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ABSTRACT: The thermal performance of an enclosed type evacuated U-tube solar collector (EEUSC) was investigated
experimentally using Fe3O4-multi-walled carbon nanotube (MWCNT)/water hybrid nanofluid with various proportions
of Fe3O4 and MWCNT nanoparticles. The sensitivity of thermal performance and photo-thermal conversion efficiency
was analyzed under different operating conditions. The maximum efficiency of the EEUSC was 80.1% when
hybrid nanofluid with 80 wt% MWCNT and 20 wt% Fe3O4 nanoparticles (weight ratio = 8 : 2) was applied, which
corresponded to 15.5% and 25.6% improvement compared to Fe3O4 nanofluid and water, respectively. In addition, the
efficiency of EEUSC was increased by 10.1% when the flow rate of the working fluid was increased from 0.036 kg/s
to 0.054 kg/s. The experimental results demonstrated that adding MWCNT nanoparticles into Fe3O4 nanofluid was an
effective way to enhance the sensitivity of thermal performance of the EEUSC.
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INTRODUCTION

The demand for renewable energy has become more
intense due to rapid economic development and con-
tinuous population growth. With a growing global
focus on renewable energy, solar collectors have gained
widespread attention as an effective, sustainable and
eco-friendly energy conversion method. Solar col-
lectors are the primary method of harnessing solar
energy [1, 2]. In addition, the use of solar collec-
tors can reduce dependence on non-renewable energy
sources, resulting in lower energy costs and increased
energy security. There are several ways to improve
the efficiency of solar collectors, such as updating the
structures of solar collectors, adjusting the tilt angle
of solar collectors, adding reflection or light-gathering
devices or using working fluid with higher thermal
conductivity [3–7]. For example, a new type of flat
plate solar collector (FPSC) was fabricated with an
internal absorber tube receiver, which showed im-
provement in efficiency from 45% to 67% compared
to normal working fluid. Nanofluids are an ideal
alternative to conventional working fluids due to their
extremely high thermal conductivity [8]. Nanoflu-
ids are specialized fluids containing certain nanopar-
ticles. Due to the inclusion of these nanoparticles,
nanofluids typically have higher thermal conductivity
than conventional fluids, so they can transfer heat
more efficiently than conventional fluids. As a result,
their application in solar collectors can significantly
enhance the heat transfer efficiency and improve the
overall performance. Ram and coworkers [9] reviewed

the performance of different types of solar collectors
using various nanofluids as working fluid in recent
two decades, and provided a comprehensive analy-
sis of the performance of various nanofluids in solar
collectors. Aissa et al [10] provided an overview
of advancements in methods for increasing thermal
performance of solar collectors. They also discussed
the significant developments in recent years and the
future prospects in the hybrid nanofluids. The effi-
ciency of a concentrating parabolic solar collector us-
ing aluminum nanofluid was studied, which performed
approximately 5% to 10% better than the traditional
parabolic solar collector [11]. It was reported that
the size of nanoparticles was not the critical factor for
determining the optical properties of nanofluid while
the volume fraction of nanoparticles was proportional
to the extinction coefficient [12]. Eltaweel et al [13]
studied the thermal performance of MWCNT nanofluid
with different concentrations and found that energy
and exergy efficiency of solar collector increased with
the increase in weight concentration of nanofluid. The
optimal concentration of Fe3O4 nanofluid was found to
be 3 vol% by analyzing the efficiency of solar collectors
under various operating conditions [14]. According
to Cho’s study [15], Fe3O4 nanofluid showed better
optical and thermal performance than the base fluid
(water). Moreover, 0.01 wt% MWCNT nanofluid
showed nearly 30% improvement of thermal conduc-
tivity and almost 32.5% improvement of thermal prop-
erties compared to water [16]. Qu et al [17] dis-
cussed the preparation and photo-thermal conversion
performance of stable water-based nanofluids contain-
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ing MWCNT. Their results indicated that the optimal
concentration of the nanofluid was 0.01 wt%, which
increased the extinction coefficient and temperature of
the nanofluid after optical irradiation. Experimental
studies using CeO2 nanofluid as working fluid showed
that its thermal efficiency was improved dramatically
compared to water [18]. Another study investigated
the thermal efficiency of a solar collector with various
concentrations of working fluids, and revealed that
using MWCNT nanofluid led to the maximum thermal
efficiency, which was nearly 29% higher than that
using water [19]. It was also found that a maximum
increase of 29.32% was obtained in thermal efficiency
of the collector using MWCNT/water nanofluid with
0.75 vol% and a mass flow rate of 0.025 kg/s [20].
Recent progress in internal treatment and modification
of carbon based materials and catalyst introduction
were summarized, and some practical suggestions for
further development were put forward [21].

In addition, there has been a recent increase in
research on hybrid nanofluids. For example, Ah-
mad et al [22] analyzed the pressure drop and heat
transfer performance of single and hybrid nanofluids.
They demonstrated that 3 vol% Al2O3/CuO hybrid
nanofluid showed the maximum heat transfer coeffi-
cient compared to single nanofluid. Esfe et al [23]
studied the thermal conductivity of Fe3O4/SWCNT
hybrid nanofluid and concluded that the 1 vol% hybrid
nanofluid had a 40% higher price-performance than
the single nanofluid. The efficiency of solar collec-
tors using Al2O3, MWCNT and MWCNT/Al2O3 hybrid
nanofluids as working fluids was investigated and it
was found that the efficiency using hybrid nanofluid
increased by 29% when flow rate was 2.5 l/m [24].
The thermal performance of an evacuated tube so-
lar collector using MgO/MWCNT hybrid nanofluid
with various weight ratios was studied experimen-
tally, which revealed that the optimal weight ratio
was 1:1 [25]. Moreover, it was reported that hybrid
nanofluids provided an attractive way to enhance the
thermal performance of solar collectors [26].

Compared to previous studies, this work ini-
tially investigated the sensitivity of photo-thermal
conversion efficiency of the EEUSC using Fe3O4-
MWCNT/water hybrid nanofluids with various weight
ratios of the two nanoparticles. The hybrid nanofluid
has both MHD properties and the high thermal conduc-
tivity of MWCNT. Moreover, the optimal concentration
of the hybrid nanofluid cannot be consistently main-
tained under different operating conditions. Thus, it
is necessary to accurately analyze the properties of the
hybrid nanofluid under various operating conditions.

MATERIALS AND METHODS

Preparation of the hybrid nanofluid

Experiments on the sensitivity of photo-thermal con-
version of the EEUSC in this study were performed us-

Fig. 1 Schematic and site photographs of the experimental
system.

ing water and MWCNT-Fe3O4/water hybrid nanofluid
as the working fluids. Fe3O4 nanoparticles have high
potential for enhanced thermal properties under an
external magnetic field. The thermally enhanced prop-
erties can be further improved by adding MWCNT
nanoparticles to the Fe3O4 nanofluid. In addition, the
MWCNT/Fe3O4 nanofluid has excellent dispersion sta-
bility, as the Fe3O4 nanoparticles stick to the MWCNT
nanoparticles due to their unique cylindrical structure.
The hybrid nanofluids with several weight ratios of
the two nanoparticles were prepared by a two-step
method. Arabic gum was used as surfactant. The
two kinds of nanoparticles were first added to water,
and the mixture was then stirred for three hours. Af-
ter thorough mixing, the ultrasonic homogenizer was
then applied to the ultrasonic dispersion to produce
nanofluids. The hybrid nanofluids with various weight
ratios of nanoparticles were obtained, they were kept
standing for more than a month and no agglomeration
was observed. It can be seen that all samples showed
good dispersion stability. Furthermore, with the in-
crease in weight fraction of Fe3O4 nanoparticles, the
color of the hybrid nanofluids changed from yellow to
black gradually.

Economically, some nanoparticles remain pro-
hibitively expensive for widespread use, while others
pose challenges for mass production. Nonetheless,
if nanofluid adoption becomes prevalent and extends
across various industries, it can lead to economy of
scale. Consequently, increased production volume
has the potential to substantially lower the cost of
nanofluid, enhancing its affordability and applicability
in various fields.

Test facilities and methods

In this study, an enclosed type evacuated U-tube solar
collector (EEUSC), which was proposed by Tong [27],
was employed for experimental study using nanofluids.
The whole thermal system is shown in Fig. 1. The
experiment was carried out on a certain day and lasted
for one week in order to fully investigate the thermal
performance of the EEUSC using nanofluids under
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Table 1 Specifications of equipment.

Equipment Parameter Specification

Solar collector

Outer tube outer diameter (mm) 47
Outer tube thickness (mm) 2
Transmittance 0.907
Inner tube outer diameter (mm) 37
Inner tube thickness (mm) 2
Absorptivity of the absorber tube 0.93
Solar collector length (mm) 1200
Emissivity of absorber tube 0.06

Pyranometer Range 0–2000 (W/m2)
Accuracy 2%

Thermocouple Range −200 to 200 ( °C)
Accuracy 0.5%

Flowmeter Range 2–350 (LPM)
Accuracy 5%

various operating conditions and uncontrolled factors
such as solar radiation and ambient temperature. The
photo-thermal conversion efficiency can be obtained
by Eq. (1) [28]:

η=
Qu

AeGt
=

mCp(nf)(Tout− Tin)

AeGt
, (1)

where m represents the flow rate of the nanofluid,
Cp(nf) represents the specific heat capacity of the
nanofluid, Ae equals to the collection area of the
EEUSC, G is the intensity of the solar radiation, and
t represents the exposure time. Due to the low con-
centration of the nanoparticles, the values of specific
heat capacity of the nanofluid and water are nearly the
same.

Error evaluation

Error evaluation is required to validate the test re-
sults [29]:

δη

η
=
�

δm
m
+
�

δ(Tout−Tin)
Tout−Tin

�2

+

�

δCp(nf)

Cp(nf)

�2

+
�

δG
G

�2�0.8

(2)

The errors of the specific heat can be assumed to be
negligible. The accuracies of the flow meter, pyra-
nometer and thermocouple were approximately 5%,
2% and 0.5%, respectively. Thus, the efficiency uncer-
tainty of EEUSC can be obtained by Eq. (2), which was
within 5.4%.

Experimental setup

The solar system consisted of an EEUSC, a constant-
temperature bath, a water tank, two pumps, two heat
exchangers and some other measurement facilities.
The specifications of the solar collector are shown in
Table 1. The measurement devices used included a
pyranometer, a flow meter, and some thermocouples.
The measured quantities were the temperatures of
working fluid at the inlet and outlet of the EEUSC,

Table 2 FR(τα) and FRUL for the EEUSC using the hybrid
nanofluid.

Fluid FR(τα) FRUL R2

Water 0.6379 17.19 0.9766
Fe3O4 0.7024 22.79 0.9547
Al2O3 [30] 0.7330 17.70 0.9380
CeO2 [31] 0.7013 11.09 0.9886
WO3 [32] 0.7187 7.86 0.9670
80 wt%Fe3O4-20 wt%MWCNT 0.7457 24.17 0.9429
60 wt%Fe3O4-40 wt%MWCNT 0.7695 25.49 0.9316
40 wt%Fe3O4-60 wt%MWCNT 0.7872 27.13 0.9518
20 wt%Fe3O4-80 wt%MWCNT 0.8013 28.99 0.9381

(%)

(%
)

Fig. 2 Sensitivity of photo-thermal conversion efficiency to
deviations from optimal concentration.

the flow rate of the working fluid, the solar radiation,
and the ambient temperature. The pyranometer was
installed on the solar collector to measure solar radia-
tion. The aperture of the pyranometer was kept level
with that of the collector without casting a shadow
on the collector. Radiation levels were continuously
recorded along with other data. The ambient temper-
ature sensor was placed behind the collector which was
away from direct irradiance. T-thermocouples were
used to measure the temperature, which were placed in
the inlet and outlet of the solar collector. The flow rate
of the working fluid was measured by the flowmeter,
which was circulated by the pump. The working fluid
flowed through the pump to the EEUSC, and then
collected in the constant-temperature bath in order to
exchange heat. After that, it flowed into the flowmeter
and water heater. The mass flow rate of the working
fluid was kept constant at 0.036 kg/s.

RESULTS AND DISCUSSION

The results of the heat loss and heat gain coefficients
of the EEUSC with water and various proportions of
Fe3O4-MWCNT/water hybrid nanofluid are shown in
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Fig. 3 Sensitivity of photo-thermal conversion efficiency to
deviations from optimal temperature parameter.

(%)
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)

Fig. 4 Sensitivity of photo-thermal conversion efficiency to
deviations from optimal solar radiation.

Table 2. It can be seen that the hybrid nanofluid
showed better thermal performance than the Fe3O4
nanofluid, which indicated that addition of MWCNT
nanoparticles can effectively improve the ability of
energy conversion efficiency. Although the heat loss
coefficient was increased to a certain extent, the high-
est heat gain coefficient (80.1%) was achieved when
Fe3O4-MWCNT/water hybrid nanofluid with 80 wt%
MWCNT and 20 wt% Fe3O4 nanoparticles was applied.
This corresponded to 15.5% improvement compared
to Fe3O4 nanofluid and 25.6% compared to water.
According to previous studies [30–32], Al2O3, CeO2
and WO3 nanofluids showed the same thermal per-
formance as Fe3O4 nanofluid. After mixing the Fe3O4
nanofluid with MWCNT nanoparticles, the heat gain
coefficient of the hybrid nanofluid increased remark-

(%
)

Fig. 5 Efficiency enhancement with the increase in flow rate
of working fluid. 1, water; 2, 100 wt% Fe3O4; 3, 20 wt%
MWCNT - 80 wt% Fe3O4; 4, 40 wt% MWCNT - 60 wt% Fe3O4;
5, 60 wt% MWCNT - 40 wt% Fe3O4; 6, 80 wt% MWCNT -
20 wt% Fe3O4.

ably with the increase in weight ratio of MWCNT
nanoparticles.

Fig. 2 shows the sensitivity of photo-thermal con-
version efficiency to deviations from optimal concen-
tration of the Fe3O4-MWCNT/water hybrid nanofluid
under the condition of G = 800 W/m2 and m =
0.036 kg/s. It can be seen that when the optimal
concentration was reduced by 50% and 80%, the Fe3O4
nanofluid without addition of MWCNT nanoparticles
showed the lowest reduction in efficiency (2.3% and
8.1%). It showed the highest efficiency reduction
(6.2% and 15.3%) when the weight ratio of MWC-
NTs in total nanoparticles was 80 wt%. In contrast,
when the optimal concentration increased by 50%, the
efficiency remained relatively unchanged due to the
higher possibility of aggregation and lower dispersion
stability of the nanofluid. Compared to the lower
concentrations, the efficiency decreased by 1.6% and
4.4% with Fe3O4 nanofluid and 80 wt% MWCNT-
20wt% Fe3O4/water hybrid nanofluid, although the
conductivity of nanofluid was increased.

Fig. 3 presents the results on sensitivity of photo-
thermal conversion efficiency to deviations from opti-
mal temperature parameter using various weight ra-
tios of the two nanoparticles in Fe3O4-MWCNT/water
hybrid nanofluid as working fluid. The temperature
parameter in this study was defined as (Ti−Ta)/G, and
the solar radiation and flow rate were 800 W/m2 and
0.036 kg/s, receptively. With the increase in weight
proportion of MWCNT nanoparticles, the reduction in
efficiency decreased. The lowest reduction (5.6%) was
obtained when Fe3O4 nanofluid was used as working
fluid and the deviation was 200%. The highest reduc-
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tion in efficiency (47%) was observed when the weight
ratio of MWCNT and Fe3O4 nanoparticles was 4:1 and
the temperature parameter deviation achieved 800%.
The results revealed that the energy conversion ability
of the EEUSC was reduced significantly with increase
in temperature parameter. This was because when
the temperature difference increased between ambient
temperature and inlet of the EEUSC, the heat loss also
increased gradually.

Fig. 4 shows the sensitivity of photo-thermal con-
version efficiency to deviations from optimal solar
radiation. In this study, the optimal solar radiation
represents the value that yields the highest energy con-
version efficiency of EEUSC. The results demonstrated
that the thermal efficiency of EEUSC was proportional
to the solar radiation when the hybrid nanofluid was
applied. When solar radiation decreased by approx-
imately 10% from optimal value, the efficiency de-
creased by 4.2% and 7% for Fe3O4 nanofluid (lowest)
and 80 wt% MWCNT-20 wt% Fe3O4/water hybrid
nanofluid (highest). Moreover, as the solar radiation
decreased gradually, the maximum efficiency reduc-
tion was found (62.5%) when the weight ratio of
MWCNT and Fe3O4 nanoparticles was 4:1 with 60%
deviation from the optimal value. This result indi-
cated that adding MWCNT nanoparticles into Fe3O4
nanofluid was an effective way to enhance the sensi-
tivity of thermal performance of the EEUSC.

Fig. 5 shows the efficiency enhancement of the
EEUSC with the increase in flow rate of working fluid
using Fe3O4-MWCNT/water hybrid nanofluids with
various weight ratios. It can be seen that the efficiency
of the solar collector increased with the increase in flow
rate of the working fluid. This is because when the
flow rate of the working fluid increased, the contact
time between the working fluid and the solar collector
decreased, resulting in a shorter time and distance for
heat conduction. The increased flow rate also reduced
the dwell time of the working fluid within the solar
collector, further reducing the opportunity for heat
transfer to the surrounding environment.

When the flow rate was increased from 0.036 kg/s
to 0.054 kg/s (Fig. 4), the efficiency increased by
2.7% when water was used, which was the low-
est improvement in photo-thermal conversion effi-
ciency. When 80 wt% MWCNT-20 wt% Fe3O4/water
hybrid nanofluid was used, the efficiency enhancement
reached the maximum value, which was approximately
10.1% improvement compared to the flow rate of
0.036 kg/s. Moreover, when Fe3O4 nanofluid and
Fe3O4-MWCNT/water hybrid nanofluid with 1:4, 2:3
and 3:2 weight ratios of two nanoparticles were used,
the efficiency was enhanced by 3.6%, 5.5%, 7.1%
and 8.5%, respectively. Therefore, the addition of
MWCNTs resulted in a higher efficiency sensitivity of
the EEUSC, as the MWCNTs increased the thermal
conductivity of the nanofluid.

CONCLUSION

In this study, the thermal properties and photo-thermal
conversion efficiency sensitivity of an EEUSC were ex-
perimentally investigated using Fe3O4-MWCNT/water
hybrid nanofluids with different weight ratios of two
nanoparticles under different operating conditions.

The maximum photo-thermal conversion effi-
ciency of EEUSC was achieved when hybrid nanofluid
with 80 wt% MWCNT and 20 wt% Fe3O4 was used,
showing improvements of 15.5% and 25.6% compared
to Fe3O4 nanofluid and water, respectively. After
mixing the Fe3O4 nanofluid with MWCNT nanoparti-
cles, the heat gain coefficient of the hybrid nanofluid
increased remarkably with the increase in weight ratio
of MWCNT nanoparticles.

In addition, when the flow rate of the working fluid
was increased from 0.036 to 0.054 kg/s, the efficiency
of the EEUSC was increased in all cases. The maximum
efficiency improvement was obtained with 80 wt%
MWCNT-20 wt% Fe3O4/water hybrid nanofluid, while
the minimum improvement was obtained with water.

Moreover, due to the high thermal conductivity
of MWCNT nanoparticles, the fraction of MWCNT
nanoparticles in the hybrid nanofluid was found to
be proportional to the sensitivity of the photo-thermal
conversion efficiency of the EEUSC under the same
operating conditions. When solar radiation was de-
creased from the optimal value, the efficiency of the
EEUSC decreased. When the optimal concentration
of nanofluid was reduced, the efficiency of EEUSC
decreased significantly, while it barely changed when
the optimal concentration was increased. This was due
to the higher possibility of aggregation and low disper-
sion stability of the nanofluid. The energy conversion
ability of the EEUSC was also reduced significantly
with increase in temperature due to the higher heat
loss.
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