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ABSTRACT
Performance of nanofluids filled flat plate solar collector (FPSC) has been examined and compared in the present
study. Nanofluids as a heat transfer fluid (HTF) are emergent fluids that demonstrate thermal properties better
than that of the conventional heat transfer fluid resulting into better thermal performance. The effect of different
parameters e.g., size of nanoparticles, its material, concentration and mass flow rate of nanofluids have been
discussed. It has been observed that copper oxide nanofluids is superior in comparison to other metal oxides
nanofluids and the use of carbon-based nanofluid gives better results compared to metal oxides nanofluids.
Therefore, nanofluids may be considered as promising HTF in FPSC so far utilisation of solar thermal energy is
concerned.
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INTRODUCTION
The trend of energy demand is increasing and forecasted to reach approximately by 30% till 2040 [1]. The growing
anxiety of energy demand leads to excessive consumption of fossil fuels, increasing the cost of fossil fuels and
environmental pollution. Therefore, solar energy being one of the most capable one among all renewable sources
of energy is suitable alternatives to replace fossil fuels and maintain the clean environment. It is coming from the
sun and emitted in the form of the solar radiation is freely available in abundance on the most of the parts of earth's
surface [2]. Flat Plate Solar Collector (FPSC) is a non-concentrating type of heat exchanger exchanging heat
between sun and heat transfer fluid (HTF).

Figure 1. Schematic diagram of FPSC
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Figure 1 depicts the schematic diagram of FPSC test rig in which nanofluids as HTF is circulating around the
closed loop. HTF absorbs heat in solar collector then passes through heat exchanger where cold water is to be
heated. It is widely used in low temperature solar thermal systems [3]. The FPSC incorporated with absorber plate
along with riser, transparent cover, header pipes perfectly welded with absorber plate and insulating casing is
shown in Figure 2.

Figure 2. Details of FPSC
The incident solar energy is used to heat the working fluid flowing through the riser. The hot working fluid coming
from the collector is then passed through the heat exchanger where cold water is to be heated [4]. Heat transfer
coefficient between absorber plate and working fluid having normal thermo-physical properties is low due to
which thermal efficiency of FPSC is reported less. Therefore, the thermal performance of such systems is required
to be enhanced which can be achieved by using a working fluid which has improved thermo-physical properties.
Working fluids may be replaced by nanofluids as they have improved thermo-physical properties. The adoption
of nanofluids is considered as novel approach towards improvement in the thermal performance of FPSC so far
heat transfer applications are concerned [5].
The utilization of nanofluids in FPSCs [6-7] has various benefits as mentioned below:
•
•
•
•
•
•
•

Being very small size of the nanoparticles and the large size of the surface area leads to increase in the
heat capacity of nanofluids and solar energy absorption.
The optical properties of nanofluids are better compared to base fluid because nanoparticles possess
higher absorptivity, transmissivity and extinction coefficients.
Thermal conductivity of the nanofluids is remarkably higher with respect to the base fluid due to presence
of Brownian motion of nanoparticles in the HTF.
Good stability of nanoparticles suspended in the base fluid under wide range of temperature variation.
Due to very small size of nanoparticles sedimentation, clogging, fouling of pipes and pumps are
prevented.
Nanofluids reduce the collector area due to which the manufacturing cost of the FPSCs is reduced.
Nanofluids possess high convective heat transfer coefficient and low specific heat capacity which results
into improvement in the thermal efficiency of FPSCs.

NANOFLUIDS: CLASSIFICATION AND PROPERTIES
Classification
Nanofluids are classified based on nanomaterials e.g., metal, metal oxide, semiconductor crystal and carbon based.
Classification with examples is given in Figure 3.
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Figure 3. Classification of Nanofluids
Properties
The thermophysical properties of nanofluids have been discussed in numerous research papers [8-12]. Thermophysical properties can be improved by dispersing of nanoparticles in the base fluid. Thermophysical properties
are affected by type of base fluid, particle size, and shape of the nanoparticle and volume concentration. The
thermo-physical properties of commonly used nanoparticles and base fluid are summarized in Table 1 and Table
2 respectively.
Table 1. Thermophysical properties of commonly used nanoparticles
Thermal conductivity
(W/m K)

Specific heat
(J/kg K)

Density
(kg/m3)

Copper (Cu)

401

388

8978

Copper oxide (CuO)

76.5

551

6000

Aluminum oxide (Al2O3)

40

773

3690

Magnesium oxide (MgO)

54.9

955

3560

Titanium oxide (TiO2)

8.4

692

4230

6

670

5200

429

429

10490

1.34-1.38

765

2330

-

-

7160

16

460

7220

Nanoparticle type

Iron oxide (Fe3O4)
Silver (Ag)
Silicon oxide (SiO2)
Tungsten Trioxide (WO3)
Cerium dioxide (CeO2)

Table 2. Thermophysical properties of commonly used basefluids
Thermal conductivity
(W/m K)

Specific heat
(J/kg K)

Density
(kg/m3)

Water (H2O)

0.607

4180

997

Ethylene glycol (EG)

0.255

2400

1111

Engine oil (EO)

0.145

1900

884

Base fluid

Improvement in thermal conductivity of nanofluids leads to augmentation in convective heat transfer coefficient.
Verma et al. [13] conducted the experiment to see the effect of particle volume concentration on thermophysical
properties of different nanofluids. They observed that thermal conductivity varies linearly with volume
concentration, whereas viscosity increases with particle volume concentration. Density of nanofluids vary directly
proportional to particle volume concentration whereas specific heat varies inversely proportional to particle
volume concentration.
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COLLECTOR THERMAL PERFORMANCE
Collector thermal performance is indicated by the collection efficiency which is given by the following equations
[14-17]:
ɳ=

∫ 𝑄𝑢 𝑑𝑡
𝐴𝑐 ∫ 𝐺𝑇 𝑑𝑡

(1)

where Q u is the useful gained energy given by [18]
𝑄𝑢 = 𝑚̇𝐶𝑝 (𝑇𝑜 − 𝑇𝑖 )

(2)

ṁ is the mass flow rate, Cp is the heat capacity, To is the outlet temperature,Ti is the inlet temperature of HTF, Ac
is the collector area and GT is the incident solar radiation.
The instantaneous efficiency is thus defined as
ɳ𝑖 =

𝑚̇𝐶𝑝 (𝑇𝑜 − 𝑇𝑖 )
𝑄𝑢
=
𝐴𝑐 𝐺 𝑇
𝐴𝑐 𝐺 𝑇

(3)

In terms of heat removal factor (𝐹𝑅 ), Overall heat loss coefficient (𝑈𝐿 ) ,the product of transmissivity and
absorptivity (τα) and ambient tempereture (Ta ), the above equation can be written as
ɳ𝑖 = 𝐹𝑅 (𝜏𝛼) − 𝐹𝑅 𝑈𝐿

𝑇𝑖 − 𝑇𝑎
𝐺𝑇

(4)

The entropy generation in the FPSC can be evaluated as [19]:
𝑇

𝑄𝑠

𝑇𝑖

𝑇𝑠

𝑆𝑔𝑒𝑛 = 𝑚̇𝐶𝑝 𝑙𝑛 ( 𝑜) −

+

𝑄𝐿

(5)

𝑇𝑎

where Sgen ,Ts , Q s and Q L denotes the entropy generation, sun temperature, input solar energy on the collector and
heat loss from the collector respectively.
The input solar energy on the collector is defined as
𝑄𝑠 = 𝐺𝑇 (τα)𝐴𝑐

(6)

Total heat loss can be calculated as
𝑄𝐿 = 𝑄𝑠 − 𝑄𝑢

(7)

Therefore the second law efficiency can be defined as
ɳ𝐼𝐼 = 1 −

𝑇𝑎 𝑆𝑔𝑒𝑛
𝑇
(1 − 𝑎 ) 𝑄𝑠
𝑇𝑠

(8)

Pak et al. [20] have suggested following equations for calculating the effective heat capacity (𝐶𝑝,𝑛𝑓 ) and effective
density (𝜌𝑛𝑓 ) of nanofluids:
𝐶𝑝,𝑛𝑓 =

𝐶𝑝,𝑏𝑓 𝜌𝑏𝑓 (1 − 𝜑) + 𝐶𝑝,𝑛𝑝 𝜌𝑛𝑝 𝜑
𝜌𝑛𝑓

(9)

𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑏𝑓 + 𝜑𝜌𝑛𝑝

(10)

Where 𝐶𝑝,𝑏𝑓 is the specific heat capacity of base fluid, 𝜌𝑏𝑓 is the density of base fluid, 𝜑 is the concentration of
nanoparticles, 𝐶𝑝,𝑛𝑝 is the specific heat capacity of nanoparticle and 𝜌𝑛𝑝 is the density of nanoparticle.
Xuan et al. [21] have given the correlation for the thermal conductivity of nanofluid considering the Brownian
motion of nanoparticles in the base fluid:
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𝐾𝑛𝑓 𝐾𝑛𝑝 + 2𝐾𝑏𝑓 + 2𝜑(𝐾𝑛𝑝 − 𝐾𝑏𝑓 ) 𝜑𝜌𝑛𝑝 𝐶𝑝,𝑛𝑝
2𝜎𝑇𝑎𝑣
=
+
√
𝐾𝑏𝑓
𝐾𝑛𝑝 + 2𝐾𝑏𝑓 − 𝜑(𝐾𝑛𝑝 − 𝐾𝑏𝑓 )
2𝐾𝑏𝑓
3𝜋𝑑𝑛𝑝 𝜇𝑏𝑓

(11)

where K nf , K bf , dnp , Tav , μbf , σ and 𝜑 are nanofluid thermal conductivity, base fluid thermal conductivity, size of
nanoparticles, average temperature, dynamic viscosity, Boltzmann constant and nanoparticles concentration
respectively.
The correlation for evaluating the thermal conductivity of base fluid is given by Nieto de Castro et al. [22]:
𝐾𝑏𝑓 = 0.6067 [−1.26523 + 3.704

𝑇𝑎𝑣
𝑇𝑎𝑣 2
− 1.43955 (
) ]
298
298

(12)

Where
𝑇𝑎𝑣 =

(𝑇𝑜 − 𝑇𝑖 )
𝑇
𝑙𝑛 [ 𝑜 ]
𝑇𝑖

(13)

The correlation given by Esfe et al. [23] for calculating the viscosity of base fluid is given below:
247.8

𝜇𝑛𝑓 = 2.414𝑋10−5 (10)(𝑇𝑎𝑣−140)

(14)

Another correlation given by Corcione [24] to estimate the nanofluid viscosity is presented below:
𝜇𝑛𝑓 =

𝜇𝑏𝑓

(15)

𝑑𝑛𝑝 −0.3 1.03
1 − 34.87 (
)
𝜑
𝑑𝑏𝑓

where dbf is the base fluid equivalent molecular diameter:
1

𝑑𝑏𝑓

6𝑀 3
= 0.1 (
)
𝜋𝑁𝜌𝑏𝑓

(16)

where N, M and ρbf are the Avogadro number, base fluid molecular weight and mass density of base fluid at
200 C, respectively.
NANOFLUIDS AS HEAT TRANSFER FLUID
Nanofluids containing solid metals, metal oxides, semiconductor nanomaterials and carbon nanostructured are
used as heat transfer fluids (HTFs) in FPSCs. Different parameters, like nanoparticles type, size, concentration of
nanaoparticles and mass flow rate affect the thermal performance of FPSCs.
Metallic nanofluids
The analysis of various metallic nanofluids as a HTF used in FPSC are reviewed and discussed in this section. He
et al. [25] performed an experiment on Cu-H2O nanofluids filled FPSC to evaluate the thermal performance with
particle size 25 nm and weight percentage 0.1 and 0.2. It has been reported that for Cu 25 nm and 0.1% wt
increases in outlet temperature up to 12.24% and heat gain up to 24.52% in comparison to water. Abad et al. [26]
conducted the experiment to evaluate the thermal performance of Cu-H2O nanofluid based FPSC under steadystate conditions. The results presented indicate that the collector efficiency enhances about 24% with increasing
the concentration of nanoparticles. Sundar et al. [27] estimated the collector efficiency of FPSC using CuO-H2O
nanofluids as HTF with volume concentrations of 0.1% and 0.3% under thermosyphon (natural circulation). They
found heat transfer increment with particle volume concentration. Sarawut et al. [28] studied the performance of
flat plate solar collector incorporating Ag-H2O nanofluids having 20 nm particle sizes. The results revealed that
the thermal performance increases with increase in concentration of nanofluids. Siddharth et al. [29] studied the
heat transfer characteristics of Ag-H2O nanofluid filled FPSC with varying concentration 0.01%, 0.03%, and
0.04% in the Reynolds number range of flowing fluid 5000 to 25000. The results revealed that the maximum
enhancement in convective heat transfer coefficient is 18.4% for 0.04% volume concentration at Re 25000.
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Metallic oxides nanofluids
The Performance of FPSC having metallic oxides nanofluids as HTF are reported in this section. Faizal et al. [30]
carried out numerical study on FPSC for CuO, SiO 2, TiO2 and Al2O3 nanofluids to estimate the reduction in
collector size, energy and cost savings for same output. They found that the collector weight was reduced by
10,239 kg, 8625 kg, 8857 kg and 8618 kg for CuO, SiO2, TiO2 and Al2O3 nanofluid respectively for 1000 units of
solar collectors. It was also observed that the collector area was reduced by 25.6% for CuO, 21.6% for SiO 2 ,
22.1% for TiO2 and 21.5% for Al2O3. Alim et al. [31] analysed theoretically thermal performance of FPSC using
Al2O3, CuO, SiO2, TiO2 as HTF. They observed that the entropy generated was reduced by 4.34% and the heat
transfer coefficient was enhanced by 22.15% for CuO. Mahian et al. [32] also analysed the minichannel based
solar collector analytically and found that Cu-H2O gives lowest entropy generation. Mirzaei et al. [33] performed
experiment for Al2O3 nanofluids based FPSC incorporated with volume fraction of nanoparticles 0.1% , mean
particle size 20 nm at different mass flow rates of 1, 2 and 4 Lit/min. They observed that the optimum flow rate
of mass 2 Lit/min enhances the efficiency of collector by 23.6%. Said et al. [34] conducted an experiment to
evaluate the thermal performance of FPSC using Al 2O3-H2O nanofluids as a HTF with nanoparticles volume
fraction 0.1%, particle size 13 nm and 20 nm and mass flow rates of HTF 0.5 to 1.5 kg/min. The results
demonstrated that the maximum energy efficiency of 73.7% was achieved at flow rate of mass 1.5 kg/min and
particle size 13 nm as compared to 20 nm particle size. They also observed that the maximum exergy efficiency
of 20.3% was achieved at flow rate of mass 1.0 kg/min and particle size 13 nm as compared to 20 nm particle
size.
The use of CuO-H2O nanofluids as HTF in FPSC for prediction of thermal efficiency was analyzed by Moghadam
et al. [35]. The particle size of 40 nm, weight concentration of 0.4% and flow rate of mass of HTF was varied in
the range of 1 to 3 kg/min. The results depicted that the improvement in the collector efficiency (21.7%) was
maximum for 1 kg/min fluid flow. Choudhary et al. [36] considered FPSC incorporating with MgO nanofluid at
different particle concentrations from 0.08% to 0.2% under varying flow rates of 0.5 to 2.5 Lit/min. The
experimental results depict that the maximum thermal collector efficiency was obtained as 69.1% for 0.2 vol% at
1.5 Lit/min flow rate, which was 16.7% more compared to EG/DW. Moreover, an increase of 16.74% was
observed in the absorbed energy factor and decrease of 52.2% was observed in heat loss parameter for the same
parametric condition. Verma et al. [37] performed the experiment to demonstrate the performance augmentation
in FPSC using MgO-H2O nanofluid as HTF having particle size 40 nm with varying particle volume
concentrations ranging from 0.25 to 1.5% and volume flow rate 0.5 to 2.5 Lit/min respectively. It was observed
that the thermal efficiency enhanced by 9.34% and exergetic efficiency enhanced by 32.23% respectively for
0.75 % particle volume concentration at flow rate 1.5 Lit/min. Sunder et al. [38] performed an experiment to
analyze the thermal performance and fluid friction of thermosyphon FPSC having Cu-H2O nanofluids flowing
through it and twisted tape inserted in the tube.They found that the collector efficiency was 58% for 0.3%
nanofluid, which further increased to 64% for 0.3% nanofluid with twisted tape insert of H/D = 5. Hawwash et al.
[39] examined the performance of FPSC with double distilled water (DDW) and Alumina nanofluids as a working
fluid with different volume fractions in the range from 0.1% to 3% experimentally and numerically. Choudhary
et al. [40] analyzed the impact of iron oxide nanofluids as working fluid circulating within FPSC. The
investigation was carried out in the range of 0.2-1 vol% Fe3O4 at mass flow rate 30 to 150 Lit/hr. They identified
the thermal efficiency improvement by 15.27% with respect to EG/DW at the optimum value of 1 vol% and 30
Lit/hr.
Semiconductor crystallized oxides nanofluids
TiO2-H2O filled FPSC was tested for the performance demonstration by Kilic et al [41]. The experiment was
conducted for the mass flow rate of 2 Kg/ min and weight fraction of 0.2% . Results indicate that there was 12.5%
increase in efficiency compared to water considering as HTF . Gan et al. [42] has reported that the thermal
efficiency of TiO2 nanofluid filled collector increases by 16.5% and entropy generation decreases by 1.23 % for
0.5% weight fraction and 2 Kg/min flow rate of mass for TiO 2 nanofluids. Chaji et al. [43] fabricated a small
FPSC and tested incorporating with TiO2 nanofluid having different nanoparticles concentrations of 0.1, 0.2 and
0.3 % by weight. It has been reported that the improvement in thermal efficiency was 7% at 0.3 % of particle
concentration and 1.8 kg/min mass flow rate. Sharafeldin et al. [44] examined the influence of WO3/water
nanofluid used as HTF in FPSC with 0.0167 %, 0.0333 %, and 0.0666 % volume fraction, and average size of 90
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nm of nanoparticles. The various mass flow rates of HTF was 0.936 kg/min, 1.098 kg/min and 1.17 kg/min. They
found 13.5% improvement in the collector efficiency compared to water at 0.0666 % volume fraction and flow
rate of mass 1.17 kg/min. Another experiment was also performed by Sharafeldin and Grof [45] in which all
operating parameters were kept similar to that of previous experiment but working fluid WO 3-H2O nanofluid was
replaced by CeO2-H2O. They found the enhancement in collector efficiency by 10.74% as compared to water for
0.0666 % volume fraction and 1.17 Kg/min of mass flow rate.
Carbon based nanofluids
Liu et al. [46] have done the energy analysis of FPSC filled with carbon and metallic oxides nanofluids, Graphene,
and Graphene Nanoplatelets (GNP) with DW . They conducted the experiment for volume fractions of 0.25 %,
0.5 %, 0.75 % and 1 %, flow rates of HTF as 0.0085, 0.017, and 0.0255 kg/s, inlet temperature of water 30 OC, 40
O
C and 50 OC, and insolation of 500 W/m2, 750 W/m2, and 1000 W/m2. It has been found that the highest energy
efficiency for SiO2, Al2O3, Graphene, and GNP nanofluids based FPSC was 64.45 %, 67.03 %, 72.45 %, and
76.56 % respectively. Said et al. [47] investigated the FPSC working with SWCNT nanofluids. They observed
the maximum energy efficiency 95.21% and maximum exergy efficiency 26.25%. Ghalandari et al. [48] reviewed
the details of solar energy system working with carbon nanotubes (CNTs) as HTF and concluded that the energy
and exergy efficiency of solar systems with CNTs nanofluids can be improved. Hussein et al. [49] performed a
test on FPSC filled with hybrid nanofluids as absorbing medium. The hybrid nanofluid is prepared by dissolving
MWCNT, GNP with H-BN in DW. They observed that the efficiency increasd up to 11.8 % for 0.05 % weight
fraction and 21.9 % for 0.10 % weight fraction. Borode et al. [50] did numerous studies on nanofluids based solar
collector in order to enhance their thermal performance. They observed that the carbon nanomaterials based
nanofluids are the most promising one working fluid as absorbing medium to provide desired output. Results
showed that the carbon nanomaterials based nanofluids improved the collector efficiency of flat plate collector
(FPC), evacuated tube collector (ETC), parabolic trough collector (PTC) and photovoltaic thermal collector
(PVTC) up to 95.12 %, 93.43 %, 74.7 % and 97.3 % respectively at 0.3 % volume fraction of nanofluids
concentration. Faizal et al. [51] analyzed for the reduction in size of FPSC using MWCNT nanofluids with varying
flow rate of mass, concentration of mass and nanofluid stablizer. It has been concluded that the reduction in size
of collector up to 37 % of its original size was obtained which resulted into overall cost reduction of the system.
Verma et al. [13] observed that the energy efficiency and exergy efficiency of FPSC was enhanced maximum
using MWCNTs/water nanofluids compared with SiO2, TiO2, Al2O3, CuO, and Graphene/water nanofluids.
Ekramian et al. [52] numerically analyzed the MWCNT nanofluids working with FPSC and found that better
performance was obtained compared with CuO and Al2O3.
PERFORMANCE COMPARISON
Based on the data of Verma et al.[13] performace of various nanofluids has been compared for energy efficiency,
exergy efficiency and drop in entropy generation of SiO 2, TiO2, Al2O3, CuO, Graphene and MWCNT at 0.025
Kg/s and 0.75 vol% and is shown in Figure 4. It is obvious from the figure that MWCNT among various
nanofluids exhibits the best performance. The application of nanofluids is beneficial because of improvement in
thermal conductivity and collision among nanoparticles suspended in base fluid, leading to increase in heat
transfer rate. Though, the viscosity of HTF also improves which is disadvantageous for thermal performance, but
effect of improved thermal conductivity and collision is more to overcome the influence of viscosity. Moreover,
presence of Brownian motion of nanoparticles provides the compensation to enhancement in heat transfer
coefficient resulting into enhancement in the thermal performance.
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Figure 4. Comparison among various nanofluids at 0.025 kg/s and 0.75 vol%.
The collector efficiency varies with volume concentration of nanoparticles. It has been observed that the efficiency
of collector goes on increasing with volume concentration up to certain concentration value, there after the effect
on efficiency is insignificant which is clearly shown in Figure 5 and Figure 6. The reason being viscosity of fluid
increases at higher concentration leading to more frictional loss and agglomeration of nanoparticles as well as
possibility of decreasing the dispersion stability. Therefore, the heat transfer rate and absorbing capacity of
nanofluids do not increase after the optimal value of nanofluid concentration.

Figure 5. Plot for collector efficiency against the particle volume concentration [13]

Figure 6. Collector efficiency as a function of the particle volume fraction (fv) [53].
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The variation of collector efficiency with mass flow rate is shown in Figures 7 ,8 , and 9. It is obvious from the
Figures that thermal collector efficiency increases with mass flow rate up to optimum value . As flow rate increases
beyond optimum value collector efficiency decreases because pressure drop losses and pumping power losses
both become predominant. Also, at higher flow rate the difference of outlet and the inlet temperature of fluid
decreases which leads to decrease in thermal efficiency.

Figure 7. Collector efficiency versus mass flow rate [13].

Figure 8. Influence of flow rate on thermal efficiency of FPSC [40].

Figure 9. Plot between average collector efficiency and mass flow rate [54].
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The impact of nanoparticle size on collector efficiency is presented in Figure 10. It can be observed that the
collector efficiency increases slightly with the size of nanoparticle [53]. Efficiency improvement ratio for different
nanofluids is shown in Figure 11 for the flow rate of mass of the working fluid from 0.033 kg/s to 0.047 kg/s
[55]. The results revealed that the increase in efficiency was 3.4 %, 3.7 % and 2.6 % for 20 nm-1.0 vol% Al2O3,
40 nm-0.5 vol% CuO and water respectively.

Figure 10. Variation of collector efficiency with particle size (D) [53].

Figure 11. Efficiency improvement ratio for different working fluid [55]
CONCLUSION
The following conclusions have been drawn from the present study:
•
•
•
•

Nanofluids enhances the thermal performance of FPSC.
Particle size, volume fraction of nanoparticles and flow rate of mass of nanofluids play an important role.
Metal oxides based nanofluids exhibits better performance in comparison to metal based nanofluids.
Energy efficiency, exergy efficiency and drop in entropy generation is found maximum in the case of
MWCNT when compared with SiO2, TiO2, Al2O3, CuO and Graphene.
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