfer in applications, with nanoPCME_2 
combined with iron oxide nanoparticles demonstrating the most prom
ising results. The average Nusselt number enhancement of nanoPCME_2 
at 1.1 L/min was obtained by about 25 % as a comparison of pure water. 
All the nanoPCMEs showed better Nusselt number performance ac
cording with the results presented in [41,42] since using iron oxide 
nanoparticles in nanoPCMEs could provide better overall stability by 
preventing possible agglomerations between continuous and dispersed 
phases [43,44].

3.2. Effects of flow rate, NanoPCME concentration and heat exchanger 
configuration on energy storage

The results given in Fig. 13a demonstrate a clear variation between 
the concentration of nanoPCME_1 and the total energy stored change 
over time, highlighting the significant impact of nanoparticle concen
tration on thermal performance. As the concentration increases from 
0.5 wt% to 2.0 wt%, there is a marked increase in total enthalpy, with 
the 2.0 wt% solution achieving nearly over 920 kJ after 12 min, 
compared to just over 890 kJ for the 0.5 wt% solution. This trend sug
gests that higher concentrations of nanoPCME_1 enhance the fluid’s heat 
absorption capacity, likely due to improved thermal conductivity and 
specific heat properties. This provides achieving a steady state faster. 
Additionally, pure water control exhibits considerably lower total 
enthalpy, reinforcing the effectiveness of NanoPCME_1 as a thermal 
enhancement agent. Because the choice of surfactants plays a crucial 
role in emulsion stability. Surfactants with optimal hydrophilic balance 
values can effectively stabilize PCM particles in aqueous media there
fore, SDS was used in this study to keep nanoPCMEs as stable form [45]. 
These findings indicate that optimizing the concentration of nanoRT55 
could be pivotal for applications requiring efficient heat transfer, such as 
in cooling systems or thermal management technologies. Fig. 13b 
demonstrates the variation of energy storage for different nano emul
sions over time, revealing that all formulations exhibit an increase in 
energy stored as they absorb heat. The combinations of iron oxides Fig. 11. Wall temperature variations for pure water and different NanoPCMEs.
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display significant increases in energy stored, suggesting that these ad
ditives enhance the thermal performance of the emulsions. In contrast, 
pure water demonstrates a markedly lower energy storage increase, 
emphasizing the effectiveness of nano emulsions in thermal absorption. 
The curves indicate an asymptotic value, suggesting that the system 
reaches steady state, with the experiments conducted under consistent 
conditions (1.1 L/min flow rate and 2.0 wt% concentration) ensuring 
that the observed variations are attributable to the emulsions them
selves. Overall, these findings highlight the potential of nano emulsions 
for applications in thermal management and energy transfer systems. As 
can be understood, the total thermal energy storage of the system should 
be the same for all nanoPCMEs except for duration for reaching the 
maximum capacity. However, in the experiments there were absolutely 
heat losses even if the system had good insulation. The reason for the 
slight differences between each other could be that situation as indicated 
previously in [7,46].

The total energy stored changes over time for various working fluids 
under identical conditions (1.1 L/min and 2.0 wt%) are given on Fig. 14. 

As observed, the enthalpy change varies significantly among the 
different fluids tested. The curve for NanoRT55 shows a relatively steep 
increase in energy storage, indicating its effectiveness in heat transfer. In 
contrast, the mixtures of iron oxides exhibit a more gradual slope, sug
gesting a slower rate of heat absorption. Pure water, while commonly 
used as a baseline, demonstrates the least total energy storage change, 
reinforcing the idea that specialized working fluids can enhance thermal 
performance.

The data highlights the importance of selecting appropriate working 
fluids for applications requiring efficient thermal management, as the 
choice directly influences the system energy efficiency and overall 
performance. The fastest working fluid reaching the maximum total 
enthalpy value was the nanoPCME_2 since its thermophysical properties 
are better than others. Additionally, the maximum storage capacity of 
heat exchanger with PCM + metal foam is always the same for all 
working fluid as indicated, but the duration of reaching steady state 
condition of nanoPCME_2 was around two times faster than pure water.

Fig. 12. (a) Nusselt number change of different working fluids for PCM + Metal foam case (b) Average Nusselt number change for different NanoPCMEs

Fig. 13. (a) Total heat storage changes of nanoPCME_1 according to concentration and (b) for different NanoPCMEs.
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4. Conclusions

The study experimentally investigated the thermal performance of 
various nanoPCM emulsions as working fluids in heat exchangers, 
revealing that all tested nanoPCMEs outperformed pure water in con
vection heat transfer. Two configurations of that heat exchanger were 
prepared as aluminum solid wall and aluminum profile walls filled with 
PCM + metal foam. Temperature variation, Nusselt number and thermal 
energy storage capacities were obtained and compared with each other. 
Three different nanoPCM emulsions were tested to compare with pure 
water. 

• All nanoPCMEs showed higher convection heat transfer performance 
than pure water. For the heat exchanger with solid aluminum walls, 
thermal energy storage was obtained about 900 kJ which is the 
maximum value of the system. The difference of each working fluid 
was determined for the duration of reaching maximum stored en
ergy. As a comparison with pure water, 2.0 wt% nanoPCME_2 
showed two times faster than pure water to reach maximum stored 
energy level. On the other hand, this value was calculated for PCM +
metal foam heat exchanger 1.6 times faster than pure water since the 
phase changing process occurred.

• Maximum stored thermal energy with PCM + metal foam configu
ration was achieved around 2250 kJ due to the high latent heat of 
PCM layer. As for the Nusselt number, the maximum average Nusselt 
number was achieved with nanoPCME_2 for all configurations.

• Maximum enhancement of Nusselt number with that working fluid 
according to pure water was determined as 34.5 % with 2.0 wt% for 
solid wall heat exchanger. The improvement in Nusselt number with 
PCM + metal foam heat exchanger was obtained as 41.9 % with 2.0 
wt%.

• Highest average Nu number has been achieved with nanoPCME_2 
with PCM + metal foam case which provided 25 % improvement.

• Overall, the convection heat transfer results of nanoPCMEs were 
obtained higher than pure water and reached the maximum stored 
energy as well. These results could be beneficial for any thermal 
energy storage systems and thermal control systems.
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