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Abstract
The current experimental study aimed to investigate the effects of different nanofluids and heat–light sources on the thermal 
energy absorption of a laboratory-scale flat plate solar collector (FPSC). Water-based nanofluids containing Al2O3, SiO2, 
and TiO2 nanoparticles at a concentration of 0.2% were utilized as the service fluid in this study. The thermal behavior of the 
nanofluids in the FPSC was studied in two stages: heat absorption and heat retention periods. Both the heat absorption and 
retention periods were conducted for a duration of either 120 or 240 min. Distilled water acted as operating fluid circulating 
inside the insulated tank and the collector tubing system. Tungsten heat, halogen pencil, infra-red, and mercury vapor lamps 
were considered as heat–light sources. Among different heat–light sources considered, the collector utilizing a tungsten heat 
lamp demonstrated the highest thermal efficiency. For this lamp, the efficiencies for 120 min heat absorption were 67.37% 
for Al2O3, 66.21% for SiO2, 64.64% for TiO2 nanofluids, and 48.78% for base fluid. For the same lamp, during the 240 min 
heat absorption, these values were 44.72% for Al2O3, 43.42 for SiO2, 42.26% for TiO2 nanofluids, and 37.17% for base fluid. 
Aside from these, results showed that the thermal efficiency of FPSC with insulation and without insulation was 23% and 
20% for 0.2% TiO2 nanofluid, respectively, when halogen pencil lamp was used. Finally, results of considering distilled water 
or distilled water containing 0.2%, 0.5%, and 1% SDS as service fluid indicated that the highest amount of heat transfer was 
related to the distilled water. Indeed, heat transfer decreased with increasing SDS content.

Keywords  Flat plate solar collector · Energy absorption and retention · Thermal efficiency · Heat–light source · 
Nanofluids · SDS

List of symbols
Ac	� Area of the collector surface
Cp	� The specific heat capacity
Cs	� The average crystalline particle
FR	� Heat removal factor
G	� The average light intensity arrived to the collector 

surface
K	� Dimensionless crystal shape factor
ṁ 	� The mass flow rate
Qt	� Total heat absorbed
Qof	� The amount of heat absorbed by operating fluid
Qs	� The amount of heat absorbed by service fluid
Qcb	� The amount of heat absorbed by collector body

Qct	� The amount of heat absorbed by collector tubing
Qwt	� The amount of heat absorbed by water tank
QL	� Lost heat
To	� Outlet temperature
Ti	� Inlet temperature
Ta	� Ambient temperature
UL	� General loss coefficient of the solar collector

Greek symbols
� 	� Wavelength of XRD
� 	� Peak width at half maximum height
� 	� Different angle
� 	� Collector thermal efficiency

Introduction

Due to environmental pollution and the disappearance of 
fossil fuel sources, the tendency to use renewable energy 
sources has increased. Solar thermal energy as one of the 
most important renewable sources is directly and indirectly 
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available. Sun collectors are actually thermal converters that 
transform the energy of the sun into the internal energy of 
the collector's fluid agent. This equipment, with the absorp-
tion of radiant energy, transmits it into the operating fluid 
in the collector (usually air, water, or oil). The collected 
energy from the operating fluid can be used to directly heat 
daily consumption or stored water reservoirs [1]. Pandey 
and Chaurasiya in 2017 presented a comprehensive review 
of different methods for increasing the performance of flat 
plate solar collector (FPSCs) [2]. The advancements in nano-
technology have led to the development of high-performance 
nanostructured materials that possess the ability to absorb 
thermal energy and release it when necessary [3]. In 1995, 
Choi was the first researcher to use nanofluids to address 
the issue of nanofluids as a new heat transfer medium [4]. 
Nanofluids, due to the high potential for heat transfer, have 
been the subject of many recent studies [5]. Addition of 
nanoparticles to the base fluid suspension can drastically 
alter the optical properties of the fluid [6, 7]. The optical 
properties of a fluid strongly depend on the shape of the 
particles, the particle size, the optical properties of the base 
fluid, and the nanoparticles themselves [8]. Various materi-
als such as aluminum [9], copper [10], and multi-wall car-
bon nanotubes [11–14] are added to different base fluids, 
and their properties are identified for improving the heat 
transfer efficiency. Wang and Mujumdar emphasized that 
the homogeneous suspension of nanoparticles in the base 
fluid significantly alters the heat transfer properties of the 
suspension [15]. Masuda et al. made alumina and titania 
nanofluids with a weighted percentage of 4.3 mass% and 
showed that thermal conductivity of the solution increased 
by 32% and 11%, respectively [16]. Grimm dispersed alu-
mina nanoparticles with a diameter of 1–80 nm in the fluid 
and concluded that for the fluid 0.5–5% by mass, a 100% 
increase in thermal conductivity is observed [17]. Veeranna 
and Lakshmi briefly described the fabrication method of 
Al2O3 nanofluid and the factors affecting the improvement 
in thermal conductivity [18]. They reported that Al2O3 nano-
fluid had a higher potential for increased heat transfer and 
was suitable for practical heat transfer applications. On the 
other hand, the use of copper nanoparticles improves ther-
mal conductivity and very small concentrations of particles 
lead to a major increase in the thermal conductivity of the 
oil [19]. In another study, Taylor studied nanofluid optical 
properties [20]. In Taylor's research, nanoparticles that were 
combination of water and graphite, aluminum, copper, silver, 
and titanium dioxide nanoparticles were used as an absorp-
tion environment. According to the results, more than 95% 
of the incoming sunlight could be absorbed.

Al2O3/water nanofluid due to high thermal conductivity, 
low density, and cheap price is the most common nanoparti-
cle used in FPSCs among other metal oxides [21]. The use of 
nanofluid makes fast heat transfer and high heat absorption 

[22–24]. Eastman reported that under laboratory conditions, 
the addition of Cu nanoparticles into water at different con-
centrations significantly improves heat transfer behavior 
[25]. His results indicated that by adding 4% volume of 
heat transfer nanoparticles, heat transfer increased by up to 
50%. He et al. analyzed the efficiency of a FPSC when using 
Cu–H2O nanofluid and found that the thermal efficiency was 
increased by 23.8% in comparison with the FPSC using 
water. Solar energy absorption experiments show that Cu-
H2O nanofluid has good absorption for solar energy and can 
effectively increase the thermal effectiveness of FPSC [26].

Effects of nanoparticles heat transfer coefficients also 
have been studied [27]. For example, the effect of Al2O3 
nanoparticles was investigated in the forced heat transfer 
coefficient and indicated that at 0.3% concentration, the 
heat transfer coefficient increased by 8% [28]. Moreover, 
Xie et al. investigated the heat transfer coefficient in lami-
nar flow of four nanofluids including particles of aluminum 
oxide, titanium oxide, zinc oxide, and magnesium oxide in 
the water-ethylene glycol base fluid [29]. The results showed 
the heat transfer coefficient of nanofluid containing mag-
nesium oxide nanoparticles increased up to 252% in the 
Reynolds number of 1000. Other nanofluids also had a heat 
transfer coefficient more than the base fluid.

Thermal conductivity of fluids can be improved by opti-
mally increasing the surfactant. When sodium dodecyl ben-
zene sulfonate (SDBS) surfactant is added to a fluid, the 
thermal conductivity of the aqueous solution becomes more 
than that of pure water [30]. The use of nanofluids with sur-
factant is a better method among other techniques in terms 
of dispersion effect and thermal conductivity. Studies have 
shown that adding surfactant to a nanofluid containing alu-
mina nanoparticles and pure water has a positive effect on 
FPSC functionality [31].

It has been shown that water is the best solar energy 
absorbance among four fluids including water, ethylene gly-
col, propylene glycol, and therminol VP-1, but still a weak 
absorbent which only absorbs 13% of energy [32].

As mentioned, in recent years, nanofluids have created 
greater potential in many fields, such as solar collectors and 
solar thermal energy storage [33]. Muhammad et al. exam-
ined nanofluid applications in vacuum tube and FPSC for 
efficiency, economic, and environmental considerations [34]. 
They concluded that nanofluids are a better alternative to 
conventional fluids. Experimental results have indicated that 
in radiators used by conventional cooling fluids, in order to 
increase the temperature in heat transfer, the power to pump 
fluid should be about 10 times more [35]. However, if the 
nanofluid is used in these systems (assuming 3 times higher 
thermal conductivity coefficient) without increasing in the 
cost of pumping, the heat transfer intensity increases 2 times. 
According to another study, the researchers concluded that 
high densities and low specific heat of nanoparticles lead to 
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higher thermal efficiencies [36]. Therefore, a smaller solar 
collector that operates using nanofluids can be produced, 
reducing the mass, energy, and production cost of the collec-
tor. It can also reduce the area of the solar collector.

Kameya and Hanamura reported an increase in solar 
radiation absorption when using nanoparticle suspensions 
[37]. They investigated the radiation absorption properties 
of a suspension with nickel nanoparticles and concluded that 
the absorption coefficient of the nanoparticle suspension for 
visible wavelengths close to infrared was much higher than 
the base fluid. Han et al. examined photothermal properties, 
optical properties, biological behaviors, and thermal con-
ductivity of black carbon nanofluid [38]. Their experiments 
showed that nanoparticles had better solar energy absorption 
properties. Hordy et al. examined the optical characteristics 
of MWCNT nanofluids [39]. The results showed that in most 
solar spectra, the absorption value was high and the ability 
to absorb about 100% of solar energy was available.

Rajput et al. carried out an experimental study to exam-
ine effects of using Al2O3/distilled water on the efficiency 
and functionality of a FPSC [40]. The results showed that 
nanoscale with a concentration of 0.3% showed a maximum 
increase in yield, 21.32%. Zamzamian et al. used Cu/EG 
nanofluid, and studied its effects as operating fluid on the 
efficiency of the FPSC. The efficiency of the FPSC increased 
by using Cu/EG nanofluids [41]. In recent years, Kilic et al. 
have also experimentally investigated the effect of using 
TiO2/water nanofluid on the performance of a FPSC. They 
reported that the use of titania nanofluids in solar collectors 
performed better than pure water. The highest instantane-
ous efficiency for titania nanofluid was 48.67% while this 
value was 36.20% for pure water [42]. Aside from effects of 
surfactants, nanoparticle type, and its volume percentage, 
exergy analyses of FPSC have been investigated. For exam-
ple, in an experimental study, using water, alumina nano-
fluid, and oxidant nanofluid as the operating fluid in a FPSC 
exergy analyses was investigated [43]. When 0.01% alumina 
nanofluid was used, the highest efficiency of 77.5% which 
was 21.9% higher than water’s efficiency was obtained.

In an innovative experimental study in 2020, Ahmadlouy-
darab et al. investigated the effects of using nanofluid as a 
service fluid on improving heat absorption and the efficiency 
of a FPSC [44]. They experimentally used water-based TiO2 
nanofluid and infrared lamp as a light–heat source. Authors 
concluded that using nanofluid as a service fluid at a con-
centration of 5% increases the collector efficiency by 49%.

Qi et al. studied the optical constants and properties of 
paraffin suspension containing TiO2 nanoparticles. Their 
results indicated that the concentration was the main fac-
tor affecting the absorption index and absorption coefficient 
while the particle size of TiO2 was secondary factor [45].

Nanoparticles show unique heat transfer properties due to 
their small size and large surface area-to-volume ratio. These 

properties can result in enhancements in thermal conduc-
tivity, capacity, and diffusivity of the nanofluids compared 
to the base fluids. This is because when nanoparticles are 
suspended within a fluid, they interact with the surround-
ing molecules and create disturbances that alter the overall 
transport properties of the mixture. Additionally, the high 
surface area of nanoparticles allows for greater absorption 
of thermal energy, which can be released efficiently when 
necessary. Nanoparticles have also shown to exhibit other 
interesting thermal phenomena such as enhanced boiling 
heat transfer and critical heat flux [46]. These properties 
make nanofluids an attractive option for improving the per-
formance of heat transfer systems, including solar collectors. 
The thermal conductivity of nanoparticles is one of the most 
important properties that makes them attractive for use in 
nanofluids. Due to their small size and high surface area-to-
volume ratio, nanoparticles can exhibit exceptional thermal 
conductivity compared to the base fluid. This can result in 
significant enhancements in the overall thermal conductivity 
of the nanofluid. The effect of nanoparticle concentration on 
the thermal conductivity of nanofluids has been extensively 
studied [47]. However, at higher concentrations, the thermal 
conductivity enhancement tends to saturate due to the forma-
tion of particle clusters or agglomerates, which decrease the 
effective surface area available for heat transfer. The type 
of nanoparticle used can also have a significant impact on 
the thermal conductivity enhancement, as different materials 
possess different thermal conductivities [48]. For example, 
metal-based nanoparticles generally exhibit higher thermal 
conductivities than oxide-based nanoparticles due to their 
metallic bonding structure.

Upman and Srivastava investigated the parameters affect-
ing thermal conductivity enhancement in oxide nanofluids 
[49]. They found that nanofluids with a low concentration of 
nanoparticles exhibited significantly higher thermal conduc-
tivity than their corresponding base fluids. Additionally, the 
researchers identified several factors influencing the thermal 
conductivity enhancement of nanofluids, including the vol-
ume fraction of particles, type of base fluid, size and shape 
of nanoparticles, temperature, and type of nanoparticles 
used.

Rashmi et al. investigated the stability and thermal con-
ductivity enhancement of carbon nanotube (CNT) nanofluid 
using Arabic gum (AG). Through their experimental study, 
they measured the effective thermal conductivity of aque-
ous CNT nanofluid at varying concentrations of both CNTs 
and AG. The findings indicated that an increase in CNT 
concentration led to a rise in effective thermal conductivity. 
However, AG did not have any effect on thermal conductiv-
ity enhancement of CNT nanofluid [50].

Table 1 summarizes some studies in which different types 
of nanofluids were utilized in solar systems over the last two 
decades.
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Overall, the literature shows that the use of nanofluids 
has been found to improve the thermal efficiency of solar 
collectors in most cases. One of the key factors that can 
significantly impact the efficiency of a flat plate solar col-
lector is the type and quality of the heat and light source. 
The ability of the collector to convert solar radiation into 
usable thermal energy is directly influenced by the inten-
sity, spectrum, and angle of incidence of the incoming 
sunlight [66]. Addressing these factors, particularly opti-
mizing the heat–light source, can help improve the over-
all efficiency of an FPSC and make it more effective in 
generating renewable energy. Indeed, there are relatively 
few studies that have investigated the use of different 
types of heat and light sources in flat plate solar collec-
tors (FPSCs). This is partly due to the fact that natural 
sunlight is the most commonly used source of heat and 
light for FPSCs, and it can be challenging to replicate the 
intensity and spectrum of sunlight using artificial sources. 
Although more research is needed in this area, exploring 
alternative heat and light sources for FPSCs could prove 

to be an important strategy for improving their overall effi-
ciency and effectiveness in generating renewable energy.

The present study aims to achieve the following objec-
tives: firstly, to evaluate the effects of various types of 
heat–light sources, including tungsten heat lamp, halogen 
pencil lamp, infrared lamp, and vapor mercury lamp, on the 
thermal efficiency of flat plate solar collectors. Secondly, we 
will investigate how the type of nanofluid used as a service 
fluid inside the collector affects the thermal performance 

Table 1   Applications of nanofluids in different solar systems used in recent decades

Investigator(s) Year Type of used particles Findings Reference 
nos.

Wang et al 1999 Al2O3, CuO 12% Improvement from 3 vol% Al2O3/water nanofluids [51]
Phelan et al 2010 Carbon nanotubes, graphite, and 

silver
They demonstrate efficiency improvements of up to 5% in solar thermal 

collectors by utilizing nanofluids as the absorption mechanism
[52]

Sabaghan et al 2016 TiO2, Silicon Using nanofluid can improve the normalized efficiency by 27% [53]
Amina et al 2016 Al2O3, Cu, Sic They observed the thermal improvement with the addition of nano-

particles. Application of nanofluid as an internal HTF absorber with 
baffles improved the thermal performance

[54]

Gorji and Ranjbar 2017 Graphite, Magnetite, Silver/water Nanofluid magnetite/water achieved the highest thermal and energy 
efficiency, with graphite and silver following

[55]

Aberoumand et al 2018 Ag The results showed that using nanofluids for cooling of the PV/T 
system can enhance both the energy and exergy efficiencies of the 
system significantly

[56]

Chen et al 2020 Carbon nanotubes The thermal performance of the solar water heater was determined to 
be 73% at a solar intensity of 1000 W m-2

[57]

Parsa et al 2022 Various nanofluids They concluded that nanofluid preparation method and its stability 
also play crucial roles on the performance of PVTs

[58]

Islam and Furuta 2022 Carbon nanotube Applying CNT composites and CNT coatings in solar water purifica-
tion devices and solar thermoelectric generation devices leads to a 
remarkable enhancement in the system’s overall efficiency

[59]

Kazaz et al 2023 Water-based mono and hybrid 
nanofluids (Cu, Au, Al, Al2O3, 
Graphite)

Hybrid nanofluids can be considered as effective heat transfer fluids to 
increase the solar radiation absorbability, and subsequently, improve 
the efficiency and performance of the direct absorption solar collector

[60]

Meibodi et al 2016 Different types of nanofluids In the last years, Nanofluids in solar thermal systems have been 
studied as a useful technique to increase the performance of solar 
collectors and make them durable and highly efficient systems

[61]
Said et al 2018 [62]
Gupta et al 2018 [63]
Ghodbane et al 2019 [64]
Ehyaei et al 2019 [65]

Table 2   Physical properties of nanoparticles claimed by companies

a Average Particle Size
b Specific Surface Area

Nanopar-
ticle

APSa Purity/% SSAb/m2/g Morphol-
ogy

Color

Al2O3 30–40 nm 99.6 250 Powder White
SiO2 30 nm 99.8 150 Powder White
TiO2  < 25 nm 99.7 45–55 Powder White
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of the FPSC. Finally, we will explore the impact of thermal 
absorption and retention times on the efficiency of the FPSC.

Materials and experimental setup

Chemicals and equipment

The Al2O3 nanoparticles used in this study were obtained 
from Rayka Sanat Afrand (Rasa) company, while SiO2, TiO2 
and sodium dodecyl sulfate (SDS) surfactant were procured 
from Merck company. Table 2 presents a summary of the 
physical properties of the nanoparticles utilized in the prepa-
ration of the nanofluids for this study. Table 3 presents a 
detailed list of the equipment and devices that were utilized 
for the preparation of nanofluids and subsequent experimen-
tal procedures in this study.

The equipment and devices used to prepare the nanofluids 
and perform the experiments are listed in Table 3.

Nanofluid preparation and stabilization

A two-step method was employed to produce 760 mL of 
each nanofluid. Distilled water was infused with Al2O3, 
SiO2, and TiO2 nanoparticles at a mass–volume percentage 

of 0.2. To ensure the stability of the nanofluid, solutions 
were supplemented with 0.1 of the nanofluid, solutions were 
supplementedwith 0.1 mass% SDS and 0.1 mass% xanthan 
gum. The nanofluid was mixed using a magnetic stirrer for 
one hour followed by subjecting the resulting sample to 
40 min of ultrasonic waves using an ultrasonic device with 
a probe to ensure proper dispersion. The base fluid contained 
0.1% SDS and 0.1% xanthan gum without any addition of 
nanoparticles. A scale with an accuracy of 0.0001 g was 
used to obtain precise measurements of mass. Note that 
the xanthan gum is used to stabilize the nanofluid in order 
to avoid particles agglomeration and/or sedimentation. To 
reduce the effects of the xanthan gum on the nanofluid/ base 
fluid behavior, the minimum amount of xanthan gum was 
used.

Nanofluid analyses

FESEM1 was used to analyze the properties of the nanoflu-
ids, the dispersion behavior of the nanoparticles in the base 
fluid, the stability of the suspensions, and the agglomeration 
rate. Figures 1–3 show the field emission scanning electron 

Table 3   Equipment and devices 
used in the present study

a Polymethyl meth Acrylate
b Dynamic light scattering

No. Name Model/made of/company

1 Flat plate solar collector Plexiglass “PMMAa”
2 Water tank Plastic tank with a volume of 3 L
3 Water pump AQ901
4 Board Arduino Uno R3 boards with ATmega328P CPU
5 Temperature sensor DS18B20 waterproof with stainless steel probe
6 Thermal insulation Elastomeric foam-MAFLEX
7 Fiberglass –
8 Tungsten heat lamp 150 W
9 Halogen pencil lamp 150 W
10 Infrared lamp 250 W
11 Mercury vapor lamp 250 W
12 Agitator ALFA—HS860
13 Ultrasonic probe Hielscher-UP400S
14 Viscometer BROOKFIELD DV-II + Pro ± 1%
15 Pycnometer PYREX 50 mL
16 Digital scales Precisa—BJ 100 M, d = 0.001 g
17 Luxmeter MASTECH MS6612
18 Scanning electron microscope Tescan-MIRA 3
19 Infrared spectrometer Tensor 27-Bruker
20 Differential scanning calorimeter NETZSCH-DSC 200 F3 Maia
21 X-ray diffraction spectrometer SIEMENS-D 5000, 40, 30, Source: Cu
22 DLSb Nanotrac Wave

1  Field emission scanning electron microscope.
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microscopy images of Al2O3, SiO2 and TiO2 nanoparticles. 
As shown in the figures, the agglomerated particles are not 
visible in the images, and the distribution of nanoparticles 
in the base fluid is homogeneous and uniform. Spherical 
morphology can also be identified. The average particle size 
in Al2O3, SiO2, and TiO2 nanofluids was 56 nm, 50 nm, and 
47 nm, respectively.

Fourier transform infrared (FTIR) analysis was conducted 
in the range of 500–4000 cm−1 to investigate the properties of 
nanoparticles and assess the quality of the purchased materi-
als. The X-ray diffraction (XRD) technique was employed to 
analyze and characterize the crystals present in the nanopar-
ticles. By comparing the obtained XRD pattern with stand-
ard diffraction patterns, the known crystalline composition 
and particle lattice size could be determined. Additionally, 
zeta potential testing was conducted on the nanofluids to 
assess their stability and dispersion characteristics. The FTIR 
spectrum of Al2O3 nanoparticles is depicted in Fig. 4, which 

enables the identification of various bonds and their cor-
responding areas. Table 4 lists the known index peaks and 
related bonds for the tested Al2O3 nanoparticles. Specifically, 
at a wavelength of 773.42 cm−1, a metal oxide bond (i.e., a 
bond between a metal and oxygen) can be observed, which 
corresponds to the bond present in Al2O3 [67].

Figure 5 displays the results of the FTIR analysis per-
formed on SiO2 nanoparticles, with the corresponding 
bonds for this nanoparticle listed in Table 5.

The FTIR analysis results for TiO2 nanoparticles are 
presented in Fig. 6, with the corresponding bonds listed 
in Table 6. As per the data provided in the table, a metal 
oxide (Ti–O) bond can be observed at a wavelength of 
809.09 cm−1, which corresponds to the Ti–O bond [68, 69].

The X-ray diffraction (XRD) spectra for alumina, silica, and 
titania nanoparticles are illustrated in Figs. 7–9, respectively.

Fig. 1   FESEM images of alu-
mina (Al2O3) nanoparticles. A 
Low magnification and B high 
magnification

Fig. 2   FESEM images of silica 
(SiO2) nanoparticles. A Low 
magnification and B high mag-
nification
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To calculate the average crystalline size of the nanoparti-
cles, the Debye–Scherrer equation, which is represented by 
Eq. 1, was used [70].

where Cs is the average crystalline particle (nm), k dimension-
less crystal shape factor with constant value 0.94, wavelength 
of XRD with copper source, peak width at half maximum 
height (FWHM2) in radian, and diffraction angle (radian). 
Using the above relation, the particle size of the Al2O3 nano-
particles was 35 nm and this size was calculated for SiO2 and 
TiO2 nanoparticles as 30 and 20 nm, respectively.

(1)Cs =
k�

�Cos�

Fig. 3   FESEM images of 
titania (TiO2) nanoparticles. A 
Low magnification and B high 
magnification

Fig. 4   FTIR spectrum of Al2O3 
nanoparticles
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Table 4   Bonds information related to Al2O3 nanoparticles obtained 
from FTIR analysis

Wavelength/cm−1 Bond type

1 3467.58, 3552.15, 3656.36 O–H
2 1635.76 Dual bond C=C
3 1406.97 Bending bond O–H
4 773.42 Al–O metal oxide bond
5 525.56 Al–O–Al

2  full width at half maximum.
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The XRD pattern of gamma phase alumina nanoparti-
cles conforms to the standard Al2O3 reference (JCPDS3 
Card 29-0063). The same pattern was observed for anatase 
phase titania nanoparticles with standard reference of TiO2 
(JCPDS Card 21-1272). Peaks are also seen in 25.36, 
37.84, and 48.09 that match the specifications of anatase 
TiO2.

Zeta potential is a measure of the electric potential dif-
ference between the surface of a particle and the surround-
ing fluid. It is a key indicator of the stability of colloidal 

Fig. 5   FTIR spectrum of SiO2 
nanoparticles
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Table 5   Bonds information related to SiO2 nanoparticles obtained 
from FTIR analysis

Wavelength/cm−1 Bond type

1 3444.74 O–H
2 2950, 2850 C–H
3 1634.50 C=C
4 1099.19 C–O
5 804.58 Si–O
6 470.66 Si–O

Fig. 6   FTIR spectrum of the 
tested TiO2 nanoparticles
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3  Joint Committee on Powder Diffraction Standards.



7485Effects of heat–light source on the thermal efficiency of flat plate solar collector when nanofluid…

1 3

suspensions such as nanofluids, which are composed of nan-
oparticles dispersed in a liquid medium. High zeta potential 
shows high repulsion among the nanoparticles resulting in 
stable suspensions. Conversely, low zeta potential values 

indicate weak repulsion forces among the nanoparticles 
leading to particles aggregation and eventual sedimentation. 
Zeta potential analysis was conducted on alumina, silica, and 
titania nanofluids to evaluate nanoparticles size and nano-
fluid stability a few hours after synthesis. Table 7 provides 
the results of the zeta potential analysis for the nanofluids. 
Colloids with high zeta potential values (positive or nega-
tive) are considered to be electrically stabilized, while those 
with low values tend to aggregate. Nanofluids exhibiting a 
zeta potential range of 40 to 60 mV are considered to have 
excellent stability [71].

Table 6   Bonds information related to TiO2 nanoparticles obtained 
from FTIR analysis

Wavelength/cm−1 Bond type

1 3375.58 Tensile bond O–H
2 2950, 2851.71 C–H tensile bond
3 1140.34 The only weak bond is C–O
4 809.09 Ti–O metal oxide bond

Fig. 7   XRD pattern of Al2O3 
nanoparticle
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Fig. 8   XRD pattern of SiO2 
nanoparticle
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Physical and thermophysical properties of fluids

Various instruments were used to measure the physical and 
thermophysical properties of the fluids, such as density, 
specific heat capacity, and viscosity. The density of both 
the base fluid and nanofluids was determined using a pyc-
nometer, which is a device used for measuring the volume 
and density of small objects. In order to calculate the spe-
cific heat capacity, the base fluid and nanofluids were ana-
lyzed by DSC,4 which is a thermal analysis technique, and 
is used to measure changes in the heat flow of a sample as 

it undergoes temperature changes. Also, Table 8 presents 
the fluids density. It is worth noting that for both the nano-
fluids and the base fluid, the density was measured at only 
one temperature. It is important to note that any changes in 
density during the heat absorption or retention phases of 
the experiments are likely to be negligible. In other words, 
although the density was measured at only one temperature, 
it is unlikely to have varied significantly during the experi-
ments and therefore would not have had a significant impact 
on the results. According to a study by Vajjha et al., it was 
found that at a concentration of 1% by volume of Al2O3 
nanofluid, there is a reduction in density of 2.51% when the 
temperature of the fluid increases from 0 to 50 °C. This indi-
cates that while changes in temperature can indeed affect the 
density of nanofluids, such effects may be relatively small 
and need to be taken into account when conducting experi-
ments or analyzing data [72].

To calculate the specific heat capacity of the fluids, the 
nanofluids and base fluid were analyzed by DSC. The tem-
perature range to run DSC analyses was selected from 10 to 
90 °C. At first, fluids were heated. They were then cooled 
from 90 to 10 °C and the resulting graphs were plotted. 
Finally, the specific heat capacity of the fluids was calculated 
by calculating the surface area below the DSC-time diagram. 
Table 9 presents the relevant data obtained from this analy-
sis. Besides, Fig. 10 displays images of DSC analysis done 
on various fluids.

The kinematic viscosity of both the nanofluids and the 
base fluid was measured using a Brookfield viscometer. 
Shear thickening and shear thinning are two types of non-
Newtonian fluid behavior that describe how a fluid's vis-
cosity changes in response to shear stress or shear rate. 
Shear thickening fluids exhibit increase in viscosity when 
subjected to shear stress. This is due to the formation of 

Fig. 9   XRD pattern of TiO2 
nanoparticle
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Table 7   Zeta potential and DLS analysis data a few hours after nano-
fluid synthesis

Nanofluid Zeta potential/mV Particle size

Alumina 46.2 97%: 72 nm
3%: > 100 nm

Silica 47.9 97%: 60 nm
3%: > 100 nm

Titania 45.3 97%: 58 nm
3%: > 100 nm

Table 8   Data related to the density of nanofluids and base fluid

Fluid Base fluid Alumina 
nanofluid

Silica nano-
fluid

Titania 
nanofluid

Density at 
T = 25 °C

1.00616 g 
mL-1

1.00816 g 
mL-1

1.0064 g 
mL-1

1.00714 g 
mL-1

4  Differential Scanning Calorimetry.
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temporary particle networks that resist against shear stress, 
resulting in a stiffening effect. Shear thinning fluids, on the 

other hand, exhibit a decrease in viscosity with increas-
ing shear rate. This occurs due to the breaking down of 

Table 9   Mean values of specific 
heat capacity of fluids during 
heating and cooling processes

Sample Temperature 
range

Average heating capac-
ity for heating

Temperature 
range

Average heat 
capacity for 
cooling

Alumina nanofluid 10–90 3.150 90–10 2.3
Silica nanofluid 10–90 2.95 90–10 1.9
Titania nanofluid 10–90 2.760 90–10 1.2
Base fluid 10–90 3.520 90–10 3.359
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Fig. 10   DSC analysis for different fluids: A Alumina nanofluid, B silica nanofluid, C titania nanofluid, and D base fluid



7488	 M. Ahmadi et al.

1 3

long-chain molecules or aggregates through shearing forces, 
leading to a more fluid-like behavior. The ability of a fluid 
to exhibit shear-thickening or shear-thinning behavior is 
dependent on various factors, including particle concentra-
tion, particle size, shape, and surface chemistry. Understand-
ing these properties and the resulting behavior is crucial in 
optimizing the performance of nanofluids for specific appli-
cations. As mentioned, kinematic viscosity of the fluids was 
assessed via a Brookfield viscometer at various rotational 
speeds. The dynamic viscosity results are shown in Fig. 10. 
The findings reveal that as rotational velocity increased from 

10 to 120 rpm at room temperature (approximately 21 °C), 
the viscosity of the base fluid, silica nanofluid, and alumina 
nanofluid decreases. However, the dynamic viscosity of 
TiO2 nanofluid increases with increasing the shear rate due 
to TiO2 nanofluid characteristics as a shear thickening fluid.

Figure 11 shows the dynamic viscosity changes curve for 
the base fluid and nanofluids at different rotational veloci-
ties. The accuracy in viscosity measurement was ± 1%.

As depicted in Fig. 11, the viscosity of the base fluid 
appears to be higher than that of the nanofluids. This is 
likely due to the increased density of the mixture when 
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solid particles are added to the liquid. This increased density 
requires more force to overcome shear forces, resulting in 
a higher viscosity for the mixture. The comparatively high 
viscosity of the base fluid, as opposed to the nanofluids, may 
be attributed to small disturbances in the hydrogen bond-
ing network. In completely hydrogen-bonded liquids, even 
minor disruptions can result in a significant reduction in 
viscosity. The presence of metal oxide nanoparticles within 
the liquid may serve to disrupt the hydrogen bonds between 
water molecules through chemical interactions between the 
surface of the nanoparticles and surrounding water mol-
ecules, resulting in reduced viscosity [73]. As temperature 
increases, the viscosity of the nanofluids and base fluid is 
expected to decrease due to the weakening of intermolecu-
lar forces at higher temperatures [74]. Therefore, during the 
heat absorption stage of the experiment, it is anticipated that 

both the nanofluids and base fluid would experience a reduc-
tion in viscosity.

Experimental setup and procedure

Experimental setup

Figure 12 illustrates the experimental setup with key com-
ponents. These include a FPSC, an insulated tank, tubing 
system, a water pump, distilled water as the operating fluid, 
nanofluid/base fluid as service fluid, heat–light sources 
(lamps), temperature sensors, an Arduino board with asso-
ciated circuitry, and a laptop.

Experimental procedure

In the designed setup, the stationary nanofluid/base fluid 
contained within the fixed FPSC absorbs heat from the 
heat–light source. This source is a lamp located at the end 
of an aluminum box, 31 cm away from the collector. Polyu-
rethane foam and glass wool insulation cover the sides and 
back of the collector. Several types of heat–light sources can 
be used including tungsten, infra-red, halogen pencil, and 
mercury vapor lamps. The collector is filled with 760 mL 
of the prepared service fluid. The service fluid remains sta-
tionary inside the collector once it is injected. Inside the 
insulated water tank, a water pump is installed to circulate 
the distilled water (operating fluid) through the embedded 
copper tubing system inside the collector. As distilled water 
passes through the tubing, the operating fluid absorbs heat 
from distilled water. The heated operating fluid then flows 
back into the insulated water tank. After absorbing heat 
from distilled water, the copper tubes allow distilled water to 
flow into the collector and return to the insulated tank. The 
experiment is carried out by repeating and continuing this 
cycle. The temperature at six different points is measured 
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Fig. 11   Changes in the dynamic viscosity of the fluids tested at differ-
ent rotational velocities

Fig. 12   Experimental setup 
used in the present research
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using temperature sensors. Of these sensors, two are inside 
the collector, two others are in the inlet and outlet of the col-
lector, one is inside the distilled water tank, and the last one 
measures the ambient temperature. The utilized temperature 
sensors are type DS18B20 waterproof with stainless steel 
probe. Before running the tests, all sensors are calibrated.

Measurements were taken and recorded every two sec-
onds to obtain reliable data. Different types of lamps with 
different wavelengths and frequencies were utilized in 
order to simulate radiation from various heat–light res-
ervoirs. Figure 13 displays the utilized lamps used in the 
experiments. The majority of the electrical energy used by 
lamps is spent on heat production rather than light, result-
ing in low light efficiency. The spectral energy distribution 
of the utilized lamps has a starting wavelength of 700 nm. 
In contrast, the sun's distribution begins at a wavelength of 
300 nm. Although due to the spectral mismatch between 
the sun and these lamps the amount of heat absorption by 
service fluid and its transfer to the operating fluid will be 
different, this study does not aim to examine these effects. 
The collector was placed in a completely vertical position 
at a 90° angle with respect to the horizon in front of the 
lamps for all experiments.

The average light radiation reaching the collector surface was 
measured using a luxmeter. Table 10 provides the average radia-
tion intensity values of different lamps from the light source to 
the collector surface. The specifications of the designed and 
built flat plate solar collector are listed in Table 11.

Figure 14 shows the fabricated collector before installation 
of the sensors and insulation. The experiments were conducted 
in two stages. The first stage involved a four-hour experiment, 
consisting of two hours of heat absorption and two hours of 
heat retention, while the second stage consisted of an eight-
hour experiment, including four hours of heat absorption 
and four hours of heat retention. During the heat absorption 
phase, the lamp was turned on, and the service fluid absorbed 

radiation directly from the lamp and transferred it to the circu-
lating water. In the heat retention phase, the lamp was turned 
off, but water continued to circulate inside the tubing system 
and storage tank. A data logger and an Arduino program were 
used to collect and record the data during both stages of the 
experiments. Figure 15 displays a schematic of the collector 

Fig. 13   Lamps used as heat–light source; A tungsten heat lamp, B halogen pencil lamp, C infrared lamp, and D mercury vapor lamp

Table 10   Average radiation rate reaching the collector surface center 
when using different lamps

Lamp Intensity of light 
(lux)

Intensity of 
light/W m-2

Tungsten heat lamp 2000 22.22
Halogen pencil lamp 950 39.58
Infra-red lamp 830 15.96
Mercury vapor lamp 715 14.3

Table 11   Specifications of the designed and built flat plate solar col-
lector

Specifications Dimensions

External dimensions of the collector 15 × 15 × 4 cm
Internal volume with sensors and copper tube 760 CC
Surface area exposed to heat 225 cm2

Body thickness 4 mm
Body material Plexiglass
Pipe material inside the collector Copper
Diameter pipe 6.35 mm (1.4 inch)
Length of the pipe 150 cm
Type of thermal insulation Fiberglass and 

elastomeric foam
Thickness of fiberglass 1 cm
Thickness of elastomeric foam 1 cm
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and data logger setup that was utilized during the experiments. 
Each experiment was repeated three times, and all presented 
results are the average of those three repetitions.

Thermal efficiency calculation

Equation 2 is used to determine the amount of heat absorbed 
by the operating fluid [75, 76].

where Qof is the amount of heat absorbed by operating fluid 
in W, ṁ is the mass flow rate in kg s-1, and Cp is the specific 
heat capacity in J kg-1 °C-1. Also, to and ti are the outlet and 

(2)Qof = ṁCp

(

to − ti
)

inlet temperatures in °C, respectively. The collector thermal 
efficiency can be obtained using Eq. 3 [76]:

where η is the collector thermal efficiency, AC is the area 
of the collector surface in m2, and G is the average light 
intensity arrived to the collector surface in W m-2 (in current 
study was measured using a luxmeter, MASTECH, MS6612, 
China). As shown in Fig. 11, in current closed system, heat 
is radiated from the heat source (tungsten heat lamp, halogen 
pencil lamp, infrared lamp and mercury vapor lamp) to the 
collector located at distance L. Some heat is absorbed by 
service fluid (Qs), operating fluid (Qof), collector body (Qcb), 
collector tubing (Qct), and water tank body (Qwtb). The total 
heat absorbed by collector (Q) is summation of the men-
tioned energies. Also, part of the heat is lost to environment 
mainly from collector surface by heat convection mechanism 
(QL). Other parts of the collector have been insulated care-
fully. Consequently, the total radiation reaching the collector 
surface (Qt) can be determined using Eq. 4.

One possible way to calculate the total amount of absorbed 
energy is by using Eq. 5.

On the other hand:

In conventional FPSCs, for operating fluid Eq. 7 may also 
be used [76].

where FR is heating removal factor, τα is the absorption/prod-
uct conversion, UL is the general loss coefficient of the solar 
collector, Ti is the inlet operating fluid temperature, and Ta is 
the ambient temperature. However, in the current study due 
to the fact that the designed collectors are unconventional, 
and tubing inside the collectors has spiral or helical shape, 
some of the parameters could not be measured or calculated. 
Besides, there is no fin, bond, and parallel tubes in current 
collectors, so Eq. 7 does not attain the correct answer.

Results and discussions

Different heat–light sources

Three different nanofluids, i.e., TiO2, SiO2, and Al2O3, and 
base fluid as service fluid were examined using four different 

(3)𝜂 =

Qof

ACG
=

ṁCp

(

to − ti
)

ACG

(4)Qt = Qs + Qof + Qcb + Qct + Qwt + QL

(5)Qabs = Qs + Qof + Qcb + Qct + Qwt

(6)Qt = ACG

(7)Qof = ACFR

[

G�� − UL

(

Ti − Ta
)]

Fig. 14   View of the fabricated collector before insulating and install-
ing the sensors
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Fig. 15   Schematic of the experimental setup and data logger sets
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types of lamps by applying constant conditions for all exper-
iments. Figures 15–18 show the temperature changes of the 
service fluid using different lamps.

According to Fig. 15, at the very early stage of the heat 
absorption, all the curves have the highest temperature 
increase rate. This is due to the significant temperature dif-
ference between the collector and the light–heat source. As 
time goes on, slopes become shallow. Overall, at a given 
moment, due to the difference in special heat capacities, 
Al2O3 nanofluid temperature has the highest temperature 

while the base fluid has the lowest temperature. This sce-
nario is valid for both four- and eight-hour experiments dur-
ing heat absorption and retention.

The maximum temperature of Al2O3 nanofluid at the end 
of the heat absorption stage when using tungsten heat lamp, 
halogen pencil bulb, infrared, and mercury vapor lamps is 
67.2, 56.5, 48, and 45.8 °C, respectively. When the collec-
tor is at its maximum temperature by disconnecting the heat 
source, the collector begins to discharge heat with different 
intensities. In general, the declining slope of the curves is 
different than the inclining slope in the heat absorption step. 
This phenomenon can be attributed to the temperature dif-
ference between the collector and the environment, and to 
the differences in the specific heat capacities of the utilized 
service fluids. As the heat retention step continues, the heat 
dissipation slope is somewhat reduced. It can be stated that 
by changing the type of the service fluid, changes in the 
process of heat absorption and retention in the collector 
could be observed. According to the fact that alumina nano-
particles have higher thermal conductivity than titanium 
nanoparticles, using alumina nanofluid as a service fluid in 
collector, the heat absorption and transfer will happen better 
and quicker than the other service fluids.

Comparing Figs. 16–19 together, a significant difference 
can be predicted in the early stage of the heat retention time 
for both four-hour and eight-hour experiments. Based on the 
data presented in Fig. 19, it is evident that alumina nanofluid 
suffers greater heat dissipation than either the base fluid, 
titania, or silica nanofluid during the heat retention time. 
These results indicate that nanofluids lose more heat than 
the base fluid during the heat retention period indicating 
nanofluids heightened cooling abilities. This may be due, 
at least in part, to the nanofluids relatively reduced specific 
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Fig. 16   Variation in temperature in time for alumina, silica, titania, 
and base fluid when using tungsten heat lamp in four and eight-hour 
experiments
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and base fluid when using halogen pencil lamp in four- and eight-
hour experiments
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heat capacity. Although titanium nanoparticles possess a 
lower heat capacity than alumina nanoparticles, which might 
suggest that titanium nanofluid would have a greater heat 
absorption rate than alumina nanofluid, the opposite is true. 
According to Figs. 16–19 alumina nanofluid performs better 
than titania in terms of heat absorption because of greater 
thermal conductivity. As a result, it experiences a greater 
increase in temperature compared to the other samples 
under identical experimental conditions. When comparing 
the results of heat absorption stages between experiments 
lasting four and eight hours, it is obvious that increasing the 
heat–light exposure time leads to a high heat absorption by 
both the nanoparticles and base fluid. This leads to faster 
cooling rate during the subsequent cooling stage. Of course, 
the declining slope of the curves during the heat discharge 
step typically differs from the inclining slope in heat absorp-
tion stage. The temperature difference between the collector 
and its surrounding environment, along with the differences 
in specific heat capacities of the service fluids, explains why 
the slopes of the curves during the heat absorption and dis-
charge phases differ from one another. Alumina nanofluid 
is more favorable choice as service fluid for heat absorption 
and retains within the collector due to its better thermal con-
ductivity in comparison to titanium and silica nanofluids.

According to the fact that titanium's heat capacity is 
lower than alumina’s, it is expected that the titanium nano-
fluid shows more absorption rate than the alumina nano-
fluid, but due to the higher thermal conductivity of alumina 
than titania, alumina nanofluid has higher heat absorption. 
Therefore, its temperature increases more compared to the 
others in the experimental conditions with the same dura-
tion. By comparing the results of heat absorption stages in 
four and eight-hour experiments, it can be concluded that by 

increasing the duration of the stages, absorption of heat by 
the nanoparticles and base fluid is increased. Of course, the 
heat retention (cooling) rate is high when the heat absorption 
rate of nanofluids is high.

Thermal efficiency of the collector

In addition to the two-hour heat absorption period, the 
FPSC's time-averaged heat efficiencies were calculated 
during four-hour heat absorption periods (or eight-hour 
heat absorption-retention) using various fluids and lamps 
in three repetitions, as shown in Table 12. As mentioned 
earlier, thermal efficiency of the collector increases when 
nanofluids are used instead of the base fluid. Table 13 pre-
sents the time-averaged values, which are also the average 
of three replications. The experimental data suggest that 
using a nanofluid as a replacement for the base fluid results 
in a higher thermal efficiency, as indicated by the obtained 
results. It is evident from the results that the efficiency 
values for different fluids show significant variability when 
tested with various lamps. Consistent with the findings of 
the two-hour heat absorption stage, the results of the four-
hour test indicate that the maximum efficiency is obtained 
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Table 12   Parameters used to calculate thermal efficiencies

a Polyethylene

Parameter Value Unit

Cp operating fluid (water) 4181 (J kg-1 
K-1)

Cp Service fluid (nanofluid)
 Al2O3 3150 (J kg-1 

K-1) SiO2 2950
 TiO2 2760
 Base fluid 3520

Cp copper (tubing) 385 (J kg-1 
K-1)

Cp PMMA (collector body) 1466 (J kg-1 
K-1)

Cp PEa (tank body) 2400 (J kg-1 
K-1)

m operating fluid 2.00 Kg
m service fluid 0.76 Kg
m copper 0.195 Kg
m PMMA (collector body) 0.20 Kg
m PE (tank body) 0.150 Kg
Ac collector 0.0225 m2

G
 Tungsten heat lamp 22.22 W m-2 K-1

 Halogen pencil lamp 39.58
 Infrared lamp 15.96
 Mercury vapor lamp 14.30
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when using alumina nanofluid with a tungsten heat lamp, 
while the minimum efficiency is associated with the use 
of a halogen pencil lamp for the base fluid.

The experimental evidence supports the conclusion 
that nanofluids exhibit higher convective heat transfer 
compared to the base fluid, resulting in increased thermal 
efficiency. The findings indicate that the use of nanoflu-
ids results in a higher level of useful heat energy being 
obtained from the solar collector when compared to the 
base fluid. Based on the data obtained, it is evident that 
when nanofluids are used, there is a significant increase 
in heat absorption rate coupled with a corresponding 
decrease in heat loss rate. Improving the thermal proper-
ties of fluids is an innovative approach to addressing the 

issue of low thermal conductivity, which ultimately leads 
to decreased thermal efficiency in devices such as heat 
exchangers.

Figure 20 shows the amount of heat absorbed/lost by 
different parts of the collector system when using different 
heat–light sources including heat lamp (Fig. 20A), infrared 
(Fig. 20B), mercury (Fig. 20C), and pencil lamp (Fig. 20D). 
For all the tests Al2O3, nanoparticle concentration is 0.2%.

Insulation effects

Insulation plays a critical role in the efficiency of solar 
collectors. A well-insulated collector can minimize heat 
loss and effectively trap solar energy, leading to higher 

Table 13   Time-averaged thermal efficiency of flat plate solar collector using different nanofluids and its comparison with base fluid during two-
hour and four-hour of heat absorption

Heat–light source type Heat absorption 
time/min

Service fluid type Efficiency based on 
Qof/Qt/%

Error/% Efficiency based on 
Qabs/Qt/%

Error/%

Tungsten heat lamp 120 Base fluid 48.78  ± 1.20 71.07  ± 0.30
Al2O3 nanofluid 67.37  ± 1 96.98  ± 1.02
SiO2 nanofluid 66.21  ± 0.9 92.12  ± 0.88
TiO2 nanofluid 64.64  ± 0.45 87.58  ± 0.42

240 Base fluid 37.17  ± 1.20 53.00  ± 1
Al2O3 nanofluid 44.72  ± 1.10 63.18  ± 0.32
SiO2 nanofluid 43.42  ± 0.8 60.72  ± 1.28
TiO2 nanofluid 42.26  ± 1.30 58.18  ± 0.82

Halogen pencil lamp 120 Base fluid 20.87  ± 1 29.95  ± 0.55
Al2O3 nanofluid 27.8  ± 1.20 40.64  ± 0.36
SiO2 nanofluid 27.77  ± 0.23 39.98  ± 1
TiO2 nanofluid 27.39  ± 0.61 37.00  ± 0.69

240 Base fluid 16.67  ± 0.83 23.00  ± 0.5
Al2O3 nanofluid 19.52  ± 1 27.43  ± 0.57
SiO2 nanofluid 19.03  ± 0.47 26.07  ± 1.06
TiO2 nanofluid 18.75  ± 0.55 25.08  ± 0.92

Infrared lamp 120 Base fluid 38.81  ± 0.19 58.14  ± 0.97
Al2O3 nanofluid 54.37  ± 1.13 79.14  ± 1.2
SiO2 nanofluid 52.56  ± 0.44 73.81  ± 0.5
TiO2 nanofluid 51.36  ± 1.14 70.61  ± 1

240 Base fluid 31.63  ± 1 43.65  ± 0.6
Al2O3 nanofluid 36.28  ± 0.5 52.34  ± 0.9
SiO2 nanofluid 34.06  ± 1.14 48.27  ± 1.02
TiO2 nanofluid 33.76  ± 0.24 46.15  ± 0.5

Mercury vapor lamp 120 Base fluid 36.78  ± 1.22 54.95  ± 1
Al2O3 nanofluid 51.65  ± 1.03 76.53  ± 0.83
SiO2 nanofluid 50.53  ± 0.47 71.45  ± 0.55
TiO2 nanofluid 49.63  ± 0.87 67.60  ± 0.74

240 Base fluid 28.21  ± 0.79 39.97  ± 0.35
Al2O3 nanofluid 33.39  ± 0.61 48.80  ± 1.20
SiO2 nanofluid 32.49  ± 0.51 46.21  ± 0.79
TiO2 nanofluid 31.24  ± 1.06 42.94  ± 0.96
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temperatures and better performance. On the other hand, 
poor insulation can result in significant heat loss, reducing 
the performance and efficiency of the solar collector. Dur-
ing cold weather conditions or at night, the insulation helps 
keep the heat inside the collector, ensuring that the stored 
heat is not lost to the surrounding environment. This means 
that the solar collector can continue to provide hot water or 
warm air even in the absence of sunlight. In addition, good 
insulation can help protect the collector from damage caused 
by freezing or overheating. Overall, efficient insulation is 
crucial for maximizing the performance of solar collectors 
and minimizing thermal losses, which can have a significant 
impact on the overall effectiveness and cost-effectiveness of 
the system.

Few tests were designed to examine effects of collec-
tor insulation on the heat absorption capabilities of the 

FPSC. To achieve this, the collector's glass wool insula-
tion and elastomeric foam were removed, and an eight-
hour test was conducted three times using alumina, silica, 
and titania nanofluids with a halogen pencil lamp. The 
results are shown in Fig. 21. As shown, for all tests, insu-
lation results in reduced heat losses to the environment, 
leading to lower thermal dissipation and higher collector 
efficiency. In the designed experiment, the time-averaged 
thermal efficiency of the collector without insulation 
was 20%, while for the insulated collector, the efficiency 
raised to 23%. This efficiency increase is in accordance 
with literature [77].

300

200

Q
/K

J

100

0

0 1800

(a) (b)

(c) (d)
3600

Time/s
5400 7200

150

200

100

Q
/K

J

Q
/K

J

50

0

0 1800 3600

Time/s
5400

Q-Operating fluid

Q-Collector

Q-Service fluid Q-Tubing

Q-TotalQ-Tank

7200

150

200

100Q
/K

J

50

0

300

250

200

150

100

50

0

0 1800 3600

Time/s
5400 7200

0 1800 3600

Time/s
5400 7200

Fig. 20   Amount of heat absorbed/lost by different parts of the collector system for four-hour heat absorption-retention test when using different 
kinds of lamps; A heat lamp, B infrared lamp, C mercury vapor lamp, and D halogen pencil lamp



7496	 M. Ahmadi et al.

1 3

Effect of SDS concentration on heat transfer

The addition of surfactant to nanofluids can have a signifi-
cant impact on the stability and thermal properties of the 
fluid. However, it is important to note that the amount of sur-
factant added to the nanofluid must be carefully controlled. 
Excessive amounts of surfactant can lead to a reduction in 
thermal conductivity and other negative effects, such as 
increased viscosity and decreased flow rate. On the other 
hand, too little surfactant may result in poor stabilization 
of the nanoparticles, leading to particle agglomeration and 
settling. Overall, the influence of adding surfactant to nano-
fluids can be positive if the right amount is used. Careful 
consideration of the type and concentration of surfactant 

is essential to achieve optimal results in terms of nanofluid 
stability and thermal properties.

Several experiments were planned to investigate how the 
amount of SDS affects heat transfer using tungsten heat and 
halogen pencil lamps. In this experiment, pure distilled water 
and distilled water solutions containing SDS at varying vol-
ume concentrations (0.2%, 0.5%, and 1%) were utilized as 
service fluids. It was found that the use of pure distilled 
water resulted in the highest level of heat transfer, while 
adding surfactant into distilled water resulted in lower heat 
transfer. Moreover, previous findings have demonstrated that 
an insufficient quantity of SDS cannot offer enough coverage 
to generate electrostatic repulsion forces that can effectively 
counteract van der Waals attraction forces between parti-
cles, resulting in unstable nanofluids [78]. In contrast, using 
excessive amounts of SDS can have an adverse effect on 
the thermal characteristics of the fluid. So, an appropriate 
amount of surfactant for a specific application is necessary 
to avoid negative impacts on heat transfer and fluid stability.

Figure 22 depicts the changes in temperature for various 
service fluids over time when using either the tungsten heat 
lamp (Fig. 22A) or the halogen pencil lamp (Fig. 22B). As 
results show, for the same amount of received energy, pure 
distilled water reaches to the highest temperature, whereas 
the service fluid that contained 1% SDS exhibited the lowest 
temperature. Besides, the results showed that using distilled 
water as service fluid resulted in the highest amount of heat 
transfer. In other words, when distilled water containing 
0.2%, 0.5%, and 1% SDS was used, heat transfer decreased 
with increasing SDS content.

Conclusions

The present study aimed to investigate the effect of different 
heat–light sources on the thermal efficiency of a flat plate 
solar collector. Four types of lamps, including tungsten heat 
lamp, halogen pencil lamp, infrared lamp, and mercury 
vapor lamp, were utilized as thermal radiation sources in 
this study. During the experiments, the thermal behavior of 
the prepared nanofluids in the flat plate solar collector was 
investigated in two stages: heat absorption with a duration of 
120 and 240 min and heat retention with the same duration.

•	 Interestingly, the results of the 120-min heat absorption 
experiment demonstrated a higher efficiency compared 
to that of the 240-min experiment.

•	 Replacing the base fluid with a nanofluid is known to 
enhance heat transfer performance. The findings of the 
study validated that various types of nanofluids can 
have distinct impacts on the thermal efficiency of solar 
collectors.
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Fig. 21   Effect of collector insulation on heat absorption by nanofluids 
using a halogen pencil lamp in eight-hour test: A Alumina nanofluids, 
B silica nanofluids, and C titania nanofluid
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•	 As per the experimental results, the collector utilizing 
a tungsten heat lamp demonstrated the highest thermal 
efficiency among all the tested heat–light sources.

•	 The efficiency values for a 120-min heat absorption 
duration were found to be 67.37% for Al2O3 nanofluid, 
66.21% for SiO2 nanofluid, 64.64% for TiO2 nanofluid, 
and 48.78% for the base fluid when using a tungsten 
heat lamp.

•	 During the heat absorption duration of 240 min, the cor-
responding efficiency values for a tungsten heat lamp 
were 44.72% for Al2O3 nanofluid, 43.42% for SiO2 nano-
fluid, 42.26% for TiO2 nanofluid, and 37.17% for the base 
fluid.

•	 According to the results, the highest thermal efficiency 
for the FPSC was achieved when using a tungsten heat 
lamp with 0.2% mass-volume Al2O3 nanofluid.

•	 Comparing different nanofluids, it was found that alu-
mina nanofluid exhibited the highest energy absorption 
and transmission rate to the operating fluid as compared 
to silica and titania nanofluids. It has been observed that 
nanofluids exhibit enhanced heat transfer characteristics 
compared to conventional fluids such as water, ethyl-
ene glycol, and oils, especially in extraterrestrial envi-
ronments. One of the main reasons for the significant 
increase in thermal conductivity exhibited by nanoflu-

Fig. 22   Variation in differ-
ent service fluids' temperature 
during the experiment when the 
heat–light source is: A Tungsten 
heat lamp, B halogen pencil 
lamp
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ids is the presence of suspended particles of nanoscale 
dimensions within the base fluid.

•	 One key observation from the study is that fluids contain-
ing nanoparticles have a greater capacity to absorb and 
retain thermal energy compared to their corresponding 
base fluids. Another key reason for the improved thermal 
absorption and retention capabilities of nanofluids is the 
direct absorption of photons by nanoparticles, particu-
larly in the case of (Al2O3, SiO2 and TiO2) nanoparti-
cles. These nanoparticles have a wide bandgap, which 
makes it capable of absorbing UV light and converting 
it into heat energy. When dispersed in a fluid medium, 
these nanoparticles can absorb a significant portion of 
the incoming radiation, converting it into thermal energy 
and increasing the overall efficiency of the collector. This 
mechanism of direct photon absorption by nanoparticles 
is a unique advantage of nanofluids over conventional 
fluids and can provide a substantial boost to their thermal 
performance. Besides, the other factor that contributes to 
the improved thermal performance of nanofluids is the 
dispersion of light by nanoparticles. By increasing the 
dispersion of light in the fluid medium, the length of the 
path that light travels through the fluid can be extended, 
causing more light to remain inside the fluid and increas-
ing heat absorption. This effect is especially notable in 
fluids containing nanoparticles with high refractive indi-
ces, which can scatter and absorb light more effectively 
than the base fluid alone. The combined effects of direct 
photon absorption and light dispersion by nanoparticles 
can lead to significant improvements in the thermal prop-
erties of nanofluids, making them an attractive option 
for enhancing the efficiency of solar collectors and other 
thermal systems.

Generally, because of several factors, such as increased 
heat capacity and thermal conductivity of nanofluids, their 
ability to reduce convection losses, and the enhanced disper-
sion of light by nanoparticles, nanofluids are able to retain 
thermal energy for more extended periods, making them a 
potentially valuable technology for improving the perfor-
mance and efficiency of solar collectors and other thermal 
systems. There are several potential avenues for future stud-
ies aimed at improving and increasing the efficiency of flat 
plate collectors. Some possible approaches could include 
exploring different types of nanofluids or utilizing other 
advanced heat transfer fluids, incorporating novel materials 
into the collector design to enhance thermal insulation or 
increase absorption of solar radiation, optimizing the overall 
geometry and layout of the collector system, and evaluating 
new fabrication techniques or manufacturing processes that 
enable more precise and cost-effective production of the col-
lectors. More researches could be done to investigate how 
the operation and performance of these collectors can be 

optimized in different operating conditions, such as extreme 
temperatures, high humidity, or low light environments. 
Evaluating changes in the performance of collectors by 
modifying their dimensions and utilizing various absorbent 
plates can aid in identifying significant factors that impact 
the absorption rate and thermal efficiency of the collectors. 
These could help the development of more efficient flat plate 
collector designs in the future.
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